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Chapter 1

Introduction

1.1 Observing multiplicity in stars

Multiple stars have been studied for millennia, with the earliest documented observa-
tion being from the Egyptians, who unknowingly recorded the variability and calcu-
lated the period of Algol between 1244 to 1163 B.C. (Jetsu & Porceddu 2015). Double
stars were often of interest to astronomers who observed them with the naked eye.
Although some of the double stars were pairs of chance alignment, another fraction
were visual binaries. The development of the telescope provided a window to further
the study of multiple stars, with many close pairs being discovered and the finding
that some variable stars, such as Algol, were in fact multiple stars. Calculation of the
probability of random alignment along the line of sight suggested that many of these
double stars were actuall physically close in proximity (Michell 1767). With periodic
observations of double stars spanning 25 years, Herschel (1803) proved that many of
the known double stars were in truth physically bound systems, providing rough es-
timates of orbital periods. Surprisingly, the first eclipsing binary to be observed was
also reported by Herschel (1803).

As instrumentation progressed, so did the study of multiple stars and their char-
acteristics, proving to be important laboratories for the measurement of stellar prop-
erties. Multiplicity of stars has been found across the entire mass range, increasing
proportionally with mass (Duchéne & Kraus 2013). These systems produce several
interesting phenomena in evolved stars, for example dust and gas shells of evolved
stars (e.g. Maercker et al. 2012), type Ia supernovae, and one of the mechanisms
to form binary black holes (Breivik et al. 2016). Early theories on the formation of
multiple systems suggested gravitational capture as a formation mechanism. However,
this method proved challenging since dense clusters of stars are needed, as well as a
third body for conservation of energy (Tohline 2002). Observations into the depths of
molecular clouds in wavelengths other than optical provide crucial information as to
how multiple stellar systems form. Infra-red and radio surveys of star forming regions
in recent decades have detected multiplicity from pre-main sequence stars down to the
embedded stage of star formation (e.g. Looney et al. 2000; Chen et al. 2009; Tobin
et al. 2016b). Simply put, multiple stellar systems are born.

Many pieces to the puzzle of multiple star formation are still missing. While frag-
mentation is proposed as the main formation mechanism (Tohline 2002), when and
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2 1.2. LOW-MASS STAR AND DISK FORMATION

how it occurs is still not clear, as are the factors that hinder or favour fragmentation.
These aspects are important since they influence the consequent evolution and struc-
ture of the system. The physics and chemistry of multiple stellar systems from birth
to main sequence are also aspects that need to be studied to understand how these
systems evolve. Disks play a key role in the evolution of protostars by accreting matter
onto the protostar and can fragment to form close multiple protostellar systems. When
disks form is thus a question of interest to star formation in general. The embedded
phase of star formation provides the ideal place to start the study of multiple systems,
since the conditions of formation are mostly intact and the structure that will dictate
the evolution of the system is taking shape. This thesis presents work addressing the
above questions, using submillimeter observations and infrared archival data coupled
with chemical and physical models.

1.2 Low-mass star and disk formation

Stellar nurseries for low-mass stars are relatively nearby, at distances of less than 500 pc
from the Sun, allowing high-resolution observations that can disentangle the structure
and reveal the secrets of star formation. Low-mass stars (Mgar <2 Mg) are formed
in dense cloud cores of dust and gas with number densities in the range of 10* to 10°
em ™3 and diameters of about 0.1 pc. These cloud cores are typically located along
the density peaks in filamentary structures (André et al. 2010; Kennicutt & Evans
2012) within cold molecular clouds (10 — 20 K). Recent studies find that clustered
star formation is located at the site of bundles of filaments, which funnel material
into the forming cluster. Stars can also form in isolation in so-called Bok Globules,
compact clumps of dust and gas with masses less than 100 Mg. The p Ophiuchus
molecular cloud (d ~ 120+ 4.5; Loinard et al. 2008) is a good example of clustered
star formation, while the Perseus molecular cloud (d ~ 235+ 18 pc; Hirota et al. 2008,
2011) exhibits a range of environments with NGC1333 being clustered while B1, 1.1448
and L1455 are more sparse with some relatively isolated cloud cores (34 and 6 YSO
pc—2 for clustered and non-clustered, respectively; Plunkett et al. 2013).

Low-mass star formation begins with a rotating cloud core of dust and gas, with its
density usually peaking in the center (Shu et al. 1987) and characterized by being very
cold and having high deuteration due to freeze-out of molecules such as CO (Crapsi
et al. 2005). Accumulation of material onto the starless cloud core eventually causes
gravity to be the dominant force. Once the Jeans criteria are satisfied, the cloud
core begins gravitational collapse (Figure 1). The first collapse produces a stable core
termed the First Hydrostatic Core (FHSC) (Larson 1969), a short lived phase (100
— 1000 yr, Masunaga & Inutsuka 2000; Tomida et al. 2010) with a low mass central
object (0.01-0.1 Mg, Saigo et al. 2008; Tomida et al. 2010) that is rather compact and
dim (<0.1 Ly and 5-20 AU radius, Masunaga et al. 1998; Saigo et al. 2008) but capable
of driving an outflow (Price et al. 2012). Several possible candidates of this object
have been found (see Dunham et al. 2011 for comparison of several candidates), but
none confirmed given the ambiguity to identify them even from their spectral energy
distributions (Commergon et al. 2012).

As the temperature in the FHSC rises due to compression, H, begins to dissociate
and triggers a second collapse, which eventually forms the so-called Second Hydrostatic
Core (Larson 1969), more commonly known as an embedded protostar or a Class 0 ob-
ject (André et al. 1993). The deeply embedded object obtains most of its energy from
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Scanless Core

(lass I Star ~Planet Scy_sbem

Figure 1: Single star formation and evolutionary path from collapsing cloud core to proto-
star, to young stellar object and finally to a star-planet system (Drawing by author).



4 1.2. LOW-MASS STAR AND DISK FORMATION

Table 1: Phases of star formation

Class Stage
Thol IR b, Mass relation Age
K yr
0 T <70 > 0.005 Meny >> M, 105
I 70 < T <650 a>0 < 0.005 Meny < M, 105 — 106
IT 650< T <2800 0>a>-1.5 <0.005 Mepy < 0.1 Mg, 106 — 107
111 -1.5 > « No accretion

accretion. Highly collimated jets are driven by sources in this phase. The molecular
outflow and its cavity are thought to be produced by the swept up and heated gas in
the wake of the jet. The cavity carves out parts of the envelope, exposing material to
radiation from the forming star and promoting the build up of a chemically rich and
complex envelope. These jets and outflows are thought to be product of the accretion
process and magnetic fields (Frank et al. 2014).

Observations found that in the late phases of embedded star formation, rotationally
supported disks were commonplace (e.g. Hogerheijde 2001; Jorgensen et al. 2009; Yen
et al. 2013), while flattened continuum structures, i.e., disk-like structures or pseudo-
disks, were found in the early phases of embedded star formation (e.g. Jorgensen et al.
2009; Enoch et al. 2011). This leads to the expectation that rotationally supported
disks formed towards the end of the embedded star formation phase. Models suggested
that only small disks formed at early times (Terebey et al. 1984) or were hindered
by magnetic breaking when the magnetic fields and core rotation axis were aligned
(Mellon & Li 2008; Krumholz et al. 2013). However, recent observations found a
large, rotationally-supported disk towards deeply embedded protostars (Tobin et al.
2012b; Yen et al. 2017, Chapter 1.6 of this thesis), hinting at the possibility that disks
form in the early embedded phases of star formation.

As material is accreted onto the protostar and the outflow progressively widens the
cavity (Arce & Sargent 2006), the envelope mass is gradually reduced and the overall
temperature rises. This increases the chemical complexity throughout the envelope,
but at the same time pushes the envelope material onto the disk plane. Eventually
the disk, now termed protoplanetary disk, is all that remains around the protostar
as the envelope has been fully dispersed and the outflow is no longer observable.
The protostar begins hydrogen burning in this phase, reaching the zero age main
sequence line, and becoming a star. If the protoplanetary disk has enough material
and appropriate conditions, planets may begin to form through the coagulation of
dust and attracting the gas that remains in the disk. Finally as the disk is dispersed,
the remainder is a young main sequence low-mass star orbited by a system of newly
formed planets.

The different phases of star formation are classified into Stages or Classes. Table 1
lists the criteria for classification into Stages and Classes. Stages are based on the
ages of the protostar and the mass relation between the star M, and envelope Mgy, .
However the masses of these structures are not always directly measurable from ob-
servations. On the other hand, Classes are determined by observational parameters,
namely the spectral energy distribution (SED) and the parameters derived from it.
Such parameters are the bolometric temperature Ti,), infrared spectral index ajg be-



CHAPTER 1 )

tween 2 to 20 pm, and the ratio of submillimeter luminosity, which is defined as the
luminosity for A > 350 pm, to bolometric luminosity Lsubmm/Lbol. The difficulty of
the classification of star formation phases using Classes is that the SED, and thus pa-
rameters derived from it, is sensitive to the geometry of the protostellar source along
the line of sight (Crapsi et al. 2008). Additionally, not all parameters can be used
for all phases of star formation. Regardless of the disadvantages, Classes are widely
used in literature. While both methods of classification describe similar phases of
star formation, they are not uniquely correlated. For example, the luminosity ratio
Lsubmm/ Lvor is meant to reflect the envelope to central protostar mass ratio Mepny /M.,
(André et al. 1993; Froebrich 2005), but a Class IT object with a significant disk can
cause the luminosity ratio to be large despite the protostar having little envelope mass.
The boundary conditions for Stages and Classes are listed in Table 1. Enoch et al.
(2009b) further defined sub-classes based on T}, from averaged SEDs observed from
protostars in Perseus, Ophiuchus and Serpens.

The current picture described in this section works well to explain single low-
mass star formation. However, multiple stars are the more common outcome of star
formation. It is then necessary to study how multiple stars affect the process of star
formation, and adjust our picture accordingly.

1.3 Multiple low-mass star formation

1.3.1 Definitions

Aiming to have consistency in the research presented in this thesis, the definitions of
the key terms used throughout the description of multiple low-mass star formation are
given here. Some of the terms are illustrated in Figure 2.

Multiplicity or multiple is used to refer to a system consisting of two or more
components or sources, whether protostellar or stellar. The terms binary, triple and
higher-order multiples are thus implicitly merged into this term. The multiplicity
fraction thus means the number of systems in a region that are composed of two or
more components in comparison with all the systems in the same region. This can be
expressed as
. B+T+Q+ .. (11)
- S+B4+T+Q+ .. '

while the companion star fraction expresses the average number of companions
per system and is given by

MF

B+2T +3Q + ...

CSF =
S+B+T+Q+..

(1.2)

For both fractions, S, B,T and @ stand for singles, binaries, triples and quadruples
(Reipurth et al. 2014).

A protostellar system is defined as a protostar and its surrounding immediate
environment composed of a disk, envelope and bipolar outflow, and can be either sin-
gle or multiple. A single protostellar system or single protostar, as the name
suggests, is a protostellar system with a single, central, heating source. On the other
hand, a multiple protostellar system or multiple protostar here refers to two
or more gravitationally bound protostellar sources composing one system. Multiple
systems share a common envelope, and in some cases, a common disk, however each



1.3. MULTIPLE LOW-MASS STAR FORMATION
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Tnelination Dosition 54”541 e

Figure 2: Definitions used in this thesis (Drawing by author).
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component tends to drive an outflow of its own. We assume that a group of proto-
stars are gravitiationally bound, unless there is evidence to the contrary, if they are
observed to have a common cloud core in single dish observations. To be considered a
multiple protostellar system, a group of protostars must have several continuum and
molecular emission observations which independently confirm its multiplicity, e.g., ob-
servations of outflow, envelope and continuum. This is necessary to avoid protostellar
systems being identified as multiple protostellar systems due to observational artifacts
or background objects.

Regarding multiple protostellar systems, a resolved multiple system is a system
whose multiple components can be resolved with the observations being discussed.
Conversely, the separate components of an unresolved multiple system cannot be
distinguished from the data being used. This distinction is important when consid-
ering the parameters derived from observations, for example the evolutionary stage,
bolometric luminosity (Lpo1) and temperature (Th,01), since the quantities derived for
unresolved multiple systems are arithmetic averages of the components in the system.

The position angle is the orientation of the axes of an object on the plane of
the sky. In contrast, inclination is the orientation of the axes of an object along
the line of sight of the observer. This difference is important when considering the
geometry of the system and its effect on the observations. Geometry here refers to
the configuration of the system from the point of view of the observer. This aspect
is crucial to determine the physical properties and evolutionary stage of a protostar
(e.g. Crapsi et al. 2008).

Coevality is defined as the relative evolutionary stages of the components that
make up a multiple protostellar system, accounting for the SED, derived properties,
geometry and physical structure of the cloud core. A coeval system is a multiple pro-
tostellar system whose components show similar evolutionary stages relative to each
other. On the other hand, the components of a non-coeval system have different
evolutionary stages. The frequency of (non-)coevality is defined as the fraction
of multiple systems whose components show similar evolutionary stages. This is ex-
pressed as a ratio of (non-)coeval systems over the total number of systems considered.
For triple and higher-order multiple systems, the coevality of the components in the
system is counted n — 1 times, where n is the number of resolved components, in order
to account for the coevality of all the components in the system. For example, for a
triple system with two components in the Class 0 stage and the third in the Class I
stage, it is counted once as coeval and once as non-coeval.

1.3.2 Observations

Multiple protostellar systems have been surveyed from the pre-main sequence stage to
the deeply embedded phase of star formation. These surveys are carried out in contin-
uum, from infrared to (sub)millimeter to radio observations (see Sec. 1.5.1). Surveys
of Class I up to pre-main sequence multiple protostellar systems using infrared obser-
vations (Haisch et al. 2002, 2004; Barsony et al. 2003; Connelley et al. 2008a,b) and
optical (Hartigan & Kenyon 2003; Connelley et al. 2009), found companion fractions
between 18 to ~50%, varying with evolutionary stage and separation, with separa-
tions ranging from 14 to 4500 AU. Surveys of deeply embedded multiple protostllar
systems need to be done in (sub)millimeter in order to detect young protostars. Using
interferometry, separations down to a few 10 AU can be probed. Fewer surveys have
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been conducted towards embedded protostars, with relatively small samples (Looney
et al. 2000; Chen et al. 2013; Tobin et al. 2013b). These surveys found that embedded
protostellar systems present much higher multiplicity and companion fractions (64 +
8% and 91 + 5%, respectively; Chen et al. 2013) for separations larger than 1800 AU.
These values are lower limits due to the completeness of the sample with respect to
separation.

Recently, Tobin et al. (2016b) conducted an unbiased survey of the Perseus molec-
ular cloud at 8 mm and 1 cm using the Very Large Array, probing separations between
15 to 10000 AU. Tobin et al. (2016b) found multiplicity and companion fractions of
0.57 + 0.09 and 1.2 + 0.2, respectively, in Class 0 multiple systems, while both frac-
tions drop to 0.23 £ 0.08 for the Class I systems. Placing all the results from surveys
of multiple protostellar systems together, it appears that the multiplicity frequency
declines as the protostellar systems evolve and age (see review in Reipurth et al. 2014).
This decline in multiplicity and companion fractions would suggest that multiple pro-
tostellar system evolution is dynamical, for example by ejecting components (Reipurth
2000; Goodwin & Whitworth 2007) and decaying orbits (Bate et al. 2002).

While continuum surveys of multiple protostellar systems can reveal information
about multiplicity and companion fractions, as well as separation distribution, little
information on the physical and chemical structure of multiple protostellar systems
can be obtained. Only a handful of multiple protostars have been studied in-depth,
reporting the structure of outflows, envelope chemistry and kinematics, interaction
between components and magnetic fields, or disentangling the bonafide components
in the system. Some ‘well-studied’ systems include NGC1333 IRAS4A (Choi et al.
2010; Ching et al. 2016); NGC1333 IRAS2A (Tobin et al. 2015); NGC1333 SVS13
(Chen et al. 2009); L1448 N (Kwon et al. 2006; Tobin et al. 2016a); 1.1448 C (Hirano
et al. 2010); B1-b (Hirano & Liu 2014; Gerin et al. 2015); IRAS16293 (Jgrgensen
et al. 2011, 2016); and VLA1623 (Murillo & Lai 2013). Many of these systems appear
to show non-coeval components (e.g. NGC1333 SVS13, B1-b and VLA1623)!. Even
more interesting is the observations by Tobin et al. (2016a) which found evidence of
recent disk fragmentation in 11448 N, a clear sign of non-coevality.

Non-coeval embedded protostellar systems would indicate that fragmentation is
occurring at different times during the star formation process. Observations of pre-
main sequence binaries found a tendency of so-called mixed pairs, such as classical and
weak-lined T-Tauri binaries or one component having a disk with no accretion, which
were thought to have different ages (Duchéne et al. 1999; Kenyon & Hartmann 1995;
Hartigan & Kenyon 2003). Binaries containing Class I and II components were also
found (McCabe et al. 2006). Furthermore, an age coevality frequency of two-thirds
was found in the Taurus-Auriga region (Kraus & Hillenbrand 2009). However all these
studies suffer from two main issues, i) the samples are composed mainly of pre-main
sequence binaries that, as previously mentioned, have undergone dynamical evolution
which erases much of the original formation conditions; and ii) the coevality was
determined from isochrones which have large uncertainties (Soderblom et al. 2014).
Studies of coevality at the earliest embedded phase have not been done, due to technical
difficulties, but are needed to address when fragmentation occurs. In relation to this,
observations looking for signs of fragmentation in pre-stellar cloud cores have been

I'While it may appear that IRAS16293 has non-coeval components, it must be noted that the A
and B sources most likely have perpendicular inclinations, that is B is face-on, while A is close to
edge on (Jgrgensen et al. 2016), making the comparison of evoultionary stage rather difficult (Crapsi
et al. 2008).
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carried out. Some have not found clear signatures of structures that can lead to
fragmentation (Schnee et al. 2010; Dunham et al. 2016), while others do show structure
in starless cores (Pineda et al. 2015; Kirk et al. 2017).

The combination of continuum surveys and observations of the physics and chem-
istry of multiple protostellar systems are needed to address the open questions in the
formation and evolution of these systems, and of star formation in general. Addition-
ally, observations can place constraints on theory, and in turn models can provide a set
of parameters and signatures that can be observed to test the results of simulations.

1.3.3 Theory, models and fragmentation

Early theories of the formation of multiple stellar systems suggested capture as the
main mechanism (see Tohline 2002 for review). However, multiple stars formed through
capture require high stellar densities, like those in globular clusters, and would produce
one ejected star for each binary formed due to energy conservation. Additionally, this
mechanism does not explain how isolated or higher order multiples form, or the obser-
vations of embedded multiple protostellar systems. Together with the low protostellar
densities in protoclusters, capture is discarded as the main formation mechanism of
multiple stars.

Models have indicated that fragmentation is the most likely mechanism of multiple
protostellar system formation (Figure 3). Tohline (2002) divided fragmentation into
two categories, prompt and delayed. Prompt fragmentation would occur during the ini-
tial collapse of the cloud core. In contrast, an instability in the envelope or disk would
trigger further collapse in the surrounding structure of a formed protostar and this
would be termed delayed fragmentation. Several numerical simulations of fragmen-
tation have included additional physical processes, such as turbulence (e.g. Goodwin
et al. 2004; Offner et al. 2010, 2016), episodic accretion and disk fragmentation (e.g.
Stamatellos & Whitworth 2009b; Stamatellos et al. 2011), rotational fragmentation
(e.g. Hennebelle et al. 2004; Machida et al. 2008; Klapp et al. 2014) and magnetic
fields (e.g. Nakamura & Li 2003), to name a few.

The turbulent fragmentation scenario (Offner et al. 2010) proposes that pertur-
bations caused by turbulence in the starless cloud core will produce several density
enhancements that will in turn generate multiple protostellar components upon col-
lapse, but with large separations on the scale of ~1000 AU. Close systems could then
be formed through decrease of the orbit radius as the multiple protostar evolves. This
is expected to generate observable signatures in pre-stellar cloud cores (Offner et al.
2012a). Some such structures have been found in some regions (Pineda et al. 2015;
Kirk et al. 2017), but not in other regions like Chameleon (Schnee et al. 2010; Dunham
et al. 2016). It is possible that the cores in Chameleon are unbound and not collapsing,
while those in p Ophiuchus are undergoing collapse. Another way to test turbulent
fragmentation is through the coevality of multiple protostars with separations of ~1000
AU or more. If these systems tend to be coeval, turbulent fragmentation may be a
very likely formation scenario.

Disk fragmentation proposes that instabilities (Toomre Q < 1) in protostellar disks
can lead to collapse and formation of a companion source (Stamatellos & Whitworth
2009a; Kratter et al. 2010), producing multiple protostellar systems with separations
on the scale of disk sizes, ~100 AU. Several processes can affect instabilities in the
disk, for example episodic accretion (Stamatellos et al. 2011) and heating of the disk
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Figure 3: Picture of star formation including the different fragmentation methods leading to
multiple star formation. Above the dashed line, the initial collapse of the cloud core produces
a stable protostellar system, and for the case of multiples, gravitationally bound. Below the
dashed line, the system produced in the initial collapse can further fragment. For protostellar
systems with triple or higher multiplicity, interaction between the components can lead to
ejection of a component, or a stable system that is gravitiationally bound. (Drawing by
author).
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(Bate 2009; Offner et al. 2009; Stamatellos & Whitworth 2009b). The close multiple
protostars generated in this way can also produce wide multiples (separations >100
AU) through orbital decay (Bate et al. 2002). Observations reported by Tobin et al.
(2016a) provide evidence for the viability of this mechanism, as do the reports of large
rotationally supported disks in embedded protostars (Tobin et al. 2013c, This thesis).

Recently, thermal feedback and heating of the gas and dust have been raised as
important factors in star formation in general, and specifically for fragmentation (see
review by Krumholz et al. 2014 and references therein). Early models showed that
dynamical collapse and fragmentation were halted by heating due to increase in the
opacity of the cloud core, the so-called opacity limit for fragmentation. Accretion can
heat the surrounding gas, even as early as accretion during the FHSC, thus fragmen-
tation can be suppressed before the protostellar object forms. If the cloud core is
heated by the internal source above 100 K, a good part of fragmentation will be hin-
dered. Numerical simulations, such as that by Bate (2012), show how quickly the gas
can be heated by the formation of a single protostar. This can cause fragmentation,
and consequently the formation of multiple protostars, to be considerably reduced.
Observations of multiple protostellar systems cannot yet determine whether the re-
sults of simulations are fully reflected by forming stars. Evidence for gas heating at
1000 AU scales has been obtained from observations of high-J CO lines which indicate
that UV-heated gas is mainly located around the outflow cavity (Yildiz et al. 2012,
2015). The presence of observed embedded multiple protostars that show indications
of non-coevality would hint at the presence of an additional mechanism playing a role.
Furthermore, the recently fragmented disk observed by Tobin et al. (2016a) would
suggest that instabilities could overcome heating-suppressed fragmentation, since a
circumbinary disk is most certainly heated above 100 K, both from the central binary
and through accretion.

Given the broad range of configurations, multiplicity and companion fractions,
and coevality, it is most likely that multiple protostellar systems do not form through
one single mechanism, but from a combination of turbulent and disk fragmentation
(Kratter 2011), with density, temperature and magnetic fields all playing a role.

1.3.4 Current picture of multiple star formation

Combining the results from observations and models, the picture of single star forma-
tion can be adjusted to include the common outcome of multiple protostars (Figure 3).
Rather than be a unique linear process, star formation branches depending on whether
the initial collapse produces a stable system and if the conditions are favourable for
further fragmentation or not. Upon initial collapse, turbulence can generate density
irregularities in the cloud core leading to the formation of several protostellar sources
within a common cloud core. This would produce coeval systems, as the components
of the system form at practically the same time, and evolve simultaneously. On the
other hand, a single protostar can form, and instabilities in the disk or cloud core
would trigger fragmentation and collapse to form an additional protostar. The result
would be a non-coeval multiple protostellar system with components at different evo-
lutionary phases. It is also possible that both mechanisms occur in the same system,
causing a multiple protostar to have both coeval and non-coeval components.

The evolutionary process would differ as well. For a multiple protostar that ejects
a component, the orbit will become tighter and the ejected source will have truncated
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accretion (Stamatellos & Whitworth 2009a). If the multiple protostar does not dis-
integrate, it will be likely that the envelope will be dispersed much faster than for a
single protostar, or dispersed completely for one component and remain almost intact
in the companion. This will in turn affect the formation of planets in later stages,
since the protoplanetary disk mass and size will vary with the evolution of the system,
and can be mostly dispersed for one component but not the other (Akeson & Jensen
2014).

1.3.5 Open questions in multiple star formation

Our understanding of multiple star formation is progressing along with observations
and the constraints they place on models. This thesis addresses the questions of disk
formation, the physicochemical structure, and the coevality of multiple protostellar
systems. Nevertheless, there are many pieces to the puzzle that are still missing and
require further work to address the questions. Here a brief description of some open
questions is given.

A fundamental question that has yet to be answered is whether all the observed
protostellar systems that show multiplicity are gravitationally bound. The difficulty
of answering this question lies in the reliable measurement of masses from the individ-
ual components, and resolving those individual components. The best way to derive
the protostellar mass is through the study of rotationally supported disks. Current
technical capabilities allow surveys of disks in embedded protostellar systems (Yen
et al. 2015) and to disentangle the multiplicity of these systems down to 15 AU (Tobin
et al. 2016b), thus this question can be addressed for systems where the disk can be
characterized and the central mass determined.

An open question related to the formation mechanism of multiple protostellar
systems is the moment when fragmentation occurs. In other words, does fragmentation
happen during the initial collapse, after one protostar has formed, or a combination
of both. This is closely related to the factors that favour or hinder fragmentation.
Heating, magnetic fields and outflows are some factors that are thought to have an
impact on whether fragmentation occurs. Heated gas would reduce the chance of
fragmentation in a cloud core. The magnetic field configuration is expected to affect
disk formation which in turn affects disk fragmentation and the formation of close
multiples. Outflows are proposed to be capable of triggering collapse in neighboring
cloud cores (Barsony et al. 1998), although this might be in disagreement with the
first factor mentioned, since shocked gas and dust is heated up rather quickly.

Directly related to the formation mechanisms and the factors that play a role,
is what dictates the level of multiplicity. Why do some cloud cores produce higher
order multiples while others produce only binaries or singles? One possible parameter
could be the size and density distribution of a cloud core, since a small cloud core
with a central density distribution would be expected to produce a single or a close
binary, whereas an elongated cloud core with several density peaks might collapse
to form multiple protostars. Structure in the starless cloud core could also lead to
fragmentation. Magnetic fields and gas heating are also expected to influence the level
of multiplicity.

In a multiple protostellar system, the components interact with each other, the
time scale depending on their configuration. This can lead to ejection of components,
redistribution of the configuration and material, as well as quicker dispersal of the en-
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Figure 4: Regions of a protostellar system and molecules that have been observed to trace
the different structures (Drawing by author).

velope and disk of one or all components in the system. Thus, the initial configuration
of the embedded phase may not endure to the pre-main sequence stage. Additionally,
non-coeval systems might evolve differently than coeval systems, due to interaction.
While it is tricky to study the evolution of multiple protostars, it is of interest to
study these systems at different evolutionary stages, and compare them with single
protostars at the same evolutionary stages, to understand how multiplicity affects star
formation in general. For example, it could be explored if there is some degree of
competitive accretion in multiple protostars, even more so in non-coeval systems.

Rotationally supported disk formation is a question for star formation in general
and are of interest since they are the precursors of protoplanetary disks. How early
they form will affect the structure of the disk. Recent observations suggest disks can
form as early as the Class 0 stage. With the disk also comes the possibility of multiple
protostar formation through disk fragmentation. Thus, while the disk can influence
the multiplicity of a protostellar system, it is unclear how the multiplicity of a system
affects the formation of disks. Harris et al. (2012) suggest that the star-disk tidal
interactions and the accretion processes during the formation of the multiple system
both contribute to the evolution and formation of protoplanetary disks, and eventually
planets. Several rotationally supported disks have been observed centered around one
of the components of a multiple protosellar system, thus indicating that multiplicity
does not hinder the formation of disks. However, if companions help form or determine
the size of the disks is yet unknown.

1.4 Chemistry as a tool
Molecules are a strong tool in the study of star formation. Molecular emission lines

are excellent probes of physical conditions and structure in astrophysical objects (Fig-
ure 4). Different molecular species can be sensitive to either temperature or density
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depending on the molecular structure and the mechanism to (de)populate the energy
levels. For example, some energy levels of H,CO are (de)populated by collisions alone,
making them a good thermometer, since collision rates are determined by tempera-
ture. On the other hand, molecules such as c—C3;H, are dependent on critical density
for populating its energy levels, making it sensitive to density up to its critical density
and then temperature sensitive.

Rather than a specific physical structure always being traced by a particular
molecule, the chemical reactions, temperatures and densities needed to produce molec-
ular species dictate what regions they trace. Thus, if a protostellar structure is often
detected in a particular molecule, for example rotationally supported disks traced by
C'0, it is indicative that these structures have similar physical conditions. DCO™,
N,H" and N,D" are good tracers of cold (~20 K) regions where CO freezes out,
whereas ¢—C3H, and CCH trace warm (50 — 100 K) and/or UV-irradiated regions
due to their chemistry (Jansen 1995; Sakai & Yamamoto 2013). Examples of the re-
gions traced by each molecules are shown in Figure 4. The chemical production and
destruction paths, which can be at high or low temperatures, gas-phase, surface reac-
tions or a combination, can alter the conditions where a molecular species is produced.
This aspect must be considered when analyzing observations. DCO™ is an example of
production via two paths, at temperatures below 30 K when CO freezes out (Mathews
et al. 2013) and from reactions in the warmer disk surface (Favre et al. 2015).

Additionally, molecular line emission can probe the kinematics of the region they
are tracing, as well as processes such as shocks around the disk (e.g. Sakai et al. 2014a),
episodic accretion (e.g. Jorgensen et al. 2015; Frimann et al. 2017), infall (e.g. Schnee
et al. 2010; Tobin et al. 2012a; Mottram et al. 2014) and molecular outflows (e.g. Arce
& Sargent 2006; Kristensen et al. 2012; Lee et al. 2016). These phenomena could not
be detected from continuum alone, and are crucial to understand the formation and
evolution of stars. Kinematics of rotationally supported disks traced from molecular
emission provide the only direct way to measure central protostellar masses (e.g., Tobin
et al. 2012b). Central protostellar masses are crucial for determination of evolutionary
stage (Table 1), but also to determine if an observed multiple protostellar system is
gravitationally bound. Ratios of molecular species and transitions are thought to
provide evolutionary indicators (e.g. Emprechtinger et al. 2009; Crapsi et al. 2005;
Schnee et al. 2013).

Combining observations of molecular emission with dust continuum provide a full
picture of the structure of a protostellar system. The non-detection of molecular
emission can also tell as much as the detection, since the lack of a molecule can be
product of the presence of another species which causes the molecule’s destruction or if
the molecule itself or its chemical parent are frozen out onto the dust grains. Detection
of emission at a given transition but not at a higher transition is indicative of the
physical conditions, since the material being traced may not have the temperature or
density to populate the upper energy levels of the molecule.

1.5 Methods

1.5.1 Observations

Young, deeply embedded protostars are comparatively cooler than their pre-main se-
quence counterparts. Enshrouded by dense envelopes, the light from the central source
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cannot be observed directly and heats its surroundings up to a few hundred Kelvin.
Thus these systems can only be observed at wavelengths longer than a few microns, for
example, Class 0 sources are generally observed to have emission at wavelengths >24
pum. Therefore these systems need to be studied with (sub)millimeter and infrared tele-
scopes. The former are ground-based while the latter, due to the atmosphere blocking
the mid- and far-infrared wavelengths, are space-borne.

The structures of a protostellar system, that is the disk, envelope and outflow, span
sizes from a few AU to fractions of a parsec. To have a complete view of a protostellar
system, it is then necessary to observe them at different resolutions. Single dish
observations will probe the outer envelope and large scale outflow, while interferometric
observations reveal the inner AU scale structure. Both are used in this thesis.

Observations using the Submillimeter Array (SMA) in Hawaii, the Atacama Large
Millimeter /submillimeter Array (ALMA) in the Chajnantor plateau, Atacama dessert,
Chile, and the Atacama Pathfinder Experiment also in Atacama, are presented in this
work. The typical resolution of the observations presented in this work are in the range
of 0.8" to 0.5", tracing scales of ~100 to 60 AU in p Ophiuchus molecular cloud, and
200 to 125 AU in the Perseus star forming region. Additionally, archival data taken by
the Spitzer Space Telescope for the legacy project “From Cores to disks (c2d)" and by
the Herschel Space Observatory for the guaranteed time project “Gould Belt Survey"
are also used in conjunction with (sub)millimeter observations. Typical resolution
from Herschel Space Observatory PACS photometric maps is of about 7", resulting in
scales of 1700 AU being traced in the Perseus star forming region.

1.5.2 Spectral energy distribution (SED)

The evolutionary stage of a protostellar system can be studied from the spectral en-
ergy distribution (SED). Based on studies of protostellar objects at different evolu-
tionary stages and models of protostellar evolution, the SED shape changes as the
protostar evolves. This is mainly due to the fact that as the central source be-
comes hotter, the black body component of the SED moves to shorter wavelengths
and the (sub)millimeter emission, which is dominated by the envelope and later the
disk, becomes weaker as these structures disperse. Thus, analyzing the SED peak
location, infrared spectral index ajr and ratio of submillimeter to bolometric lumi-
n0sity Lsubmm/Lbol, as well as the shape are useful in determining the evolutionary
stage of a protostellar source. While these characteristics can give information on the
evolutionary stage, care must be taken that the observed SED is not product of an
unresolved multiple protostellar system, since this would provide averaged parameters
and not the real conditions of the observed protostellar source.

1.5.3 Physical and chemical models

Comparison of observations with models provide a deeper understanding of the pro-
tostellar system being observed. This is because the conditions in the model can be
changed and the result examined and compared, thus providing not only the condi-
tions that match the observations, but also how a change in these parameters would
alter the outcome. When models are simplified to the basic elements, while not all
details are taken into account, they can identify the main factors that generate the
observed conditions.
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In the research presented in this thesis, two simple models are used, an analytical
time-independent chemical network and a thin disk model. The first is used to study
the formation and destruction of DCO™ by considering only the main chemical species
and reactions needed. The second provides a physical description of disk structures
driven by a central protostar, simplifying the structure to a flat disk. In our model,
different velocity structures can be studied, including a combination of these with a
critical radius Ry denoting the point where the transition occurs. Both models are
then passed through radiative transfer programs and convolved to the beam of the
observations so that the model can be directly compared to the observations.

1.6 This thesis

In recent decades, several continuum surveys have provided a view into the multiplicity
of protostellar systems from the early embedded phase to the pre-main sequence stage.
The chemical structure of the envelope, on the other hand, has only been studied for
a few dozen systems and not always with the same molecular species, making the
comparison and determination of the physical structure difficult. Chemistry serves as
a tool to probe the physical conditions of a protostellar system, and thus is necessary
for addressing the many open questions in multiple low-mass star formation. The
motivation behind this thesis is to systematically study low-mass multiple protostellar
systems, placing special focus on their coevality and the chemistry to reveal their
physical structure. Constructing the SED of each component in a multiple protostellar
system and then comparing them provides a way to study the coevality of multiple
protostars. In order to study the chemical and physical structure, the same set of
molecular species are targeted for the multiple protostars studied. These molecules
are selected to probe the different regions of a protostellar cloud core, namely the cold
and warm regions of the envelope (N,H", N,D*, DCO ™", ¢c—C3H,, C,H and H,CO),
the disk (C*®0, *CO) and the heated gas (**CO 6-5, c—C3H,). In addition to the
multiple protostellar systems studied, a couple of single protostars are included in
order to do a comparison of the physical and chemical structure of single and multiple
protostars.

With this motivation in mind and aiming to look at some basic aspects in the
formation and evolution of multiple protostars, this work addresses five main questions:

e When do disks form?

e How do disks impact the chemical structure of protostellar systems?

What is the frequency of coevality in multiple protostellar systems?

e What is the chemical and physical structure of multiple protostellar systems and
how do they compare to single protostars?

Is there a temperature-fragmentation relation in protostellar systems?

A brief outline of the subsequent chapters together with their respective titles in
this thesis follows.
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Chapter 2 — A Keplerian disk around a Class 0 source: ALMA
observations of VLA1623A

Rotationally supported disks are an important structure for star formation. They
are observed to be common around pre-main sequence stars and Class I protostellar
systems. Disk-like structures in continuum have been detected in Class 0 protostars,
and more recently, indications of rotationally supported disks in deeply embedded
sources. VLA1623 is a non-coeval triple protostellar system located in L1688 in p
Ophiuchus (d ~ 120 pc). The three components of the system are VLA1623A, B
and W. VLA1623A, the prototypical Class 0 source, is deeply embedded and young,
driving a remarkable outflow in the south-east to north-west direction. VLA1623B,
separated 1.1" from A, is relatively cold and depleted of most molecular emission, but
has evidence of driving an outflow and is expected to be the youngest of the three.
The component to the west separated by 10", VLA1623W, appears to be older than
A and B, with less circumstellar material. ALMA Cycle 0 Early Science observations
towards VLA1623 detected a disk-like structure traced in C*®0 2-1 centered on source
A. Using a thin disk model with the addition of foreground coupled with radiative
transfer, the C'®0 emission is modelled. The thin disk model allows different velocity
structures to be probed, including free-fall, infall and Keplerian, plus a combination
of these by setting a critical radius Rt We find that the C'80 emission centered
on VLA1623A has an outer radius of 180 AU. The structure is best described by a
Keplerian disk with a radius of at least 150 AU, a central mass of 0.2 Mg, and an
inclination of 4 =55°. The velocity structure of the outer 30 AU cannot be determined
unambiguously due to resolution. The weak magnetic field, misaligned with respect to
the outflow direction, may have helped form the disk. Comparison with other Class 0
sources reported of driving Keplerian disks shows VLA1623A to be the youngest, thus
driving the youngest Keplerian disk yet found.

Chapter 3 — The physical and temperature structure of the
disk-envelope interface: evidence for disk shadowing from
ALMA DCO™ observations of VLA1623

Rotationally supported disks can form in the embedded phase of protostars. Since
the protostellar envelope at this stage is not negligible, the presence of the disk must
produce an impact on the envelope. Previous observations of L1527 suggest that a
shock occurs at the point where the disk and envelope meet, the disk-envelope in-
terface, which may alter the chemistry of the region. It is then of interest to study
whether a shock occurs in all cases and to what extent does the disk alter the envelope
structure. ALMA Cycle 0 12m array observations of DCO™ 3-2, done simultane-
ously with C*®0 2-1, detect clumpy structures bordering the Keplerian disk centered
on VLA1623A. Temperature and density models constrained by continuum data and
source SED, place the peak of DCO™ at about 5" offset from the source where the
temperature falls below 20 K. However the observed peak is located at 3" away from
the position of VLA1623A, closer than expected. A simple analytic time-independent
chemical network coupled with the temperature and density profile of VLA1623 is
used to model the observed DCO™ emission. The peak of DCO™ is only reproduced
with a drop in temperature of a factor of 1.5, making the temperature in the region
between 11 to 16 K. Altering the density or the CO freeze-out region does not alter
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the position of the DCO™ peak. Shadowing of the envelope by the disk can cause a
decrease in temperature, encouraging the formation of cold-chemistry molecules like
DCO™. These results are further confirmed by ALMA Cycle 2 ACA observations,
which show DCO™" emission along the outflow axis to be best described by the spher-
ically symmetric constant CO abundance models. This highlights the drastic impact
that the disk has on the envelope and its temperature structure.

Chapter 4 — Tracing the cold and warm physico-chemical
structure of deeply embedded protostars: IRAS 16293-2422
versus VLA 1623-2417

A sketch of the physical structure and evolution of low-mass protostars has been
outlined and well-studied. However, the physico-chemical structure is still quite blurry,
and the factors that influence the chemical complexity even more so. Motivated by
this question, two Class 0 protostellar systems, IRAS 16293-2422 and VLA 1623-2417
are studied in depth using ALMA observations. The observations for IRAS 16293-
2422 are part of the PILS program (PI Jes Jorgensen) and complemented with SMA
observations. For VLA 1623-2417, the data used here were observed during ALMA
Cycle 0 and 2 using the 12m array and the Atacama Compact Array (ACA). Both
systems are multiple, deeply embedded and located in the p Ophiuchus molecular
cloud. TRAS 16293-2422 is very luminous, whereas VLA 1623-2417 is considerably
dimmer. Focus is placed on the cold and warm envelope of the two protostellar systems,
which are traced by DCO™, c—C3H,, CoH, NyH and N,D™. DCO™ is found to trace
the outer edge of disk(-like) structures for one of the components in both systems. The
rest of the molecules do not coincide in spatial distribution, but are located in regions
with similar physical conditions. VLA 1623-2417 presents little emission, to the point
that N,D* and N,H™ are not detected. The presence of a rotationally supported disk
in VLA 1623-2417 can cause the outer envelope to be very cold due to disk shadowing,
reducing the chemical complexity of the envelope and confining any warmer gas along
the outflow cavity, where c—C3H, is traced. IRAS 16293-2422, on the other hand,
being more luminous could heat up the envelope to a larger extent than VLA 1623-
2417, but the disk would still shield part of the envelope, producing the observed
spatial distributions. Thus, the presence of disks can have a lasting impact not only
on the temperature structure of the protostar, but on the chemical complexity.

Chapter 5 — Do siblings always form and evolve
simultaneously? Testing the coevality of multiple protostellar
systems through SEDs

Fragmentation is widely accepted as the formation mechanism of multiple protostars.
It is still debated, however, when fragmentation occurs and if all multiple protostars
form and evolve contemporaneously. Surveys of pre-main sequence binaries suggest a
non-coevality frequency of about 33% with the use of isochrones, however, dynamical
evolution can erase the conditions of formation. Studying the coevality in young
protostars requires an alternate method than that used for pre-main sequence stars
due to their embedded nature. Looking at the relative evolutionary phases of the
components in a multiple protostar can provide insight into the issue of coevality. We
study the protostars in the Perseus molecular cloud. This star forming region has been
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widely studied in molecular line emission and continuum, and the multiplicity of the
region has been recently well studied down to separations of 15 AU. The SEDs for all
identified protostellar systems in the Perseus molecular cloud are constructed using
data from literature and extracted fluxes from Herschel PACS maps. Parameters such
as Thol, arr and Lgubmm/Lbol are derived from each SED as well. However, SEDs
and derived parameters alone cannot determine whether a system is coeval or not,
since the SED is affected by geometry. Thus, physical parameters, inclination and
the physical structure of the protostellar system must be accounted for when studying
coevality. A non-coevality frequency of 1/3 is found in the region on scales of >1700
AU, with higher order multiple protostars tending to have non-coeval components,
while binaries are more coeval. This places constraints on formation mechanisms
for higher order multiples, and at the same time raises the question of what factors
enhance fragmentation in some systems but not others.

Chapter 6 — The role of environment and gas temperature in
the formation of multiple protostellar systems

Hydrodynamical simulations with the inclusion of radiative feedback show that heated
gas tends to suppress fragmentation. Thus, when a protostar forms and heats its sur-
rounding environment, fragmentation should be reduced almost entirely and multiple
protostellar systems with non-coeval components should be greatly reduced. However,
from the construction and comparison of SEDs in multiple protostellar systems, it was
found that 1/3 of the time multiple protostars are non-coeval (Chapter 5). For this
to occur, an already formed protostar or binary protostar must undergo further col-
lapse of its envelope or disk, both of which are expected to be heated by the already
formed protostar(s). The question is then raised if non-coeval multiple protostars are
cooler than single and coeval multiple protostars. Aiming to address this question, the
outer envelope of a sample of multiple and single protostellar systems is studied with
APEX observations. The molecules targeted include DCO ™", c—C3H, and H,CO with
APEX-1 (216 GHz), which are good indicators of temperature in the different regions
of the protostar. We find that the outer envelope of multiple protostellar systems is
more chemically rich than that of single protostars, even for molecules associated with
warm chemistry. Our observations show no clear correlation between temperature and
fragmentation, but instead non-coeval multiple protostellar systems present larger cold
gas reservoirs. These results suggest that mass, rather than temperature, plays a role
in fragmentation.

The conclusions of this thesis can thus be summarized as follows:

1. Large, rotationally supported disks can form in the early embedded phase (Chap-
ter 2).

2. Disks alter the chemical composition of the envelope by altering the temperature
profile of the cloud core along the disk plane (Chapter 3).

3. The chemical structure of the protostellar system does not depend on the evo-
lutionary stage, but on the temperature profile, with the disk being the main
controlling factor of the temperature (Chapters 3 & 4).
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4. Of multiple protostellar systems in Perseus, 2/3 are coeval, implying that 1/3 of
the time there are conditions in multiple protostellar systems that lead to further
fragmentation. The coevality frequency is independent of separation down to
>1700 AU, but higher order multiples tend to be non-coeval while binaries tend
to be coeval (Chapter 5).

5. In Perseus, the outer envelope of multiple protostellar systems are more chem-
ically rich than that of close binary and single protostars, however the tem-
perature for both types of systems is similar, hinting at a lack of temperature-
fragmentation relation (Chapter 6).

The results obtained in this thesis provide useful constraints on the formation and
evolution of multiple protostellar systems, adding small pieces to the puzzle of multiple
low-mass star formation and evolution. However, the target sample used in this work is
small, and mainly focused on the Perseus star forming region, with two additional sys-
tems from Ophiuchus, VLA1623 and TRAS16293. This sample needs to be expanded,
for example to Orion, if we are to understand the formation and evolution of multiple
protostellar systems. A method to probe multiple protostars can be derived from the
work presented here. The envelope and disk are studied with a set of molecules that
are good tracers of the various regions of temperature and density, for example DCO™,
N,H" and N,D™ for the cold outer envelope, H,CO, c—C3H, and C,H for the warm
regions and CO and its isotopologues for the disk and outflow kinematics. This kind
of survey can be readily done with the current technical capabilities of ground-based
(sub)millimeter telescopes, both in the northern and southern hemispheres, that have
receivers in the 230 and 345 GHz range. Advances in instrumentation will allow higher
sensitivities and resolutions, but the larger scales need to be understood before we can
make sense of the finer details. Additionally, the combination of single dish and inter-
ferometers can probe from the outer envelope to the disk, revealing the structure of
the cloud core. The coevality of multiple protostellar systems is determined through
the construction of the SED of each component. However, complete SEDs are limited
by the available far-infrared data. Sub-arcsecond resolution far-infrared data is crucial
to examine the coevality of multiple protostars with separations larger than 7".

Model constraints can also be derived from the work presented in this thesis. For
example, the frequency of non-coevality can be integrated into simulations of multiple
low-mass star formation, with additional consideration that non-coevality occurs in
higher-order multiples as well as the early formation of disks in multiple protostars.
Another example of a constraint to include into models would be the weak relation
between temperature and fragmentation, and how the presence of a disk alters the
temperature profile in star formation in general.

Multiplicity in stars is ubiquitous. Understanding how multiple stars form and
evolve will lead to a complete picture of star formation, and also to a better under-
standing of stars.



Chapter 2

A Keplerian disk around a
Class 0 source

ALMA observations of VLA1623A

Murillo, N. M., Lai, S.-P., Bruderer, S.,
Harsono, D. and van Dishoeck, E. F.
2013, A&A, 560, 103

Abstract

Context Rotationally supported disks are critical in the star formation process. The
questions of when do they form and what factors influence or hinder their formation
have been studied but are largely unanswered. Observations of early-stage YSOs
are needed to probe disk formation.

Aims VLA1623 is a triple non-coeval protostellar system, with a weak magnetic
field perpendicular to the outflow, whose Class 0 component, VLA1623A, shows a
disk-like structure in continuum with signatures of rotation in line emission. We aim
to determine whether this structure is in part or in whole a rotationally supported
disk, i.e. a Keplerian disk, and what its characteristics are.

Methods ALMA Cycle 0 Early Science 1.3 mm continuum and C*®0 2-1 obser-
vations in the extended configuration are presented here and used to perform an
analysis of the disk-like structure using PV diagrams and thin disk modeling with
the addition of foreground absorption.

Results The PV diagrams of the C'®0 line emission suggest the presence of a
rotationally supported component with a radius of at least 50 AU. Kinematical
modeling of the line emission shows that the disk out to 180 AU is actually rota-
tionally supported, with the rotation described well by Keplerian rotation out to
at least 150 AU, and the central source mass is ~0.2 Mg, for an inclination of 55°.
Pure infall and conserved angular momentum rotation models are excluded.

Conclusions VLA1623A, a very young Class 0 source, presents a disk with an
outer radius Ry = 180 AU with a Keplerian velocity structure out to at least
150 AU. The weak magnetic fields and recent fragmentation in this region of p
Ophiuchus may have played a leading role in the formation of the disk.
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2.1 Introduction

Disks are key actors in the formation of stars. They are crucial for accretion and
angular momentum distribution in the early stages and for planet formation in the
later stages. Rotationally supported disks have been observed using molecular lines in
the Class II stage of star formation (Mannings & Sargent 1997; Guilloteau & Dutrey
1998; Guilloteau et al. 1999; Qi et al. 2004; Hughes et al. 2009; Rodriguez et al. 2010),
while continuum disk-like structures, the so-called pseudo-disks, are reported in Class 0
objects (Jorgensen et al. 2009; Enoch et al. 2009a, 2011). This leads to the expectation
that rotationally supported or Keplerian disks evolve from pseudo-disks between the
Class 0 and II stages.

Idealized, non-magnetized conditions for a collapsing isothermal core suggest that
a small rotating disk (Rout < 100 AU) should form as early as the Class 0 stage
and grow as R o t3, where t is time since collapse (Terebey et al. 1984). Adding
magnetic fields to the problem offers varied results. Ideal MHD shows that magnetic
field breaking can hinder disk formation (Mellon & Li 2008); however, if the magnetic
field and rotation axes are misaligned, rotationally supported disks may form since the
magnetic breaking efficiency is reduced (Hennebelle & Ciardi 2009; Krumholz et al.
2013). Consideration of non-ideal MHD effects and their role in disk formation has
been explored, but there is no clear solution (Li et al. 2011).

Despite the observational relations and predictions obtained from simulations, it
is still unclear when disks actually begin to form and to what degree factors, such as
magnetic fields and fragmentation, hinder or encourage the formation of rotationally
supported disks.

While observations of (sub-) Keplerian disks in Class I YSOs (Hogerheijde 2001;
Brinch et al. 2007; Lommen et al. 2008; Jgrgensen et al. 2009; Takakuwa et al. 2012;
Yen et al. 2013) support the expectation that disks form between the Class 0 and II
stages, recent observations have found indications that rotationally supported disks
may be present as early as the Class 0 stage (NGC1333 IRAS4A: Choi et al. 2010;
L1527: Tobin et al. 2012b; VLA1623: Murillo & Lai 2013). Interestingly, hour-glass-
like magnetic fields are present in NGC1333 IRAS4A (Girart et al. 2006; Hull et al.
2014a) and in the large scale in L1527 (Davidson et al. 2011), while magnetic fields
perpendicular to the outflow direction are present in VLA1623 (Holland et al. 1996;
Hull et al. 2013, 2014a) and in the small scale in L1527 (Hull et al. 2014a). Additionally,
while NGC1333 IRAS4A and VLA1623 are confirmed multiples, it is unclear whether
L1527 is a protobinary (Loinard et al. 2002) or a single protostar. This brings back
the question of what factors play a role in the formation of a Keplerian disk and if the
combination of these factors is more relevant than the evolutionary stage of a protostar
when it comes to the formation of a disk.

VLA1623 is a triple non-coeval protostellar system (Murillo & Lai 2013; Chen et al.
2013) with a prominent outflow (André et al. 1990) located in p Ophiuchus (d ~ 120pc,
Loinard et al. 2008). VLA1623 is composed of three continuum sources: VLA1623A,
a deeply embedded Class 0 source with no emission shortward of 24 pym; VLA1623B,
a very cold and compact source separated 1.1” from VLA1623A; and VLA1623W, a
Class I source at a projected distance of 10" from VLA1623A. SMA observations of
VLA1623 revealed that the easternmost component, VLA1623A, has a disk-like struc-
ture in C'*0 and C'7O that was mimicked in continuum. Furthermore, VLA1623A’s
disk shows a velocity gradient characteristic of rotation. A simple eyeball analysis
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Table 1: VLA1623’s 1.3 mm continuum fluxes measured with ALMA

Source R.A. Decl. Peak Integrated
mJy beam™! mlJy
VLA1623A  16:26:26.390 -24:24:30.688 93.1 201.34+1.2
VLA1623B  16:26:26.309 -24:24:30.588 93.5 96.3+0.7
VLA1623W  16:26:25.636  -24:24:29.488 21.6 37.3£0.9

of the position-velocity diagrams of the C'7O and C'®0 emission by Murillo & Lai
(2013) suggested that the disk was rotationally supported, most likely exhibiting pure
Keplerian rotation. They concluded that further analysis is required to distinguish
the pseudo-disk v oc R~! pattern from the rotationally supported v oc R~%® profile.

In this paper, we present Atacama Large Millimeter /submillimeter Array (ALMA)
Early Science Cycle 0 observations of VLA1623A in 1.3 mm continuum and C'*O
emission. The results of the C'®*O ALMA observations are consistent with previous
Sub-Millimeter Array (SMA) C!O observations in that they both show the disk-
like structure and velocity gradient centered on VLA1623A. However, the sensitivity
and spatial and velocity resolutions of the detection are significantly increased and
improved due to ALMA’s capabilities. To determine whether the C'®0 emission is
tracing a rotationally supported disk about VLA1623A, we performed position-velocity
diagram analysis and modeled the C'8O emission in order to determine the extent to
which the observed structure is rotationally supported.

2.2 Observations

We observed VLA1623 (pointing coordinates a=16:26:26.419 6—=-24.24.29.988 J2000)
with the Atacama Large Millimeter/submillimeter Array (ALMA) during the early
science Cycle 0 period on April 8, 2012. Observations were done in Band 6 (230 GHz)
using the extended configuration, consisting of 16 antennae with a maximum baseline
of ~400m, for a total observing time of one hour and a duty cycle of 58%. Calibration
was done with 3C 279, 1733-130, and Titan for bandpass, gain, and flux calibration,
respectively. The spectral configuration was set up to observe four molecular lines:
DCO™ (3-2), C*0 (2-1), NoDT (3-2), and 2CO (2-1), in addition to continuum. No
significant NoDT emission was detected. In this paper we only analyze and discuss
the results of C'®0 and continuum. The remaining lines will be discussed in future
papers. The spectral configuration provided a velocity resolution of 0.0833 km s~! for
CtB0.

Reduced data were received on June 15, 2012. We redid the data calibration and
reduction using the standard pipeline for single-pointing observations. Comparison of
the delivered data and our recalibrated data shows consistency in the continuum flux
levels. The synthesized beam size is 0.79” x 0.54" for the continuum and 0.79” x 0.61”
for C'®0, providing enough resolution to resolve the continuum and line emission from
each source.

We compare the 1.3mm continuum observations obtained with ALMA (this work)
and SMA (Murillo & Lai 2013). To compare, VLA1623B’s integrated flux is used since
it was the most sensitive to the flux calibrations. We use the same region and task
(CASA’s imstat task) to measure the integrated flux for both datasets. For the SMA
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Figure 1: VLA1623 in continuum: Top left: ALMA 1.3 mm continnum, three components
are observed: VLA1623A, B, and W. While B and W are observed to be compact, A shows
an extended and flattened component. The inset shows a zoom-in of VLA1623A and B (black
contours), overlaid with intensity-integrated C'*O (2-1) (halftone). Contours are in steps of
30, 50, 100, 150, 200, 400, 600, and 78¢, with =1 mJy beam™'. Top right: VLA1623A’s
SED; the orange point indicates VLA1623A’s integrated continuum flux obtained from our
ALMA observations. The solid line is the best fit of a single-temperature graybody fit, and
the resulting parameters are indicated in the figure. Flux uncertainties are usually smaller
than the plot symbols. Bottom left: ALMA 1.3 mm continuum contours overlaid on Spitzer
MIPS1. Contours are the same as in the top left figure. Red and blue arrows indicate the
red- and blue-shifted large-scale outflow direction. Bottom right: ALMA 1.3 mm continuum
contours overlaid on Spitzer IRAC4. Contours are the same as in the top left figure. The
dashed circle indicates the field of view of the ALMA observations.
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Figure 2: Observed C'®0 (2-1): Left: Pure Keplerian rotation curves (v oc R™%%, red and
blue) and infall (v oc R™*, green) are overlaid on the PV diagram. This suggests that the
emission may be rotationally supported with M, ~ 0.1-0.2 M. Center: C'®0 velocity map
(Moment 1, halftone) and intensity integrated (Moment 0, contours) maps. Contours are
in steps of 30, 50, 100, 150, 200 and 250 with ¢ = 13 mJy beam™'. VLA1623A and B’s
positions are marked with a square and triangle, respectively. Orange and blue lines indicate
the image-space PV diagram cuts at PA = 35° (left) and 125° (right), respectively. Right:
Lack of velocity gradient suggests no outflow contamination on the C**O emission. In both
PV diagrams contours are in steps of 3¢, 50, 10c and 150 where o = 19 mJy beam™*
the black lines indicate the systemic velocity and position of VLA1623A.

and

data, VLA1623B has an integrated flux of 96.8+0.7 mJy, while for the ALMA data,
VLA1623B has an integrated flux of 96.34+0.7 mJy. This shows that both observations
are consistent.

JCMT observations towards VLA1623 by Jorgensen et al. (2002) detected C**0O
(2-1) with a flux of 12.1 K km s~ (174 Jy km s, with 14.46 Jy/K). Our C*¥0 (2-1)
detection with ALMA has a flux of 13 Jy km s~!. Thus, we recover ~8% of the total
single-dish detected flux.

2.3 Results

2.3.1 1.3 mm continuum

ALMA 1.3 mm continuum observations detect three continuum sources (Fig. 1, top
left), in agreement with previous SMA observations (Murillo & Lai 2013; Chen et al.
2013). The easternmost source, VLA1623A, shows an elongated and flattened mor-
phology peaking in the center, with the elongation perpendicular to the outflow di-
rection (Fig. 1, top left insert). VLA1623A is detected at 24 pm, but shows no
emission shortward of 24 pm (Fig. 1, bottom row). VLA1623B, located to the west
of VLA1623A and separated by 1.1”, is compact and shows no discernible infrared
emission (Fig. 1, bottom row) suggesting that it is deeply embedded and cold. The
westernmost source, VLA1623W (~10" separation), is observed to be compact and
dimmer than the other two sources in millimeter, but is bright in the infrared (Fig. 1,
bottom row). Although VLA1623W is located at the edge of the field of view in our
ALMA observations, it is a ~200 detection, and its flux and position coincide with
previous detections of this source, so we consider it a genuine detection. Peak and
integrated fluxes of each source are listed in Table 1. Integrated fluxes for each source
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Figure 3: C'O (2-1) line profile. The unaltered spectral profile (black) is overlaid with
a portion of the spectral profile mirrored about 4.0 km s™* (orange). Light blue rectangles
mark the widths obtained from the best- fit thin disk model (Table 3) of the foreground
material (1.6 and 3 km s™*) and the envelope (4.0 km s™1). The horizontal line between 5
and 6.5 km s~ ! shows the velocity range used for the UV-space PV diagram.

were obtained by integrating the continuum emission over a region the size of the
source out to 30. In this paper, we focus on VLA1623A, whose SED is shown in the
top right of Fig. 1.

2.3.2 CX0 (2-1)

The C'80 (2-1) emission towards VLA1623A shows an elongated and flattened struc-
ture perpendicular to the outflow direction, following the same shape as VLA1623A’s
1.3 mm continuum emission (Fig. 1, top left insert, Fig. 2, center). Results and discus-
sion of the C'¥0 emission towards VLA1623B and W are presented in Appendix 2.A.

The C'®0O emission about VLA1623A exhibits a velocity gradient along the major
axis, with blueshifted material to the NE and redshifted material to the SW in the
velocity range of 2 to 6.5 km s~1 (Fig. 2). The results of our ALMA observations pre-
sented here are consistent with SMA observations of C'*0 (2-1) toward VLA1623A
(Murillo & Lai 2013). In comparison, however, our ALMA observations have higher
sensitivity (rms noise = 18 mJy beam™!) and velocity resolution (0.0833 km s~!) than
previous SMA observations (rms noise = 42 mJy beam™! and velocity resolution =
0.275 km s~!). ALMA’s higher sensitivity and velocity resolution allow us to obtain a
better view of the structure being traced and a deeper kinematical analysis. In addi-
tion, the high sensitivity allowed detecting previously unknown filament-like features,
located to the north and south of VLA1623A’s C'¥0 disk structure (Fig. 2, center).
These features may be the beginnings of a disk wind (Klaassen et al. 2013).

The observed velocity gradient along the major axis suggests rotation (Fig. 2 left
and center), as previously suspected from the SMA detection of C'80. Furthermore,
lack of a velocity gradient along the outflow axis indicates that the observed C*¥0 line
emission is tracing only the envelope and/or disk structure (Fig. 2 right).

The p Ophiuchus region is known to have several layers of foreground clouds along
the line of sight (Loren 1989), as shown by studies toward cores B and E in p Ophi-
uchus (Loren 1989; Boogert et al. 2002; van Kempen et al. 2009b). However, there are
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Figure 4: UV-space PV diagram of C'¥0. v, = 3.7 km s™* . The red points indicate the
redshifted (v > 5.0 km s™') emission. The velocity range covered in this diagram is indicated
in Fig. 3. Blueshifted emission (v < 2.8 km s™') is not included in the diagram since it is
strongly affected by foreground emission (see Fig. 3 and Sect. 2.3.2). The points are fit with
a power law of the form v = aR"™. The solid line shows the fit to the high-velocity points (v
> 5.7 km s~ 1), while the dashed line shows the fit to the low-velocity points (v < 5.7 km
sfl). This suggests that the pure Keplerian disk extends to a radius of 50 AU.

no current studies of the foreground of VLA1623 (p Ophiuchus core A). From JCMT
observations toward VLA1623, it is difficult to determine the position of absorbing
material given the dense and active region (Jgrgensen et al. 2004). Determining the
foreground over a large area from single-dish data requires a more in-depth study be-
yond the scope of this paper. Thus to estimate the positions of the absorbing material,
we compared the original and mirrored spectra (Fig. 3). From line observations, Mar-
dones et al. (1997) and Yu & Chernin (1997) report VLA1623’s systemic velocity vig,
to be between 3.4 to 3.8 km s~!. Mirroring the spectra about this range of vis does
not produce a symmetric spectra, however. We instead find that the C'®O spectra is
better mirrored about 4.0 km s~!, which would suggest that VLA1623’s v),, might be
4.0 km s~'. We then consider the full range of v, = 3.4 to 4.0 km s~! in this work.
Regarding the absorbing material, it is clear from Fig. 3 that there is absorption at ve-
locities near 2 and 3 km s~!, as well as absorption towards the systemic velocity. The
absorption at the systemic velocity is either due to absorption caused by VLLA1623’s
outer envelope or to resolved-out emission. On the other hand, the absorptions near 2
and 3 km s~! are more likely to be due to foreground clouds. These foreground clouds
"eat out" some of the blueshifted emission, causing the observed red- and blueshifted
C'80 emission to seem asymmetric towards VLA1623A.

2.4 Analysis

2.4.1 Position-velocity diagrams

The first and most common way of analyzing the kinematics of line emission is through
position-velocity (PV) diagrams. Here we perform image-space and UV-space PV
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Figure 5: Cartoon illustrating the velocity structure distribution in the disk, shown here
face on, for each model examined.

diagrams. Image-space PV diagrams project the line-emission 3D data cube into a
2D plane along a cut, defined by position angle (PA) and source position, over the
structure of interest. UV-space PV diagrams, on the other hand, are constructed by
fitting, channel by channel, the UV visibilities of the line emission to find the peak
position in each channel (Lommen et al. 2008; Jorgensen et al. 2009). The peak
positions of each channel are then rotated to the PA along the velocity gradient,
projected onto PV space and fit with a power law in log-log space. The resulting
PV diagram and power law fit provide insight into the kinematic structure of the line
emission.

The C'®0 velocity integrated map (Fig. 2, center) shows a velocity gradient along
the major axis (PA = 35415°) of the structure, perpendicular to the outflow. The
image-space PV diagram along the structure’s major axis (Fig. 2, left) is characteristic
of a rotating structure around a 0.1 to 0.2 Mg object, with pure infall clearly providing
a worse fit. The rotation curves in Fig. 2 (left panel) do not account for inclination
effects.

Figure 4 shows the UV-space PV diagram of the C'¥O emission. The blueshifted
emission is excluded from the diagram since it is strongly affected by foreground emis-
sion (Fig. 3, also see Sect. 2.3.2) at higher velocities. Thus we only fit the redshifted
points, with velocities greater than 5.0 km s~!. The velocity range of points used is
shown in Fig. 3. The data points are fit with a power law of the form v = aR", and
we find that the UV-space PV diagram is independent of the inclination angle of the
structure. The entire range of possible vy, (3.4 to 4.0 km Sfl) was fit. The results
of the fit for any vy, are within the error of the fit presented here, which uses the
mean vig;, 3.7 km s~1. Thus we find that the high-velocity points (v > 5.7 km s71!)
are well fit by v oc R~9-°%0-08 giving a central protostellar mass M, of 0.2240.02 M.
On the other hand, the low-velocity points (5 km s™! < v < 5.7 km s~!) are well fit
by v oc R~!. This suggests that there is a turnover point at 50 AU, where the inner
parts, i.e. R < 50 AU, are under the effect of pure Keplerian rotation and the outer
parts are undergoing infall. In the following section, we argue that the lower velocity
points are affected by optical depth and absorption, and that R can be larger.

2.4.2 Modeling of C®0O (2-1)

Based on the results from the PV diagrams, which suggest there is a rotationally
supported component in the observed C'®0 emission, we proceed to further investigate
the structure and its kinematics using an analytical thin disk model with the addition
of absorbing foreground material. The model does not include radiative transfer or
excitation since the goal is to study the kinematics and structure of the observed disk.
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Figure 6: Comparison of C'®0 observations (black lines) with a thin disk model (colored
lines) that includes foreground components. The left column shows moment 0 maps with the
red and blue lines showing red and blueshifted emission, respectively. Source positions are
marked as in Fig. 2. The middle column compares the spectral profiles with and without
foreground. The right column presents the image-space PV diagrams. The models shown
here have two foreground components (at 1.6 and 3.0 km s™') and the resolved out envelope
component (at 4.0 km s™!). Contours both for observations and models are the same as those
in Fig. 2. M, and i for all models are shown in the last panel.



30 2.4. ANALYSIS

Table 2: Best fit thin disk model results

Parameter Free fall Free fall + Conserved Infall +  Keplerian

Keplerian AM Keplerian
i (degrees) 55 55 55 55 55
Rouw (AU) 130 180 180 180 180
Rt (AU) 150 20 150

The input parameters include the outer radius R, of the disk, source position, PA,
inclination 4 of the disk, the mass of the central source M,, and the temperature and
column density gradients of the disk surface. Generated maps are convolved to the
observed clean beam. The model output is in the form of position-position-velocity
(xyv) data cubes in FITS format.

For all of the models we fix the central protostellar mass M, = 0.2 My, which was
obtained from the PV diagram analysis (see Sect. 2.4.1), and the position angle to 35°,
since these parameters are well constrained from the PV diagrams (see Sect. 2.4.1 and
Figs. 2 and 4). We set vy, = 4.0 km s~!, which is the symmetry axis of the spectrum.
The distance is set to 120 pc, and the source position is set slightly offset by 0.02” x
0.04" to the SW from VLA1623A’s position to match the center of the C*30 emission,
i.e. the rotation axis.

Other free parameters in the model are line width vy;q¢n, inclination 4, and outer
radius Royut. These values are constrained to best fit the observations. The attempted
value ranges for each parameter are 0.1 km s™! < vyiqen < 1.0 km s~%; 0° (face-on)
< i < 90° (edge-on); 100 AU < Ryt < 200 AU. The best fit for almost all models
was obtained with vwigsn = 0.2 km s™1, 4 = 55°, and Ry = 180 AU, except for the
free-falling disk model, where R, = 130 AU. Since we do not have a way to constrain
the temperature and column density gradients, we assume the observed emission is
optically thin, and set the density as a constant and adjust the temperature gradient
to match the observed spectral profile.

As discussed in Sect. 2.3.2, we suspect the presence of absorbing material along
the line of sight of VLA1623, which would affect the observed emission and spectral
profile, and thus influence the model fitting. From the data presented here we can
not be completely certain of the characteristics of the absorbing material. Thus, we
adjust the model velocities, peak opacity, and widths of the foreground clouds aiming
to best fit the observed spectral profile. We assume that the foreground clouds only
absorb with opacity following a Gaussian-like profile of the form

7(v) o exp <—o.5 (”;”0>Q> . (2.1)

By adjusting the absorbing material parameters to fit the observed spectral pro-
file, we find that the best results are obtained by introducing three absorbing layers,
one corresponding to the envelope at 4.0 km s~!, and two corresponding to possible
foreground clouds at 1.6 and 3.0 km s~!. The characteristics of the absorbing material
for each model are listed in Table 3.

To study the kinematical structure of the disk, we modeled five cases: (1) free-
falling disk, (2) free-falling outer disk plus inner Keplerian disk, (3) conservation of
angular momentum (AM), (4) infalling (v o R~1) outer envelope plus inner Keplerian
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Figure 7: Free fall plus Keplerian case for three different Rerit. The best fit model (color) to
the data (black) is obtained as Rerit approaches Rous. Right panels show PV diagram along
outflow direction (P.A. = 125°). All contours and the model at Rcyit = 150 AU are the same
as in Fig. 6.

Table 3: Absorbing material for best fit thin disk model

Free fall Free fall + Conserved Infall +  Keplerian

Keplerian AM Keplerian

Envelope

velocity (km s™1) 4.0 4.0 4.0 4.0 4.0

opacity 7.0 7.0 7.0 7.5 7.0

width (km s™1) 0.9 0.99 0.99 0.99 0.99
Foreground 1

velocity (km s~1) 1.6 1.6 1.6 1.6 1.6

opacity 5.0 5.0 5.0 5.0 5.0

width (km s=1) 0.89 0.64 0.62 0.64 0.64
Foreground 2

velocity (km s™1) 3.0 3.0 3.1 3.05 3.0

opacity 0.39 0.29 0.29 0.29 0.29

width (km s=1) 0.39 0.34 0.34 0.34 0.34




32 2.4. ANALYSIS

PV diagram
Integrated Intensity (P.A. = 35°
— — R A e
| Ry = 50AU ] 5 L i
ok i L
] 0 : =
_2 - - - 4
] , n? . ] -2 TP T
1 t T t <> SRS RARAE RARM rHHH
| Ry = 100AU 8 Ll |
- o
3ol & |
s 3
3 « 0 : =R
Naarx
I
b= \/
! 1[’ ] & -2 T TN

arcsec offset velocity (km s~')

Figure 8: Infall plus Keplerian case for three different Rerit. The best fit model (color) to
the data (black) is obtained as Re:it approaches Rout. Right panels show PV diagrams along
the disk’s major axis (P.A. = 35°). All contours and the model at Rerit = 150 AU are the
same as in Fig. 6.
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disk, and (5) pure Keplerian disk. For Cases 2, 3, and 4, we define a critical radius Ryt
parameter (1 AU < Rt < Rout) that defines the radius at which the transition from
one velocity structure to the other occurs. Figure 5 illustrates the velocity structure
distribution of each of the modeled cases. In Sect. 2.4.3 we briefly describe each model
and the results obtained.

Figure 6 presents the best fitting results for the five cases modeled. We overlay
the observed and modeled spatial distribution, spectral profile, and image-space PV
diagram. Model spectral profiles are shown both with and without foreground absorp-
tion. The image-space PV diagram for each model was constructed along the disk’s
major axis. The best fit parameters obtained for each of the models are shown in
Fig. 6 and listed in Table 2. To determine the best fit model of all five cases examined,
we first compared each model and observations by eye and then through the residuals
obtained by subtracting the channel maps of the observations and model. We deemed
the model with the least residual the best fit (discarding the filaments to the north
and south). Appendix 2.B shows the channel map for each model, compared with
observations and the corresponding residual.

2.4.3 Model results

Free falling disk: In the very early stages of star formation, the envelope of a
protostar is thought to be under free fall collapse. Thus, if there was any disk-like
structure around the protostar at this stage, its motion would be that of free fall as
well, i.e. a free-falling disk (Fig. 5). In our model, we study a free-falling disk structure
where all motions are confined to the plane of the disk. The velocity structure within
the disk structure is described as

2G M,
o

v = (2.2)

In Fig. 6, the top row shows the thin disk model under free fall. Figure 10 shows
the channel map of the model and the residual. It is clear that the pure free fall
case does not fit the observed C'¥0 emission, since the velocity gradient is along the
outflow direction, which is not the case in the observations. In addition, the wings in
the spectral profile of this model are broad compared to the observed spectral profile.

Free fall plus Keplerian rotation: This case represents the formation of a
rotationally supported disk in a young protostar whose outer disk is in free fall collapse
(Figure 5). To describe the velocity structure transition, we use the parameter R,
where R < Rt produces

GM.
i)t = R . (2.3)
and R > R is described by Eq. 2.2.

For this case, we experimented with different critical radii R, to determine if the
observed emission is a combination of Keplerian rotation and free fall (Fig. 7). We find
that the free fall region (R > Reyt) is clearly visible unless R approximates Rout.
Similar to the pure free fall case, the outer free fall region produces a velocity gradient
along the outflow direction, which is visible in the PV diagram (Fig. 7); however, we
do not observe any velocity gradient along the outflow direction in the C'¥QO structure
(Fig. 2, right). In addition, the C17O (3-2) emission observed with SMA (Murillo &

.
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Table 4: Class 0 sources with disk

Parameter NGC1333 IRAS4A2¢ L1527 VLA1623A  Ref.
i (degrees) 10.7 ~85 55 1,2,3
Rout (AU) 310 90 180 1,2,3
M, (MQ) 0.084+0.02 0.1940.04  0.2240.02 1,2,3
Meny® (Mg) 5.6 0.9 0.8 4,5
M, /Mepny 0.01 0.2 0.28
Tvor (K) 51 44 10 1,5,3
Lyor (Lo) 1.9+0.9 1.97 1.1£0.2 1,2,6
Lsubmm/Lbor € (%) 3.6 0.8 1.2

References. (1) Choi et al. (2010); (2) Tobin et al. (2012b); (3) this work; (4) Froebrich
(2005); (5) Kristensen et al. (2012); (6) Murillo & Lai (2013)

(9) Ti,o1 and Ly parameters are for NGC1333 IRAS4A, Choi et al. (2010) assumes
IRAS4A2 contributes half of the Lioy. (?) M,,, is the total envelope mass of each
system. (9 Leibmm /Lyo1 > 0.5% is characteristic of Class 0 source (Froebrich 2005;
André et al. 1993).

Lai 2013) shows a velocity gradient indicative of rotation, thus the outer part of the
observed structure is not under free fall. Figs. 7 and 11 compare this model and the
observations in detail, which show that only at R¢.; = 150 AU does the model closely
approximate the observations.

Conserved Angular Momentum (AM): This case examines whether VLA1623A’s
C'B0 structure is described well by rotation with conserved angular momentum (Fig. 5),
for example if the initial angular momentum of the cloud were conserved during col-
lapse. The velocity structure in the inner region R < R is given by Eq. 2.3, while
at R > R it is described by

GM* Rcrit

2.4
Rcrit R ( )

¢ _
vy = C

where C is a constant indicating the increase in the Keplerian velocity at Reyit-

For this model, we find that C = 2 with R..;; = 20 AU provides the closest fit to the
observations. In comparison to the other cases examined, this model produces broader
wings and higher velocities at smaller radii, effects visible in the spectral profile and
the PV diagram, respectively (Fig. 6). Additionally, from the spectral profile shown
in Fig. 6, it is seen that this model does not correctly reproduce the blueshifted peak.
Changing the C parameter does not resolve this issue, and changing the line width
also broadens the wings. Furthermore, even though from the intensity integrated map
the spatial distribution appears to fit the observations, inspecting the channel map
residuals shows that the model does not quite agree with the observations (Fig. 12).
Thus we determine that this scenario does not match the observations.

Infall plus Keplerian rotation: This case is similar to the free fall plus Keplerian
case, but with the outer part of the envelope infalling onto the rotationally supported
disk (Fig. 5). We consider this model a possibility from the results of the UV-space
PV diagram (Fig. 4), which shows an inner region under Keplerian rotation and an
outer region of infall, with a critical radius of ~50 AU. Thus, for the inner rotating
region (i.e. R < Reyit) the velocity structure is described by Eq. 2.3, and for the outer
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infalling region (R > R.t) it is given by

r o GM* Rcrit
Uinfall - R it R .
cri

(2.5)

As in the free fall plus Keplerian case, we ran the model with different critical radii
Rerit to determine how far each of the velocity structures extends (Fig. 8). Similar to
the free fall plus Keplerian case, we find that the best fit occurs as R..; approaches
Rout, with the best fit having Rt = 150 AU (Figs. 6 and 8). The discrepancy between
the Rt obtained from the modeling (150 AU) and that of the UV-space PV diagram
from observations (50 AU) may be due to the low-velocity points being greatly affected
by optical depth and absorption of the envelope. Keplerian rotation out to at least
150 AU represents a best fit scenario for the observed C'¥0 emission. Because of the
large R, it is difficult to distinguish this scenario from the following case. In Fig 13
the channel map comparison and residual between this model and the observations
are shown.

Pure Keplerian rotation: In this case we model a Keplerian disk around a
central protostar (Fig. 5). This velocity structure has been observed starting in Class
I protostars and is common among Class II protostars. The velocity structure is given
by Eq. 2.3.

We find this case to fit the observed C*O emission well, as the model agrees with
the observations spatially, in the spectral profile and in the image-space PV diagram
(Fig. 6). However, it is difficult to determine whether this scenario is considerably
better than the infall plus Keplerian case. We discuss this further in the next section.
In Fig. 14 the channel map comparison and residual between this model and the
observations are shown.

2.5 Discussion

Our ALMA observations of VLA1623 reveal that the Class 0 component of this system,
VLA1623A, has a disk structure in C180 (2-1) with an outer radius of 180 AU. Thin
disk modeling with the addition of foreground indicates that the disk structure is most
certainly Keplerian out to a radius of 150 AU. For the outer 30 AU, it is uncertain
whether the velocity structure may be undergoing infall (v oc R™1) or pure Keplerian
rotation. This uncertainty is due to the low S/N (5¢) in the outer edges of the observed
disk structure, while the inner regions of the disk have a higher S/N (10 to 250), thus
a better and more reliable fit is obtained in the inner parts of the observed structure.
The presence of such a large Keplerian disk raises the question of how disks are formed
in the early stages of protostellar evolution.

Regardless of the model, neither the infall plus Keplerian case nor the pure Keple-
rian case reproduces the weak filament-like structures to the north of the blueshifted
emission (v = 2.3 to 2.47 km s™1) and south of the redshifted emission (v = 4.8 to
4.97 km s~1) (Figs. 2, 13, and 14). These structures may be produced by a disk wind
(Klaassen et al. 2013) or material entrained by the outflow.

The idealized non-magnetized isothermal sphere collapse model of Terebey et al.
(1984) suggests that disks may form during the early protostellar stages. As previously
mentioned, under these conditions, the disk’s centrifugal radius R, is expected to grow
proportional to t3, where t denotes the time since collapse. To calculate the time since
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collapse for R, = 150 AU, we use the equation from Belloche (2013)

0O 2 a Mx+d °
AT — 2.
R(AU) = 39 <4 x 10~ rad S_l) (0~2 km S_l) <1 MQ) (20

where  is the initial cloud core rotation rate, a is the sound speed, and my4q =
0.975%1?. Assuming VLA1623 has a rotation rate Q = 4 x 107 rad s~ and the
sound speed in the core is of a = 0.2 km s~!, we obtain t = 8.5 x 10° yr for a
centrifugal radius of 150 AU. However, the old age obtained through this method is
inconsistent with the expected age from Ti,o; (Ladd et al. 1998) and the estimated Class
0 lifetime obtained by Evans et al. (2009), which is on the order of 10° yr, although
they conceded that for p Ophiuchus the lifetime is 4 x 10* yr, an order of magnitude
lower than the age calculated above. Furthermore, based on outflow observations,
VLA1623’s dynamical timescale is between 0.2 and 2.5 x 10* yr (André et al. 1990;
Nakamura et al. 2011). This indicates that there are other factors that enhance the
formation of the disk. Possible factors that can influence disk formation may be
fragmentation, turbulence, or the misalignment of the magnetic field and rotation axis.
For the first factor, fragmentation, there is little work done on how fragmentation can
enhance or hinder disk formation, with most work focusing on how a disk fragments.
However, there may be a possible relation given that two of the three Class 0 sources
reported as having rotationally supported disks are confirmed multiples (see Sect. 2.1
and below). The introduction of turbulence and its effect on disk formation from low
to high masses has been studied by Seifried et al. (2013), finding that turbulence can
encourage disk formation even when strong magnetic fields are present. Nakamura
et al. (2011) studied the outflow generated turbulence in p Ophiuchus’ main cloud,
concluding that outflows can influence the dense cores significantly. However, from
Nakamura et al. (2011) or this work, there is not enough information to determine
the degree of influence that turbulence has on the formation of VLA1623A’s disk. At
present we can neither examine further nor rule out the role of turbulence. The last
factor, magnetic field misalignment, is considered in-depth below.

Magnetic fields are expected to influence the formation of protostellar disks in the
early stages of protostar formation. It it thus of interest to look into the magnetic field
configuration of VLA1623. Holland et al. (1996) observed 800 um polarization with
the JCMT, finding a 2% polarization and a magnetic field perpendicular to the outflow
direction. Hull et al. (2014a) also observed the field to be perpendicular to the outflow
down to 2" resolution with CARMA observations. Murillo & Lai (2013) carried out
polarization observations with the SMA (compact configuration, resolution ~ 1.5")
but found no significant detection. From these results, we infer that the magnetic field
towards VLA1623 is not aligned with the rotation axis of VLA1623A’s disk, and the
field strength may be low. Krumbholz et al. (2013) find that rotationally supported
disks should form as early as the Class 0 stages with sizes of 100 AU or larger when the
magnetic field direction and the disk’s rotational axis misalignment are large and the
magnetic field strength is low. The presence of a fairly large rotationally supported
disk around VLA1623A is consistent with the Krumholz et al. (2013) predictions,
given VLA1623A’s misalignment of 84° between magnetic field direction and rotational
axis (Hull et al. 2013). In addition, the disk size is sensitive to the initial cloud
density profile, with centrally concentrated profiles favoring larger disks. Moreover,
the discrepancy between magnetized models of disk formation and VLA1623A’s disk
may be due to the sink particle parameters used to represent the forming protostar in
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the models (Machida et al. 2014).

Two other Class 0 sources have been reported as presenting a Keplerian disk struc-
ture: NGC1333 TRAS4A2 and L.1527. The characteristics of these sources are listed in
Table 4 along with VLA1623A’s characteristics. It should be noted that the parameters
for NGC1333 IRAS4A2 are obtained under the assumption that this source contributes
half of the bolometric luminosity and that both sources in the NGC1333 TRAS4A bi-
nary have the same bolometric temperature. Thus, in comparisson, VLA1623A is
noticeably younger than L1527, based on the bolometric temperature and luminosity
ratio. On the other hand, we cannot determine the relative evolutionary stages of
VLA1623A and NGC1333 TRAS4A2 with certainty. We can assume, however, that
VLA1623A is younger than NGC1333 IRAS4A2 based on the bolometric temperature.
It must be noted, though, that the inclination angle of a protostar can affect the cal-
culated parameters and thus affect the derived evolutionary parameters. Given that
all three sources have different inclination angles, this may well affect the comparison.
However, it is very possible that VLA1623A’s disk is the youngest disk among the
three sources, given that VLA1623A is still deeply embedded and shows no emission
shortward of 24pm.

2.6 Conclusions

We have presented ALMA Cycle 0 Early Science Band 6 extended configuration ob-
servations of C180 (2-1) and continuum towards VLA1623. From these observations,
we found three continuum sources that are consistent with previous observations and
C'80 emission centered at VLA1623A with signatures of rotation and an outer radius
of 180 AU. Through PV diagram analysis and modeling of the observed C'®0, we
determine that the emission traces a Keplerian disk out to 150 AU around a 0.240.02
Mg protostar. The weak magnetic field and its misalignment with the disk’s rotational
axis may have increased the chances of disk formation at such an early stage. There
may also be the possibility that fragmentation played a role in the early disk forma-
tion, but this is unclear from the results obtained here. Comparison of evolutionary
indicators of VLA1623A with those of the other Class 0 sources showing indications of
Keplerian disks suggest that VLA1623A’s disk may be the youngest among the Class
0 Keplerian disks. Our results show that disks, and more precisely rotationally sup-
ported or Keplerian disks, can be formed in the Class 0 stage of protostellar evolution
even with fairly large radii. However, our results also hint that the environmental
factors play a larger role than evolutionary stage in the formation of disks.

Appendix
2.A VLA1623W

In our ALMA observations, we detect VLA1623W in continuum (see Sect. 2.3.1 and
Fig. 1) and in C'®0 line emission (Fig. 9), which was previously undetected with SMA
observations. The emission is weak, peaking at 50 in the channel maps and at 13¢ in
the intensity integrated map, and it has a velocity range of about -0.5 to 1 km s~ !.
Noteworthy is VLA1623W’s apparent systemic velocity v}, between 0 and 1 km s™1,

which differs from VLA1623A’s systemic velocity by 3 to 4 km s~!. VLA1623W'’s
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Figure 9: Integrated intensity (Moment 0, contours) and velocity (Moment 1, halftone)
maps of C'®0 (2-1) detection towards VLA1623W. The position of VLA1623W is marked

with a black square. Contours are in steps of 30, 50, 87,100, 120, and 130 with ¢ = 13 mJy

beam™!.

vier 18 difficult to determine with certainty since the emission appears to be strongly
affected by foreground material (see Sect. 2.3.2) and the low S/N of the detection.
Finally, no C'80 emission was detected towards VLA1623B (Fig. 1, top left inset),
which is consistent with previous CO depletion findings (Murillo & Lai 2013).

The velocity gradient of VLA1623W’s C180O emission appears to be consistent with
a rotationally supported disk structure, and given that VLA1623W is classified as a
Class I source (Murillo & Lai 2013), this is very likely. However, since the emission
is very close to the edge of the field of view (Fig. 1) and is affected by foreground
absorption, we are limited in carrying out kinematical analysis of the emission.

Finally the large difference in systemic velocity from VLA1623A and B may suggest
one of two scenarios. First, VLA1623W is not part of the system, but is instead a fore-
ground or nearby source, that due to projection effects seems to be part of the system.
However, Dzib et al. (2013) rule out the possibility of VLA1623W (or VLA1623B)
being a foreground or background object due to its proper motion. Second, due to
three-body interaction, VLA1623W was ejected from the closer binary of VLA1623A
and B (Reipurth 2000). This possibility is very likely, given that VLA1623B may be
a very recent formation, which would have caused the binary, now triple, to become
unstable and eject one of the components. This ejection would cause VLA1623W to
lose some of its envelope mass and appear more evolved, since one of the classification
criteria is the envelope to central star mass ratio. The loss of mass would also make
it more visible in the infrared and affect its evolution.
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2.B Comparison of thin disk models and
observations

In this appendix, we present the channel map comparison for each model and obser-
vations, as well as the residual obtained from subtracting the model from the obser-
vations. The figures presented below are a supplement to Fig. 6 in order to gauge the
best-fitting model of the observed emission. All figures below show the blueshifted
emission in the velocity range of 2.3 to 3 km s~!, while the redshifted emission is in
the velocity range of 4.8 to 6.5 km s~ !.
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Figure 10: Channel maps of C'®0 observations (top), free falling disk model shown in
Figure 6 (middle) and residual (bottom panel).
emission and the red contours the redshifted emission. Number labels on the top of each
panel indicate the velocity of that channel. Channels are binned to a velocity resolution of
0.16 km s~! for the blueshifted emission, and 0.33 km s~* for the redshifted emission for
better display. Contours are in steps of 30, 50, 100, 150, 200 and 250 for the observations
and model channel maps, and -8¢, -50, -30, 30, 40, 50 and 60 for the residual channel map,

where o = 19 mJy beam™".
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Figure 11: Same as Figure 10 but for the free fall plus Keplerian disk model shown in

Figure 6.
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Figure 12: Same as Figure 10 but for the Conserved Angular Momentum disk model shown
in Figure 6. Note the large negative residuals in the blueshifted emission.
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Figure 13: Same as Figure 10 but for the Infall plus Keplerian disk model shown in Figure 6.
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Figure 14: Same as Figure 10 but for the best fit pure Keplerian disk model shown in

Figure 6.



Chapter 3

The physical and temperature
structure of the disk-envelope
interface

Evidence for disk shadowing from ALMA DCO™ observations

of VLA1623

Murillo, N. M., Bruderer, S., van Dishoeck, E. F.,
Walsh, C., Harsono, D., Lai, S.-P., and Fuchs, C. M.
2015, A&A, 579, 114

Abstract

Context Historically, due to instrumental limitations and a lack of disk detections,
the structure of the transition from the envelope to the rotationally supported disk
has been poorly studied. This is now possible with ALMA through observations of
CO isotopologues and tracers of freezeout. Class 0 sources are ideal for such studies
given their almost intact envelope and young disk.

Aims The structure of the disk-envelope interface of the prototypical Class 0
source, VLA1623A, which has a confirmed Keplerian disk, is constrained through
modeling and analysis of ALMA observations of DCO™ (3-2) and C*®0 (2-1) rota-
tional lines.

Methods The physical structure of VLLA1623 is obtained from the large-scale
SED and continuum radiative transfer. An analytic model using a simple network
coupled with radial density and temperature profiles is used as input for a 2D line
radiative transfer calculation for comparison with the ALMA Cycle 0 12-m array
and Cycle 2 ACA observations of VLA1623.

Results The DCO™ emission shows a clumpy structure bordering VLA1623A’s
Keplerian disk. This suggests a cold ring-like structure at the disk-envelope inter-
face. The radial position of the observed DCO™ peak is reproduced in our model
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only if the region’s temperature is between 11 K and 16 K, lower than expected
from models constrained by continuum data and source SED. Altering the density
profile has little effect on the DCO™ peak position, but increased density is needed
to reproduce the observed C*®0 tracing the disk.

Conclusions The observed DCO™ (3-2) emission around VLA1623A is the prod-
uct of shadowing of the envelope by the disk observed in C'®0. Disk-shadowing
causes a drop in the gas temperature outside of the disk on >200 AU scales, en-
couraging the production of deuterated molecules. This indicates that the physical
structure of the disk-envelope interface differs from the rest of the envelope, high-
lighting the drastic impact that the disk has on the envelope and temperature struc-
ture. The results presented here show that DCO™ is an excellent cold temperature
tracer.

3.1 Introduction

Rotationally supported disks have been observed extensively among most protostellar
and pre-main sequence evolutionary stages (Li et al. 2014). Recent studies have re-
vealed the existence of such disks in the Class 0 deeply embedded phase (Choi et al.
2010; Tobin et al. 2013c¢; Murillo et al. 2013; Codella et al. 2014; Lee et al. 2014). In the
early stages of star formation, the envelope is not yet dispersed and contains enough
material to influence the evolution of the star-disk system. The boundary between the
disk and the envelope, known as the disk-envelope interface, must then play a role in
the formation process. This region, however, is largely unexplored owing to limitations
in the resolution and sensitivity, as well as the lack of observed rotationally supported
disks, until now. Class 0 sources with confirmed rotationally supported disks grant
us the opportunity to study the chemical and physical structure of the disk-envelope
interface region, which is crucial for the next step of understanding this region’s role
in star formation (Sakai et al. 2014c).

Whilst CO isotopologues are good tracers of rotationally supported disks, they
freeze out onto dust grains below the evaporation temperature Te, usually between
30-20 K (Jgrgensen et al. 2005a). These low temperatures are reached at the edge of the
embedded disk (Visser et al. 2009). As a result molecular species whose abundance is
enhanced at low temperatures are needed to trace the disk-envelope interface. DCO”
emission is known to be optically thin and its abundance is enhanced at a narrow
range of temperatures below the CO freeze-out temperature tracing the so-called CO
snowline (e.g., Wootten 1987, Roberts et al. 2003, Mathews et al. 2013). Thus, DCO™
is a good candidate molecule to trace the chemical, physical and kinematic structure
of the disk-envelope interface.

VLA1623-2417 (hereafter VLLA1623) is a triple non-coeval protostellar system lo-
cated in p Ophiuchus at d ~120 pc (Murillo & Lai 2013). VLA1623A is the proto-
typical Class 0 source and emits predominantly in the (sub)millimeter range (André
et al. 1993; Murillo & Lai 2013). From modeling of ALMA Cycle 0 C'80 observations,
Murillo et al. (2013, see chapter 2) found that VLA1623A supports a Keplerian disk
with a radius of at least 150 AU and a central mass M, of 0.2 Mg. The ALMA
Cycle 0 observations also detected DCO ™" molecular line emission toward VLA1623A
bordering the C'80 disk. This grants us the opportunity to probe the disk-envelope
interface of VLA1623A.

In this paper we present the results of our ALMA observations and simple chemical
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modeling, aiming to understand the physical structure of the boundary between the
envelope and the disk in a Class 0 protostar.

3.2 Observations

Using the Atacama Large Millimeter /submillimeter Array (ALMA) we observed VLA1623
(pointing coordinates «=16:26:26.419 §=-24:24:29.988 J2000) during the early science
Cycle 0 period on 8 April 2012. Observations were carried out using the extended
configuration, comprised of 16 antennas with a maximum baseline of ~400 m, in Band

6 (230 GHz). Total observing time was one hour with a 58% duty cycle. The spectral
configuration was set to observe DCO™ (3-2), C'®0 (2-1), and **CO (2-1) in addition

to continuum. N,D™ was also observed but no significant detection was made. Data
calibration was done with 3C 279, 1733-130, and Titan for bandpass, gain, and flux
calibration, respectively.

In this paper, we present the results and analysis of the DCO™ (3-2) (rest fre-
quency: 216.11258 GHz) observations. The DCO™ data were calibrated jointly with
the continuum, C*®0 (2-1), and '>CO (2-1) data. Further calibration details and re-
sults from the other observed lines can be found in Murillo et al. (2013, see chapter 2).
The spectral set-up provided a velocity resolution of 0.0847 km s~!. The synthesized
beam size for the DCO™ images is 0.85” x 0.65” with P.A. = 96°. The rms noise of
the channel map is 12 mJy beam™! for a spectral resolution of 0.0847 km s~!, giving
a peak S/N = 7.

Our ALMA observations provide a maximum scale of 4” and a field of view (FOV)
of 24", with emission between 4" and 24" largely filtered out by the interferometer.
The FOV together with the beam size of 0.85" constrain the scale to which any analysis
of the data can be done.

In addition to the ALMA Cycle 0 observations, we present the DCO™ (3-2) results
from our ALMA Cycle 2 Atacama Compact Array (ACA) observations carried out on 7
August 2014 (pointing coordinates a=16:26:26.390 §—-24:24:30.688). Total observing
time was 2 hours. Data calibration was done with J1517-243 and Mars for flux,
J1625-2527 and Mars for gain, and J1733-1304 for bandpass. The rms noise of the
DCO™" channel map is 73 mJy beam™' for a spectral resolution of 0.021 km s~!,
with a synthesized beam of 8.6"” x 4.2"” with P.A. = -76°. These observations, with a
mosaicked area of 6, provide the DCO" emission between 4" and 18" scales.

3.3 Results

3.3.1 ALMA 12-m Array Cycle 0

The detected DCO™ emission (Fig. 1) is located between a velocity range of 2.8 to 5.2
km s~! and shows a clumpy structure with two main clumps to the north and south of
VLA1623A. The southern clump emission is stronger and is offset by about 2.5” (300
AU) from VLA1623A and in addition it borders the red-shifted emission of the disk
traced in C*®0. The northern clump slightly overlaps the blue-shifted emission of the
C'80 disk and borders VLA1623B’s continuum emission. A couple of clumps with
emission between 3 and 100 are observed near the continuum peaks of VLA1623A &
B. No significant emission was detected toward VLA1623W, separated by 10" to the
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Figure 1: DCO" compared with continuum and C*®0 toward VLA1623A & B, marked with
a square and triangle, respectively. The black ellipse shows the synthesized beam. Intensity
integrated DCO™ (color-scale) with (a) 1.3mm continuum and (b) C'®0. DCO™ peaks at

0.0433 Jy beam™! km s™*.

Contours are in steps of 3, 5, 10, 15, 20, 40, 60 and 780 with

0 = 1 mJy beam™! for 1.3 mm continuum, and -5, -3, 3, 5, 10, 15, 20 and 250 with ¢ =
13 mJy beam ™" km s™! for C*®0. Velocity map (moment 1, color-scale) for (¢) DCO™ and
(d) C*®0 overlaid with the corresponding intensity integrated map (contours). Contours are
in steps of -10, -7, -4, 4, 7, 10 and 11 with ¢ = 3 mJy beam™' km s™! for DCO™", and the

same as in (b) for C'*0.
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Figure 2: Intensity (contours) and velocity (color-scale) integrated maps of DCO" ACA
observations. Note the 10 times larger scale of this figure compared with Fig. 1. The positions
of VLA1623A, B and W are marked with a square, triangle and circle, respectively. The size
of the filled square shows the size of the C*30 disk. The red and blue lines indicate the
outflow direction while the gray line shows the mayor axis of the disk plane. The black ellipse
shows the synthesized beam. Contours are in steps of -3, 3, 5, 7, 10, 15 and 170 with ¢ =
220 mJy beam ™! km s~ .
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Figure 3: Cycle 0 DCO™ (black) and C'®*0 (gray) PV diagram. Cuts are made at P.A.
= 26° for DCO™" and P.A. = 35° for C*®0. Keplerian (solid line) and Infall plus Keplerian
(dashed line) rotation PV models with M, = 0.2 Mg are overplotted (Murillo et al. 2013, see
chapter 2). Contours are in steps of -3, 3, 5, 10 and 15¢ with o = 19 mJy beam™" for C'®0,
-7,-5,-3,-2,2, 3,4, 50 with ¢ = 12 mJy beam~! for Cycle 0 DCO™
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west from VLA1623A, possibly either because of the lack of DCO™ or because the
emission is too weak and filtered out.

The C'®O line emission tracing the disk was found to be influenced by the outer
envelope, with the blue-shifted emission being affected more than the red-shifted emis-
sion (Murillo et al. 2013, see chapter 2). We expect the same to hold true for the DCO™
emission, thus potentially explaining why the northern blue-shifted clump emission is
weaker than that for the southern red-shifted clump (Fig. 1 a & b).

The velocity weighted (moment 1) map of the DCO™ emission (Fig. 1c) shows
that its velocity gradient is similar to that of C'80, with the northern clump being
blue-shifted and the southern clump being red-shifted, but with a smaller velocity
range. The Position-Velocity (PV) diagrams of DCO" and C'®0 emission (Fig. 3)
are constructed and over-plotted with the best fitting thin disk models, Keplerian and
Infall plus Keplerian out to 150 AU, obtained by Murillo et al. (2013, see chapter 2).
It appears as though both line emissions are well described by pure Keplerian rotation
out to 300 AU. However the DCO™ emission is too weak, peaking at 7o in the channel
map, to carry out further kinematical analysis. The similar velocity signatures of the
emission from both species may be due to the disk edge dragging along material from
the envelope.

The above simple analysis of the observations indicates that the detected DCO™
emission may be tracing a ring which borders the C*®0 disk. In addition, DCO'’s ve-
locity gradient and PV diagram suggest that the ring is undergoing Keplerian rotation,
this is even more plausible given that the C'®0 (2-1) emission traces a rotationally
supported disk with a Keplerian velocity profile (Murillo et al. 2013, see chapter 2).

3.3.2 ALMA ACA Cycle 2

The DCO™ (3-2) emission traced with the ACA confirms that the emission is concen-
trated around VLA1623 (Fig. 2), it does not peak on VLA1623A and instead encircles
it, forming a shell-like structure. The ACA detects only weak emission at the position
of VLA1623W.

The DCO™" emission mapped with the ACA shows the same velocity gradient
(Fig. 2) as on the small scales, indicating that the kinematic structure is the same
throughout.

3.4 Analysis

DCO™ is detected at the disk-envelope interface of VLA1623A. Given that DCO™ is
optically thin and a good probe of temperature and CO freeze-out regions, we model
the observed emission aiming to probe the physical and chemical structure of the disk-
envelope interface. In this section we describe the model used and the results obtained
from the model.

3.4.1 DCO™' chemical network and model

We model the observed DCO™" emission using a simple chemical network. Such a
network, while it may not account for every possible reaction, is preferred as it gives
insight into how the physical parameters of the temperature and density affect the ob-
served emission. The network used is a steady-state analytic model that only takes the
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Figure 4: Cartoon of the chemical network used to analyze the observed DCO™ emission.
Red denotes the target molecule. Green the input molecular concentrations and orange the

species involved in the bottleneck reaction.

Table 1: DCO™ chemical network reactions and adopted rate coefficients

ID Reaction ce al B¢ ~? Ref.
s71 cm? s71 K
1 Hy+coa—H, +e 1.26 (-17) .. 1
2 Hy +H,— H; +H 2.08 (-9) 0 0 2
3 Hy" +HD — H,D" +H, 3.50 (-10) 0 0 3,4
4  H,D" +H, — H;" +HD 3.50 (-9) 0 2200 3,4
4a  HyD' +p-Hy — Hy" +HD 140 (-10) 0 2320 5
4b H,D" +o0-H, — Hy;" + HD 7.00 (-11) 0 615 5
5 H,D"+e — HD+H 6.79 (-8) -0.52 0 5¢
6 H," +CO— HCO' +H, 1.61 (-9) 0 0 6,7
7 HCO" +e¢ — H+CO 2.80 (-7) -069 0 8
8§ H,D"4+CO — DCO" +H, 537 (-10) 0 0 4
9 DCO"+e — D+CO 240 (-7) -069 0 4

Notes. The reactions 4a and 4b substitute the back reaction of the bottleneck (4) in the
network when o—H, and p-H, are included.
(@) ¢ is the cosmic-ray ionization rate of Hy. (?) o is the rate coefficient at T' = 300 K. (9 3
is the temperature coefficient. (d) v is the activation barrier. () Value obtained by summing
the rate coefficients for the reaction channels to three possible products.

References. (1) Black 1975; (2) Theard & Huntress 1974; (3) Gerlich et al. 2002; (4) Al-
bertsson et al. 2013; (5) Walmsley et al. 2004; (6) Plessis et al. 2010; (7) OSU Database;
(8) Amano 1990
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basic reactions that lead to DCO™ production and destruction into account (Table 1,
Fig. 4). Since DCO" is formed by the reaction of H,D " and CO, the rate-determining
reactions in our network are

H," + HD — H,D* + H, (3.1)
with the back reaction
H,D" + H, + AE — H,™ + HD (3.2)

where the activation energy due to the difference in zero point energy is AE ~ 220 K.
For reaction 5 in our network (Table 1), for simplicity, we adopt the total rate coef-
ficient summing over all three pathways of the reaction. The rate coefficients for a
two-body reaction are given by

T\’ v 3 —1
k_a<300) exp (_T> cm” s (3.3)

where T is the gas temperature, while
k=¢st (3.4)

gives the rate coefficient for cosmic-ray ionization (reaction 1 from Table 1).

Our model takes as input a source density and temperature profile as a function
of radius and the parameters needed to calculate the rate coefficients. The CO evap-
oration temperature T, desorption density nqe and CO abundance Xco are free
parameters. The CO abundance is assumed and not calculated. The CO evaporation
temperature dictates when CO is in the gas phase (T" > T,,) or freezes onto the dust
grains (T < Tey). In a similar manner, the desorption density sets the boundary when
the freeze-out timescales are too long (n < nge) compared to the lifetime of the core
(Jorgensen et al. 2005a). We assume the density profile is equal to the H, density
ny, and the abundance of HD Xup = 10~? with respect to the total hydrogen nuclei
density ng = 2n(H,). The model returns the calculated concentrations as a function
of radius. The results can then be input into excitation radiative transfer programs
such as RATRAN (Hogerheijde & van der Tak 2000) for further analysis.

Given that CO is one of the parent molecules of DCO™", we study the effect of
CO abundance through the use of different abundance profiles following the models
detailed in Jgrgensen et al. (2005a) and Yildiz et al. (2010). The possible CO pro-
files are Constant and Drop abundance (Fig. 5). The former represents a fixed CO
abundance throughout the core, whereas the latter, constrained by T,, and nge, is
used to account for CO freeze-out in the chemical network. For the constant profile,
the abundance is denoted by Xy. For the drop profile, the abundance in the inner,
drop and outer regions are denoted by Xi,, Xp and Xy, respectively. Previous studies
using multiline single dish C'®0 have found that the abundance at Xj, is lower than
Xy for a number of sources (Alonso-Albi et al. 2010; Yildiz et al. 2010, 2013). One
explanation is that some fraction of the CO ice is transformed into more complex and
less volatile carbonaceous species in the cold phase. We thus take this effect in our
model into account. A lower abundance of CO, due to freeze-out, allows an increase
in the abundance of H,D" (Mathews et al. 2013). However, since both molecules,
CO and H,D ", are parent molecules of DCO™, a balance must be reached before the



CHAPTER 3 53

effective formation of DCO™ takes place. This scenario is found to be common for
the envelopes of early embedded protostars (Jgrgensen et al. 2005a) where the outer
region shielded from the protostellar and interstellar radiation heating has low enough
temperature that CO freezes out onto dust grains.

In molecular clouds, and consequently in protostellar cores, H, chemistry plays a
major role, hence the ortho-to-para ratio of H, influences the chemical reactions, and
has been found to be crucial to the deuterium chemistry (Flower et al. 2006; Pagani
et al. 2009b). The effect of ortho- and para-H, (0-H, and p-H,) is studied in our model
through the inclusion of the ortho-to-para ratio (o/p) and the distinction of o-H, and
p-H, in the back reaction of the bottleneck (Eq. 3.2) in the chemical network. o-H,
and p-H, are only added in the back reaction since it is here where the distinction has
a significant effect (Table 1). We set a lower limit on o/p of 1073 at low temperatures,
as constrained by models and observations (Flower et al. 2006; Faure et al. 2013). The
o-H, and p-H, reactions and their parameters for the rate coeflicients are taken from
Walmsley et al. (2004).

When o-H, and p-H, are included in the network, a thermal (LTE), upper- or
lower-limit o/p ratio can be selected. In LTE, the ortho-to-para ratio is given by

o/p = 9exp (1T70> (3.5)

where T is the gas temperature. Selecting the upper-limit ratio produces 3 times more
o-H, than p-H,. Since the back reaction with o-H, has a lower activation barrier ~
than with p-H,, the o/p upper-limit implies that H2D+ is being destroyed faster than
generated, leading to a decreased production of DCO™ (Fig. 14), since H,DT is a
parent molecule of DCO™ (Fig. 4). The lower-limit ratio, on the other hand, implies
more p-H, which has a higher activation barrier y for the back reaction, thus H,D™ is
generated faster than it is destroyed in turn increasing the DCO™ production (Fig. 14).

As a starting point for our analysis of VLA1623A’s DCO™" emission, we use the
density and temperature profile of VLA1623 obtained by Jgrgensen et al. (2002) where
30 K is at ~1.5" assuming a distance of 120 pc. The profile was obtained by fitting
single dish JCMT continuum images and the spectral energy distribution (SED) with
continuum radiative transfer modeling using DUSTY resulting in a power law density
profile of the form n oc #~4. In the single dish continuum observations VLA1623A and
B are unresolved and the density profile extends well beyond the ALMA field of view.
It is expected, however, that VLA1623A dominates at 870 pm and that VLLA1623B
does not contribute much to the 450 pm continuum (Murillo & Lai 2013). Thus,
the density and temperature profile obtained by Jgrgensen et al. (2002) is representa-
tive of VLA1623A since VLA1623B is not significantly contributing to the continuum
emission or the SED used to constrain the profiles.

The results of the analytic chemical network are run through the molecular exci-
tation and line radiative transfer program RATRAN to generate line emission maps.
Since the structure we are trying to reproduce is ring-like, we calculate the level pop-
ulations with the 1-D version of RATRAN, and then run the level populations with
the 2-D ray tracing to form the ring structure. The produced spectral image cubes
are convolved with a Gaussian beam with the dimensions of the synthesized beam,
continuum subtracted and then an intensity integrated map is generated. Radial pro-
files are extracted from the resulting images and compared with the observed profiles,
which are integrated over the extent of the detected emission.
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Figure 5: CO abundance profiles used in the model. The vertical dashed lines show the
limits for the Drop abundance profile, evaporation temperature T, and desorption density
nde. Xo denotes the abundance in the constant profile. Xi,, Xp and X are the inner, drop
and outer region abundances for the drop profile.

We find no significant difference in the peak position between the method used
here and running the models through the ALMA simulator with the actual ALMA
configuration or our Cycle 0 observations. However, the ALMA simulator does show
that the emission >4" is indeed filtered out by the Cycle 0 observations, producing
somewhat narrower radial profiles. Molecular data for DCO" and C'®0 are obtained
from LAMDA (Schéier et al. 2005a; C'0: Yang et al. 2010; DCO ™ extrapolated
from Flower 1999). As DCO™ is optically thin, the comparison mainly focuses on the
position of the peak and the integrated intensity profile with respect to radius, the
velocity profile has no effect on the resulting model integrated intensity. Thus, we
assume a free-fall velocity profile with a central mass of 0.2 Mg (Murillo et al. 2013,
see chapter 2) and Tqus; = Tgas. The RATRAN output maps are convolved with the
observed beam (0.85” x 0.65”, P.A. 96.24°) and compared with the observed emission
through radial cuts. In addition to comparing DCO ™", we also compare C'®0 in order
to further constrain the physical structure of the disk-envelope interface. However, for
C*®0 we assume a pure Keplerian velocity profile, in agreement with the rotationally
supported disk it traces. For both emission lines, we use an inclination of 55° (90° =
face-on), in accordance with the results obtained by Murillo et al. (2013, see chapter 2).

3.4.2 Modeling results

In this section the results of altering the CO abundance, density and temperature
profiles in the chemical model are discussed. Figure 6 presents the models, with the
light blue region showing the location of the observed DCO™ peak emission with
respect to VLA1623A’s position. Model naming follows the scheme xYz where x is the
test number from Table 3, Y is either C for constant or D for drop abundance, and z
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Figure 6: Chemical network model results. Left and center columns show the results for
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of DCO™. Right column shows the input source profile, where the original DUSTY source
profile is shown with a dashed line so as to compare with the input for the specific test.
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Table 2: Input CO abundance profiles

Case CcO Tev Nde Xin XD XO
profile  (K) (cm™3)
Fixed Constant ... 1074
Drop 30 7x10* 107° 10—6 10~4
Drop 35 3x10% 107° 10—6 10~4
Drop 35 3x10® 107° 5x10°¢ 107*
Drop 35 3x10% 107° 1077 1074
Drop 35  5x10° 10° 107¢ 107
Drop 35 3x10% 10°° 10-8 10~4

- 0 A0 T o

Notes. See Fig. 5 for definition of Xi,, Xp and Xj

Table 3: Input source profiles for each test

Test Tyav (K) mngau (em™3)  Source Profile

1 250.0 1.62 x 10°  from Jorgensen et al. (2002)

2 250.0 1.62 x 10*°  Density increased 1 order of magnitude

3 250.0 1.62 x 108 Density decreased 1 order of magnitude

4 166.7 1.62 x 10°  Temperature decreased by a factor of 1.5

with Tiowlim = 8 K

is the case from Table 2.

Chemical properties

To probe the chemical conditions, we establish one case for the constant CO abundance
with Xco = 10~* and six cases for the drop CO abundance with Xp ranging from
5x107% to 108 and varying 7., and nge. Parameter ranges were selected based on
trends found in previous work (Jgrgensen et al. 2005a; Yildiz et al. 2010) and adapted
to the current observations. Parameters for each case are listed in Table 2. As a zeroth
order test, we compare the abundance profiles to the radial position of the observed
DCO™" peak in the ALMA 12-m array data in order to investigate which chemical
conditions best approximate our observations. This comparison neglects the fact that
the peak emission radius also depends on the DCO™ excitation, which will be taken
in Section 3.4.3 into account.

Figure 6 presents the model abundance profiles as functions of radius for different
assumed CO abundances and physical structures. In general, the concentrations of CO
and HCO™ drop with radius whereas those of H,D"™ and DCO™ increase with radius
due to the lower temperature farther away from the source. Constant CO abundance
(Fig. 6, left column) does not appear to produce a DCO™ peak within the expected
region. Since the radial abundance profile of DCO™ is not altered by changing Xco,
we focus instead on the drop CO abundance profile.

While the drop CO abundance profile cannot alone alter the position of the peak, it
produces several trends interesting to note. A kink in the abundance of DCO™ forms
at T,y for all the cases examined, though in most cases it is relatively small. Altering
the abundance in the drop Xp changes the shape of the peak but does not significantly
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alter its position nor its abundance (Fig. 13). Decreasing the Xp below 10~7, however,
causes the abundance of the peak to drop by several orders of magnitude and become
similar in magnitude to the kink at 7., producing two peaks which are not observed
(Fig, 13, case f). Varying Ti, and ngqe, in order to constrain the width of the drop,
generates a very narrow peak which increases and drops quickly.

To test the effect of the o/p ratio on our chemical network, we vary the ratio
from the thermalized value to the upper- and lower-limit for the drop CO abundance
profile. In all cases, we find that setting o/p to the lower-limit does not change the
position of the DCO" emission since the peak and bulk of the DCO" concentration
for the thermalized o/p is already located in the o/p=10~2 range (Fig. 14). In fact,
the peak of the modeled DCO™ emission starts to decrease as the o/p ratio increases.
The lower-limit o/p only alters the inner regions (<100 AU), which the data do not
constrain. The upper-limit reduces the overall production of DCO™ and pushes the
peak outward to larger radii. In conclusion, altering the CO abundance and o/p ratio
does not produce the observed results.

Physical properties

Altering the chemistry of the model does not reproduce the observed DCO™ peak
position, regardless of the case used. Thus we alter the density and temperature
profile in order to find the conditions necessary to reproduce the observed emission.
We set up 4 tests, including the original profile from Jgrgensen et al. (2002) referred
to as Test 1, by increasing or decreasing by a constant factor either the density or
temperature profile. Parameters for each test are listed in Table 3.

Increasing or decreasing the density profile by one order of magnitude, Tests 2
and 3, does not generate a significant radial shift of the DCO" peak compared with
the original profile (Fig. 6, middle row). Altering the density, however, affects the
concentration of the peak upwards or downwards with an increase or decrease of the
density, respectively.

The factor of 1.5 decrease in the temperature profile with cases b and d with
Xp ~107%—1077 shifts the modeled DCO™" peak effortlessly to the observed position
(Fig. 6). Decreasing the temperature profile between a factor of 1 to 2 moves the
modeled DCO™ peak inward (Fig.15). For the constant CO abundance, any alteration
of the temperature either over-estimates the modeled DCO™ abundance or produces
a peak too far inward. For the drop CO abundance, a temperature drop less than a
factor of 1.5 does not move the peak inward enough, whereas a larger factor moves
it too far inward. Cases b and d with Xp ~ 10~ — 10~7 shifts the modeled DCO™
peak effortlessly to the observed position (Fig. 6 bottom row). Changing the CO
abundance in the drop (Table 2) does not alter the location of the peak, as expected
from the results presented in Sec. 3.4.2. Examining the temperature profile shows that
the DCO™" emission peaks at a range of 11-16 K. This is lower than the expected 20
K at ~3” inferred from radiative transfer modeling of the observed continuum data
(Jorgensen et al. 2002). We limit the decrease in the temperature profile to not fall
below 8 K (Zucconi et al. 2001), however this limit generates no significant change in
the outcome of our model since the limit falls near and beyond the edge of the FOV
of our observations (Fig. 6, bottom right panel).

From the results obtained from altering the chemical and physical conditions in
our model, we can deduce that the DCO" emission is located at its observed position
due to physical conditions, namely a lowered temperature, and not to special chemical
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Figure 7: Comparison between observations and radiative transfer modeling of the chemical
network results. Here the best approximations are highlighted, with model 4Dd being the
preferred model. The models are referred to by test, abundance profile (Constant “C" or
Drop “D") and case. Thus, 4Dd is the model for test 4 with Drop abundance and case d.
Black line shows the DCO™ observations integrated over the southern clump. Gray solid and
dashed lines show the 1o and 4o levels, respectively.

conditions in the disk-envelope interface.

Comparison with full chemical network

To explore the limitations of the simple network, we compare the results to a full time-
dependent deuterated chemical network, based on the RATE06 version of the UMIST
Database for Astrochemistry (Woodall et al. 2007) extended with deuterium fraction-
ation reactions (McElroy et al. 2013). Models with only gas phase chemistry and
including gas-grain balance (freeze-out, thermal desorption, and cosmic-ray-induced
photodesorption) are run. The models start with the same initial abundandances
(Hy:HD:CO = 1:3x1075:1x107%) and the same physical structure as the simple net-
work. We find that the large network confirms both the general trend found in the
simple network and also reproduces the peak position and abundance of DCO™" at the
observed position for abundances extracted at early times (~10° yr).

Inspection of the full network shows that in addition to the reactions listed in Ta-
ble 1, the HCO™ +D — H+DCO™ reaction can become important if D/HD is large.
The back reaction has a reaction barrier of ~800 K, thus leading to fractionation of
DCO" (Adams & Smith 1985). In practice, this reaction is only relevant for much
lower densities than encountered in the VLA1623A envelope model. Similarly, disso-
ciative recombination of H,; " with electrons cannot be neglected at low densities. At
very early times (< 10 yr, depending on density), reactions with H™ and D™ become
more significant than those with H3+ and H,D ™. Finally, in full gas-grain models the
bulk of the CO is frozen out in the cold outer envelope resulting in very low DCO™
concentrations, unless an efficient non-thermal CO desorption process is included.
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Figure 8: Same as in Fig. 7 but for C'®0, with 2Dd being the preferred model. Gray solid
and dashed lines show the 1o and 3o levels, respectively. 2Dd, increased density profile,
provides the best approximation to the observed C!0.

3.4.3 Emission profiles

Aiming to better constrain the physical conditions of the disk-envelope interface we
compare the models and observations of both DCO™ and C'®0O emission computed
with RATRAN. For the comparison, the observed southern red-shifted clump in the
ALMA 12-m array data for both lines is selected. The reason is two-fold: i) the
red-shifted emission of the C*®0 disk suffers less absorption from the outer envelope
than the blue-shifted lobe as noted above (Murillo et al. 2013, see chapter 2); ii) the
southern red-shifted clump traced by DCO™ is the strongest and most prominent.
Similarly, for the model of C*®0 only one lobe of the disk is selected for comparison.

Consistent with the abundance plots, the constant CO abundance profiles do not
fit the observed DCO ™ emission in any of the four tests, producing very broad peaks
between 3" and 5” away from the source for tests 1, 2 and 3; and a peak at 1" for
test 4. In a similar manner, for the drop CO abundance scenario, tests 1, 2 and 3
all produce peaks beyond 3" with varying broadness, and thus do not approximate
the observed DCO™" emission. This occurs for all examined cases (Fig. 16). Models
4Db and 4Dd approximate the observed DCO™ emission well (Fig. 7, orange and red
lines, respectively). These results are in agreement with the conclusions drawn from
the concentrations in the analytics chemical network model (See Sec. 3.4.2).

Comparing the results of the model with the observed C*®0O emission (Fig. 8), we
find that in all four tests a constant CO abundance over-predicts the extent of C'20,
with the emission well above our 3o level extending out to 3” or further, whereas
we observe it only out to less than 2 from the central source. When the drop CO
abundance is introduced, the source profile of VLA1623 from Jgrgensen et al. (2002)
overestimates the C*®0 emission in all cases, and generates a second peak at about
3" at half the intensity of the central peak in almost all cases. The width of the
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drop does not have any significant effect on the modeled emission. The decreased
density and decreased temperature profile tests do not fare better, as they again largely
overestimate the C'%0 beyond 2” and even produce secondary peaks. Case a (Xp
= 1079) for the original profile and decreased density seem to show some promise,
however the modeled emission is around 3o at 1.5” whereas observations at that radius
are closer to lo. Surprisingly, we find that the increased density profile produces the
best results with case d (Xp = 1077), the same as that for DCO™ (Fig. 8, red line).

Hence we find that the DCO™ and C*®0O observed emission are not reproduced by
the same physical structure (Figs. 7 and 8). DCO™ is well modeled by a temperature
profile a factor of 1.5 lower than that needed to model C*®0, whereas C'®0 is repro-
duced by a density profile an order of magnitude higher than required for DCO™. The
abundance in the drop Xp necessary to reproduce the emission is the same for both
lines, Xp=10"".

3.4.4 Large scale emission vs. model

We also compare the radial integrated intensity profile of the DCO" ACA observations
with the model, both along the plane of the disk and perpendicular to the disk in the
outflow direction, since these data probe larger spatial scales than the 12-m array data.
For this purpose, the models were run through RATRAN’s ray tracer sky again but
instead using the cell size of the ACA observations (0.84”) and then were convolved
to match the resolution of the ACA observations. The observed radial profiles are
extracted from the red-shifted emission.

The profile along the plane of the disk (peak at ~4") is well described by the
same model as in the small scale, the drop CO abundance profile for case d, with the
temperature decreased by a factor of 1.5 (4Dd, Fig. 9). The temperature decreased by
a factor <1.5 does not provide a better estimate. The constant CO abundance again
overestimates the amount of DCO™ produced in the outer regions.

On the other hand, the integrated intensity profile along the outflow direction (peak
at distances ~5") is very well described by the model 1C (Fig. 9). This indicates that
in regions that are not shadowed by the disk, the production of DCO™ is as expected
from dust continuum models.

3.5 Discussion

The results of our modeling show that the position of the DCO™ emission (~2.5" =
~300 AU) is closer to VLA1623A than expected based on the spherically symmetric
dust continuum radiative transfer modeling from DUSTY (~4" = ~480 AU). The
results further show that the observed emission peaks at a dust temperature range
of 11-16 K. Comparison of the radiative transfer results from RATRAN to the C'80
emission from the disk suggest that the disk has a density higher by one order of
magnitude than the emitting structure traced by DCO™.

A possible explanation would be that VLA1623A is a Very Low Luminosity Object
(VeLLO, Young et al. 2004, Dunham et al. 2008) undergoing episodic accretion and just
coming out of the quiescent phase. This is highly unlikely, however, since Johnstone
et al. (2013) find that the timescale for dust and gas to heat up after an accretion
burst is short, on the order of hours to weeks. VLA1623A has been reported of having
a bolometric luminosity between 0.4-2 L from early observations to more recent work
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Figure 9: Radial profiles of the DCO" ACA observations along the disk plane (top) and
along the outflow axis perpendicular to the disk (bottom) as shown in Fig. 2. Radial profile of
the DCO™ Cycle 0 observations is shown in light gray. Observed radial profiles are overlaid
with models convolved to the resolution of the ACA observations. Gray solid and dashed
lines show the 1o and 3o levels, respectively, of the ACA emission. These results evidence
that the DCO™ emission along the disk plane is best approximated by model 4Dd, whereas
along the outflow is best described by model 1C.
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Figure 10: Radiative 2D models based on Harsono et al. (2013). For all models an envelope
with Menvy = 1 Mg irradiated by a 1 Lg protostar is assumed, having an outflow cavity with
a full opening angle of 30°. The dashed lines indicate the temperature contours for 100, 50
and 20 K. The top and middle panels include a 180 AU and 0.02 Mg disk assuming a 0.1 AU
scale height, with centrifugal radius R. = 200 AU (top) and 50 AU (center) orientated in
the horizontal direction. The outflow cavity is oriented in the vertical direction. The bottom
panel shows the envelope without a disk.



CHAPTER 3 63

(André et al. 1993; Froebrich 2005; Murillo & Lai 2013; Chen et al. 2013), in contrast to
the expected luminosity of 1072 L, for VeLLOs. Hence VLA1623A has not recently
come out of the quiescent accretion phase and the location of the observed DCO™
emission can not be attributed to the relic of a previous phase of decreased accretion.

A more plausible explanation to the position and temperature of the region contain-
ing the DCO™ emission is disk shielding. DCO™ is observed to border VLA1623A’s
C'80 disk in our present data. This could shield the outer parts of the disk from
heating by the central protostar, thus moving in the freeze-out zone of CO, enhancing
the production of DCO™ closer to the protostar. This scenario is further supported
by the result of our simple chemical model that the C'®0 disk is more dense than
the region of the DCO™ emission and than expected from Jorgensen et al. (2002)’s
envelope density profile of VLLA1623.

We test the possibility of the disk-shielding scenario with radiative 2D disk plus
envelope models using radiative transfer methods as in Harsono et al. (2013) (Fig. 10).
For the models, we assume a central protostellar source of 1 Lg (Murillo & Lai 2013;
Chen et al. 2013), an envelope with a mass of 1 Mg (André et al. 1993; Froebrich 2005),
with the addition of a disk mass of 0.02 My, and radius of 180 AU (Murillo et al. 2013,
see chapter 2). The outflow cavity is assumed to have an opening angle of 30°. A
thin disk with a scale height of 0.1 AU is adopted. Disk flaring is not included since
we have no information on the flaring of VLA1623A’s disk and the thin disk model
approximates the C*®0 kinematics well. Two values for the centrifugal radius R, 200
AU and 50 AU, are chosen. Within the centrifugal radius the velocity structure of
the disk is Keplerian. We find that even for such a thin disk the temperature along
the plane of the disk is lower than for the envelope at the same radius (Fig. 10, top
and middle panels), thus moving the CO freeze-out zone closer to the protostar along
the edge of the disk than in other regions of the core. For either centrifugal radius
the temperature beyond 200 AU drops well below 20 K. Finally, we test whether the
presence of a disk makes a difference in the location of the CO freeze out region.
Figure 10 bottom panel, shows the model with the same conditions as in Figure 10
middle panel, but without the disk. This shows that omitting the disk causes the CO
freeze out region to move outward to ~400 AU, 150 AU further out than the models
including a disk.

The temperature conditions required to reproduce the observed DCO™ emission
with our simple chemical model are therefore in agreement with the results obtained
from the 2D radiative transfer disk plus envelope model. These results strongly sup-
port the scenario where a disk can shield the regions at its edge from heating by the
protostar. This shielding causes the CO freeze-out region to move inward toward the
edge of the disk, bringing low-temperature enhanced molecules, such as DCO™, closer
to the central protostar along the plane of the disk. However, the rest of the envelope
is largely unaffected by the disk and a shell of molecules such as DCO™ forms at a
radius predicted by spherically symmetric models. The ACA observations of DCO™
toward VLA1623A provide further evidence for this effect. These results show that
the DCO" emission peaks closer to the source along the disk plane than along the
outflow direction.
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Figure 11: Cartoon of the disk and envelope of VLA1623A. The ring and disk, traced
in DCO" and C'80 respectively, are observed with ALMA 12-m array, while the outer
spherically symmetric shell, traced in DCO™, is observed with ALMA ACA.

3.6 Conclusions

This work presents the results and analysis of ALMA Cycle 0 Early Science Band 6
observations of DCO™ (3-2) in the extended configuration toward VLA1623A probing
subarcsec scales, as well as Cycle 2 ACA data probing the larger scales. A simple chem-
ical network was setup taking ortho- and para-H, into account in the rate-determining
reactions. The density and temperature profile of VLA1623A was obtained from fit-
ting the SED and dust continuum data with radiative transfer modeling using DUSTY
(Jgrgensen et al. 2002). Our simple chemical model coupled with VLA1623A’s physical
structure served as input for line radiative transfer calculations with RATRAN with
2-D ray-tracing. The CO abundance, density and temperature profiles were altered to
study the effect of each parameter on the location of the observed DCO™' peak. The
results of our observations and analysis can be thus summarized:

1. DCO™ is observed to border the C'®0 disk around VLA1623A. Both emission
lines show similar velocity gradients (blue-shifted to the north and red-shifted to the
south), with DCO™ emission between 2.8 to 5.2 km s~'. The PV diagrams of C**0
and DCO™" suggest that both emission lines are well described by Keplerian rotation.
However, the DCO™ emission is weak, thus no further kinematical analysis was carried
out, and whether the disk extends out to 300 AU cannot be confirmed.

2. Using a simple chemical network with the inclusion of ortho- and para-H, as well
as non-LTE line radiative transfer, we model the observed DCO™" emission. We find
that using a constant CO abundance predicts a DCO ™ peak at around 4", twice further
out than observed, irrespective of the adopted o/p ratio and density profile. Our model
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results show that a drop CO abundance with a decreased temperature profile by a
factor of 1.5 generates a peak at the same position as the observed emission. Thus,
the observed DCO™ peak is closer to VLA1623A and with a lower temperature (11-16
K) than that expected from a spherically symmetric physical structure constrained by
continuum data and source SED.

3. The observed DCO ™ and C'®0 emission are not described by the same physical
structure. In our model, the C*®0 emission is well reproduced by a drop CO abundance
with the density profile increased by one order of magnitude at 1” (<120 AU) radii, in
comparison with the density profile needed to reproduce the observed DCO™" emission.
A constant CO abundance and a decreased temperature profile over-predict the extent
of the C*®0 emission.

4. Disk-shielding is the best possible explanation for the observed DCO ™" emission
toward VLA1623A. Disk-shielding causes the inward shift of the CO freeze-out region
along the plane of the disk, lowering the dust temperature to <20 K, generating a
ring of molecules whose abundance is enhanced by low temperatures such as DCO™.
The rest of the envelope is largely unaffected by the disk, thus the CO freeze-out shell
predicted by spherically symmetric radiative models is expected to be located further
out. This prediction is confirmed by our recent ALMA Cycle 2 ACA observations,
which show that the DCO™ emission along the outflow axis lies at larger radii, ~5",
consistent with constant CO abundance models without any alteration to Jgrgensen
et al. (2002)’s temperature and density profile of VLA1623.

5. The disk-envelope interface in VLA1623A is shown to have a broken transition
in density and temperature, with the impact generated by the presence of a disk being
observable from small to large scales.

Our observations and modeling results for VLA1623A show the disk-envelope inter-
face to have different physical conditions than other parts of the envelope. Our results
also highlight the drastic impact that the disk has on the temperature structure at
~100 AU along the plane of the disk, with the effect being observable even at large
scales. We suggest performing further observations to determine whether the unequal
physical and chemical conditions observed in the disk-envelope interface of VLA1623A
is a common phenomenon in protostellar systems with rotationally supported disks or
a special condition of the present source.

Appendix
3.A Modeling results: additional figures

Here we present additional figures illustrating details discussed in Section 3.4.2 and
3.4.3. Figures 12 and 13 show the effect of CO abundance X¢o in the drop on the
DCO™ peak for Test 1 and 4, respectively. Figure 14 highlights the effect of the upper
and lower o/p limits on the DCO™ abundance for the best approximation models to the
DCO™ observations. The effect of the factor used to decrease the temperature profile
on the peak position of the modeled DCO™ is explored in Figure 15. Figures 16 and 17
give a sampling of the observations compared with the radiative transfer modeling of
the chemical network results for the different tests, CO abundance profiles and cases.
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Figure 12: Chemical network results for Drop CO abundance with the Test 1 source profile

from Jgrgensen et al. (2002) for four cases (Table 2). Case d is the same as in the top row
center panel of Fig. 6.
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Figure 13: Chemical network results for Drop CO abundance with the decreased-

temperature (Test 4) source profile for four cases (Table 2). Case d is the same as in the
bottom row center panel of Fig. 6.
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Figure 14: Chemical network results for Drop CO abundance with the decreased-

temperature source profile (Test 4) for case a with upper-limit (left), thermal (center) and
lower-limit (right) o/p ratio.
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Figure 15: DCO™ Cycle 0 observations compared with the radial profile of the constant and
drop CO abundance models, showing the effect of the factor used to decrease the temperature,
for case d. A factor of 1.5 with drop CO abundance provides the best approximation to the
observed radial profile.
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Figure 16: Comparison of the observations and radiative transfer modeling of the chemical
network results. The black line shows the DCO™ observations integrated over the southern
clump, with the gray solid lines showing the 1o and 4o¢ levels, respectively. Models are
referred to by test, abundance profile (Constant "C" or Drop "D") and case. Color lines
show tests 1 (blue), 2 (green), 3 (orange) and 4 (purple) for the top left panel, and cases a
(blue), b (green), d(orange) and f (purple) for the other four panels.
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Figure 17: As in Fig. 16 but for C'80. Gray solid and dashed lines show the 1o and
30 levels respectively. Note that constant CO abundance over-predicts the amount of C'30
emission.
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Tracing the cold and warm
physico-chemical structure of
deeply embedded protostars

IRAS 16293-2422 versus VLA 1623-2417

Murillo, N. M., van Dishoeck, E. F., van der Wiel, M. H. D.,
Jorgensen, J. K., Drozdovskaya, M. N., Calcutt, H., Harsono, D.
submitted to A&A

Abstract

Context Much attention has been placed on the dust distribution in protostellar
envelopes, but there are still many unanswered questions regarding the physico-
chemical structure of the gas..

Aims Our aim is to start identifying the factors that determine the chemical
structure of protostellar regions, by studying and comparing low-mass embedded
systems in key molecular tracers.

Methods The cold and warm chemical structures of two embedded Class 0 sys-
tems, IRAS 16293-2422 and VLA 1623-2417, are characterized through interfero-
metric observations. DCO™, NyH™ and N,D™ are used to trace the spatial distri-
bution and physics of the cold regions of the envelope, while c—C3H, and C,H are
expected to trace the warm (UV-irradiated) regions.

Results The two sources show a number of striking similarities and differences.
DCO™ consistently traces the cold material at the disk-envelope interface, where gas
temperatures are lowered due to disk shadowing. N,H" and N2D+, also tracing cold
gas, show low abundances towards VLA 1623-2417, but for IRAS 16293-2422, the
distribution of N,D " is consistent with the same chemical models that reproduce
DCO™. c¢—C3H, and C,H show different spatial distributions for the two systems,
sometimes tracing the outflow cavity walls and in other cases the more quiescent
envelope. In IRAS 1623-2422, ¢c—C3H, and C,H are surprisingly anti-correlated.

69



70 4.1. INTRODUCTION

Finally, hot core molecules are abundantly seen toward IRAS 16293-2422 but not
toward VLA 1623-2417.

Conclusions We identify temperature as one of the key factors in determining
the chemical structure of protostars as seen in gaseous molecules. More luminous
protostars, such as IRAS 16293-2422 will have chemical complexity out to larger
distances than colder protostars, such as VLA 1623-2417. Additionally, disks in the
embedded phase have a crucial role in controlling both the gas and dust temperature
of the envelope, and consequently the chemical structure.

4.1 Introduction

While there is a well-established outline of the physical evolution of protostellar sys-
tems (Evans 1999; Dunham et al. 2014; Li et al. 2014; Reipurth et al. 2014), there are
still many questions regarding the physico-chemical structure of these systems. Several
studies point out the chemical richness and diversity of young embedded protostars,
most notably in the Class 0 stage, ranging from simple molecules to carbon chains and
complex organics (see reviews by Herbst & van Dishoeck 2009; Caselli & Ceccarelli
2012; Sakai & Yamamoto 2013). In contrast, some other protostellar systems show
much less chemical complexity (e.g., Jorgensen et al. 2005b; Maret et al. 2006; Oberg
et al. 2014; Fayolle et al. 2015; Lindberg et al. 2014b, 2016, 2017; Bergner et al. 2017),
a situation made more extreme when some starless cores have stronger molecular line
emissions than the already formed protostars (e.g., Bergman et al. 2011; Bacmann
et al. 2012; Friesen et al. 2014). It is interesting to explore the chemical structure and
evolution of early stage protostars and what physical quantities dictate the resulting
chemical structure as observed in the gas phase.

The chemical fingerprint generated in the early embedded stages of star formation
may be transmitted to the later stages and eventually the protoplanetary disk, where
planets and comets are formed (e.g., Aikawa et al. 1999; Aikawa & Herbst 1999; Visser
et al. 2009, 2011; Hincelin et al. 2013; Drozdovskaya et al. 2014; Willacy et al. 2015;
Yoneda et al. 2016). Which factors then generate a protostellar system’s fingerprint?
Protostellar cores may inherit their chemical composition from the parent cloud that
eventually collapses to form protostars (e.g., Aikawa et al. 2012; Furuya et al. 2012;
Tassis et al. 2012; Hincelin et al. 2016). It would then seem likely that protostars
from the same parent cloud would have a similar chemical composition. However,
this would require the cloud to have a homogeneous composition, which is not always
the case (Bergman et al. 2011). Instead, other mechanisms could alter the chemical
fingerprint. Turbulence and large-scale motions could stir the core around, moving
material from the outer region of the core closer to the warmer regions of the system,
kick-starting chemical reactions and producing enhancements of selected species. For-
mation of more complex chemical species likely occurs through solid-phase reactions
(i.e., on ice and dust surfaces) instead of in the gas-phase, and such reactions proceed
faster at higher dust temperatures which increases the mobility of radicals (Garrod &
Herbst 2006). If material near outflow cavities is warmer than elsewhere in the enve-
lope, this could generate pockets of chemically rich ices that, once heated above the
sublimation temperature, would be released into the gas-phase (Drozdovskaya et al.
2015). Moreover, UV radiation can photodissociate CO and create free atomic carbon
that leads to efficient formation of carbon-bearing molecules. UV irradiation together
with age and variations in accretion rates would also produce different outcomes, even
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with the same initial ingredients. In addition, simple warm-chemistry molecules can
be the precursors to more complex molecules (Sakai & Yamamoto 2013).

The physical evolution of the individual protostars, e.g., the collapse time and
structure, will also impact the chemical fingerprint. An important consideration re-
garding the physical structure is that disks may have formed already in the early stages,
as shown by recent observations (e.g., Tobin et al. 2012b; Murillo et al. 2013; Harsono
et al. 2014; Lindberg et al. 2014a; Codella et al. 2014; Yen et al. 2017). Not only do
disks provide a high density long-lived reservoir preventing molecules from falling into
the star, but they also affect the thermal structure of their surroundings. Thus the
disk-envelope interface and the envelope itself must be studied (Murillo et al. 2015;
Persson et al. 2016). The disk-envelope interface and the outer envelope of embedded
systems are traced by cold-chemistry molecules, since these regions are usually shielded
from heating by the central protostar (van Dishoeck et al. 1995; Jorgensen et al. 2004,
2005a; Sakai et al. 2014c; Murillo et al. 2015). Through the study of molecules sensi-
tive to temperature, we can then understand the structure of embedded protostellar
systems.

Aiming to explore the chemical evolution of the earliest embedded protostellar
systems, i.e. Class 0, we compare two systems from p Ophiuchus (d ~ 120 pc, Loinard
et al. 2008), IRAS 16293-2422 and VLA 1623-2417, separated by a projected distance
of 2.8 pc. Most previous studies were based on single-dish studies. The advent of
Atacama Large Millimeter /submillimeter Array (ALMA) now allows chemical studies
on 100 AU scales that spatially resolve the different physical components of the system.

IRAS 16293-2422 (hereafter IRAS in the text) is a widely studied multiple system,
located in L1689N, with a complicated outflow structure being driven by source A
(Stark et al. 2004; Yeh et al. 2008; Loinard et al. 2013). IRAS-A and B, separated
by about 620 AU, have different inclination angles, with A’s disk-like structure be-
ing inclined and B orientated face-on with respect to the line of sight (Pineda et al.
2012; Jorgensen et al. 2016). Due to the different inclination angles, it is difficult to
determine whether these systems are at the same evolutionary stage or not (Murillo
et al. 2016, see chapter 5). Both components are chemically rich but show differences
in structure (Bottinelli et al. 2004; Bisschop et al. 2008; Jgrgensen et al. 2011).

VLA 1623-2417 (hereafter VLA in the text) is a triple protostellar system, located
in L1688 (p Oph A), mostly studied for its prominent outflow in the region (André
et al. 1990; Caratti o Garatti et al. 2006). The three components of the system, VLA-
A, B and W are separated by 132 and 1200 AU, respectively, have similar inclination
angles, and have also been found to be at different evolutionary stages (Murillo & Lai
2013; Murillo et al. 2013, see chapter 2). VLA has been shown to be largely line poor
in single-dish studies (Garay et al. 2002; Jorgensen et al. 2004; Bergman et al. 2011;
Friesen et al. 2014).

In this paper, we present observations of DCO™, N,H", N,D™, c¢—C3H, and C,H
towards IRAS and VLA, using the ALMA, the Submillimeter Array (SMA) and the
Atacama Pathfinder EXperiment (APEX), details of which are described in Sect. 4.2.
DCO", N,H" and N,D " are known to be good tracers of cold gas where CO is frozen
out. ¢c—C3H, and C,H are usually seen in photon-dominated regions (PDRs) such
as the Orion Bar (Pety et al. 2007; van der Wiel et al. 2009; Nagy et al. 2015) and
the Horsehead Nebula (Cuadrado et al. 2015; Guzméan et al. 2015), with both species
located at the irradiated, and thus warmer, edge of these regions. c—C3;H, and C,H
could thus be expected to trace the (UV-irradiated) outflow cavity walls, although
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Figure 1: Continuum at 850um (contours) for both systems, IRAS 16293-2422 (left) and
VLA 1623-2417 (right), overlaid on H,CO and redshifted CO (color-scale), respectively. For
VLA 1623-2417, contours are in steps of 3, 8, 15, 20 and 500, with ¢ = 0.004 Jy beam™*.
For IRAS 16293-2422, the levels are logarithmically spaced between 0.02 and 2 Jy beam ™!,
and highlight the ridge that spans between sources A and B. The arrows show the direction

of red- and blue-shifted outflows from source A in each system.

both species have also been found just outside the disk-envelope interface (Sakai et al.
2014b). Besides mapping their distributions, multiple lines from a single molecule
can also be used to trace physical conditions such as temperature and density (van
Dishoeck et al. 1993; Evans 1999; van der Tak et al. 2007; Shirley 2015) and the current
dataset allows this to be done for several species.

Section 4.3 describes the spatial distribution of each molecule for both systems. The
observations are compared to chemical models and physical parameters are derived in
Sect. 4.4. Sections 4.5 and 4.6 compare both systems studied here with other objects
found in literature and place the results of our work in context.
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Figure 2: Intensity integrated maps (contours) of c—CsH,, C;H, DCO™ and continuum
towards IRAS 16293-2422. H,CO 54 is shown in color-scale. Contours show the respective
lines in steps of 2, 3, 5, 20 and 60c, with ¢ (Jy beam™ km s™') indicated in the lower
right of each panel. For continuum, the levels are logarithmically spaced between 0.02 and
2 Jy beam™?!, and highlight the ridge that spans between sources A and B. The positions of
TRAS 16293-2422 A and B are indicated with a star and circle, respectively. For the c—C3H,
and C,H panels, the emission centered on A is contamination from other molecule(s) and is
masked out in a radius of 2" from the position of A.
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Figure 3: Intensity integrated maps of DCO" 3-2 (top) and N;D " 3-2 (bottom) observed
with the SMA, overlaid with DCO™ 5-4 (contours) observed with ALMA. Contours are the
same as in Fig. 2. The positions of IRAS 16293-2422 A and B are indicated with a star and
circle, respectively. Both DCO™ transitions match spatially, and NyD™ is located beyond the
extent of the DCO™ emission. Note the different center of this figure compared to Fig. 2.
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Figure 4: IRAS 16293-2422 ¢—C3H, 5-4 and C,H 4-3 J=9/2-7/2 spectra taken at 5 po-
sitions, indicated by the green boxes in the intensity integrated map presented in the left
bottom panel. The anti-correlation of both molecules is seen at all positions. The region
within a radius of 2” from the position of source A is contaminated by other molecular
species, and is masked out for these maps.
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Figure 5: TRAS 16293-2422 ALMA spectra for all transitions of c—C3H, and C,H for each
of the south, center and north positions shown in Fig. 4. The systemic velocities of sources
A and B are marked with the vertical dashed lines. The anti-correlation of c—C3H, and C,H
is also evident in the spectra shown here.
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Figure 7: Comparison of the spectra centered on DCO™ 5-4 of VLA 1623-2417 A and one
beam offset from IRAS 16293-2422 B. The spectra for VLA 1623-2417 has been multiplied
by a factor of 10 in order to compare more easily. Note the lack of molecular line emission

toward VLA 1623-2417 in contrast to IRAS 16293-2422.



Table 1: Summary of line observations.

IRAS 16293-2422

VLA 1623-2417

Line Transition v logip A;;  Eup Peak Flux Line width Peak Flux Line width
GHz K mJy beam™! km s~1 mJy beam~! km s~!
ALMA

C—C3H2 3370*22,1 216.27876 -3.33 19.46 190 0.5
c—C3H, 55,0~44,1 349.26400 -2.78 48.98 240 1.0
c—C3H, 10-9° 351.78158 -2.61 96.49 410 1.0
c—C3H, 9-8¢ 351.96597 -2.67 93.34 350 1.0
c—C3H, 82,6735 352.18554 -2.76 86.93 90 1.0
c—C3H, 83,6~ 72,5 352.19364 -2.76 86.93 200¢ 1.0

C,H 4-3 J=9/2-7/2 F=5-4  349.33771 -3.88 41.91 170 0.7

C,H 4-3 J=9/2-7/2 F=4-3 349.33899 -3.89 41.91 140 0.7

C,H 4-3 J=7/2-5/2 F=4-3  349.39927 -3.90 41.93 140 0.7

C,H 4-3 J=7/2-5/2 F=3-2  349.40067 -3.92 41.93 110 0.7
DCO™ 3-2 216.11258 -2.62 20.74 90 0.7
DCO™" 5-4 360.16978 -2.42 51.86 10 1.0 290 0.7
N,D* 3-2 231.32166  -2.66  22.20 <8.58¢

N,H* 4-3 372.67251 -2.51 44.71 <94.97

SMA
DCO™" 3-2 216.11258 -2.62 20.74 1800 1.0
N,D™ 32 231.32166 -2.66 22.20 1700 2.0
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7
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Table 1: continued.

IRAS 16293-2422 VLA 1623-2417
Line Transition v logip A;;  Eup Peak Flux Line width Peak Flux Line width
APEX (Tup)

C,H 4-3 J=9/2-7/2 F=5-4  349.33771 -3.88 41.91 0.96 K 0.7

C,H 4-3 J=9/2-7/2 F=4-3  349.33899 -3.89 41.91 0.62 K 0.7

C,H 4-3 J=7/2-5/2 F=4-3  349.39927 -3.90 41.93 0.68 K 0.7

C,H 4-3 J=7/2-5/2 F=3-2  349.40067 -3.92 41.93 0.34 K 0.7
DCO™ 32 216.11258 -2.62 20.74 48 K 0.8
DCO™" 5-4 360.16978 -2.42 51.86 22 K 0.8

Notes. (¢ c—C3H, peak fluxes and line widths taken from the south peak where there is no line confusion. (®) Blended 100,10-91,9 and 101,10-90,9
transitions of c—CzHs,. (©) Blended 91,8—82,7 and 92 8—81,7 transitions of c—C3H,. (4 1 & noise level of No,D" and NoH" in 0.02 km s~ ! channel

References. All rest frequencies were taken from the Cologne Database for Molecular Spectroscopy (CDMS) (Endres et al. 2016). The c—C3H,
entry was based on Bogey et al. (1987) with transition frequencies important for our survey from Bogey et al. (1986) and from Spezzano et al.
(2012). The CCH entry is based on Padovani et al. (2009) with additional important data from Miiller et al. (2000) and Sastry et al. (1981). The
DCO™" and N,H™ entries are based on Caselli & Dore (2005) and on Cazzoli et al. (2012), respectively. Information on the N,D™ rest frequency
was taken from Pagani et al. (2009a).

¥ HHLAVHD
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4.2 QObservations

4.2.1 IRAS 16293-2422

IRAS was targeted in the "Protostellar Interferometric Line Survey” (PILS) program
(Project-ID: 2013.1.00278.S; PIL: Jes K. Jgrgensen; Jorgensen et al. 2016), an ALMA
Cycle 2 unbiased spectral survey in Band 7, using both the 12m array and the Atacama
Compact Array (ACA). The spectral set-up covers a frequency range from 329.147
GHz to 362.896 GHz, and provides a velocity resolution of 0.2 km s~!. The pointing
coordinate was «. o000 = 16:32:22.72; § 79000 = —24:28:34.3, set to be equidistant from
the two sources A and B at v, = 3.2 and 2.7 km s—!, respectively. The 12m array
and the ACA observations were combined, producing a synthesized beam of 0.5” x0.5".
A detailed description of the observations and reduction is given in Jgrgensen et al.
(2016). Many complex molecules detected in this survey (e.g., Coutens et al. 2016;
Jorgensen et al. 2016; Lykke et al. 2017) show relatively compact emission peaking
close to the location of the two protostars. This work focuses on a few of the molecules
detected in the spectral survey that show extended emission, namely DCO ™, c—C,H,
and C,H. For ¢c—C3H, and C,H the combined 12m array and ACA data cubes are
used. For DCO ", the combined data cube and the ACA data separately are considered.
The typical RMS noise is about 7-10 mJy beam ™! per 0.2 km s~! channel, and the flux
calibration uncertainty is ~5% (Jgrgensen et al. 2016). Transitions and line frequencies
of the molecular species used in this work are listed in Table 1, as well as the peak
fluxes and line widths.

Since the PILS survey did not cover lines of N,D™ 3-2 or DCO™ 3-2, we include
here the observations of these two molecules from a spectral line survey with the SMA
(Jorgensen et al. 2011). A brief description of the observations is given here. The
pointing coordinate was o jo000 = 16:32:22.91; 879000 = —24:28:35.5. For DCO™ 3-2,
the beam size is 5.5” x 3.2, while for N,D© 3-2 the beam size is 4.0”x 2.4”. The
RMS noise is 0.24 Jy beam ™" for a 0.56 km s~* channel width for DCO™, and 0.06 Jy
beam™! for a channel width of 1.1 km s~* for N,D*. Further details on the reduction
and analysis are given in Jgrgensen et al. (2011). These data are considered in order
to directly compare the cold chemistry of IRAS with that of VLA. Additionally, two
transitions of DCO™ are needed to derive temperature and density from line ratios.

4.2.2 VLA 1623-2417

VLA was observed with ALMA in Cycle 0 using Band 6, with pointing coordinates
@ o000 = 16:26:26.419; 052000 = 24:24:29.988. The spectral set-up was configured to
observe DCO™ 3-2 and N,D™ 3-2 together with C'®*0 2-1 and '*CO 2-1, providing
a velocity resolution of 0.0847 km s~! and a synthesized beam size of 0.85"x0.65" .
DCO™ 3-2 data from the Cycle 0 obseravations were previously presented in Murillo
et al. (2015, see chapter 3). The data reduction results of C'**0 and **CO can be
found in Murillo et al. (2013, see chapter 2) and Santangelo et al. (2015).

ALMA Cycle 2 observations in Bands 6 and 7 were also carried out, with pointing
coordinates a jogo0 = 16:26:26.390; 0000 = —24:24:30.688. The Band 6 observations
provided a spatial and spectral resolution of about 0.45” x0.25"” and 0.0211 km s~ !,
respectively, with a typical RMS noise of about 7-9 mJy beam™! per 0.0211 km s~!
velocity channel. The spectral set-up covered DCO ", C*®0 and '*CO together with
continuum and was observed in both the ACA and the 12m array. Band 6 ACA
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Table 2: Tests of the temperature and density profiles of the two sources.

TRAS 16293-2422 VLA 1623-2417
(Crimier et al. 2010) (Jorgensen et al. 2002)
Test Th7avu N97AU Note Tyau N4AU Note
K cm ™3 K em ™3
1 300.0 2.36 x 10° unchanged 250.0 1.62 x 10° unchanged
2 300.0 2.36 x 10'° n x 10 250.0 1.62 x 100 n x 10
3 300.0  2.36 x 108 n /10 250.0 1.62 x 108 n /10
4 100.0  2.36 x 10° T/3 166.7 1.62 x 10° T/15

observations of DCO™ were presented in Murillo et al. (2015, see chapter 3); c®o
and 'CO are treated elsewhere (Cheong et al. in prep.). Band 7 observations, with
a spectral set-up covering N,H™ 54, DCO" 54 and H,D" 11,0-11,1 together with
continuum with only the 12m array, provided a spectral and spatial resolution of 0.025
km s~! and 0.87”x0.54", respectively. Total observing time was 0.9 hr with a 46%
duty cycle, using 34 antennas and a maximum baseline of 350 m. Data calibration was
done with J1517-2422, J1625-2527 and Titan for bandpass, gain and flux calibration,
respectively. DCO" was detected with a noise of 26 mJy beam ™' per 0.025 km s~ .
The system temperature was relatively high for the spectral windows containing N,H*
and H,D ", causing the noise to be of about 95 mJy beam™! per 0.025 km s~ velocity
channel, despite flagging out the antennas that had the highest system temperature.

In this work we focus on the observations of the DCO" 3-2 and N,D ' 3-2 lines
from Cycle 0 obsevations, in addition to DCO™ 54, N2H+ 5—4 and H2D+ 110111
observations from Cycle 2. Line transitions and frequencies together with peak fluxes
and line widths are listed in Table 1.

Additionally, single-dish APEX observations in the ON/OFF mode were carried
out on 22 and 24 October 2016 using the heterodyne instrument SheFI with bands
APEX-1 (213 - 275 GHz) and APEX-2 (267 — 378 GHz), targeting DCO™ 3-2 and
54, as well as Co,H 4-3. These observations were taken to compare the location of
C,H in both VLA and IRAS, as well as to have a separate verification and comparison
of the physical parameters derived from ALMA observations and single-dish. Several
transitions of NO and HCN were detected, both of which can form in gas and surface
reactions, whereas NyH' and N,D ™ only form in the gas. NO and HCN are not further
analyzed in this work. The pointing was centered on VLA-A (a.j2000 = 16:26:26.390;
872000 = —24:24:30.688). The typical RMS noise was 100 mK for APEX-1 and between
50 — 80 mK for APEX-2 in 0.1 km s~! channels. Peak temperatures (Tp,) and line
widths for Gaussian fits to the single dish lines are listed in Table 1. The typical
calibration uncertainties are about 10% for the APEX SheFT instruments in the 230
and 345 GHz bands. The main beam efficiencies used are 7, = 0.75 at 230 GHz, and
b = 0.73 at 345 GHz.
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Table 3: DCO™ best approximation model parameters.

Parameter IRAS 16293-2422 VLA 1623-2417

Tpeax (K) 17-19 11-16
Drop boundaries:
Tsup (K) 35 35
Nge (cm™3) <108 3x10°
CO abundance:
Inner X, 10~5 10°
Drop Xp 1076 1077
Outer X 10~4 10~4

4.3 Results

4.3.1 IRAS 16293-2422

The molecules c—C3H,, CoH and DCO™ from the PILS spectral survey (Jgrgensen
et al. 2016) are considered here, together with DCO™ and N,D " from the SMA spectral
survey (Jorgensen et al. 2011) . The peak intensities and widths of each line are listed
in Table 1. Intensity integrated maps of each line overlaid on H,CO are shown in
Fig. 2. HyCO 51 544 4 from the PILS survey (van der Wiel et al. in prep.) is used
as a reference for the more extended envelope and one of the outflow directions. The
nominal velocities at which most species emit at source A and B are Vi ,gg =3.2 and
2.7 km s~1. Velocity resolved maps can be found in Appendix 4.A. ¢—C3H, and C,H
spectra at selected positions are presented in Fig. 4 and 5.

DCO™ is detected in the 54 (PILS) and 3-2 (SMA) transitions, with a half-
crescent shape centered around source A (Fig. 2 and 3). The peak is red-shifted and
located ~2" south of source A in both transitions. Weak absorption is detected towards
source B in the PILS observations. The DCO™ emission south of source A is weak,
peaking at 3 ¢ in the 54 transition and at 50 in the 3-2 transition. It is slightly
extended to the south along the outflow, but not as far as c—C3;H,. In agreement
with previous observations of DCO™ and c—C,H, for other objects (Spezzano et al.
2016b,a), these two molecules are spatially anti-correlated.

Five narrow (FWHM = 1 km s™1) lines of c—C3H, with Eyp ranging from 48 to
96 K were detected. The emission peaks to the south of A, seen clearly in the top row
of Fig. 2. The lines are also seen near source B, at one ALMA beam offset from the
source. The southern emission extends from the circumstellar region of source A, and
peaks at <5c about ~4” away from the source position. Toward source A itself, the
spectrum is too confused to identify the separate molecular lines. Thus the region is
masked out in the maps within 2” from the source position. Comparing c—C;H, with
H,CO (Fig. 2) suggests that it could arise from one side of the southern outflow cavity
wall (van der Wiel et al. in prep.). Asymmetrical heating by source A of the outflow
cavity could cause only one side to present c—C3H, emission. The emission around
source B may either be from the circumstellar region or the outflow cavity, but due to
the orientation it is difficult to say.

C,H is clearly detected in both spin doubling transitions with each transition show-
ing a characteristic double hyperfine structure pattern. The emission within 2 of
source A is masked out due to contamination from other molecular species. C,H
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emission is located in a filament-like structure extending from north to south, passing
through source B (Fig. 2). A second, weaker structure formed by a string of clumps
extends from north-east to south-west, apparently passing through source A. C,H is
diffuse and weak, peaking at <5c¢ on all off-source positions on the map (Fig. 4). The
emission around source B is brighter, peaking at 100 in the intensity integrated map.
From the channel map, the emission appears to have a subtle velocity gradient from
north to south at source B. However, the C,H emission does not match the structure
and extent of c—C3H, (or H,CO) in either transition (Fig. 4 and 5). It should be
noted that neither C,H or c—C3H, coincide with the dust ridge seen in the continuum
emission (Fig. 2; see also Jacobsen et al. submitted).

N,D" 3-2 is mostly resolved out in the PILS survey, but it is detected south-east
of DCO™ with the SMA (Fig. 3), located 7" away from the continuum position of
source A with a S/N = 7 (Jorgensen et al. 2011). Similar to DCO™, there is no N,D*
emission towards B. No transition of Ny,D ' was covered in the Band 7 observations.

4.3.2 VLA 1623-2417

Two transitions of DCO™ and one transition each of c—C3;H,, N,H™ and N,D™ were
observed with ALMA in Bands 6 and 7, with added ACA observations for Band 6.
Additional APEX observations detected two transitions of DCO™ and C,H. Intensities
and line widths are listed in Table 1. Fig. 6 shows the intensity integrated maps for
the ALMA observations. In Appendix 4.A, velocity resolved maps of the ALMA
observations can be found. All of these molecules trace material associated with VLA-
A, but not the other two components of the system, VLA-B and W.

The DCO™ 3-2 ALMA 12m array and ACA observations have been analysed in
detail in Murillo et al. (2015, see chapter 3). The 3-2 ACA map shows a smooth
distribution peaking south-west of the source, with the blue-shifted emission extending
north-east, but no clear red-shifted counterpart south-west. Here we present additional
ALMA band 7 12m array observations of DCO™ 5-4. In both transitions of DCO™
the red-shifted emission, located to the south of VLA-A, is clearly seen and is stronger
than the blue-shifted emission located to the north. The DCO™ 5-4 emission is three
times stronger than the 3-2 emission with the 12m array, which makes the blue-shifted
emission clearly visible. For both transitions the velocity gradients are consistent. The
DCO™" 3-2 emission borders the disk structure observed to be driven by VLA-A and
is relatively compact. Even more interesting, however, is that DCO" in the 54
transition extends closer to the position of VLA-A than in the 3-2 transition (Fig. 6).

DCO™" forms at temperatures below 20 K, where CO freezes out. The position
of the DCO™ 3-2 peak along the disk plane was found to be the product of disk-
shadowing, which causes a temperature drop at the edge of the disk, whereas along the
outflow direction no such effect was observed (Murillo et al. 2015, see chapter 3). The
APEX observations of DCO™" in both transitions show a single peak at the systemic
velocity (3.7-4 km s™1) and a peak intensity of 3.6 K for the 3-2 transition, the same
as obtained from JCMT observations by Jorgensen et al. (2004). The beamsize for
the APEX-1 and 2 bands covers approximately the full extent of the DCO™ emission
seen in the ACA map. For the DCO" 3-2 transition, the ALMA observations recover
about 28% of the flux detected in the APEX observations (117.1 Jy km s™! with 24
Jy/K), while 20% was recovered with the DCO" 5-4 ALMA observations (APEX:
53.7 Jy km s~! with 24 Jy/K).
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One low-lying transition of c—C3H, is detected with the ACA but not the 12m
array. The c—C4H, emission is oriented perpendicular to the disk and seems to trace
the cavity of the outflow driven by VLA-A out to 3” from the source position. There
is no detection of c—C3H, emission in the disk traced by C'®O or at the disk-envelope
interface, down to the noise level. The material along the outflow cavity exhibits
signatures of rotation, most notable in the south-east lobe, with a velocity range
and gradient direction similar to that of DCO™ and C'®0 (Murillo et al. 2013, see
chapter 2).

C,H is detected with APEX, with the hyperfine components of each transition
being clearly distinguished. Both transitions are located at the systemic velocity of
VLA-A (3.7-4.0 km s~ 1) and show no broadening, indicating that the emission is most
likely related to the envelope material of VLA-A.

N,H™ and N,DT are not detected in our ALMA observations. Possible reasons
could be either due to the emission being very extended and thus resolved out in the
interferometric observations, or the abundance of these molecules being too low to
be detected. This is a surprising contrast to several other young embedded Class 0
sources which do show NyH™ and N,DT (Jgrgensen et al. 2004; Tobin et al. 2013a).
The non-detections of N,H™ and N,D are further analysed in Sect. 4.4.4. H,D"
is also not detected in our Cycle 2 band 7 observations, this is consistent with the
JCMT observations reported by Friesen et al. (2014). H,D ™ is not further treated in
this work.

4.4 Analysis

4.4.1 DCO™"

DCO" appears to peak offset from the protostellar positions bordering the disk-like
structures in both sources (Fig. 2 and 6). Here we analyze the peak position first
through chemical modelling of the observed emission, and then using the line ratios to
constrain the physical structure (temperature, density) and the associated chemistry.

DCOT distribution

In Murillo et al. (2015, see chapter 3) the distribution of DCO ™" around VLA was found
to be altered by the presence of a rotationally supported disk, causing the emission to
move inwards along the disk plane but not along other directions. In this section, the
DCO™ emission around IRAS is modelled, aiming to find whether the distribution of
DCO™ in IRAS is product of the same phenomenon as observed in VLA.

The DCO" chemistry is particularly sensitive to temperature. To model the ob-
served emission for IRAS and VLA, a simple steady-state, analytic chemical network
that accounts for the basic reactions leading to the production and destruction of
DCO™ is used.

Since CO and H,D ™" are the precursors of DCO™, the production of H,D" will
be the rate-determining reaction in the chemical network, since it will dictate the
production of DCO™. The Hy,D™ production and destruction reaction is given by

H,™ + HD = H,D' 4+ H, (4.1)
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Figure 8: Results from modelling the observed DCO™ peak with our simple analytic chemi-
cal model. The left column shows results for IRAS 16293-2422, while the right column shows
those for VLA 1623-2417. The top row shows the input density (black) and temperature (red)
as functions of radius for each system. The dashed red line shows the original temperature
profile used for the constant CO model (second row panels). This model does not show a
DCO™ peak at the right position. The solid red line is the profile decreased by factors of 3
and 1.5 for IRAS 16293-2422 and VLA 1623-2417, respectively, and used for the drop CO
model (third row panels). The lower limit on the temperature is set at 8K. In the second and
third row, the shaded range is the location of the observed DCO™ peak. The bottom row
shows the observed radial profiles of DCO™ overlaid with the Drop CO model.
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vations.
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Table 5: ¢c—C3H, inferred parameters and abundance ratio for c—C3H,/CoH

Position Coordinates 9-8/5-4 10-9/5-4 nH, Tiin Ne—c,n,” b Nc,n* c—C3H,/C,H
RA Dec cm 3 K oElw cm 2
IRAS 16293-2422
South 16:32:22.88 —24:28:39.78 1.7+0.08 1.4+0.07 5-10x107 120-155 9.3x10%3 3x10%3 >3.1
Center  16:32:22.69 —24:28:35.16 0.7+£0.3  0.7£0.3  1-6x107 37-44 1.3x1013 2x10' <0.07
North 16:32:22.55 —24:28:30.28 1.6£0.6 1.3£0.5  3-6x107 71-81 1.1x10% 2x10M <0.05
VLA 1623-2417 O|mem ww,o\me
c—CyH,®  16:26:26.39 —24:24:30.69 5-10x107 120-155 2.7-5.3x10™3  1-1.5x10'3 2.7-3.5

Notes. (¥ For IRAS 16293-2422, column densities are for a beam of 0.5”. For VLA 1623-2417, column densities are for a beam of 1.6” x0.88"
for c—C3H, and 17.3" for CoH. (¥ An o/p = 3 was used to calculate the total column density of c—C3Hs,. (¢) ¢—(C3H, parameters from the south
position of IRAS 16293-2422 .
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where the activation energy AFE ~ 220 K in the back reaction is due to the difference
in zero-point energy. A crucial factor for deuterium chemistry is the ortho-to-para
ratio of H, (Flower et al. 2006; Pagani et al. 2009b). This is included in the back
reaction of the chemical network (Eq. 4.1), since it is here where the distinction has
the most significant effect (Murillo et al. 2015, see chapter 3). The reactions and
parameters for o—H, and p-H, were adapted from Walmsley et al. (2004). The ortho-
to-para ratio is set to have a lower limit of 10~3 at low temperatures, as constrained
from observations and models (Flower et al. 2006). The rate coefficient for two-body
reaction is expressed as

T\’ v 3 .1
k_a(?)()()) exp (_T) cm” s (4.2)

where T is the temperature of the gas. For cosmic ray ionization, important in the
generation of Hy ", the rate coefficient is given by

k=¢st (4.3)

where ¢ = 1.26 x 10717 is the cosmic-ray ionization rate of H,. The reactions and
rate coefficients used in this work are the same as those listed in Murillo et al. (2015,
see chapter 3).

Since CO is a parent molecule of DCO™, its abundance will impact the production
of DCO™. The profile of the CO abundance is taken to be either constant or with a
drop used to simulate freeze-out. The drop is set by the CO sublimation temperature
Tsub and desorption density nge. These limits dictate the boundary where CO is
in the gas phase (T > Tyup) or freezes onto the dust grains (T < Tgyup); and when
the freeze-out time-scales for CO are too long (n < nge) compared to the lifetime of
the core (Jorgensen et al. 2005¢). The results of the chemical modelling are passed
through RATRAN (Hogerheijde & van der Tak 2000), and then synthetic data cubes
are generated in order to directly compare with the observations. The network and
further details of the model and post-processing are given in Murillo et al. (2015, see
chapter 3).

The model requires a density and temperature profile of the source as a function
of radius. For IRAS, the power-law density and temperature profile from Crimier
et al. (2010) is adopted. Two assumptions are made, namely that the density and
temperature profile is centred on IRAS-A and that it is the main contributor to the
luminosity of the core, consistent with the recent analysis of Jacobsen et al. (sub-
mitted). Thus, our assumptions should not introduce major issues in our modelling.
While there have been several physical profiles derived for IRAS (e.g., Schoier et al.
2002), only one is adopted here since we alter the density and temperature profiles
by an arbitrary factor, exploring the effects of these parameters on the production
of DCO". For VLA, we adopt the power-law density and temperature profile from
Jorgensen et al. (2002). Here again we assume the density and temperature profile
is centred and dominated by VLA-A. Given that VLA-B does not contribute much
to the line emission nor the continuum, and that VLA-W is 10” away, this should
not produce issues in the resulting model. The temperature and density profile for
VLA is also altered by an arbitrary factor to study the effect on DCO™ production.
The variations in the temperature and density profiles used in this work are listed in
Table 2 for both systems.
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For the DCO ™ models, we explore the parameter ranges of Ty, = 20-40 K, nge =
10°-108 em = and X[CO] = 10~7 — 10~%. The parameters for the best by-eye approx-
imation to the observed DCO™ peak position are listed in Table 3 for both systems.
The best approximated model of the DCO™ 3-2 emission around VLA (Murillo et al.
2015, see chapter 3) are reproduced here and compared with the results of DCO™
toward TRAS.

For both systems we find that the constant CO abundance profile does not produce
a DCO™ peak where observed (too far outward), and the peak position does not shift
with a change in the abundance. The drop CO abundance profile produces a peak
within the drop boundaries, Ty, and nge. Altering these parameters changes the
shape but not the position of the DCO™ peak.

Since the chemical conditions do not alter the peak position, the physical structure
is examined. The original source density and temperature profiles for both sources also
do not reproduce the position of the DCO™ peak. Increasing or decreasing the density
by one order of magnitude, causes the DCO™ peak to either shift outwards or remain
at a position similar to the unchanged density profile. Interestingly, only reducing
the temperature profile by an arbitrary factor together with the drop CO abundance
profile, causes the DCO™ peak to shift inwards for both systems (Fig. 8). This is
consistent with the results found for VLA’s DCO™ 3-2 in Murillo et al. (2015, see
chapter 3), which explores the physical and chemical parameter space in more detail.
Thus the observed DCO" peak position is produced by a drop in the temperature
along the plane perpendicular to the outflow(s). This drop in temperature can be
caused by a structure, such as a disk, which shadows the outer regions, allowing the
peak emission of molecules whose abundance is enhanced in cold gas to move inwards.

It should be noted, however, that our simple chemical model cannot fully explain
the inner part of the DCO" 5-4 emission observed centered on VLA-A. DCO" 5-4
emission at small radii could be located in the disk where both cold and warm chemical
processes can contribute to its formation (Favre et al. 2015; Huang et al. 2017; Salinas
et al. 2017).

Thus, the distribution of DCO™ around both VLA and IRAS is product of the
presence of a disk(-like) structure, which causes a drop in temperature on the envelope
gas at the edge of the disk(-like structure), i.e. the disk-envelope interface. The
presence of the disk(-like) structure generates an asymmetric temperature profile in
the protostellar system.

Line ratios and implied physical conditions

Line ratios can provide an independent measure of the temperature of the region being
traced by a molecule. The ratio of DCO™ 5-4/3-2 will provide an independent test
of the results obtained with the chemical model of DCO™ described in the previous
section.

Using RADEX (van der Tak et al. 2007), we performed non-LTE excitation and
radiative transfer calculations to constrain the temperature and density of the regions
being traced by comparing the ratios of observed molecular lines with those calculated
by the non-LTE excitation. We limit the range of H, densities based on the source
profile used for chemical modelling (Table 2 and Fig. 8) and the radial position of the
emission being modelled. We assume the optically thin regime for all cases, which
is valid for all low abundance species considered here. In this regime, the adopted
column density does not affect the line flux ratios, only the absolute flux values. The
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molecular data files are obtained from the Leiden Atomic and Molecular Database
(LAMDA; Schéier et al. 2005b). In order to compare the observed peak intensities
with the results from RADEX, the observed peaks are converted from Jy beam ™! to K
using the relation Tpy, = 1.36 A2/62 Sypservea Where A is the wavelength in centimetres
of the molecular transition, 6 is the beam of the observations and Sopgerved iS the
observed flux density in mJy beam™!.

Here, we derive the physical parameters from the DCO™ 5-4/3-2 ratio for both
sources. Figure 9 shows the variation of the DCO™ 5-4/3-2 ratio with H, density and
temperature. For both TRAS and VLA, the red-shifted peak emission is considered,
since it is the most prominent. The results for IRAS and VLA are compared in Table 4.

For IRAS, a ratio DCO™ 5-4/3-2 = 0.9 £ 0.09 is obtained from the PILS band 7
observations and the SMA 230 GHz observations (Jgrgensen et al. 2011). We adopt
a line width of 1.0 km s~! and a column density of 3 x 10'2 ecm™2, a value that also
reproduces the observed line intensities. For densities below 10® cm™3, the critical
density of the 54 transition, the line ratio is primarily sensitive to density; at higher
densities, the ratio becomes a good temperature probe. According to the density
structure presented in Fig. 8 (top panel), the density at the peak DCO™" emission
position is higher than the critical density, so a kinetic temperature between 20 and
30 K can be inferred for IRAS. This temperature is consistent with the chemical
modelling of the DCO™ peak position.

For VLA, the ALMA 12m array observations provide DCO™ 5-4/3-2 = 1.0 4 0.1.
The beam-size of DCO™ 5-4 (0.87”x0.65") is similar to that of the 3-2 transition
(0.87”x0.54") and thus no beam dilution factor was added to the calculation. This
line flux ratio implies a kinetic temperature between 30 and 55 K, adopting a column
density of 2 x 10'? and a line width of 0.7 km s~! to reproduce the observed peak
intensities. This is higher than expected from the chemical modelling of DCO™". The
APEX observations are used to double check if this is the kinetic temperature of the
bulk of the DCO™" emission at the disk-envelope interface. The APEX DCO™" data
give a much lower line ratio, 5-4/3-2 = 0.46 £ 0.03. This line flux ratio is well repro-
duced by a kinetic temperature of 17 to 19 K, in agreement with the chemical model.
It is likely that the ALMA 12m array observations are picking up both warm and cold
DCO™ emission in the 5-4 transition, but only cold DCO™ in the 3-2 transition. On
the other hand, the APEX observations are recovering DCO™ emission from the cold
regions at the edge of the disk and the envelope, but the beam size dilutes the emission
from the inner regions. This then causes the discrepancy of derived kinetic temper-
atures that we obtain from interferometric versus single-dish data. The temperature
from the interferometric data is driven up due to more emission being detected in the
higher transition.

To study the physical conditions of the region traced by c—C3H,, line ratios of the de-
tected transitions, rather than chemical models, are used. Five transitions of c—C3H,
are detected towards IRAS. Temperature and density are derived from the c—C3H,
9-8/5-4 and 10-9/5—4 ratios (See Sect. 4.4.1). Figure 9 shows the line flux ratios as
functions of H, density and kinetic temperature. The ortho-c—C3;H, molecular file is
used for the RADEX calculations since the 5-4 transition (349.264 GHz) presented
here is the ortho form (para-c—C3;H, 54 is at 338.204 GHz). To convert to the total
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(ortho + para) c—C3H, column density, an o/p ratio of 3 was used. Three regions
covering the south c—C3H, peak and the C,H peaks near the center and north of the
map are selected to derive the temperature and ¢c—C3;H,/CyH column density ratios
(Fig. 4). Table 5 lists the positions. The IRAS-A and B positions are not modelled
due to contamination from other molecular species.

Both ¢c—C3H, 9-8/5-4 and 10-9/5-4 ratios are simultaneously fit for each posi-
tion. Table 5 lists the ratios along with the adopted densities and derived kinetic
temperature. The peak intensities for each transition at the three positions are listed
in Table 6 We find that the temperature for the south c—C3H, peak, corresponding to
the outflow cavity of IRAS-A; is between 120-155 K, 2 to 4 times higher than for the
positions where CoH peaks. The central position shows the lowest temperature with
41-44 K. Comparing the temperatures obtained from c—C3H, and DCO™ line ratios,
it is clear that c—C5H, arises from a much warmer region than DCO™. This is linked
to the spatial anti-correlation found for these two molecules, both in our observations
and other work (see Sect. 4.5).

Only one transition of c—C3H, is available for VLA, with an upper level energy
(19.5 K) lower than those observed toward IRAS (> 49 K). Thus to obtain an idea
of the column densities in the region traced by ¢c—CsH, towards VLA, we adopt the
temperature and density from the c—C3H, line ratios towards IRAS at the south peak.
The c—C3H, south peak of IRAS is chosen due to the fact that it traces the outflow
cavity, as it does for VLA. Using the parameters of c—C3H, from IRAS, the derived
column density is a few times 10 cm™2, lower by about a factor of 2 or 3 than that
found for the south peak of IRAS and similar to the column density found for the
central position of the IRAS map.

4.4.3 C,H

The same transitions of CoH are observed towards both sources, with ALMA for
IRAS and with APEX for VLA. The peak intensities are listed in Table 6. Since CoH
ratios are not sensitive to temperature or density given the similar upper eneriges Ep
(Table 1), the method adopted for DCO™ and ¢—C3H, cannot be used here. Instead,
the CyH column density is derived by assuming the kinetic temperature and number
density obtained from ¢—C3H, line ratios. The results are listed in Table 5.

The south position in IRAS presents a column density of <3x10'® cm™2, about
an order of magnitude lower compared to the centre and north positions which have a
column density of 2x 10 cm™2. Table 5 lists the c—C3H,/CyH column density ratio
for each position. It must be noted that the ratio at the south position is a lower
limit, whereas for the central and north position, it is an upper limit. The differences
in ratios between positions reflect the anti-correlation of the two molecules in the IRAS
system. Most certainly, the anti-correlation is not due to critical densities, since the
derived number densities of c—C3H, (107 to 108 ecm™3) at all points are above the
critical densities of both CoH (8x10% to 6x10% cm™3) and ¢—C3H, (2-5x10° cm™3).

For VLA, C,H column densities are found to be a few times 10'3 ¢cm=2, lower
than the peaks of C,H detected towards IRAS. The results are listed in Table 5. The

c—C3H,/C,H ratio of column density provides values similar to the south position
towards IRAS.



CHAPTER 4 93

4.4.4 N,H' and N,D*

For VLA, the ALMA 12m array observations of N,D ' and N,H" did not detect any
emission. Since these molecules are readily detected in other sources (e.g., Tobin et al.
2013a), the cause of this non-detection is examined. Two cases are explored, extended
and compact emission concentrated in a 1” region. The details of the analysis are
given in Appendix 4.B.

For the case of extended emission, the predicted N,H" 4-3 peak intensity is the
same as the noise level of our observations, while for the case of the emission concen-
trated in 1” region, the S/N would be about 26. In a similar manner, the predicted
N,D" 3-2 peak intensity is expected to have a marginal detection in our observa-
tions for the extended emission case, and a S/N = 40 for the compact emission case.
Thus, we should have detected both molecules in our observations if they arose from
a compact structure.

4.5 Discussion

4.5.1 Comparison of IRAS 16293-2422 and VLA 1623-2417

The chemical structure of both systems is compared in this section. A cartoon of their
structure is shown in Fig. 1.

The DCO" peak position in both sources is well described by a drop in the tem-
perature profile. This drop can be explained by the presence of a disk which shadows
the envelope, causing the DCO ™ emission to move inward, closer to the source along
the disk plane. For VLA, the ALMA DCO™" 5-4 observations are picking up emission
coming from both the cold envelope at the edge of the disk (disk-envelope interface)
and the warmer parts of the disk.

c—C4H, traces the outflow cavity of IRAS-A and VLA-A. For VLA-A, ¢—C3H,
traces the full outflow cavity (extending out to 3"), whereas for IRAS-A only one side
of the south outflow cavity wall is observed. It is possible that the c—C5H, emission is
product of UV radiation from the central source, and the warmer temperatures found
in the outflow cavity. UV radiation liberates atomic carbon which leads to gas-phase
formation of small hydrocarbons. Chemical models of the outflow cavity walls show
that c—C3H, is initially concentrated around the outflow wall, and progressively moves
to the disk plane as the cavity widens with age, irradiating more envelope material
(Drozdovskaya et al. 2015). Higher temperatures could accelerate certain chemical
processes in the protostellar envelope, while movement of material through outflows,
rotation and infall could bring dust with ¢c—C3H, precursors (e.g., CH,, C,H,) closer
to areas where they can be sublimated and thus enhance the c—C3;H, gas. Hence, the
differences in the spatial distributions of c—C3H, in IRAS-A (Lo > 18 Lg, Jacobsen
et al. submitted) and VLA-A (Lo ~1Lg) could be the product of age, luminosity, or
core dynamics. In any case, the presence of c—C3H, emission is due to the temperature
of the region where it is observed.

C,H does not present similar distributions in IRAS and VLA. Toward VLA, the
single-dish C,H emission peaks on VLA-A, and is most likely spatially correlated with
c—C3H,. C,H could arise from the envelope or outflow, given that it shows similar
broadening with DCO™" (Lindberg et al. 2017), but also with c—C3H,. For IRAS, the
observed C,H is found in the region one beam away from IRAS-B, but does not show
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Figure 10: Cartoon showing the distribution of the molecules studied in this work towards
both sources. The solid and dashed lines show outflow directions. Ellipses indicate disk
structures.
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relation with the position or outflow of IRAS-A, nor with the dust ridge connecting
both sources. Beyond IRAS-B, C,H and ¢c—C4H, are not spatially correlated (Fig. 4
and 5). This anti-correlation is unexpected from chemical models (e.g. Gerin et al.
2011; Drozdovskaya et al. 2015; Guzman et al. 2015) or observations (see Sect. 4.5.2).
The ¢—C3H,/C,H ratio is expected to be lowered with age, that is as the protostar
evolves (O. Sipilé, private communication). If the different distributions of c—C5H,
and C,H are product of age, it would suggest that IRAS is somewhat older than VLA;
however, lowering the ratio with age does not explain the anti-correlation observed in
IRAS.

A possible explanation may be top-down chemistry producing small hydrocarbons
through UV destruction of large aromatic molecules as inferred for lower density PDRs
(Guzmén et al. 2015), producing different amounts of the two molecules. Another
possibility for the anti-correlation might be explained by the destruction of C,H in
reactions with sulfur, nitrogen, oxygen or carbon chains (Sakai & Yamamoto 2013).
The full Band 7 spectrum is examined at the c—C3H, peak position (Fig. 13— 15)
in order to examine whether products of C,H reactions are present. C,S, product
of CyH reacting with sulfur (Drozdovskaya et al. in prep.), is not detected. In fact,
little else is observed in the dense gas south of IRAS-A. Apart from ¢—C3H,, only
H,CS (Drozdovskaya et al. in prep.) and a few common species like HCO™, H,CO
and CH,OH are detected, which is unexpected given that outflow cavity would be
irradiated and encourage chemical complexity (Drozdovskaya et al. 2015). Reactions
of C,H with carbon chains C, would cause production of C, , , and hydrogen, rendering
these products undetectable due to lack of dipole moments. Overall, the strong anti-
correlation of these molecules remains a chemical puzzle.

N,D" is detected 7" south of IRAS-A with the SMA (Fig. 3), bordering the DCO™
emission (Jgrgensen et al. 2011). In contrast, N,D™ and N,H' are not detected with
ALMA observations towards VLA. Single-dish observations show an offset between the
position of VLA and the peak of NyH™ and N,D™ (Di Francesco et al. 2004; Liseau
et al. 2015; Punanova et al. 2016; Favre et al. 2017). Since neither molecule is detected
in our observations with ALMA (Sect. 4.4.4), it would suggest that N,H" and N,D'
lines trace emission outside the VLA envelope (Liseau et al. 2015).

The presence of N,D™ in IRAS, but not in VLA, could be product of temper-
ature differences. N, can be frozen out onto dust grains at temperatures below 20
K (Bisschop et al. 2006), a scenario also pointed out by Di Francesco et al. (2004).
While other nitrogen-bearing molecules such as CN, HCN, HNC and NO can form
in the gas and on grain surfaces, NyH™ and N,D " only form in the gas phase if N,
gas is present. This scenario is further supported by the low temperatures found for
DCO". For VLA-A, DCO" has Tij, = 17 K, and the chemical modelling suggests
dust temperatures between 11 to 16 K for where DCO™ peaks. This would indicate
that further out, the temperature is even lower. In addition, at densities below ~10*
cm ™3, the dust and gas temperatures decouple, and without any additional external
pressure, the gas temperature drops down to 10 K (Galli et al. 2002; Evans et al.
2001), which could cause N,H™ and N,D™ to recombine onto the dust grains or the
precursor N, to freeze-out. In contrast, DCO™ south of IRAS-A indicates Tiin = 30
K for the gas, and dust temperatures between 17 to 19 K from chemical modelling,
evidencing that the envelope of IRAS-A is warmer than that of VLA (Jacobsen et al.
submitted).

N,H" and N2D+ are thought to be tracers of evolutionary stage (Emprechtinger
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et al. 2009), as well as of the CO snowline (Jorgensen et al. 2004; Anderl et al. 2016;
van’t Hoff et al. 2017). These assumptions break down for very cold envelopes like
that of VLA. Given that some starless cores do show N,H " and N,D" (Tobin et al.
2013a), including the starless cores north of VLA (Di Francesco et al. 2004), it cannot
be said that the cold envelope itself is an indicator of evolutionary stage. It may be
possible that the ridge of material north of VLA, which contains the starless cores, is
being heated somehow from the side, but VLA is being shielded and thus much colder
(Di Francesco et al. 2004; Bergman et al. 2011; Friesen et al. 2014). VLA-A itself is
certainly heating up the disk and outflow cavity, evidenced by DCO™ 54 emission on
the disk and the presence of c—C3H,, but on much smaller scales (<100 AU) than in
TRAS because of its lower luminosity.

4.5.2 Comparison with starless cores and low-mass protostars

In this section, IRAS and VLA are placed in the big picture of star formation. For
this reason, the two systems described in the previous section are compared with
observations of starless cores, embedded low-mass protostars and disks found in the
literature. In addition, the multiplicity of the systems is also taken into consideration.

The starless core L1544 exhibits c—C3;H, close to the dense cloud core center and
away from cold regions traced by DCO™ (Spezzano et al. 2016b,a). This points to an
anti-correlation between the chemistry traced by DCO™ and that by ¢—C3;H,, which
is present in both IRAS and VLA. In the system NGC1333 IRAS4, C,H is observed
to peak on-source toward each component, including the starless core IRAS4C, which
has the strongest emission (Koumpia et al. 2016, 2017). In the young embedded
object TRAS15398, C,H traces the red- and blue-shifted outflow cavity (Jgrgensen
et al. 2013). In contrast, L1527 presents both C,H and c¢—C3H, in the envelope
and disk component, with enhancements at the centrifugal barrier (Sakai et al. 2010,
2014b, 2016), but no emission along the outflow cavity. The spatial distribution of
C,H and ¢—C3H, is similar in L1527, with the emission from ¢—C;H, being more
compact than that of CoH. In Oph-IRS67, CyH and ¢—C3H, exist in the same region,
although the spatial extent is not the same (Artur de la Villarmois et al. submitted).
In the protoplanetary disk TW Hya, C,H and ¢—C3H, are found to reside in the
disk, bordering the millimeter dust, with both molecules showing an identical spatial
distribution (Bergin et al. 2016). The ¢c—C3H, and C,H distribution toward VLA is
consistent with that observed in other protostellar systems; however, for IRAS the
lack of correlation between the two molecules is still a puzzle, since no other source
presents this situation.

In NGC1333 SVS13, N,H is detected around 2 of the 4 components of the system
(Chen et al. 2009). From the system, SVS13B and SVS13C are Class 0 protostars, but
the first has N,H " emission while the second does not. Thus, the uneven distribution
of material is not related to the evolutionary stage, but instead is most likely related
to the varying envelope temperature.

Several of the systems mentioned above are multiple protostars, as are IRAS and
VLA. The chemical structure is found to not be homogeneous among the individual
components of these systems. Thus multiplicity in the embedded phase does not seem
to affect the observed chemical structure, that is external heating from companions
appears to have no significant effect. Altogether, the chemical structure of embedded
protostellar systems for the molecules studied here seems to not be dependent on the
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evolutionary stage, parent cloud or companion sources, but primarily on the central
source heating its surrounding gas.

4.5.3 Comparison with diffuse clouds, PDRs and high-mass
protostars

Looking to compare what structures are common throughout the interstellar medium,
we compare the distributions found in IRAS and VLA with diffuse clouds and PDRs.
Furthermore, given that IRAS is much warmer than VLA, it is also compared to
high-mass protostars.

Towards the Horsehead nebula PDR, DCO™ is observed far from the irradiated
edge of the region, with no emission at the edge (Guzméan et al. 2015). The spatial
anti-correlation between DCO™ and ¢c—C;H, or C,H suggests a temperature effect,
as found for IRAS and VLA, highlighting that DCO™ is a really good tracer of cold
regions.

c—C;H, and C,H show close correlation in spatial distribution towards a number
of PDRs, including the Orion Bar (Pety et al. 2007; van der Wiel et al. 2009; Nagy
et al. 2015) and the Horsehead Nebula (Cuadrado et al. 2015; Guzman et al. 2015),
with both molecular species sitting at the irradiated, and thus warmer, edge of the
region. In addition, a tight correlation between c—C3;H, and C,H in diffuse clouds
has been found (Lucas & Liszt 2000; Gerin et al. 2011; Liszt et al. 2012). The column
density c—C5H,/C,H ratios calculated toward IRAS in the center and north positions
(¢c—C3H,/CyH = 0.05-0.07) reflect the values found for diffuse clouds (c—C3H,/C,H =
0.048; Lucas & Liszt 2000; Liszt et al. 2012) and the envelope of L1527 (¢c—C;H,/C,H
= 0.035 — 0.06; Sakai et al. 2014b).

In high-mass star-forming regions, c—C3H, and C,H are also strongly correlated,
with both lines presenting similar spatial distributions (Pilleri et al. 2013; Mookerjea
et al. 2012, 2014). Thus, the warmer envelope of IRAS does not provide a solution to
the puzzle of why ¢c—C3;H, and C,H are anti-correlated in this system. The cause is
most likely not related to the physical structure of IRAS, but the chemical processes
occurring in the envelope of this system.

4.6 Conclusions

In this work, we present ALMA, SMA and APEX observations of DCO™, c—C3H,,
C,H, N,H" and N2DJr towards TRAS 16293-2422 and VLA 1623-2417, both multi-
ple protostellar systems in p Ophiuchus. The spatial distribution of each molecule is
compared for both systems. DCO™ is studied using a simple analytic chemical net-
work coupled with radiative transfer modelling, detailed in Murillo et al. (2015, see
chapter 3), in order to determine the conditions leading to the observed peak position.
Non-LTE molecular excitation and radiative transfer modelling of the observed line
flux ratios is done to derive physical parameters of the regions being traced by the
molecules. Finally, the observations and results of VLA 1623-2417 and IRAS 16293-
2422 are compared, both between the two sources and other objects, ranging from
low- to high-mass protostars, diffuse clouds and PDRs, in order to understand what
structures are common.
From this work, we extract the following key points:
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1. Temperature is a controlling factor of the chemical structure of a protostellar
system. Disks can alter the temperature of the envelope, while UV heating can
encourage the start of chemical processes in the outflow cavity.

2. An asymmetric DCO™ structure is a good tell-tale sign for the presence of a
disk, since a disk shadows the envelope at its edge, lowering the temperature
and causing DCO™ to move inwards only along the disk plane.

3. ¢c—C3H, traces the outflow cavity of IRAS 16293-2422 and VLA 1623-2417, but
shows no disk component for either source.

4. Despite both VLA 1623-2417 and IRAS 16293-2422 being low-mass Class 0 em-
bedded objects, their structure and chemical richness varies considerably, with
VLA 1623-2417 being line poor. Its much lower luminosity, and consequently
lower temperatures, coupled with a large cold disk, are likely at the root of this
difference.

Although only two sources are studied in this work and some results in the litera-
ture, there is evidence pointing to a lack of correlation between multiplicity and the
chemical structure of the envelope of these systems, at least in the embedded phase.
Nevertheless, multiple systems do provide an interesting way to compare the structure
with similar conditions. It would be possible, however, that the heating from compan-
ion sources would affect the chemistry as the envelope clears. Further comparison of
embedded multiple protostellar systems is needed to confirm these results.

Appendix

4.A Velocity integrated maps

The velocity integrated maps of the molecules presented in this work are shown in
Fig. 11. For IRAS 16293-2422 A, the velocity gradient goes from north-east (blue-
shifted) to south-west (red-shifted). This gradient is consistent for H,CO and all
the transitions of c—C3H,. DCO™ is only observed to have a red-shifted component.
This is consistent with the DCO™" observations with the SMA and ACA. The velocity
gradient of IRAS 16293-2422 B is less clear, which is most likely due to it being
orientated face-on.

4.B Peak intensities and line ratios

The observed peak intensities of CoH and ¢—C3H, are listed in this appendix (Ta-
ble 6). The peak intensities are used in Sect. 4.4.2 and 4.4.3. In addition, the detailed
calculation of expected peak fluxes for NyH" and N,D™ are also summarized here
(Table 7).

Single-dish observations of low-J transitions of CN, HCN and HNC show strong
detections relative to other embedded systems (Jgrgensen et al. 2004). Our recent
APEX observations also detected NO towards VLA. However, single-dish observa-
tions of NH; (Wootten et al. 1994; Liseau et al. 2003) and N,H ™ (Liseau et al. 2015;
Punanova et al. 2016) indicate that these molecules have very low abundances at the
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Figure 11: Intensity (contours) and velocity (color-scale) integrated maps of c—C3H,, CoH
and DCO™ towards IRAS 16293-2422. The color-bar shows the velocity range in km s~* for
each panel. Contours show the respective line in steps of 2, 3, 5, 20, 60 and 800, with o
(Jy beam™" km s™!) indicated in the lower right corner of each panel. The postions of IRAS
16293-2422 A and B are indicated with a star and circle, respectively.
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position of VLA. N,D also exhibits the same behaviour (Punanova et al. 2016). Fur-
thermore, Herschel observations of high-J N,H' towards VLA (Liseau et al. 2015;
Favre et al. 2017)) show that the molecule is detected up to the J = 6-5 transition
peaking at ~0.1 K km s~! but the emission is extended. The observed parameters
of NyHT and N,D™ from Punanova et al. (2016) and Favre et al. (2017) are listed in
Table 7.

Using the observed transitions of NyH" and N,D ", we derive density and exci-
tation temperature with the method described in Sect. 4.4.1. The different beam
sizes of the observations require a beam dilution correction factor that is given by
Tl = Tubobs grouss— where T/

2 5
source T0heam

main beam temperature, respectively, deam is the solid angle of the single-dish beam
and Qgource is the solid angle subtended by the source. We assume the emission is
concentrated in the region of the smaller beam, which would be of 26.5” for N,H" and
16.3" for N,D™.

To compare with our ALMA observations, the expected peak for NyH™ 4-3 and
N,D™ 3-2 is derived from the observations of Punanova et al. (2016) and Favre et al.
(2017). The NyH " molecular data file without hyperfine structure is used to calculate
the kinetic temperature of both molecules. Since LAMDA does not have a molecular
data file for NyD ™, the data file for N,H " is used, selecting the corresponding transition
rather than frequency. For the predicted peak emissions for NyH™ 4-3 and N,D T 3-2,
two cases are examined: i) the observed emission is evenly distributed in the single-
dish beam (i.e., beam filling factor = 1) and ii) the emission is concentrated in a 1”
region (i.e. beam filling factor < 1). The second case introduces a beam dilution
correction. The results of the calculation are listed in Table 7.

The kinetic temperature and number density obtained in our calculations (~11 K,
~1077% em™3) are slightly higher than those previously reported (7.7 K, 106 cm™3;
Punanova et al. 2016). The column densities, however, are similar to those reported in
Punanova et al. (2016). For N,H ", our results are also consistent with those reported
in Liseau et al. (2015).

Using the physical parameters obtained from the DCO™ 5-4/3-2 ratio (Sect. 4.4.1
and Table 4), we calculate a column density of 1.5-2x10'3 em~2 for N,D . If instead
we use the physical parameters obtained from the N,D™ observations towards VLA,
we find a column density of 4-5x10'® ecm~2 for NyD* 3-2 towards IRAS. For both sets
of parameters, the column density is higher by one order of magnitude in comparison
to the N,D' toward VLA.

b and Ty obs are the corrected and observed

4.C PILS full spectra

The PILS survey spectra (Jorgensen et al. 2016) is reproduced here for the south
c—C3H, peak position and at one beam away from the position of IRAS-B. Figures
13, 14 and 15 present the full spectra for both positions. At the south c¢—C;H,
peak position, the spectra is multiplied by a factor of 10 to bring out the features.
Few molecular lines are detected at this position, apart from common molecules like
HCO" and CO, only c—C3H, and H,CS are detected.
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Table 6: c—C3H, and Cy;H peak intensities.

Molecules c—CyH, C,H
Transition 54 98 109 87 87  J-9/27/2F 54 J-9/27/2F43 J7/25/2F43 J-7/25/2F32
IRAS 16293-2422 (rms = 10 mJy beam™1)
South 240 410 350 90 200 <20 30 10 20
Centre 40 30 30 20 30 170 140 140 110
North 30 50 40 20 20 150 130 110 110
VLA 1623-2417 - APEX (rms = 80 mK)
A 960 616 680 342
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Table 7: NoH" and N,D™ parameters for VLA 1623-2417.

Observed
Parameter N,IT 10° N,0" 65°  N,D' 10° N,D° 21°
Tmb (K) 3.3 £0.1 0.2 £0.1 0.57 £ 0.1 1.5 £ 0.2
Avsp (kms™!) 056 £0.01 0.7+ 0.2 0.55 £ 0.03  0.55 % 0.01
Nmb 0.95 0.63 0.95 0.94
Qbeam () 26.5 36 32.1 16.3
Ratio 0.06 = 0.03 2.6 £0.6
Col. density (cm™2) 1.3x10"3 1.8x10'2
H, density (cm™3) 5x107 — 7x10° 5x107 — 7x10°
Tor (K) 1112 1112
Qsource — Qbeam NQI_Fr 4-3 NQD+ 3-2
Sprea (mJy beam™1) 99 22
Opeam.obs () 0.85 0.76
Oobs (mJy beam™1) 94.9 8.58
S/N 1 2.6
Qeource = 1” N,H™ 4-3 N,DT 3-2
Sprea (mJy beam™1) 2631 364
Qbeam obs () 0.85 0.76
Tobs (mJy beam™1) 94.9 8.58
S/N 27 42

Notes. (Y TRAM 30m observations from Punanova et al. (2016). () Herschel observations

from Favre et al. (2017)
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Figure 13: Full spectra obtained in the PILS survey for IRAS 16293-2422. Here the fre-
quency range 329.15 to 340.4 GHz is shown. The rest of the spectra is shown in Fig. 14 and
15. The spectra for the IRAS 16293-2422 B is one beam away from the source position, note
that it is multiplied by a factor of 2. The spectra for IRAS 16293-2422 A’s outflow is centered
at the observed peak of c—C3H,, note that it is multiplied by a factor of 10 and shows very
little emission other than c—C3H,, CH;OH, H,CS, H,CO and HCO™.
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Chapter 5

Do siblings always form and
evolve simultaneously?

Testing the coevality of multiple protostellar systems through

SEDs

Murillo, N. M., van Dishoeck, E. F., Tobin, J. J. and Fedele, D.
2016, A&A, 592, 56

Abstract

Context Multiplicity is common in field stars and among protostellar systems. Mod-
els suggest two paths of formation: turbulent fragmentation and protostellar disk
fragmentation.

Aims We attempt to find whether or not the coevality frequency of multiple
protostellar systems can help to better understand their formation mechanism. The
coevality frequency is determined by constraining the relative evolutionary stages
of the components in a multiple system.

Methods Spectral energy distributions (SEDs) for known multiple protostars in
Perseus were constructed from literature data. Herschel PACS photometric maps
were used to sample the peak of the SED for systems with separations >7", a crucial
aspect in determining the evolutionary stage of a protostellar system. Inclination ef-
fects and the surrounding envelope and outflows were considered to decouple source
geometry from evolution. This together with the shape and derived properties from
the SED was used to determine each system’s coevality as accurately as possible.
SED models were used to examine the frequency of non-coevality that is due to
geometry.

Results We find a non-coevality frequency of 33 + 10% from the comparison of
SED shapes of resolved multiple systems. Other source parameters suggest a some-
what lower frequency of non-coevality. The frequency of apparent non-coevality
that is due to random inclination angle pairings of model SEDs is 17 £ 0.5%. Ob-
servations of the outflow of resolved multiple systems do not suggest significant
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misalignments within multiple systems. Effects of unresolved multiples on the SED
shape are also investigated.

Conclusions We find that one-third of the multiple protostellar systems sampled
here are non-coeval, which is more than expected from random geometric orienta-
tions. The other two-thirds are found to be coeval. Higher order multiples show a
tendency to be non-coeval. The frequency of non-coevality found here is most likely
due to formation and enhanced by dynamical evolution.

5.1 Introduction

Multiplicity is common in stars: 46% of the solar-type field stars (Raghavan et al.
2010) and more than 82% of the O- and B-type stars (Chini et al. 2012) are multiple
stars. Multiple stars are responsible for some of the more interesting phenomena
in evolved stars, for example in the dust and gas shells of evolved stars (Maercker
et al. 2012; Decin et al. 2015), phenomena such as type Ia supernovae (SNe), blue
stragglers and cataclysmic variables that are generated through mass transfer in close
binaries. Multiples are also laboratories in which to test models of stellar physics and
the products of star formation (Duchéne & Kraus 2013).

Chen et al. (2013) and Tobin et al. (2016b) found that the frequency of multiplicity
is highest for deeply embedded protostars and decreases to pre-main sequence and field
stars in the separation range of 15 to 10000 AU. These authors used Submillimeter
array (SMA) 1.3 mm and 850 pum archival data and Very Large Array (VLA) 8 mm
and 1 cm observations, respectively. However, these surveys are incomplete toward
small separations (<15 AU for the VLA and <600 AU for the SMA), and the de-
rived frequency should be considered a lower limit. This clearly shows that stars are
frequently born as multiple stellar systems.

While it is considered that fragmentation within the parent cloud is the mechanism
through which multiples form, it is uncertain at which point in time and on what scale
the fragmentation occurs. Models suggest one of two paths: turbulent fragmentation
of the core (>1600 AU scales, e.g., Offner et al. 2010), or gravitational instability of the
protostellar disk (<500 AU scales, e.g., Stamatellos & Whitworth 2009a; Kratter et al.
2010). While some mechanisms are thought to produce coeval systems, turbulence
can cause density enhancements that can lead to non-coevality in multiple protostellar
systems. Dynamical ejections of close binaires can, on the other hand, yield apparently
non-coeval systems.

Early studies at disk scale (~100 AU) separations found that 15% out of 10 to 20
T Tauri and pre-main sequence binaries are formed of classical and weak-lined T' Tauri
stars, similar to mixed pairs in young binaries (Duchéne et al. 1999; Hartigan & Kenyon
2003). Classical T Tauri stars are generally considered to be younger and more actively
accreting than weak-lined T Tauri stars (Duchéne et al. 1999; Kenyon & Hartmann
1995). Comparison of these binaries with isochrones showed that secondaries tend to
be younger than primaries (Hartigan & Kenyon 2003), but it was suggested that this
age difference would disappear with flatter isochrones. A larger study of 65 T Tauri
stars in Ophiuchus, Taurus and Corona Australis also found classical and weak-lined
T Tauri binaries, in agreement with earlier studies, as well as Class I and II binaries
(McCabe et al. 2006) through comparison of color in K, L, [N] and 18 pm observations.
This study noted that mixed pairs had a tendency of showing disks with low to no
accretion, indicating different ages among the components, and supporting inside-out
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Figure 1: Cartoon of the definitions used in this work. More evolved sources are represented
by larger disks, wider outflow cavities and less envelope material

disk evolution.

Kraus & Hillenbrand (2009) studied the 36 known binaries in the Taurus-Auriga
region (d ~145 pc) with separations >200 AU, known spectral types and flux ratios
with the aim to probe the coevality of pre-main sequence binaries. Coevality of the
sample of binaries was determined through comparison with a hybrid of two theoretical
isochrones to estimate the ages of each component. Kraus & Hillenbrand (2009) found
that two-thirds of the pre-main sequence binaries are coeval with a dispersion lower
than 1.4 Myr (0.16 dex), with no trend between age and mass or separation, suggesting
that coevality is a product of formation. It should be highlighted that only binaries
were probed in Kraus & Hillenbrand (2009), which raises the question of whether
the coevality frequency is different when higher order multiples are considered. This
is related to the dynamic evolution of multiple systems, since higher order multiples
tend to disintegrate more readily (Reipurth 2000), and fewer of them survive to main
sequence stages (11% higher order multiples in solar-type stars, Raghavan et al. 2010).

While isochrones are considered the best technique to determine ages, age deter-
mination is plagued by large uncertainties, bias and the assumptions made to estimate
the age, namely the definition of 7 = 0 (Soderblom et al. 2014). For embedded sys-
tems, determining the age is even more difficult due to the lack of information on the
spectral type and stellar luminosity. Using color, mass accretion rates and inner disk
holes to determine evolutionary classfication and ages, while useful for T Tauri stars
and even for a few Class I protostars (Duchéne et al. 1999; Hartigan & Kenyon 2003;
McCabe et al. 2006), becomes difficult for deeply embedded sources, where near- in-
frared detections are often lacking and accretion can be more variable (Audard et al.
2014). A more viable focus therefore is to probe the relative evolutionary stages of
the components of multiple systems. While the age coevality will not be probed, the
evolutionary coevality, which sets the conditions for the system’s life, will be probed
and can provide insight into the question.

The evolutionary stage of protostars is usually defined by the spectral energy dis-
tribution (SED) shape, infrared spectral index ajgr, bolometric temperature T}, and
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the ratio of submillimeter luminosity Lgupmm to bolometric luminosity Ly, which
reflects the ratio of stellar mass M, to envelope mass Mgy, (Froebrich 2005). The
SED peak will tend to move toward the shorter wavelengths as the protostar evolves
and disperses its envelope, changing the shape of the SED. It is expected that the
parameters derived from the SED also reflect this, for example, T}, will increase as
the protostar sheds its natal cocoon and air will decrease as the protostar moves from
the embedded phases to Class II. As the envelope is dispersed, the submillimeter lumi-
nosity will decrease and therefore Lgybmm / Lbol will also decrease. In-depth studies of
some individual embedded multiple protostellar systems suggest non-coevality in em-
bedded systems (such as L1448N A & B: Ciardi et al. 2003; NGC1333 SVS13: Chen
et al. 2009; L.1448C: Hirano et al. 2010; VLA1623: Murillo & Lai 2013) based on these
criteria. However, the geometry, or in other words, the inclination and outflow cavity
of the observed protostellar system, affects the shorter wavelength (< 70 pm) part of
the SED. This in turn affects the derivation of parameters from the SED, some more
strongly than others (Whitney et al. 2003; Robitaille et al. 2006; Crapsi et al. 2008),
and the evolutionary stage classification (Enoch et al. 2009b; Dunham et al. 2014).
Studies of modeled protostellar SEDs demonstrate that accurately constraining the
inclination of the source provides more accurate estimates of the derived parameters
and thus of the evolutionary stage classification (Offner et al. 2012b).

The inclination of the protostellar system with respect to our line of sight can be
estimated from outflow observations and is derived with more precision from rotation-
ally supported disk structures, if present. Protostellar systems alter their environment
as they evolve, clearing out envelope material through widening of the outflow cavity
(Arce & Sargent 2006), accretion and concentration of material onto the protoplan-
etary disk. Hence, the envelope and outflow can further constrain the evolutionary
stage of the source through the chemical and physical structure of the envelope and
core. As a consequence, to establish the evolutionary stage of a source and eventually
the coevality of a multiple protostellar system, the SED, derived properties, inclination
and environment must be accounted for.

In this work we present the construction and analysis of the SEDs of all identified
protostellar systems in the Perseus molecular cloud, the largest sample of Class 0, I
and II. Perseus is the main target of this work because it is a well-studied region whose
multiplicity and environment are relatively well known. This provides data over a wide
range of wavelengths and resolutions and both continuum and line emission towards
most, if not all, of the region.

For this purpose, literature and archival data were used to construct the short
(<70 pm) and long (>160 pm) wavelength regimes of the SEDs. Herschel Space
Observatory Photodetector Array Camera and Spectrometer (PACS, Poglitsch et al.
2010) photometric maps were used to cover the peak of the SEDs (70, 100 and 160
pum), without which large uncertainties arise in the parameters derived from the SED.
The Herschel PACS beamsize limits the range of component separations that can be
probed to 27" | which at the distance of Perseus (d ~ 235 £ 18 pc, Hirota et al. 2008,
2011) becomes ~1600 AU. Below this angular resolution, the fluxes of multiple systems
are difficult to disentangle. Therefore the coevality frequency, system alignment and
properties derived in this work, as well as the environment, will provide constraints
for fragmentation models only at core scales (>1600 AU).

In this paper we present the constructed SEDs of all identified and known sys-
tems in Perseus, with special focus on multiple protostellar systems. The SEDs are
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constructed from literature and Herschel PACS data, compared with canonical SEDs
for different stages from Enoch et al. (2009b). With this work, we aim to determine
the frequency of coevality in multiple protostellar systems to provide constraints for
multiple protostar formation scenarios. Section 5.2 defines the concepts used in this
work. The data and sample studied in this paper, as well as the construction of SEDs
and derivation of derived properties, are described in Sect. 5.3. The results, including
an analysis of unresolved SEDs, are given in Sect. 5.4. Finally, the discussion and
conclusions are given in Sects. 5.5 and 5.6, respectively.

5.2 Definitions

For consistency and clarity of the terms used throughout this work, definitions of
certain terms are provided in this subsection. An illustration of these definitions is
shown in Fig. 1.

Protostellar system is defined as a source and its surrounding environment com-
posed of a disk, an envelope and a bipolar outflow.

Multiplicity or multiple is used to refer to a system consisting of two or more
components or sources, regardless of whether they are stars or protostars. The terms
binary, triples and higher order multiples are thus implicitly merged into this term.

Multiple protostellar system or simply multiple system here refers to two or more
protostellar sources composing one system. Multiple systems are generally observed to
share a common envelope and, in some cases, a common disk. We assume that a group
of protostars is gravitationally bound unless there evidence to the contrary, if they were
observed to have a common envelope in single-dish observations. An observed group
of protostellar systems is considered a multiple when several observations and studies
confirm its multiplicity through both continuum and molecular line emission.

Coevality is taken to mean the relative evolutionary stages of the components that
make up a multiple protostellar system, accounting for the SED, derived properties,
inclination and environment. Environment is taken here to mean the outflows, sur-
rounding envelope,and disk(s), if any. A multiple system whose components show
similar evolutionary stages is considered coeval, while a multiple system with different
evolutionary stages is referred to as non-coeval.

Resolved multiple system is a system with confirmed multiplicity with separations
> 7" that can be resolved in the Herschel PACS maps.

Unresolved multiple system is a system with confirmed multiplicity down to 0.08”
and separations < 7" that cannot be resolved in the Herschel PACS maps.

5.3 Sample and data

5.3.1 Source sample

To study the coevality of multiple systems, the component protostellar systems must be
identified. Perseus was chosen because of the large number of embedded young stellar
objects in a single cloud at d<300 pc. Our source sample list and coordinates are
obtained from Tobin et al. (2016b), who identified multiple systems in Perseus down
to 15 AU separations in the VLA Disk and Multiplicity survey of Perseus protostars
(VANDAM) survey. At the same time, the source sample was divided, based on
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Figure 2: Herschel PACS stamps of resolved multiple protostellar systems in Perseus, ex-
cept for NGC1333 IRAS4 which also shows IRAS4A, an unresolved protobinary. Each stamp
is 80” x 80”. 70, 100 and 160 um are shown in blue, green and red, respectively. Blue
symbols represent the components of a system, with circles denoting those with additional
unresolved multiplicity and diamonds indicating those without (known) additional multiplic-
ity. NGC1333 TRAS4A is marked in red.
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the findings of Tobin et al. (2016b), into three categories: resolved multiple systems
and unresolved multiple systems with our 7" separation, and single protostars. The
source sample is listed in Tables 1 and 2. Multiple systems and their components
are referred to by their most common name. Components with designations PerXX
up to 66 are shorthand for Per-emb XX from Enoch et al. (2009b). Sources with
designations EDJ2009-XXX refer to sources from Evans et al. (2009). Duplicated
systems in Tables 1 and 2 arise because some multiple systems have components that
have been observed to be close binaries with separations <7” (e.g., NGC1333 IRAS7
Per18, Tobin et al. 2016b). Half of the wide resolved multiple systems in our sample
have a close unresolved companion, that is, 8 out of 16 systems. Of these 8 systems,
3 (L1448N, NGC1333 IRAS2 and NGC1333 IRAS7) have two resolved components
with an unresolved companion each. Confirmed single protostellar systems are listed
and discussed in Appendix 5.D.

The sources in our sample have all been confirmed to be protostars through studies
at multiple wavelengths, ruling out background sources, AGB stars, or galaxies.

5.3.2 Literature data

Most star forming regions have been observed at infrared and (sub)millimeter wave-
lengths at different epochs and with varying resolutions. The first step to constructing
SEDs is therefore a search of the available data in the literature. It needs to be noted,
however, that even though there is much information in the literature, not all proto-
stellar systems have been homogeneously observed or photometry reported, making it
impossible to have all SEDs sampled at the same wavelengths.

The near- to mid-infrared regime of protostellar SEDs is well characterized from
2MASS and Spitzer Space Telescope observations with fluxes shortwards of 70 pum.
The c2d catalog (Dunham et al. 2015) provides fluxes from 1.25 pm to 24 pum. The
Spitzer 70 pm fluxes are not considered here given the large beam and saturation of
the MIPS instrument for the 70 pym detector and the superior quality of the Herschel
data. Sensitivity limits at each wavelength from the respective instruments are taken
as upper limits for sources that lacked an entry in the c2d catalog. For NGC1333,
integrated fluxes at wavelengths <70 um were obtained from the compiled catalog of
Rebull (2015) after conversion from magnitude to mJy units.

Submillimeter and millimeter integrated fluxes were collected from diverse inter-
ferometric continuum surveys (e.g., Looney et al. 2000; Jgrgensen et al. 2007; Chen
et al. 2013; Yen et al. 2015) as well as works reporting fluxes for individual protostellar
systems (e.g., Chen et al. 2009; Hirano et al. 2010; Palau et al. 2014). Careful selection
of the fluxes from literature was made to ensure that as much emission could be recov-
ered from the observations as possible, while at the same time the individual sources
could be clearly and easily separated. The VANDAM survey (Tobin et al. 2016b)
provides fluxes from 8 mm to 1 cm for all sources in the Perseus star forming region.
Interferometric observations are preferred over single-dish observations because of the
resolution needed to separate the flux contribution from each component in a multiple
system. The typical fraction of recovered flux varies by telescope configuration, sen-
sitivity and structure being probed. Tobin et al. (2015) provided a comparison that
gives an idea of the recovered flux in interferometric observations.

Although data from the literature can cover the near- to mid-infrared and (sub)millimeter
regimes of the SED, the peak of the SED is not well sampled typically at 70 to 160
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Table 1: Sample of resolved multiple protostellar systems (separation > 7")

System Component RA¢ Dec.® Sep.?
(J2000) (J2000) @

L1448 C N 03:25:38.87  +30:44:05.40

S 03:25:39.14  +30:43:58.30 8.1

L1448 N A 03:25:36.53  +30:45:21.35

B 03:25:36.34  +30:45:14.94 7.3

C 03:25:35.53 +30:45:34.20 16.3

11448 IRS2 1RS2 03:25:22.40 +30:45:12.00
IRS2E 03:25:25.66  +30:44:56.70 46.9

NGC1333 SVS13 A 03:29:03.75  +31:16:03.76
B 03:29:03.07  +31:15:52.02 14.9

C 03:29:01.96  +31:15:38.26 34.7

NGC1333 IRAS2 A 03:28:55.57  +31:14:37.22
B 03:28:57.35  +31:14:15.93 314

NGC1333 IRAST Perl8 03:29:11.26  +31:18:31.08
Per21 03:29:10.67  +31:18:20.18 13.3

Per49 03:29:12.96  +31:18:14.31 27.5

NGC1333 IRAS4 B 03:29:12.01 +31:13:08.10
B’ 03:29:12.83  +31:13:06.90 10.6

NGC1333 IRASS Perb52 03:28:39.72  +31:17:31.89
Per63 03:28:43.28  +31:17:32.90 45.7

B1 Per6+Perl0 Per6 03:33:14.40  +31:07:10.88
Per10 03:33:16.45  +31:06:52.49 31.9

1C348 Per8-+Perb5 Per8 03:44:43.94 +32:01:36.09
Perb5 03:44:43.33  +32:01:31.41 9.6

1C348 MMS Perll 03:43:57.06  +32:03:04.60

E 03:43:57.73  +32:03:10.10 10.2
1C348 SMM2 S 03:43:51.08  +32:03:08.32

N 03:43:51.00  +32:03:23.76 16.1
B1-b S 03:33:21.30  +31:07:27.40

N 03:33:21.20  +31:07:44.20 17.4

W 03:33:20.30  +31:07:21.29 13.9

NGC1333 Per58-+Per65 Per58 03:28:58.44  +31:22:17.40

Per65 03:28:56.31  +31:22:27.80  28.9
1C348 Per32+EDJ2009-366 Per32 03:44:02.40  +32:02:04.89
EDJ2009-366  03:43:59.44  +32:01:53.99  36.6
NGC1333 PER37 Per37 03:29:18.89  +31:23:12.89

EDJ2009-235 03:29:18.259  431:23:19.758  10.6
EDJ2009-233  03:29:17.675  +31:22:44.922  33.7

Notes. (¥ Coordinates from Tobin et al. (2016b). (*) Separations are obtained from Tobin
et al. (2016b) and are listed relative to the first component tabulated. Typical uncertainties
in position are <0.1”.
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Table 2: Sample of unresolved multiple protostellar systems (separation < 7")

System RA (J2000) Dec. (J2000) Sepearation® (")
NGC1333 IRAS4A 03:29:10.51  +31:13:31.01 1.828
IRAS 0329243039 03:32:17.95  +30:49:47.60 0.085
IRAS 03282+3035 03:31:21.00  +30:45:30.00 0.098
NGC1333 IRAS2A 03:28:55.57  +31:14:37.22 0.619
NGC1333 IRAS2B 03:28:57.35  +31:14:15.93 0.311

NGC133 IRAS7 Perl8  03:29:11.26  +31:18:31.08 0.081
NGC1333 IRAST Per4d9  03:29:12.96 +31:18:14.31 0.313
L1448N C 03:25:35.53  +30:45:34.20 0.251
L1448N B 03:25:36.34  +30:45:14.94 0.226

Perl17 03:27:39.09  +30:13:03.00 0.273
1C348 MMS Perll 03:43:57.06  +32:03:04.60 2.950
NGC1333 SVS13A 03:29:03.75  +31:16:03.76 0.3

L1448 TRS2 03:25:22.40  +30:45:12.00 0.751
L1455 FIR2 03:27:38.23  +30:13:58.80 0.346
Bl-a 03:33:16.66  +31:07:55.20 0.391
EDJ2009-269 03:30:43.91  +30:32:46.28 0.539
1C348 Perb5 03:44:43.33  +32:01:31.41 0.613
EDJ2009-183 03:28:59.32  +31:15:48.14 1.022
L1448 IRS1 03:25:09.54  1+30:46:21.96 1.424
NGC1333 IRAS1 03:28:37.00  +31:13:27.00 1.908
EDJ2009-156 03:28:51.11  +31:18:15.41 3.192

Per32 03:44:02.40  +32:02:04.89 5.910

HH211 03:43:56.80  +32:00:50.21 0.3%

Per62 03:44:12.98  +32:01:35.40 0.121¢

Notes. (9 Separations obtained from Tobin et al. (2016b). Typical uncertainties in position
are <0.1”. ® The companion reported in Lee et al. (2009) appears to be substellar with an
orbital period of 3000 yr, which could explain the jet precession. Lee et al. (2010) also argued
for a third component at <30 AU, proposing that it is a very low-mass system. (¢ Possibly
unresolved binary.
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Table 3: StarFinder photometry parameters

Regions A Beam® PSF® FWHM® Deblend? Flux error
pm " " mJy
NGC1333, B1, IC348 70 9.6 13.0 1.0 N 20 - 30
100 7.2 8.0 1.0 N 7-10
160 12.8 13.0 1.0 N 10 - 15
11448, 1.1455 70 9.6 13.0 0.7 Y 24 - 34
100 7.2 8.0 0.7 Y 8-16
160 12.8 13.0 0.7 Y 11-20

Notes. (¥ Measured from the FWHM of the extracted PSF. (") This refers to the mask
applied to the PSF to include the PSF sidelobes. (©) Parameter to determine the smallest
separation between close sources in terms of the FWHM. (¥ Switch parameter to set whether
detected sources are deblended.

pm. The lack of a well sampled SED peak can seriously underestimate the derived
parameters and evolutionary classification of a protostar, and in turn the coevality
determination of a system. Herschel PACS data are therefore crucial to this work.

5.3.3 Herschel PACS photometric maps

Archival photometric maps from Herschel PACS from the Gould Belt Survey (André
et al. 2010; Pezzuto et al. 2012) were obtained from the Herschel Science Archive for the
entire Perseus region. The maps made with JScanmap were selected for performing
the photometry (see Appendix 5.A). From these data we can extract 70 ym < S,
< 160 pm integrated fluxes. Due to the resolution of Herschel PACS observations,
fluxes from each component in a multiple protostellar system can be extracted only
for systems whose projected separations are >7".

Star-forming regions tend to be clustered, hence, crowded-field photometry tech-
niques are employed to best exploit the Herschel PACS maps. While aperture pho-
tometry is a simple and straightforward method, it is not a viable solution for crowded
protostellar fields. Point spread function (PSF) photometry presents a better solution
to the problem at hand. The IDL-based program StarFinder (Diolaiti et al. 2000) was
employed to perform photometry on the Herschel maps. The PSF was extracted from
the maps themselves to account for the specific observation mode, which cannot be
achieved as easily with modeled ideal PSFs. Single isolated sources were used to ex-
tract the PSF, with moderate brightness, thus avoiding spikes and negative spots, and
little to no surrounding nebulosity. The extracted PSFs provide beam sizes of 9.6”,
7.2"” and 12.8” for 70, 100 and 160 um, respectively. StarFinder allows deblending of
sources and setting a lower limit for the FWHM for source separation, which proves
to be very useful in separating multiple systems from PACS maps.

Postcard maps of each sub-region of Perseus, measuring 44’ x 44’, were extracted
for ease of photometry. For postcard maps from the same larger map, the same PSF
was used, which means that we required the PSF to be extracted only once per map
using the best single-source targets. To avoid an overestimation of the measured fluxes
and facilitate source deblending, the extracted PSF was then masked by introducing
an aperture factor. The StarFinder parameters for the photometry used in this work
for each subregion and the typical flux uncertainty per wavelength are listed in Table 3.
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Table 4: Statistics from the constructed SEDs.

L1448 & NGC1333 1C348 B1 Total
L1455
Multiple total 9 17 9 ) 40
Resolved system 3 8 4 1 16
Unresolved system 6 9 5 4 24
Single 7 20 9 12 48
Total systems 16 36 18 17 88
Multiplicity frequency® 56.3% 47.2% 50.0% 29.4% 45.5%
Resolved: Coeval 3 6 2 2 14
Resolved: Non-coeval 1 3 2 1 7
Total determined systems 4 7 4 3 21
Non-coevality frequency® 25% 29% 50% 66% 33 + 10%

Notes. (¥ Calculated as the ratio of multiples or non-coeval systems over the total number
of systems.

After PSF photometry was performed, PSF aperture and background corrections were
applied to the raw fluxes. The values used for aperture correction are tabulated in
Balog et al. (2014). A detailed explanation of the photometry with StarFinder is given
in Appendix 5.A.

5.3.4 SED construction

Given the multiple names and identifiers each source has accumulated through surveys
and literature, fluxes at different wavelengths were matched by means of the coordi-
nates with a search radius of < 4.5”. The search radius was selected to be below the res-
olution limit of Herschel and similar to the FWHM lower limit for StarFinder, avoiding
any confusion in source identification. Coordinates were obtained from (sub)millimeter
interferometric observations given the higher angular resolution and because the source
positions at these wavelengths are less likely to be contaminated by foreground stars
(e.g., NGC1333 IRAS2B at A < 8 um, Rodriguez et al. 1999) or scattered light.

Care was taken that fluxes at all available wavelengths for each SED were separated
from the other protostars in their system. At 160 pm this criteria breaks down for
systems with separations smaller than 9 to 10”. In these cases, the flux is flagged as
combined and is noted in the plotted SEDs. Upper limits are also flagged and noted
with a different symbol in the plots.

L1448 TRS1, an unresolved multiple systems, has fewer than three points in the
SED. The same situation occurs for 7 single protostellar sources, listed in Table 9.
Hence, these systems are not shown in Figs. 4 and 9.
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Figure 3: Constructed SEDs for resolved multiple protostellar systems. Filled circles denote
the fluxes without contamination from nearby sources. Triangles indicate upper limits. Each
SED is overlaid with the template SEDs from Enoch et al. (2009b) for comparison (dashed
lines).
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Figure 4: Constructed SEDs for unresolved multiple protostellar systems. Other details are
the same as in Fig. 3.



Table 5: SED derived properties

SyStem Source Tbol Lbol Lﬁr / Lbol Lsubmm / Lbol Q3_24pm
K Lo
L1448 C N 49.5 £ 15.8 10.27 £ 1.59 0.479 +0.104 (7.7 +1.9)E-5 2.19 + 0.38
S 82.6 £ 12.1 1.98 £ 0.31 0.416 + 0.092 (3.2 £ 0.9)E-5 1.86 4+ 0.65
L1448 N A 97.3 £9.8 8.08 £ 1.27 0.566 + 0.124 (9.4 + 2.4)E-5 3.09 4+ 0.72
B 47.0 &£ 25.7 2.11 £0.33 0.632 +£ 0.137 (1.8 £ 0.4)E-3 1.87 +0.37
C 43.3 £ 0.2 2.89 + 0.44 0.412 £ 0.089 (5.3 + 1.4)E-4
L1448 IRS2 IRS2 50.8 £ 11.9 4.30 £+ 0.66 0.483 + 0.105 248 £0.44
IRS2E < 30.9 < 0.12 < 0.882 < 4.2E-2 > 2.67
NGC1333 SVS13 A 74.6 £ 51.9 119.28 4+ 18.31 0.140 + 0.030 (4.2 + 0.9)E-4
B 35.0 £0.1 10.26 +£ 1.57  0.143 £ 0.031 (5.1 &+ 1.1)E-3
C 38.0 £ 3.1 222 £0.34 0.670 + 0.145 (5.8 &+ 1.3)E-3 > -1.40
NGC1333 IRAS2 TIRAS2A 48.8 £ 9.5 47.06 £ 7.21 0.441 + 0.095 (1.4 + 0.3)E-3  3.09 &+ 0.54
TRAS2B 477 £ 0.5 5.27 £ 0.81 0.412 + 0.089 (1.2 + 0.3)E-3 > 2.58
NGC1333 IRAS7 Per18 46.4 + 124 4.70 £ 0.72 0.522 +0.114 (3.6 = 0.8)E-3  2.20 4+ 0.52
Per21 51.7 £ 16.5 3.42 £ 0.53 0.478 +£0.104 (3.3 £ 0.7)E-3 2.01 + 0.36
Per49 315.1 + 36.4 0.66 £ 0.11 0.058 £+ 0.013 0.19 £ 0.39
NGC1333 IRAS4 B 34.2 £ 18.9 4.46 £+ 0.68 0.778 +£ 0.169 (1.2 + 0.3)E-2  1.65 4+ 0.93
B’ 8.6 £0.1 1.76 £ 0.28 0.010 + 0.002 (9.6 + 2.1)E-3
NGC1333 IRASS Perb2 306.8 + 88.4 0.13 £ 0.02 0.158 + 0.036 . 0.34 £ 0.09
Per63 476.5 £ 60.8 1.52 £ 0.25 0.061 + 0.014 0.15 £ 0.17
NGC1333 Per6+Perl0 Per6 72.7 + 12.6 0.18 £ 0.03 0.307 + 0.068 2.18 £0.34
Per10 44.5 + 10.0 0.44 £+ 0.07 0.576 + 0.125 1.63 £ 0.08
1C348 Per8+Perb5 Per8 51.8 + 53.7 1.86 £+ 0.29 0.507 + 0.110 1.07 £ 0.23
Perb5 334.1 + 39.6 1.49 £ 0.25 0.068 + 0.015 0.22 £ 0.07
1C348 MMS MMS2 34.2 £ 35.7 223 £0.34 0.323 £ 0.070 1.61 £ 0.33
E 35.8 £ 64.9 0.10 £ 0.03 0.734 + 0.306 (8.1 &+ 3.8)E-2 > 2.34
I1C348 SMM2 S 42.3 + 18.8 0.93 + 0.14 0.182 £+ 0.039 . 0.03 £ 0.68
N 474 £ 16.7 0.34 £ 0.05 0.584 4+ 0.127 1.53 £ 0.19
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Table 5: continued.

Source

SyStem Tbol Lbol Lﬁr / Lbol Lsubmm / Lbol Q3-24pm
K Lo

B1-b N 22.0 £ 0.1 0.16 £ 0.02 0.817 + 0.177 (2.0 + 0.4)E-1 > -1.40

S 23.5 £ 11.0 0.32 £ 0.05 0.985 + 0.216 (1.2 + 0.3)E-1 > (.46
W 222.3 £ 16.7 0.10 £ 0.02 0.049 £+ 0.012 0.70 £ 0.33
NGC1333 Per58+Per65 Perb8 278.2 £ 43.0 0.66 £ 0.11 0.121 £+ 0.027 0.50 £ 0.25
Per65 550.6 £ 58.6 0.11 £ 0.02 0.186 + 0.042 -0.06 £ 0.03
1C348Per32+EDJ2009-366 Per32 1244 + 224 0.06 + 0.01 0.352 £+ 0.083 1.54 £ 0.14
EDJ2009-366  777.8 + 52.8 1.23 + 0.20 0.011 £ 0.002 -0.54 £ 0.09
NGC1333 Per37 Per37 36.6 £ 28.9 0.48 £ 0.07 0.687 +£0.150 (2.1 £ 0.5)E-2 1.25 + 0.31
EDJ2009-235 291.3 £+ 14.4 0.02 £ 0.00 1.02 £ 0.31
EDJ2009-233 1276.3 £ 67.3 1.33 £ 0.21 0.010 £ 0.002 -0.77 £ 0.04

G YHLAVHD
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5.3.5 Source properties

Source properties derived from the constructed SED are expected to aid in the evolu-
tionary stage classification. Constraining the peak of an SED improves the calculation
of the protostellar system’s derived properties, which makes the Herschel PACS obser-
vations crucial for this task. Five parameters were derived for each constructed SED:
infrared spectral index, bolometric temperature and luminosity and two luminosity
ratios.

For the infrared spectral index ajgr, the slope between 3 ym and 24 pm is given by

_dlog(A Fy)
UR = 0 A

where F) is the flux at a given wavelength . If the flux at 24 pm is absent, aig is
not reported. When one or more of the fluxes in this range is an upper limit, ag is a
lower limit.

The bolometric temperature T}, is expressed as

fOV v S, dv

Thor = 1.25 x 1071 29
bol fo Sy dv

where S, is the flux at a given frequency v.
The bolometric luminosity Ly, is derived using

v
Ly =4 7 D? / S, dv
0
where D is the distance. Submillimeter luminosity (A > 350 pm) Lgupmm and far-
infrared luminosity (A < 70 pum) Lg, were derived from the same equation using the
corresponding wavelength ranges. Both T}, and Ly, were derived from the SEDs
using trapezoidal integration.

In addition, two luminosity ratios were taken: submillimeter to bolometric Lsubmm/Lbol
and far-infrared to bolometric Lg;/Lno;. Both ratios were used since interferometric
continuum observations resolve out much of the extended flux pertaining to the enve-
lope, while the far-infrared fluxes from Herschel are expected to capture most of the
envelope emission. These ratios are meant to reflect the envelope to central star mass
ratio (André et al. 1993; Froebrich 2005), which is used to define the separate physical
stages of protostars (Robitaille et al. 2006; Enoch et al. 2009b). Deeply embedded
sources are expected to have luminosity ratios higher than 0.005, while less embedded
protostars tend to show ratios lower than 0.005.

5.3.6 Caveats

The results in this work are limited by the resolution of the Herschel PACS maps.
Multiple systems with separations <7 cannot be resolved, making the frequency
of non-coevality found in this work applicable to wider systems. Furthermore, the
results obtained here can provide constraints for multiple protostellar system formation
scenarios at the core scale (>1600 AU).

Some multiple systems lack reported resolved submillimeter fluxes, which means
that the derived properties are under- or overestimated. This affects the evolutionary
classification derived from these parameters. Care must then be taken to consider
this aspect when classifying the systems, and the relations between components of a
system are more relevant than the actual quantities themselves.
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5.4 Results and analysis

The constructed SEDs are presented in Fig. 3 for resolved systems and in Fig. 4 for
unresolved systems. Flux uncertainties are in general comparatively small, hence when
plotted, the errors are not much larger than the symbols used for plotting.

The constructed SEDs are analyzed with the aim to study the coevality of multiple
systems. All the parameters typically used to identify a protostellar system’s evolu-
tionary stage together with additional diagnostics are used in the classification. This
is to ensure that there is as little bias as possible due to inclination, which tends to
affect the derived SED parameters. In this section each method and the corresponding
results are presented.

5.4.1 SED shapes

As the protostellar system evolves and clears out the envelope, the peak of the energy
distribution shifts to shorter wavelengths. The wavelength at which the SED peaks
can therefore be used as an indicator of the evolutionary stage. Average SEDs for the
progressive evolutionary stages are shown in Figure 7. These SEDs were derived from
the Spitzer c2d observations of a large sample of protostars in Perseus and Serpens
by Enoch et al. (2009b) and divided into classes based on T},.. Figures 3 and 4 show
the constructed SEDs for multiples compared with these average SEDs.

A quick look at the constructed SEDs makes it clear that several multiple sys-
tems have components with different SED shapes (e.g., IC348 Per8-+Per55, 1C348
Per32+EDJ2009-366), while others have components with similar SED shapes (e.g.,
NGC1333 TRAS 5, IC348 MMS2) or a combination (e.g., NGC1333 IRAS 7, L1448
N, NGC1333 SVS13, Bl-b). The similar SEDs hint at coeval components, whereas
non-coevality is suggested by the differing SEDs.

To obtain some simple statistics, we counted the systems and identified stages by
eye in comparison to each other and to Fig. 7. The frequency of non-coevality found
in this way is listed in Table 4. Higher order multiples were counted twice, once for
the first pair and then a second time for the pair compared to the third component.
For example, NGC1333 TRAS7 was counted once as coeval and once as non-coeval,
since Per18 and Per21 appear to have the same evolutionary stage, but are non-coeval
relative to Per49. This generates a total of 21 systems where coevality is probed, in
contrast to the 16 systems in our sample. We found that 7 of 21 systems (33 = 10%)
show non-ceovality: L1448 N, NGC1333 SVS13, NGC1333 IRAS7, IC348 Per8+-Per55,
B1-b, IC348 Per32+EDJ2009-366 and NGC1333 Per37. We did not set a maximum
separation limit for a multiple system, but it is interesting to see the change in non-
coevality frequency in our sample as a limit is set. Assuming the characteristic size of
protostellar cores (30”), we found that 6 of 15 systems (40 + 13%) with separations
<30 are non-coeval. An arbitrary separation limit of <20” shows 4 out of 14 systems
(33 + 14%) to be non-coeval. This means that the rate of non-coevality does not
change significantly by limiting the separation of multiple systems.

For NGC1333 Per37, the EDJ2009-235 component is not detected in the Herschel
PACS maps, but is detected in the ¢2d and VANDAM surveys. Tobin et al. (2016b)
classified it as a Class II source, but based on the c2d fluxes, EDJ2009-235 appears
to be an embedded source, closer in agreement with the classification from Young
et al. (2015). A possible explanation for the discrepancy and its lack of Herschel
PACS detection could be a highly extincted disk that might make a Class II source
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Figure 5: Summed SEDs from resolved multiple systems, showing how unresolved multiple
systems might be composed. The dashed lines are the same as in Fig. 7.

look much younger. The IC348 systems Per8+Per55 and Per32+EDJ2009-366, which
appear as proto-binaries at scales >7", have unresolved components (Table 2), which
means they are higher order multiples. This would suggest that higher order multiples
tend toward non-coevality.

5.4.2 Classification from derived properties

All the calculated parameters described in Sect. 5.3.5 and their errors are listed for
each source in Table 5 for the resolved multiple systems. Comparing T}, within the
multiple systems indicates that the rate of non-coevality is much lower than found
from the visual comparison of the SEDs. Based on 7T, 6 multiple systems are
found to be non-coeval (NGC1333 IRAS7, 1C348 Per8+Perb5, Bl-b, Per32+EDJ2009-
366 and NGC1333 Per37 twice). Marginal non-coevality, that is, one source being
slightly younger than the other (e.g., early Class 0 and late Class 0), can be seen
toward 4 systems (L1448 C, NGC1333 SVS13, NGC1333 Per6-+Perl0 and NGC1333
Per58+-Per65), while the remaining are quite coeval. The non-coevality frequency
found based on Tj,e is between 29 4+ 10% and 48 4+ 11%, with the latter value consid-
ering the marginally non-coeval systems in addition to the non-coeval systems.
Luminosity ratios, such as L,/ Lpol and Leybmm /Lbol, are expected to be indicators
of the evolutionary stage, with values above 0.005 indicating a Class 0 source. However,
for these ratios to provide reliable information, a well-sampled SED at A > 70um is
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Table 6: Derived parameters of combined SEDs

Source Thol Thol Lo Lg, / Lol L-ratio

Source K Class Lo Class
Perl18 46.4 £ 124 EO 4.70 + 0.72 0.52 + 0.11 0
Per21 51.7 £ 16.5 LO 3.42 £+ 0.53 0.48 £+ 0.10 0
Combined 48.7 £+ 11.57 EO 8.13 + 1.25 0.50 £+ 0.11 0
Per8 51.8 £ 53.7 Lo 1.86 £+ 0.29 0.51 £ 0.11 0
Perb5 334.1 + 39.6 LI 1.49 4+ 0.25 0.068 4+ 0.015 0
Combined 175.5 +36.8 EI 3.38 + 0.53 0.32 + 0.07 0
B1-b 222.3 £ 16.7 EI 0.10 £ 0.017 0.049 £+ 0.012 0
B1-bN 22.0 £ 0.1 EO 0.16 &+ 0.02 0.82 £ 0.18 0
Combined 106.0 +16.6 EI 0.24 + 0.04 0.59 + 0.13 0
SVS13A 74.6 £ 51.9 Lo 119.28 £+ 18.31 0.14 £ 0.03 0
SVS13B 35.5 £0.1 EO 10.26 £ 1.57 0.14 £ 0.03 0
Combined 73.9 + 51.9 L0 121.07 + 18.58 0.15 + 0.03 0

required. Not all the systems we studied here are well sampled in this regime. For
most systems the Lgybmm/Lbol Tatio is underestimated or cannot be calculated at all,
while the Lg,/Lpo can be calculated in all cases but is also underestimated due to
the lack of submillimeter flux. Systems relatively well sampled in the submillimeter
regime in our sample are NGC1333 SVS13 and B1-bN & S. The Lgybmm /Lo ratio for
NGC1333 SVS13 supports the non-coevality of this system, with the ratio for SVS13A
being lower than 0.5%, the threshold for embedded sources, while SVS13B and C are
(marginally) above the value, indicating they are embedded. In contrast, the Lg,/Lpol
ratio shows values well above 0.5% for all three sources, with SVS13A and B having
equal values and SVS13C showing a higher value. This would seem to suggest that
SVS13C is more embedded than its northern companions, and SVS13A and B are
less embedded. B1-bN & S have a Lgybmm/ Lol well above 0.5% and a high value for
the Lgy /Lol ratio, consistent with their deeply embedded condition. A non-coevality
frequency cannot be derived from the luminosity ratios in this work because they are
not well determined for almost all sources.

The infrared spectral index ag, which is the slope of the SED between 3 and
24 pm, is assumed to be a good indicator of evolutionary stage, even when geometric
effects affect the SED shape (Crapsi et al. 2008). Positive values indicate an embedded
source (Class 0 and I), while negative values higher and lower than -1.5 point toward
Class II and III, respectively. NGC1333 SVS13A and SVS13B lack a point at 24 pm
and therefore the value was not calculated. SVS13C has a negative value, suggesting
that it is a Class II source. For B1-bN & S, the northern source presents a negative
value higher than -1.5 while the southern source has a positive value, which would
indicate that the northern component is Class II and the southern component is an
embedded source. The reason for these discrepancies relative to the other parameters is
the sensitivity of the spectral index to the fluxes between 3 and 24 um. For example,
NGC1333 SVS13C’s flux at 24 um drops below the fluxes at shorter wavelengths,
causing the slope and consequently the spectral index to be negative. The same
occurs for B1-bN | whose flux at 24 pm is lower than for B1-bS. Interestingly, this
parameter causes systems such as NGC1333 TRAS7 and 1C348 Per8-+Per55 to seem
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coeval. A coevality frequency cannot be derived from the values of aqr for the sample
in this work, since it is not well determined for all sources.

The derived properties suggest the non-coevality frequency to be lower than that
obtained from a visual examination of the SEDs, when considering only non-coeval
systems and not marginally non-coeval ones. Still, the derived properties are sensitive
to inclination and SED sampling, which biases their classification of evolutionary stage.
Hence, these parameters should not be taken at face value, but instead be considered
together with the SED shape and other properties of the multiple systems.

5.4.3 Resolved versus unresolved SEDs of multiples

The SED of an unresolved multiple system is composed of the sum of SEDs of its
individual components. This led us to analyze to which extent an unresolved SED
reflects the parameters and evolutionary stage classification of its compoennts. To do
so, the SEDs of resolved systems were summed and the resulting shape and derived
properties compared to those of the individual components. This analysis does not
generate a method to separate unresolved SEDs, but will provide insight into the
coevality of close multiple systems. Figure 5 and Table 6 show the results of combining
the SEDs of four systems: NGC1333 IRAS7 Perl8 and Per21, IC348 Perb5 and Per8,
B1-bW and B1-bN, and NGC1333 SVS13 A and B.

From this simple analysis we find that there are mainly three cases. The first is
that if the two components have almost identical SEDs, then the combined SED will
simply be doubled. This case is shown by NGC1333 IRAS7 Perl8 and Per21. The
second case is when the two components are non-coeval, then the SED will not follow
a specific SED shape but will appear odd shaped with two peaks. This is illustrated
by the combined SEDs of IC348 Per8 and Per55, and B1-b and B1-bN. The final case
occurs when one component is noticeably dimmer and younger than the other, then
the brightest component dominates the combined SED. NGC1333 SVS13 A and B
illustrate this scenario. Thus, different components can dominate different regions of
the SED.

Figure 4 presents the SEDs of unresolved multiple systems. Examples of the second
case from Fig. 5, such as L1455 FIR2, Bl-a and Per62, are shown in Fig. 4. The
first and third cases are next to impossible to identify without additional constraints,
and systems such as IRAS03292, 1C348 SMM22, EDJ2009-156, and HH211 could be
examples of either case.

In all scenarios we find that Ly, for the unresolved SED is equal to the sum
of both components. In contrast, parameters such as Ty and Lg, / Lype are an
arithmetic average of the corresponding parameters of the two components. This, of
course, affects the evolutionary classification of unresolved multiple systems. While
taking the derived values and assuming each component contributes equally may be
a good assumption in coeval cases, this could be an over- or underestimation of the
true parameters in non-coeval systems.

5.5 Discussion

From the SED shapes of resolved multiple systems alone, we find a non-coevality fre-
quency of 33 + 10%. Higher order multiple systems contribute the most to this frac-
tion, with all of five resolved systems (L1448 N, NGC1333 SVS13, NGC1333 IRAS7,
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B1-b and NGC1333 Per37) showing indications of non-coevality. The other two sys-
tems, 1C348 Per8+Per55 and Per32-+EDJ2009-366, that appear as binaries at sepa-
rations > 7", show additional fragmentation at scales <7” in one of the components
(Table 2), which also makes them higher order multiples. Binaries, on the other hand,
tend toward coevality in our sample. The non-coevality frequency found here is similar
to that found by Kraus & Hillenbrand (2009) of one-third in pre-main sequence stars.
However, their frequency was found from binaries alone, whereas higher order multiple
systems are responsible for this frequency in our study. Kraus & Hillenbrand (2009)
also probed down to small separations (>200 AU) an order of magnitude lower than
the separations probed here (>1600 AU). The unresolved systems studied here that
are suspected of non-coevality could account for the rest of that fraction. The question
then arises whether the non-coevality frequency obtained here is real or a product of
misalignment, that is, the difference in inclination (w.r.t. the line of sight) of each
component in a multiple system.

Different SEDs do not necessarily indicate a non-coeval multiple system, but could
also be due to geometrical effects, especially if the line of sight lies through the outflow
cone. Inclination can alter the shape of the SED and derived parameters (Robitaille
et al. 2006; Crapsi et al. 2008; Enoch et al. 2009b) and is crucial to attain an accurate
determination of the evolutionary stage (Offner et al. 2012b). If the protostellar system
is seen edge-on, the protostar is obscured and will seem younger. On the other hand,
if the protostellar system is observed face-on, the protostar will be unobscured and
appear more evolved. Hence, the alignment of multiple systems affects whether the
differing SED shapes are a product of real non-coevality of inclination effects. Multi-
ple system formation mechanisms suggest that ordered rotational fragmentation would
produce systems with aligned inclination (Burkert & Bodenheimer 1993), whereas tur-
bulent fragmentation is expected to produce random alignment (Offner et al. 2010).
Work on pre-main sequence multiple systems shows that binaries have a tendency to
be aligned, while higher order multiple systems are less likely to be aligned (Jensen
et al. 2004; Monin et al. 2006). However, the numbers seen toward pre-main sequence
multiple systems might not reflect the actual alignment at the time of formation be-
cause of the dynamical evolution (Reipurth 2000; Jensen et al. 2004). Although a
handful of observations exist that show both aligned and misaligned multiple systems
at every stage of evolution, there are no statistical numbers on the distribution of
inclination and multiple system alignment at the time of formation.

The best method to obtain an accurate inclination estimate is through disk obser-
vations and modeling, but not all protostellar systems have confirmed and reported
disks. Hence, the inclination of protostellar systems must be constrained through
another technique.

5.5.1 Outflows

Outflows present a viable option, but they can provide only a broad inclination range
and may not always be accurate, even more so in multiple systems where precession
occurs due to companion perturbations (Fendt & Zinnecker 1998). The evolutionary
stage of a protostar is closely linked to its outflow and circumstellar envelope. The
envelope is dispersed as the protostar evolves and accretes part of its material (André
et al. 1993), while the molecular outflow tends to become weaker with time and the
outflow cavity broadens (Velusamy & Langer 1998; Arce & Sargent 2006).
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Table 7: Random pair statistics based on synthetic SEDs

Value Aparent
Non-coevality
Total number of models 10370
Total number of pairs 5185
Aligned (Ai = 0°) 9.54+0.4% 8.4+1.2%

Small misalignment (0° < Ai < 34°)  63.0£0.6%  12.4+0.6%
Large misalignment (34° < Ai¢ < 69°) 25.5+£0.6%  39.5+1.3%
Perpendicular (Ai = 69°) 2.04+0.2% 83.943.6%
Total 17 + 0.5%

A point to highlight here is that misalignment of outflow axes on the plane of the
sky is not the same as misalingment of inclination with respect to the line of sight.
The former does not affect the observed SED, while the latter has a strong effect on
a protostar’s SED and derived parameters. Thus, we refer to the first case as the
outflow position angle (P.A.) and the second case as inclination misalignment.

Lee et al. (2016) studied the outflows of 9 multiple systems in Perseus and found
in all cases that the outflows of wide multiple systems have different P.A., that is, that
they are misaligned on the plane of the sky. However, strong indications of inclination
misalignment were not found.

To compare with the other parameters used to determine the evolutionary stage
of components in a system, we explicitly examine here the outflows of a few systems,
focusing on signs that are expected to indicate evolutionary stage and inclination
misalignment. Specific comments on each resolved multiple system treated in this
work are given in Appendix 5.C.

NGC1333 SVS13A shows molecular outflow lobes that are wide and shell-like,
while SVS13C exhibits a collimated outflow with indications of being in the plane of
the sky, meaning that the disk is seen edge-on (Plunkett et al. 2013; Lee et al. 2016).
This possible inclination misalignment might be the reason that this system appears
to be non-coeval based on the SEDs. However, SVS13A has been suggested to be a
transition class0/I object based on its association with a Haro-Herbig object and the
shell-like morphology of its outflow, making it somewhat older than SVS13B and C.

B1-bN and S have outflows that appear parallel to each other, but the blueshifted
lobes are in opposite directions, a tell-tale sign of inclination misalignment. Even
though their outflows suggest inclination misaglinment (Gerin et al. 2015), the SEDs
appear to be similar, indicating coevality, which is consistent with the results obtained
from the analysis of their environment (Hirano & Liu 2014). The inclination misalign-
ment may therefore be small. B1-bW is expected to be older based on the SED, which
is why it is not detected in the submillimeter because it has too little envelope material
that might be the product of stripping from a neighboring outflow or jet (Hirano &
Liu 2014).

This shows that inclination misalignment of the systems does not always generate
an apparent non-coevality. To do this, one of the components of a system would need
to be significantly inclined, tending toward the line of sight along the outflow cavity
so that the source would appear much older.
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Figure 6: Randomly paired model SEDs in the four groups based on alignment. The
numbers indicate the inclination of the respective component. Note that the SED pairs that
appear non-coeval peak at the same wavelength for both components, which is not expected
from components at different evolutionary stages.
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5.5.2 Alignment and coevality

To assess the frequency of apparent non-coevality due to misalignment versus real
non-coevality, we made a simple statistical test with the Robitaille et al. (2006) SED
model grid!. This grid of models offers 10 inclination angles, evenly sampled in cos(),
ranging from 87.13° to 18.19° with 0° being the disk seen face-on (i.e., looking down
the outflow cone), which is ideally suited for our task. We constrained the number
of models by choosing those for Class 0 sources, filtering by 2.0 Mg < Menvelope <
10.0 Mg and Menvelope > Mstar- The resulting set of model SEDs, a total of 1037
times 10 inclination angles, have stellar masses of up to 2.0 Mg and outflow cavity
angles ranging from 15 to 30°. The fluxes are obtained for similar wavelengths as our
observations, including the Herschel PACS fluxes, and an aperture of 7000 AU (30”
at d ~ 235 pc).

Pairs of models with their respective inclinations are randomly drawn from the list
of 10370 Class 0 synthetic SEDs, resulting in 5185 pairs. This is done to simulate, in a
simplified manner, multiple systems and compare their SEDs and derived parameters.
The random paired models are separated into four groups determined by the difference
in inclination angles, that is, their degree of alignment. The four groups are perfectly
aligned (A¢ = 0°), small misalignment (0° < Ai < 34°), large misalignment (34° <
Ai < 69°) and perpendicular (Ai = 69°). Perpendicular alignment is not equal to 90°
because of the available inclination angles of the models, but is instead the difference
between the edge-on (87.13°) and face-on cases (18.19°). To obtain the frequency of
pairs in each group, the times each case occurs were counted based on Ai and are
listed in Table 7. Perpendicular alignment is the least likely case (2 + 0.2%), with
small alignment the most common (63 + 0.6%). Examples of SEDs from each case
are shown in Fig. 6.

Apparent non-coevality was checked by first filtering with T3], assuming that for
apparently non-coeval pairs the Ti,, difference is larger than a factor of 3. The reason
for using Ty, to filter the models is based on three points: i) Ti,o1 tends to be sensitive
to inclination, ii) the thresholds for evolutionary stage classification (late Class 0 to
early Class I: 100 K; late Class I to Class II: 650 K), and iii) the non-coeval resolved
multiple systems in our sample identified from T}, have a ratio of about 6 or higher.
A factor of 3 was chosen to ensure that Class 0 and I pairs are also included, since for
example a component with a Ti,,) = 50 K may appear non-coeval with a companion
having a Ty, > 150 K. The paired SEDs filtered this way were then inspected by
eye to subtract the SED pairs that did not appear non-coeval. The frequency of
apparent non-coevality due to misalignment is found to be 17% =+ 0.5%. Examining
the frequency of apparent non-coevality in each of the four groups, we found that large
misalignment and perpendicular have the most common occurrences of apparent non-
coevality. This is mainly due to one component being face-on or close to face-on, in
combination with the outflow cavity opening angle, causing one component to appear
older. This was also suggested by the results of the outflows of multiple systems.

A characteristic of SEDs for different evolutionary stages is that the peak of the
SED shifts to shorter wavelengths as the envelope is dispersed (see Fig. 7). While the
SEDs can appear non-coeval as a result of inclination effects, the inspection by eye of
these SED pairs revealed that the peak around A\ ~100 um, characteristic of Class 0
sources, does not significantly shift to shorter wavelengths as a result of inclination,

IRetrieved Oct. 2015 from http://caravan.astro.wisc.edu/protostars/
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even in the face-on case. Examples of this are shown in Fig. 6. In other words, even
though one of the SEDs in the pair appeared more evolved than the companion, this
apparently older source retained its peak around A ~100 gm. This is in contrast to
the SEDs of non-coeval resolved multiple systems discussed in this work. For example,
in NGC1333 TRAS7, the peak of Per49 is located around 5.8 pum, whereas the peaks
of Perl8 and Per2l are around 100 pm. The same is true for Bl-b, where B1-bW
has a peak at 8 pm, while B1I-bN & S peak at around 100 gm. On the other hand,
NGC1333 SVS13 and L1448 N might appear non-coeval as a result of misalignment,
given that the SED peaks of all three components are at about the same wavelength.
For NGC1333 SVS13, the outflow and continuum detections of this object suggest
that it might be transitioning to the Class I stage and therefore be slightly non-coeval
with its companions.

5.5.3 On coevality and non-coevality

The frequency of non-coevality found in the sample of resolved multiple systems stud-
ied in this work can be safely assumed to be due to real non-coevality and not solely to
misalignment, since most sources are expected to present small misalignment rather
than one component close to face-on. Non-coevality in our resolved sample is exhibited
by higher order multiples, except for IC348 MMS2, a triple with a component at a
separation of ~3” toward the western source (Table 2) that appears coeval. Proto-
binaries, on the other hand, tend toward coevality. Hence, protostellar siblings most
of the time form and probably evolve simultaneously. This presents some interesting
constraints to multiple system formation mechanisms and also raises questions.

For a multiple system to be non-coeval, the companion must either be formed after
the first source or binary. In other words, fragmentation in the core must occur after
the initial collapse and formation of the first protostar or protobinary. Hydrodynamical
simulations predict that heated gas reduces the chance of further fragmentation, with
only the cold gas tending to fragment (Stamatellos & Whitworth 2009b; Offner et al.
2010; Bate 2012). A possible explanation is that gas heating occurs along the outflow
cavity while the dense envelope reduces heating of the surrounding gas, allowing further
fragmentation to occur. Turbulence, on the other hand, is thought to be able to
produce non-coevality through random density enhancements in the core.

For the coeval systems found in our resolved sample, fragmentation of the core
would have occurred during the initial collapse and the system remained stable enough
to hinder any further fragmentation and formation of younger companions, either
through heated gas or lack of density enhancements and strong enough turbulence.
Observational evidence for gas heating along the outflow cavity walls has been provided
by van Kempen et al. (2009a) and Yildiz et al. (2015), including some of the multiple
systems studied here.

Dynamical evolution, that is, the interaction that occurs in multiple systems, can
cause these systems to evolve non-coevally, for example by expelling one of the compan-
ions, considerably reducing its envelope and thus truncating its accretion of material
(Reipurth et al. 2010; Reipurth & Mikkola 2012). However, for embedded systems,
not enough time has elapsed for dynamical evolution to play a major role in the ap-
pearance of the system. External factors, such as neighbouring outflows and jets, can
affect a protostar in a system, for example by stripping material or possibly triggering
further fragmentation. While these mechanisms, dynamical evolution and external
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factors, are not formation mechanisms, they can alter the conditions of a multiple
system and cause it to evolve non-coevally.

Given that only about a third of the multiple systems present non-coevality, the
question then arises which factor or factors contribute to making some regions fragment
and collapse even more while others do not. Probing the distribution of heated gas
around multiple and single protostellar systems, in the case of multiples for both coeval
and non-coeval, could provide insight.

5.6 Conclusions

This work presents the constructed SEDs of known resolved multiple protostellar sys-
tems in Perseus with separations > 7”. The SEDs were constructed from Herschel
PACS photometric maps and Spitzer c2d catalogs, together with fluxes from the liter-
ature for the longer wavelengths. The properties were then derived from the observed
SEDs. The SED shape and derived parameters were taken together with literature
work on the envelope and outflow of these systems to determine the coevality of mul-
tiple systems. The literature, both from observations and models, lacks statistics on
the frequency of alignment of multiple systems, but work is ongoing. A simple test
whether the different SEDs might be due to misalignment was carried out in this
work by randomly pairing model Class 0 sources from model SED grids with different
inclinations with respect to the line of sight (Robitaille et al. 2006) and then count-
ing the frequency of apparently non-coeval systems. The results of this work can be
summarized in the following points.

1. From our sample of resolved multiple protostellar systems, which have separa-
tions >7", a coevality frequency of 66 + 10% is found, suggesting that most wide
multiples are born together.

2. From the observed SED shapes alone, a non-coevality frequency of 33 4= 10% is
found, with higher order multiples being responsible for this percentage. Random
pairing of model SEDs indicates that the frequency of apparent non-coevality
that is due to misalignment of the components’ inclinations is 17 £+ 0.5%, with
most occurrences in systems with large misalignments and perpendicular ori-
entations. But most pairs tend toward small misalignment (63 + 0.6%). This
indicates that the observed non-coevality toward multiple systems in our sample
is not due to misalignment, but is instead real.

3. Derived properties, such as Ty, and aig , suggest that the non-coevality fre-
quency may be lower (21 + 9%). However, the parameters derived from the
observed SEDs produce contradicting results. Physical parameters derived from
the synthetic SEDs demonstrate that these parameters are very sensitive to incli-
nation or do not provide clear-cut evolutionary stage separations. As previously
found in Offner et al. (2012b), the parameters are therefore unreliable for evolu-
tionary stage classification, unless the inclination is well constrained.

4. Unresolved SEDs from multiple systems are not always dominated by the pri-
mary or brightest component, but can present an odd double-peaked shape that
is due to non-coeval components. This can alter the fraction of non-coevality,
but we did not take this into account because of the high uncertainty.
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Owing to the limit on multiple system separations in this work, our results can only
place constraints on formation mechanisms at core scales (> 1600 AU). Higher order
multiples show a stronger tendency to be non-coeval. This suggests that fragmentation
at core scales can occur at different times, thus generating these types of systems.

The main conclusion of this work is then that real non-coeval multiple protostellar
systems exist in the early stages of protostellar formation at core scales, which is
most of the time due to formation, and can be enhanced by dynamical evolution (e.g.,
component ejection or envelope stripping by external influence, such as an outflow.).
Several questions then arise. What causes some cores to fragment and collapse at
different times? Which role do the already formed protostars play on the formation
of their companions? Does temperature play an important role, and if so, to which
extent? Future work, both from observations and models, is needed to address these
questions.

Appendix
5.A HIPE map makers and photometry

The three HIPE map-makers (High Pass Filter; Jscan map; MADmap) were tested to

determine the best map for performing photometry. The test was made only on the

70 pm maps for Perseus. The method used involved performing aperture photometry

on the source and the surrounding background at four positions. The aperture (12")

used was the same for all source and background measurements. Ten sources were

selected from different regions of Perseus, ranging from isolated to clustered sources.
The flux was calculated in the following manner:

B ...+ B,
Fsource = (Fs/ource - Lt + )Acorr
n

where F} .. is the raw flux, B, is the background flux, Acq,, is the aperture correction
factor, and Fsource is the background corrected flux. Aperture correction values were
taken from Balog et al. (2014). For an aperture of 12", the correction factor is of
0.802.

Table 8 lists the background and aperture corrected results. This shows that the

difference between maps is not significant. We have adopted JScanmap for photometry.

5.B Evolutionary stage classification

The SEDs of the resolved systems are compared to average SEDs obtained by (Enoch
et al. 2009b; Fig. 7) to determine by eye whether the multiple systems are coeval or
not.

Physical parameters derived from the SED are known to be sensitive to inclination.
This is confirmed by the properties derived from the model SEDs. The derived prop-
erties were calculated for the model SEDs in the same way as for the observed SEDs.
Comparing the derived parameters, we find that T}, varies widely with inclination,
while Lg, /Lo are independent of inclination. These results confirm previous work
on the subject (Jorgensen et al. 2009; Launhardt et al. 2013). Figure 8 shows the
parameters for all the Class 0 models versus inclination.
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Table 8: Aperture photometry results for 70 um
Source RA Dec HPF JSM MAD Average Std. Dev.
IRAS4C 03:29:13.81 31:13:56.11 2.72 2.74  2.75 2.74 0.014
SK1 03:29:00.77 31:11:57.59 142 143 1.37 1.41 0.026
NGC1333 S1  03:28:45.40 31:05:40.30 1.25 1.23 1.20 1.22 0.021
NGC1333 52 03:28:34.49 31:00:50.20 3.22 3.20 3.11 3.18 0.049
IRAS03282  03:31:20.99 30:45:28.48 6.20 6.18 6.04 6.14 0.069
IRAS03292  03:32:17.95 30:49:46.46 2.55 2.55 247 2.52 0.039
L1448IRS1  03:25:09.54 30:46:20.80 2.62 2.61  2.52 2.58 0.044
IRASS5 Per63 03:28:43.54 31:17:31.61 2.01 2.04 1.96 2.00 0.035
1C348 03:33:27.40  31:07:10.00 4.28 4.35 4.24 4.29 0.049
L1455-FIR N 03:27:38.44 30:13:57.95 2.23 2.25 2.33 2.27 0.043
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Figure 7: Average SEDs derived by Enoch et al. (2009b). The classifications are defined

based on the bolometric temperature.
constructed SEDs in this work.

These average SEDs are used to compare to the
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Figure 8: Physical parameters derived from the model SEDs from the grid of Robitaille
et al. (2006) compared to the inclination w.r.t. line of sight. Edge-on is defined as 90°. The
dashed red lines indicate the evolutionary stage boundaries. Top: Bolometric temperature
Tho varies largely as it inclines more toward face-on (0°). The blue lines are models with
a small difference in T} with inclination; these have dense envelopes. Green and magenta
show the models with an increase in T},o1 when the inclination is close to face-on. Middle:
The infrared spectral index from 2 to 24 pum oscillates without relation to inclination. This
is most likely an effect of the ice feature at 8 um. Bottom: The luminosity ratio Lgy/ Lo is
independent of inclination, but there is no clear boundary for systems at different evolutionary
stages.
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5.C Resolved multiple systems

5.C.1 NGC1333

NGC1333 SVS13: Located at the heart of NGC1333, SVS13 is a quintuple system
with components SVS13A1 and 2, VLA3, SVS13B and C (Tobin et al. 2016b). Based
on the velocity field, VLA3 and SVS13B are suggested to be a binary even though
VLAS3 is closer to SVS13A (Chen et al. 2009). One of the components in SVS13A is
expected to be the driving source of HH 7-11 (Rodriguez et al. 1997; Looney et al.
2000). SVS13A is observed to have a prominent molecular outflow in the SE-NW
direction with a moderate inclination angle and wide opening angles (Plunkett et al.
2013). These outflow characteristics together with the presence of a centimeter source
and being the exciting source for HH 7-11 (Rodriguez et al. 1997) suggest that SVS13A
is a Class 0/1 transition object. SVS13C may be driving a N-S outflow possibly directed
along the plane of the sky, but its outflow emission may be confused with other outflows
(Plunkett et al. 2013). SVS13B does not show a clear outflow, which could be due
to confusion with the outflow of SVS13A (Plunkett et al. 2013). SVS13 has been
suggested many times to be non-coeval because components SVS13B and C are more
embedded than SVS13A, which has an optical counterpart (Looney et al. 2000; Chen
et al. 2009). SVS13B is not detected in the Herschel PACS 70pm maps, but is detected
at A >100um, suggesting it is deeply embedded.

NGC1333 TRAS2: located in the west of the NGC1333 region, the IRAS2 system is
composed of sources A, B and C (Sandell & Knee 2001), although source C is expected
to be a starless core. TRAS2B is known to be confused with a field star at A <8um
(Rodriguez et al. 1999). TRAS2A is typically classified as Class 0, while IRAS2B is
considered Class I, but here we find them to be coeval. IRAS2A is well known because
of its spectacular quadrupole outflow. The N-S outflow has a shell-like structure,
while the E-W outflow is more collimated (Plunkett et al. 2013). Tobin et al. (2015)
resolved components with a separation of 0.6” toward IRAS2A and suggested that
the southern component drives the E-W outflow, while the northern component drives
the N-S outflow. The outflow of IRAS2B runs parallel to the N-S outflow of IRAS2A
(Plunkett et al. 2013).

NGC1333 IRAST7: three systems in a common core (CLASSy NoH™ observations)
of about 30" diameter. Per49 is located in the SE edge of the dust and gas core,
while Perl8 is located at the peak with Per21 13" to the SW. Per18 and Per49 were
found to be close binaries with separations <0.3” (Tobin et al. 2016b). This system
of sources is associated with the Haro-Herbig object HH6. The outflow of this system
has been less frequently observed, with candidate outflow lobes proposed to extend to
around the NE of the SVS13A outflow (Plunkett et al. 2013). 2CO observations with
CARMA show outflow lobes associated with Per21, but no clear outflow signatures
toward the other sources.

NGC1333 IRAS4: the region contains several systems and IRAS4B’ can be resolved
at the resolution of Herschel, but IRAS4A cannot. IRAS4B’ (also referred to as
TRAS4C, Looney et al. 2000, and TRAS4B2, Hull et al. 2014b) is not detected in the
Herschel observations, which may mean that it is still deeply embedded. Hull et al.
(2014b) detected outflows toward both sources, with IRAS4B showing an N-S outflow
and IRAS4B’ driving a weak E-W outflow.

NGC1333 IRASS5: located at the western edge of NGC1333, this protobinary com-
posed of Per52 and Per63 does not show a prominent molecular outflow (Curtis et al.
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2010).

NGC1333 Per58+Per65: located to the north of the NGC1333 core, there are indi-
cations of outflow from these sources, although their orientations are unclear because
of confusion (Curtis et al. 2010).

NGC1333 Per37: located along a filament in the northernmost region of NGC1333,
this triple protostellar system, identified by Tobin et al. (2016b), does not appear to
have a strong outflow in the observations of Curtis et al. (2010).

5.C.2 L1448 and L1455

L1448 C: is a protobinary in the south of 11448, with the southern component
having a projected position in the outflow of the northern source. L1448 C-N shows a
more prominent high-velocity collimated outflow traced in '2CO and SiO, with a low
velocity conic cavity observed in '2CO, while L1448 C-S shows a much weaker low
velocity 2CO collimated outflow (Hirano et al. 2010). Both outflows are not aligned,
but do not show signs of significant misalignment along the line of sight either.
L1448 N: also commonly known as 1.1448 TRS3, this system is a sextuple, with the
B and C sources containing three and two components, respectively (Lee et al. 2015).
All three sources drive molecular outflows, with components B and C almost parallel
to each other and source A perpendicular to B and C (Lee et al. 2015). The observed
outflows suggest no significant misalignment along the line of sight. The outflow from
L1448 C was suggested to induce fragmentation in this core (Barsony et al. 1998).
L1448 TRS2: Tobin et al. (2016b) found L1448 TRS2 to be a close binary (separation
~0.7"). SCUBA 850um observations showed a continuum peak to the east of L1448
IRS2, which Chen et al. (2010) referred to as IRS2E, and together with SMA and
Spitzer upper limits proposed to be a first core candidate. Although SCUBA 850um
observations suggest a shared envelope, the separation of these two sources is 46” and
therefore cannot compose a multiple system. The outflow of IRS2 is observed to be
conical in the SE-NW direction, while the suggested outflow of IRS2E is composed of
only the red-shifted lobe directed toward the SW (Hull et al. 2014b; Chen et al. 2010).

5.C.3 1IC348

IC348 Per8+Per55: this triple protostellar system shows a large-scale jet directed in
the north-south direction and is associated with two Haro-Herbig objects, HH841 and
HH842 (Walawender et al. 2006). Based on the large-scale jet, there is no indication
of multiple components.

IC348 MMS: a protobinary located in the southwest of IC348 and associated with
a strong north-south outflow where the overlapping of redshifted emission at the tip
of the blueshifted lobe is suggested to be due to a change in environment and not a
product of inclination; see Tafalla et al. (2006). The outflow is driven by the Class
0 western source, MMS2, and is also associated with HH797. The eastern source,
MMS2E, was suggested to be a Class 0 proto-brown dwarf driving a weak outflow in
the NE-SW direction by Palau et al. (2014). Both sources are found to be coeval, as
suggested by Palau et al. (2014).

IC348 SMM2: also referred to as Per16+Per28, this protobinary shows jet emission
in the east-west direction for both components and a large-scale S-shape bend in the
flow (Walawender et al. 2006). The outflows appear to be short and clumpy (Eisloffel
et al. 2003; Walawender et al. 2006).
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1C348 Per32+EDJ2009-366: the Hy emission around these sources appears to be
clumpy, with bow shocks pointing east and possibly not all clumps belonging to the
respective sources (Eisloffel et al. 2003). Per32 is a close protobinary (~6") (Tobin
et al. 2016b) and was also found to be a low luminosity object (Dunham et al. 2008;
Hsieh et al. 2015).

5.C.4 B-1

B1 Per6+Perl10: the outflows of this protobinary are not well determined owing
to their location with several neighbouring systems whose outflows become entangled
(Walawender et al. 2005; Hiramatsu et al. 2010). Perl0 might drive a red-shifted
outflow lobe directed NW, but it is uncertain whether the lobe belongs to Perl0O or
to a source about ~70” to the north (Hiramatsu et al. 2010). Per6 is also known as
SMM3 and Per10 as SSTc2d J033314.44-310711.

B1-b: a triple system composed of Per4l to the west and B1-bN and B1-bS to the
north and south, respectively. B1-bN and S are found to be very young based on
7 to 1.1 mm continuum data and lack of Spitzer detections at A <24pm (Hirano &
Liu 2014). The outflows for both sources are directed E-W, but the location of the
blueshifted lobes suggests that the two sources are misaligned, since the north source
has the outflow directed to the west, while the south source has it directed to the east
(Gerin et al. 2015). Per4l appears to be older, with no detection in the millimeter
regime. It is suggested that there is no emission in the millimeter because the envelope
of this system is being striped off by neighboring outflows, which makes it appear to
be more evolved (Hirano & Liu 2014).

5.D Single protostellar systems

Single protostellar sources indentified in Perseus (Tobin et al. 2016b) are listed in
Table 9 and the constructed SEDs are shown in Fig. 9. Not all sources have an SED,
either due to lack of fluxes in the literature, non-detection in the Herschel PACS maps,
or both. This is denoted in the last column of Table 9.

5.E Herschel Catalog

This appendix contains the Herschel PACS flux catalog for the Perseus star forming
region obtained in this work through PSF photometry with StarFinder (Diolaiti et al.
2000). The fluxes have been background and aperture corrected, with the aperture
correction values tabulated in Balog et al. (2014).
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Table 9: Sample of single protostellar systems

Source RA Dec. Constructed SED?
NGC1333 SK1 03:29:00.52  +31:12:00.68

PER4 03:28:39.10 +31:06:01.80

PER7 03:30:32.68  430:26:26.48

IRAS 03267+3128 03:29:51.82  +31:39:06.08
NGC1333 IRAS4C  03:29:13.52  431:13:58.01
RNO 15 FIR 03:29:04.05 +31:14:46.61

Per19 03:29:23.49  +31:33:29.48
L1455-1RS4 03:27:43.23  430:12:28.80
Per23 03:29:17.16  +31:27:46.41
PER24 03:28:45.30  +31:05:41.99
PER25 03:26:37.46  +30:15:28.01

Bl-c 03:33:17.85  +31:09:32.00
PER30 03:33:27.28  431:07:10.20
PER31 03:28:32.55 +31:11:05.21
IRAS 03271+3013 03:30:15.12  430:23:49.20
PER38 03:32:29.18  +31:02:40.88
PER39 03:33:13.78  +31:20:05.21
PERA43 03:42:02.16  +31:48:02.09
PER45 03:33:09.57  431:05:31.20
PER46 03:28:00.40  430:08:01.28
IRAS 0325443050 03:28:34.50 431:00:51.09
PER50 03:29:07.76  +31:21:57.21
PER51 03:28:34.53  +31:07:05.49
B5-IRS1 03:47:41.56 432:51:43.89

NGC1333 IRAS6  03:29:01.57 +31:20:20.69
IRAS 0343943233 03:47:05.42 432:43:08.41

PER57 03:29:03.33  +31:23:14.60
PER59 03:28:35.04  +30:20:09.89
PERG0 03:29:20.07  431:24:07.49
PERG61 03:44:21.33  431:59:32.60
PERG6 03:43:45.15  +32:03:58.61
PERG64 03:33:12.85  +31:21:24.08

PER-BOLO-58 03:29:25.46  +31:28:14.99
PER-BOLO-45 03:29:07.70 +31:17:16.80
L1451-MMS 03:25:10.21  430:23:55.20
IRAS 0336343207 03:39:25.20 +32:17:03.29
EDJ2009-161 03:28:51.48 430:45:00.48
EDJ2009-263 03:30:27.45 430:28:27.43
EDJ2009-285 03:32:46.94  430:59:17.80
IRAS 0329543050 03:32:34.15 +31:00:56.22
L1451 IRS2 03:27:47.49 +30:12:05.32
EDJ2009-333 03:42:55.77  431:58:44.39
EDJ2009-385 03:44:17.91  +32:04:57.08
EDJ2009-164 03:28:53.96  +31:18:09.35
EDJ2009-172 03:28:56.65 +31:18:35.44
EDJ2009-173 03:28:56.96  +31:16:22.20
SVS3 03:29:10.42 +31:21:59.07
EDJ2009-268 03:30:38.23  430:32:11.67

KZKHKKKRK KKK ZZ222 22 << KKK KKK R R R R R R R R R G e e e




140 5.E. HERSCHEL CATALOG
& 107 [ NGC1333'SKI FPERE FPER7 IRAS 03267+3128 NGC1333'IRASAC RNO 15 FIR
-8
§
T S
o , N
8
e
<

AFy (ergs' cm™)  AF,(ergs'cm™?)  AF,(ergs'cm?)  AF,(ergs'cm?)  AF, (ergs ' cm?)

MF, (ergs™ cm™?)

5
10° 10" 10° 10° 10*

PER38

PER39

PER43

PERS0 PERS1 BSIRST
v ‘\ v ‘\
N AERN
Pt r N . N
NCRe [he
.
PERS9 PERGO PERG1
4 ‘\ 4 ‘\
=3 RAERN
N . N
" o
3 .
['EDj2009-285 IRAS03295+3050 L1451 RS2 EDJ2009-333

Wavelength (zm)

10° 10" 10° 10° 10*
Wavelength (zm)

10° 10' 10° 10° 10°
Wavelength (xm)

10° 10' 10° 10° 10°
Wavelength (pm)

10° 10' 10° 10° 10°
Wavelength (pm)

Figure 9: Constructed SEDs for single protostellar systems. Other details are the same
in Figure 3.

as



Table 10: Herschel PACS protostellar fluxes for Perseus

Source RA Dec. F70,int Fr0,0rr F100,int F1o0,err F160,int Fl60,err
mJy mJy mJy mJy mJy mJy
11448 TRS2 03:25:22.40 +30:45:12.00 29600.27 24.45 50315.79 9.35 .
L1448 IRS2E 03:25:25.66 +30:44:56.70 120.00 0.00 2700.00 0.00
L1448N C 03:25:35.53 +30:45:34.20 5975.70 25.02 15971.03 8.10 34348.59 12.01
L1448N B 03:25:36.34 +30:45:14.94 10245.52 45.09 35063.42 10.66
L1448N A 03:25:36.53 +30:45:21.35 33206.75 31.12 56855.07 10.66 133706.90 12.01
L1448C N 03:25:38.87 +30:44:05.40 68675.92 33.84 86927.75 9.23 105056.08 11.74
L1448C S 03:25:39.14 +30:43:58.30 10598.25 32.11 20902.32 8.74
Per25 03:26:37.46 +30:15:28.01 7640.36 24.54 10878.83 9.43 10587.80 11.71
L1455 FIR2 03:27:38.23 +30:13:58.80 3040.50 24.57 3573.99 9.88 6011.33 17.46
Per17 03:27:39.09 +30:13:03.00 70668.57 24.45 80705.92 9.29 58554.50 11.72
L1455-IRS4 03:27:43.23 +30:12:28.80 12583.17 31.19 15966.15 9.12 15317.03 11.69
L1451 IRS2 03:27:47.49 +30:12:05.32 2186.14 24.36 1897.01 14.88 4605.56 16.99
Per46 03:28:00.40 +30:08:01.28 575.09 24.51
Per31 03:28:32.55 +31:11:05.21 155.36 24.70 45.52 7.90 1279.57 11.78
TRAS 03254+3050 03:28:34.50 +31:00:51.09 4738.27 24.83 3613.08 7.93 2439.00 11.82
Per51 03:28:34.53 +31:07:05.49 44.76 24.71 567.30 7.90 763.32 11.89
Per59 03:28:35.04 +30:20:09.89 135.28 7.99
NGC1333 IRAS1 03:28:37.00 +31:13:27.00 83861.07 7.93
Per4 03:28:39.10 +31:06:01.80 177.23 7.91
NGC1333 IRAS5 Perb2 03:28:39.72 +31:17:31.89 208.77 24.64 427.39 7.90 928.07 11.90
NGC1333 IRAS5 Per63 03:28:43.28 +31:17:32.90 2631.24 24.53 1733.94 9.54 2905.58 11.90
Per24 03:28:45.30 +31:05:41.99 2440.21 24.69 2218.64 7.92 2304.05 14.02
EDJ2009-156 03:28:51.11 +31:18:15.41 272.70 24.57 474.27 7.90
EDJ2009-164 03:28:53.96 +31:18:09.35 316.65 24.55 297.22 7.89
NGC1333 IRAS2A 03:28:55.57 +31:14:37.22  353085.72  24.59  457917.62 7.91 355028.75 11.90
NGC1333 Per65 03:28:56.31 +31:22:27.80 190.82 24.82 707.66 7.92 295.13 12.25
EDJ2009-172 03:28:56.65 +31:18:35.44 434.22 24.67 11.57 7.91
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Table 10: continued.

Source RA Dec. F70,int Fr0,00r F100,int F1o0,err F160,int F160,err
mJy mJy mJy mJy mJy mJy
EDJ2009-173 03:28:56.96 +31:16:22.20 95.59 24.61 287.08 7.92
NGC1333 IRAS2B 03:28:57.35 +31:14:15.93 42904.02 24.61 42112.11 7.90 40297.80 11.90
NGC1333 Perb8 03:28:58.44 +31:22:17.40 2023.94 24.51 1361.60 7.92 2993.06 13.89
EDJ2009-183 03:28:59.32 +31:15:48.14 1373.58 24.52 568.81 7.90
NGC1333 SK1 03:29:00.52 +31:12:00.68 2639.06 24.65 9202.65 7.93 11595.86 11.84
NGC1333 IRAS6 03:29:01.57 +31:20:20.69 29984.85 24.55 29552.15 7.91 18105.12 12.75
NGC1333 SVS13C 03:29:01.96 +31:15:38.26 10414.79 28.64 25758.22 9.50 39433.51 14.03
NGC1333 SVS13B 03:29:03.07 +31:15:52.02 29753.50 0.00 49162.50 0.00
Per57 03:29:03.33 +31:23:14.60 610.89 24.66 325.77 7.93
NGC1333 SVS13A 03:29:03.75 +31:16:03.76  346127.50 24.55  362422.36 9.35 262763.62 13.88
RNO 15 FIR 03:29:04.05 +31:14:46.61 1557.72 24.60 2464.90 7.91 2338.33 11.83
Per50 03:29:07.76 +31:21:57.21 73021.60 24.75 53860.12 7.90 38022.12 14.21
NGC1333 IRAS4A 03:29:10.51 +31:13:31.01 34177.79 24.54  145231.28 7.91 198935.09 11.79
NGC1333 IRAS7 PER21  03:29:10.67 +31:18:20.18 22177.79 25.30 33424.83 8.11 32656.71 13.73
NGC133 IRAST Perl8 03:29:11.26 +31:18:31.08 29785.00 30.59 51718.19 10.33 49503.68 14.11
NGC1333 IRAS4B 03:29:12.01 +31:13:08.10 13967.95 24.47 57324.07 7.92 95091.14 11.87
NGC1333 IRAS4B’ 03:29:12.83 +31:13:06.90
NGC1333 IRAST Per49 03:29:12.96 +31:18:14.31 2287.81 24.31 1234.96 7.93
NGC1333 IRAS4C 03:29:13.52 +31:13:58.01 3215.11 24.49 8028.17 7.93 12204.80 11.80
Per23 03:29:17.16 +31:27:46.41 7282.82 24.53 11712.11 7.92 12160.26 11.79
NGC1333 EDJ2009-233  03:29:17.675  +31:22:44.922 500.51 24.27 693.54 7.90
NGC1333 EDJ2009-235  03:29:18.259  +31:23:19.758
NGC1333 Per37 03:29:18.89 +31:23:12.89 2083.38 30.77 4311.49 7.91 8826.94 11.79
Per60 03:29:20.07 +31:24:07.49
Per19 03:29:23.49 +31:33:29.48 1539.06 24.38 1437.67 7.91 1615.74 13.53
IRAS 03267+3128 03:29:51.82 +31:39:06.08 4111.28 24.66 7984.09 7.92 9383.54 11.89
IRAS 03271+3013 03:30:15.12 +30:23:49.20 9835.80 24.40 8981.08 8.96 7599.56 13.28
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Table 10: continued.

Source RA Dec. F70,int Fr0,0rr F100,int F1o0,err F160,int Fl60,err
mJy mJy mJy mJy mJy mJy
Per7 03:30:32.68 +30:26:26.48 367.70 24.45 166.76 7.98 1453.21 14.87
EDJ2009-268 03:30:38.23 +30:32:11.67 206.44 24.38 501.70 7.96 704.23 11.75
EDJ2009-269 03:30:43.91 +30:32:46.28 1281.74 24.16 588.90 7.98 969.73 14.26
TRAS 03282+3035 03:31:21.00 +30:45:30.00 8447.13 24.59 22504.65 9.29
IRAS 0329243039 03:32:17.95 +30:49:47.60 1700.00 180.00 9100.00 1300.00  24000.00  8400.00
Per38 03:32:29.18 +31:02:40.88 1391.34 24.58 1721.54 7.86
IRAS 03295+3050 03:32:34.15 +31:00:56.22 645.16 7.88
EDJ2009-285 03:32:46.94 +30:59:17.80 45.89 24.30 201.98 7.84
Per45 03:33:09.57 +31:05:31.20 153.45 7.85 73.99 11.99
Per64 03:33:12.85 +31:21:24.08 5666.66 24.37 3961.29 7.83 2369.53 11.77
Per39 03:33:13.78 +31:20:05.21 231.78 7.85
NGC1333 PER6 03:33:14.40 +31:07:10.88 1259.95 24.15 1076.28 7.87 1873.57 14.78
NGC1333 PER10 03:33:16.45 +31:06:52.49 2514.94 24.44 6431.20 7.86 9511.64 11.75
Bl-a 03:33:16.66 +31:07:55.20 8844.80 24.24 7961.24 7.86
Bl-c 03:33:17.85 +31:09:32.00 26917.64 24.01 56567.06 7.85 65357.92 11.83
B1-bW 03:33:20.30 +31:07:21.29 385.40 29.27 72.83 7.84
B1-bN 03:33:21.20 +31:07:44.20 356.37 7.87 2458.19 11.87
B1-bS 03:33:21.30 +31:07:27.40 32.30 24.68 2169.70 7.83 9152.34 13.65
Per30 03:33:27.28 +31:07:10.20 5885.32 24.09 4870.87 7.85 4753.57 11.81
Per43 03:42:02.16 +31:48:02.09
EDJ2009-333 03:42:55.77 +31:58:44.39 76.98 28.07 751.94 8.82
Per66 03:43:45.15 +32:03:58.61 1044.54 23.67 216.00 7.51 545.83 10.67
1C348 SMM2N 03:43:51.00 +32:03:23.76 1786.13 29.32 3298.55 8.93 4712.59 10.22
1C348 SMM2S 03:43:51.08 +32:03:08.32 9069.77 7.52 8418.18 11.32
HH211 03:43:56.80 +32:00:50.21 5008.66 23.38 20474.13 7.54 29631.02 16.35
1C348 MMS Perl1 03:43:57.06 +32:03:04.60 18485.14 8.53 22651.04 13.02
1C348 MMS2E 03:43:57.73 +32:03:10.10 360.00 50.00 1200.00 100.00 1300.00 700.00
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Table 10: continued.

Source RA Dec. F70,int Fr0,00r F100,int F1o0,err F160,int F160,err
mJy mJy mJy mJy mJy mJy
EDJ2009-366 03:43:59.44 +32:01:53.99 183.88 26.69 1053.86 8.26
Per32 03:44:02.40 +32:02:04.89 99.35 23.59 350.11 7.52 1506.45 10.04
Per62 03:44:12.98 +32:01:35.40 7627.83 23.53 8954.61 8.44 5590.77 10.06
EDJ2009-385 03:44:17.91 +32:04:57.08 274.20 23.32 160.37 8.48 942.41 11.49
PERG61 03:44:21.33 +31:59:32.60 601.91 23.69 432.97 7.52 1326.28 10.08
1C348 Perb5 03:44:43.33 +32:01:31.41 4451.78 29.90 4821.42 7.97
1C348 Per8 03:44:43.94 +32:01:36.09 12057.88 31.07 26087.98 8.49 28035.05 10.09
IRAS 03439+3233 03:47:05.42 +32:43:08.41
B5-IRS1 03:47:41.56 +32:51:43.89
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Chapter 6

The role of environment and
gas temperature in the
formation of multiple
protostellar systems

Molecular tracers

N. M. Murillo, E. F. van Dishoeck, J. J. Tobin,
J. C. Mottram, and A. Karska
in preparation

Abstract

Context What factors influence the formation of multiple protostellar systems? Sim-
ulations suggest radiative feedback resulting in gas heating is a key factor in the
formation of multiple protostellar systems. Chemistry is a good tracer of the physi-
cal structure of a protostellar system, since it depends on the temperature structure.

Aims Study the relationship of multiplicity to envelope gas temperature.

Methods Single dish observations of various molecules that trace the warm and
cold gas are used to probe the temperature structure of multiple and single proto-
stellar systems.

Results Single, close binary and wide multiples present similar current envelope
gas temperatures, as estimated from H,CO and DCO™ line ratios. The temperature
of the outflow cavity, traced by c—C3H,, on the other hand, shows a relation with
bolometric luminosity and anti-correlation with envelope mass. Although the enve-
lope gas temperatures are similar for all objects surveyed, wide multiples do exhibit
a massive reservoir of cold gas compared to close binary and single protostars.

Conclusions Although the sample of protostellar systems is small, no relation-
ship between multiplicity and envelope gas temperature is found. The results sug-
gest that temperature has little impact on fragmentation, and propose that mass,
and density, may instead be key factors in fragmentation.
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146 6.1. INTRODUCTION

6.1 Introduction

Multiple protostellar systems are widely thought to be formed through fragmentation
of the cloud core and/or disk. This process is expected to occur either induced by
turbulence (Offner et al. 2010) or through instabilities in the disk that can lead to
fragmentation of the disk material (Stamatellos & Whitworth 2009a; Kratter et al.
2010). Each mechanism is proposed to produce multiple protostellar systems with
different separations between the components. Turbulent fragmentation predicts the
initial formation of wide companions, whereas disk fragmentation can produce close
companions, on scales of the disk radius. When these processes occur, upon initial
collapse or after one component has formed, can also alter the resulting multiple
protostellar system and its evolution. Aiming to understand how and when multiple
protostellar systems are formed, the factors that influence fragmentation must be
studied.

Radiative feedback and gas heating have been raised as key factors in the fragmen-
tation of protostellar cores (Krumholz 2006; Bate 2012; Krumholz et al. 2014). Simu-
lations and models show that fragmentation is halted by heated gas due to the increase
in the Jeans mass for collapse. An accreting protostar heats up its surrounding gas,
even as early as the first collapse of the core. Thus it is expected that fragmentation
can be considerably suppressed even before the protostellar object forms. Numerical
simulations show that as stars begin to form they can heat surrounding gas out to
a few thousand AU, with the gas being continuously heated out to larger expanses
as more objects form (Bate 2012). This is expected to considerably reduce fragmen-
tation, and consequently the formation of multiple protostellar systems on envelope
scales (few thousand AU).

Observations of early low-mass embedded protostellar systems, however, seem to
show a different picture. Construction of the SEDs of all known embedded protostel-
lar systems in the Perseus star forming region (d ~ 230 pc, Hirota et al. 2011) found,
for separations larger than 7”, that higher order multiples have a tendency for one of
its components to be at a different evolutionary stage than the rest, i.e. non-coeval
systems (Murillo et al. 2016, see chapter 5). For these non-coeval systems to occur,
one of the components must have been formed after the other protostars were formed.
In contrast, objects undergoing accretion bursts, such as very low luminosity objects
(VeLLOs), show no cases of multiplicity (Hsieh et al. in prep.). This is puzzling
due to these objects having cold envelopes during the quiescent phase, which lasts on
the order of 103~* yr which should be more conducive to fragmentation and collapse.
Furthermore, the recently fragmented circumbinary disk of the deeply embedded pro-
tostellar system L1448 N (Tobin et al. 2016a) suggests that instabilities could overcome
heating-suppressed fragmentation, since this disk is most certainly heated by both the
central binary and through accretion. Based on these observations, it is very likely
that other factors besides temperature can hinder or enhance fragmentation.

Relating the temperature structure and multiplicity of a protostellar system can
provide constraints on the temperature-fragmentation relation. Simulations including
radiative feedback would lead us to expect that single protostars and coeval binary
protostellar systems have cloud cores heated out to larger extents than higher order
multiples with non-coeval components. Thus, the temperature structure of protostel-
lar systems needs to be characterized in order to test these models. Because heating is
time-dependent and we cannot observe the temporal history of protostellar envelope
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heating, protostellar objects at different evolutionary stages and having recently un-
dergone processes such as accretion bursts and fragmentation need to be studied and
compared.

Molecular excitation and chemistry provides an excellent tool to probe the tem-
perature structure of a protostellar system. Using selected molecules that trace the
cold and warm gas (Murillo et al. 2015, Murillo et al. subm., see chapters 3 and 4),
it can be established how the gas heating is being distributed throughout the core.
Relating this to the multiplicity and coevality! can then provide information on how
temperature affects fragmentation.

This work presents single-dish observations of embedded multiple and single proto-
stellar systems aiming to address the relation between temperature and fragmentation
at the envelope scale. Sections 6.2 and 6.3 describe the source sample, and the Ata-
cama Pathfinder EXperiment (APEX; Giisten et al. 2006) observations which probe
the structure of the envelope on scales of 7000 AU, respectively. Results and analysis of
the data obtained from the observations are given in sections 6.4 and 6.5, respectively.
Comparison between single and multiple protostellar systems is made in section 6.6,
considering evolutionary stage and whether they are located in a crowded or isolated
environment. The conclusions of this work are given in section 6.7, along with the
resulting insight on the temperature-fragmentation relation.

6.2 Source sample

The Perseus molecular cloud (d = 230 pc) large-scale structure has been well studied
in continuum (e.g. Enoch et al. 2009b) and together with molecular line emission
(e.g. Hatchell et al. 2005; Arce et al. 2010). The small scale structure of the region
has been studied through the characterization of individual systems (e.g. Kwon et al.
2006; Hirano & Liu 2014; Ching et al. 2016). Recently, Tobin et al. (2016b) conducted
an unbiased 8 mm survey of all protostars in Perseus down to 15 AU separation with
the Karl G. Jansky Very Large Array (VLA). Additionally, the evolutionary stage
of the protostars in the region have been characterized through the construction of
spectral energy distributions (SEDs) and the parameters derived from the SEDs in-
cluding Herschel Space Observatory PACS maps (Murillo et al. 2016, see chapter 5).
Comparing the evolutionary stages of components in multiple protostellar systems,
the coevality of these systems could be determined (Murillo et al. 2016, see chap-
ter 5). Further examination of coevality, core structure and protostar distribution was
done by Sadavoy & Stahler (2017), examining possible formation mechanisms. Disk
kinematics of close binaries (separation <500 AU) are probed with Atacama Large
Millimeter /submillimeter Array (ALMA) observations (Tobin et al. in prep.). The
region has also been characterized with single-dish observations which probe the large
scale structure, using both dust continuum and molecular line emission. In addition,
envelopes and outflows driven by protostars in Perseus have been studied both at scales
larger than 4000 AU (Davis et al. 2008; Curtis et al. 2010; Arce et al. 2010; Karska
et al. 2014; Mottram et al. 2017) and below 2000 AU (Plunkett et al. 2013; Lee et al.
2016). Together, previous work provides an extensive database of the protostars in
the Perseus molecular cloud.

1Coevality is here used as defined in Murillo et al. (2016, see chapter 5), which is the relative
evolutionary stages of components in a protostellar system.
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Table 1: Sample of protostellar systems

System Component RA Dec Separation (/) Class Region Ly (Le)

Wide multiples

L1448N A 03:25:36.53  +30:45:21.35 I NC 5.88 £ 0.93

B 03:25:36.34  +30:45:14.94 7.3 0 2.15 £ 0.33

C 03:25:35.53  +30:45:34.20 16.3 0 1.22 + 0.19

NGC1333 SVS13 A 03:29:03.75  +31:16:03.76 I C 119.28 £+ 18.31

B 03:29:03.07  +31:15:52.02 14.9 0 10.26 £+ 1.57

C 03:29:01.96  +31:15:38.26 34.7 0 2.22 +£0.34

NGC1333 IRASH Per63 03:28:43.28  431:17:32.9 I C 1.38 £ 0.21

Perb2 03:28:39.72  431:17:31.9 45.7 I 0.12 £+ 0.02

NGC1333 IRAS7 Per18 03:29:11.26  +31:18:31.08 0 C 4.77 £ 0.73

Per21 03:29:10.67 +31:18:20.18 13.3 0 3.50 £ 0.54

Per49 03:29:12.96  +31:18:14.31 27.5 I 0.65 £ 0.10

B1-b S 03:33:21.30  +31:07:27.40 0 NC 0.32 £ 0.05

N 03:33:21.20  +31:07:44.20 174 0 0.16 £+ 0.05

W 03:33:20.30  +31:07:21.29 13.9 I 0.10 £ 0.02
Close binaries

NGC1333 IRAS1 03:28:37.00  431:13:27.5 1.908 I C 11.00 £ 1.78

IRAS 0328243035 03:31:21.00  +30:45:30.0 0.098 0 NC 1.49 + 0.23
Single systems

TRAS03271+3013 03:30:15.00  +30:23:49.0 I NC 1.62 + 0.26

L1455-Per25 03:26:37.46  +30:15:28.01 0 NC 1.09 £ 0.17

NGC1333 SK1 03:29:00.00  +31:12:00.7 0 C 0.71 £ 0.11
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Figure 1: Herschel PACS stamps of the systems sampled in this work together with their
respective SEDs. For the RGB stamps, 70, 100 and 160 pum are shown in blue, green and red,
respectively. Each stamp spans a region of 80" x 80, except for NGC1333 IRAS5 whose
components have a very wide separation. Blue symbols represent the components of a system
and the positions of the APEX observations. Circles denote systems with additional unre-
solved multiplicity and diamonds indicating those without (known) additional multiplicity.
The SEDs are overlaid on the average SEDs from Enoch et al. (2009) for reference, with
early Class 0 (red), late Class 0, early Class I, late Class I and Class II (gray).
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Table 2: Detected molecular species

Molecule Transition Frequency E., logio Ajj
GHz K

SO 5544 215.22065 44.10 -3.92
DCO™ 3-2 216.11258 20.74  -2.62
c—C;H, 33,0722,1 216.27876  19.47 -3.33
DCN 32 217.23863 20.85 -4.24
c—C3H,*® 6-5 217.82215 38.61 -3.23
c—C3H, 51,4423 217.94005 35.42 -3.35
H,CO 30,3202 218.22219  20.96 -3.55
CH;0H 420312 218.44005 45.45 -4.33
H,CO 32,9291 218.47563 68.09 -3.80
H,CO 32,1220 218.76007 68.11 -3.80
C,H 4-3 J=9/2-7/2 F=5-4 349.33771 41.91 -3.88
C,H 4-3J=9/2-7/2 F=4-3 349.33899 4191  -3.89
C,H 4-3 J=7/2-5/2 F=4-3  349.39927 41.93 -3.90
C,H 4-3 J=7/2-5/2 F=3-2  349.40067 41.93 -3.92
H,CO 91,5414 351.76864 62.45 -2.92
DCO™ 5-4 360.16978 51.86  -2.42
DCN 54 362.04575 52.12 -3.13
HNC 4-3 362.63030 43.51 -2.64
H,CO 50,540,4 362.73602 52.31 -2.86

Notes. (Y Contains both ortho- and para forms.
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A sample of 10 low-mass protostellar systems in Perseus were selected from the
work of Tobin et al. (2016b) and Murillo et al. (2016, see chapter 5). The sample
is listed in Table 1, along with coordinates, component separations, type of region
where they are located and the bolometric luminosity Ly calculated from the SEDs.
Figure 1 shows Hersechel PACS mini-maps of the sample along with the constructed
SED from (Murillo et al. 2016, see chapter 5). Selected sources are young embedded
protostars in the Class 0 and I evolutionary stages. Both single and multiple proto-
stellar systems (i.e. binary and higher order multiples) are included, with the multiple
systems spanning a range of separations from ~0.1” to 46”. Thus, both close and
wide multiple protostellar systems are considered in this study. Finally, the sources
are located in both clustered (NGC1333) and non-clustered regions (L1448, L1455 and
B1). Selecting sources from both clustered and non-clustered regions (34 and 6 YSO
pc—2, respectively; Plunkett et al. 2013) allows to study if factors such as external
heating have an impact on the measure gas temperature.

This sample then allows the evolutionary stage, multiplicity, and region to be
compared with the envelope gas temperature. Since the temporal evolution of the
temperature structure of a protostar cannot be probed, protostellar sources in Class
0 and I evolutionary stages need to be compared, as well as singles and multiple
protostellar systems. Evolutionary classes are determined based on the shape of the
SED, derived parameters such as bolometric temperature Tj,o), and the structure of the
system (e.g. envelope, outflow opening angle). Thus, the temperature-multiplicity-
age relation can be studied, which can in turn provide constraints to hydrodynamical
models with radiative feedback.

6.3 Observations

APEX observations of our source sample were carried out with the SHeFi Heterodyne
instrument in position switching mode. The APEX-1 band was used for observations
on 1 December 2016 with PWV ~ 1.6 mm (0-098.F-9320B.2016, NL GTO time) using
one spectral setting with the central frequency set to 217.11258 GHz and a bandwidth
of 4 GHz. This setting targeted the molecules DCO™, DCN, c¢c—C3H, and H,CO.
In addition, SO and CH;OH were detected. Typical noise levels for the observations
ranged between 15 to 70 mK for a channel width of 0.4 km s=! and a HPBW of
28.7"”. The beam efficiency 7y, for observations at 230 GHz is 0.75. APEX-2 band
observations were carried out from 7 to 12 July 2017 with PWV between 0.37 and
1.5 mm (M-099.F-9516C-2017) using two spectral settings with central frequencies of
350.33746 and 361.16978 GHz, and bandwidth of 4 GHz. The molecules targeted were
C,H, DCO™, DCN and H,CO. HNC was also detected. Typical noise levels range
from 20 to 100 mK for a channel width of 0.4 km s~!, a HPBW of 18 ” and 71, —
0.73. For both bands, calibration uncertainties are on the order of 20%. The molecules
targeted in these observations (Table 2) probe the cold and warm gas of the envelope
at scales of 7000 AU and temperature range of 20 to 100 K.

6.4 Results

The observed molecular lines trace the cold and warmer envelope gas of the systems
in our sample. For the multiple protostellar systems, single pointing observations for
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Figure 2: APEX single pointing observations of DCO™, DCN, SO, CH;0H and HNC. Ex-
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each component were taken, however the beams of the observations (28 and 18”) are
comparable to the component separations and the spectra of the individual components
in a wide multiple system are very similar. As an example, the spectra of the individual
components for NGC1333 IRAS7 is shown in Appendix 6.A. Thus the spectra of
all three components in the wide multiple systems are averaged together, except for
NGC1333 IRAS5 which has a separation of 45.7" and is treated in this work as two
separate single protostars Per63 and Per52. The results of the averaged spectra are
discussed and analyzed in this work. Figures 2 and 3 show the resulting spectra for
all the systems in our sample. Observed line peaks are listed in Tables 3 to 8, while
the measured line widths and integrated fluxes can be found in Appendix 6.B.

HNC was detected toward all the systems in the sample (Fig. 2), however the other
observed molecules were not always detected. Three out of the five wide multiple
protostellar systems show detections with signal-to-noise (S/N) above 3 for a channel
width of 0.4 km s~! in all targeted molecular lines. B1-b, also a wide multiple system,
shows above 3o detections in all lines except H,CO 32 2-2; 2, DON 54 and C,H 4-3
J=7/2-5/2. SO and CH;OH were detected toward four wide multiple systems. IRASH
Per63 has detections above 3¢ only in DCO™ 3-2, H,CO 3 329 2 and H,CO 59 540 4.
In contrast, IRAS5 Per52 presents detections in DCO ™ 3-2, c¢—C3H, 3-2 and 6-5, and
HQCO 30,3*2072.

The close binary system NGC1333 IRAS 1 presents emission with S/N>3 in SO,
DCO™ 3-2, all transitions of the warm molecules c—C3H, and C,H, as well as H,CO
30,320,2. In contrast, IRAS03282-+3035 presents emission only in both transitions of
DCO™", DCN 3-2 and H,CO 3329 2.

The single protostellar systems show little to no emission. NGC1333 SK1 presents
emission above 30 in DCO™ 3-2, H,CO 30,320,2 and HyCO 5 540 4; while L1455-
Per25 shows only DCO ™" 3-2 emission. The other single protostar, IRAS03271+3013,
presented no detection beyond HNC. This might be due to the protostar bieng a Class
I protostar, howver, NGC1333 IRAS 1 and both components of NGC1333 IRAS5 are
also Class I objects but show more line detections than TRAS03271-+3013.

For all systems, DCO™ presents strong emission (Fig. 2), suggesting cold envelope
gas since DCO™ is a good cold gas tracer. The low-lying transition of H,CO is the
strongest among the five transitions (Fig. 3), with peaks a factor of ~10 higher than
the higher-lying transitions. The peak intensities of c—C3H, (Fig. 3), on the other
hand, vary by less than a factor of 3 among all three transitions. The different systemic
velocities of each region within Perseus are reflected in the observed spectra. For the
systems located in NGC1333, there is also a slight difference in the systemic velocity
among the sources located closer to the cluster center (NGC1333 SVS13, NGC1333
IRAS7 and NGC1333 IRAS5; vpsg = 8.0-8.5 km s™1) and those located in the outer
part of the cluster (NGC1333 IRAS1 and NGC1333 SK1; vpsg ~ 7.3 km s71).

The molecules CH;OH and SO trace shocks (Fig. 2), since CH;OH ice and sulfur
are sputtered off the grains back into the gas phase in shocked regions. DCO" and
the low-lying transition of H,CO, 3¢ 320 2, trace cold envelope gas. DCO™ is formed
from the reaction of H,D" 4 CO, with H,D" greatly enhanced at low temperatures.
Furthermore, the presence of strong H,CO in the low-lying transition but not in the
other higher-lying transitions would suggest that the envelope gas is cold and not
being currently heated. This is consistent toward all the observed systems. On the
other hand, DCN is a warm gas tracer and can be formed and fractionated through a
higher temperature route starting with CH,D". Similarly to DCN, the higher-lying
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transitions of H,CO also trace warm gas. c—C3;H, and C,H trace the warm irradiated
gas, most likely located along the outflow cavity.

6.5 Analysis

The observed molecular line emission is compared to system luminosity and envelope
mass in this section. Bolometric luminosity Ly is obtained from the SEDs of the
observed sources, with Ly for the wide multiple systems derived from the combined
SEDs (Murillo et al. 2016, see chapter 5). Envelope mass, listed in Table 9, is calcu-
lated from the 850um flux and Lo using the correction from Jgrgensen et al. (2009)
expressed as:

L —0.36 1.2 1.2
My = 0.44My | =22 %*”_1 d . (6.0)
1L 1 Jy beam 125 pc

The 850um flux used in this work is measured from the COMPLETE survey map for
all of Perseus taken with JCMT using SCUBA (Kirk et al. 2006), which has a beam
of 15”. The flux was measured with a circular region of 28.7" (HPBW of the APEX-1
observations) centered on each source. For the wide multiple systems, the total flux of
all 3 components is used. In addition, the observed line emission is comapred to the
ratio of envelope mass to Lyol (Menv/Lbol), listed in Table 9. This ratio gives insight
into the mass being heated by the central source. A protostar with a certain Ly has
more to heat with a massive envelope than with a less massive one.

6.5.1 Cold and warm gas

Figure 4, 5 and 6 show the line peaks versus envelope mass, bolometric luminosity
Ly, and envelope mass to Lol ratio Meny/Lpol. System type (wide multiple, close
binary and single protostar) are indicated in the plots with different symbols in order
to determine if there is any relation with respect to line emission or system parameters.
For systems with molecular line non-detections, the upper limits in the plots are placed
at 30. A linear fit to the data is used to identify trends in between the observed line
emission peaks and source parameters.

Peak intensities are compared with the envelope mass in Fig. 4. The peak intensities
of HyCO 3¢,3-2¢,2, both H,CO 5-4 transitions, and both transitions of DCO" increase
with envelope mass. Wide multiple systems have larger envelope masses than the
close binaries and single protostars, with the exception of NGC1333 TRAS5, where
Per63 and Per52 have envelope masses comparable to single protostars. This can be
interpreted as wide multiple systems having massive reservoirs of cold gas compared
to close binaries and single protostellar systems. On the other hand, the warm gas
being traced by DCN and the two higher-lying transitions of H,CO 3-2 do not show
dependency on the envelope mass, degree of multiplicity or region type. Instead the
line peaks are practically constant with envelope mass. Methanol, SO and the three
transitions of c—C4H, also do not show particular dependency on envelope mass either.

Figure 5 shows the observed line peak intensities compared with Ly, . The warm
molecules c—C;H, and C,H appear to be associated with L. Since these molecules
are generally formed in irradiated regions, the correlation between c—C3H, and C,H
and Ly, can be explained by the outflow cavity being irradiated by the central pro-
tostar. Thus, the more luminous the central protostar, the deeper the outflow cavity
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Table 3: Peak antenna temperatures for DCO" and DCN

System DCOT 3-2 DCO' 54 DCN 3-2 DCN 5-4
Twmb  Noise S/N Twmp  Noise S/N Twp Noise S/N Twmb  Noise S/N
mK mK mK mK mK mK mK mK

Wide multiples
L1448N 3160 31 103 811 33 25 267 25 11 69 23 3
SVS13 1213 23 54 461 31 15 293 25 12 103 28 4
Per63 333 40 8 54 40 36
Per52 560 37 15 e 54 e . 39 e 47
TIRAS7 2267 27 85 468 33 14 267 24 11 37
B1-b 2627 21 123 446 30 15 253 19 14 30
Close binaries
TIRAS1 800 43 19 ... 81 . . 40 . 64
IRAS03282 1933 73 26 567 56 10 200 67 3 50
Singles
IRAS03271 ... 71 .. 43 69 41
Per25 480 67 7 52 83 40
SK1 1173 37 31 53 40 40
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Table 4: Peak antenna temperatures for SO, CH30H and HNC

System SO 55*44 CHSOH 4272*3172 HNC 4-3
Twp  Noise S/N Twp  Noise S/N Twp Noise S/N
mK mK mK mK mK mK

Wide multiples

L1448N 280 27 11 187 23 8 1219 24 51

SVS13 253 23 11 120 21 6 2070 26 81

Per63 . 35 . . 40 . 256 46 6

Per52 . 45 ... ... 39 . 667 40 17

IRAS7 600 23 26 187 23 8 1120 30 37

B1-b 627 21 29 187 23 8 490 24 20

Close binaries
IRAS1 147 39 4 . 39 . 1284 58 22
IRAS03282 ... 67 ... . 71 . 1030 44 23
Singles

IRAS03271 ... 77 e e 60 . 324 47 7
Per25 .. 75 . e 65 . 370 38 10
SK1 39 40 611 46 13

Table 5: Peak antenna temperatures for c—CzH,

System 33;0*22’1 6—5 51’4*42’3
Twp Noise S/N Twp  Noise S/N Twp Noise S/N
mK mK mK mK mK mK
Wide multiples
L1448N 693 25 27 533 25 21 373 23 16
SVS13 440 23 19 507 19 27 293 23 13
Per63 47 35 40
Per52 320 40 8 121 36 3 . 35 e
IRAS7 267 24 11 213 24 9 200 20 10
B1-b 360 23 16 160 19 9 107 19 6
Close binaries
IRAS1 667 44 15 613 40 15 493 33 15
TIRAS03282 ... 68 61 55
Singles
IRAS03271 ... 97 61 56
Per25 87 69 59

SK1 35 47 40
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Table 6: Peak antenna temperatures for CoH

System 4-3J=9/2 - 7/2 {=5-4 4-3 J=9/2 - 7/2 {=4-3 4-3J=7/2 - 5/2 {=4-3 4-3 J=7/2 - 5/2 {=3-2
T Noise S/N Tw, Noise S/N Twp Noise S/N T, Noise S/N
mK mK mK mK mK mK mK mK

Wide multiples
L1448N 412 53 8 263 53 5 254 46 6 229 46 5
SVS13 742 35 21 608 35 18 594 29 20 431 29 15
Per63 49 49 50 50
Per52 56 56 53 53
IRAS7 335 24 14 276 24 11 208 29 7 221 29 8
B1-b 126 24 5 84 24 4 e 25 25
Close binaries
IRAS1 337 39 9 258 39 7 215 37 6 138 37 4
TRAS03282 78 . . 78 . 0 81 81
Singles
TRAS03271 92 . . 92 0 89 89
Per25 97 . . 97 e 0 88 88
SK1 60 60 0 63 63
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Table 7: Peak antenna temperatures for H,CO 3-2
System 30,3—20,2 32,2221 32,1220
Tmp  Noise Twp  Noise S/N Twp Noise S/N
mK mK S/N mK mK mK mK
Wide multiples
L1448N 1520 23 67 132 24 6 109 23 5
SVS13 1520 27 57 147 20 7 132 21 6
Per63 253 37 7 40 32
Perb52 533 40 13 e 40 . 37
IRAS7 1587 27 60 97 21 5 80 23 4
B1-b 1040 19 56 . 24 84 19 5
Close binaries
IRAS1 573 36 16 45 41
IRAS03282 320 60 5 . 73 61
Singles
TRAS03271 69 64 107
Per25 . 73 69 73
SK1 880 43 21 35 41
Table 8: Peak antenna temperatures for H,CO 54
System 5175—41’4 5075—40_’4
Twp  Noise S/N Twmb  Noise S/N
mK mK mK mK
Wide multiples
L1448N 595 21 28 758 40 19
SVS13 594 23 26 1130 27 41
Per63 55 82 29 3
Perb2 40 48
IRAS7 374 33 11 568 32 18
B1-b 127 19 7 252 25 10
Close binaries
TIRAS1 230 57 4 423 41 10
IRAS03282 42 92
Singles
IRAS03271 36 90
Per25 . 28 . 69
SK1 161 40 4 62
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Figure 4: Peak intensities of the observed molecular lines compared to the envelope mass
(Mg) of each source. The dashed lines are linear fits to the data for the cases where a
correlation is found. Circles, diamonds and stars show single, close binary and wide multiple
protostellar systems, respectively. Note that the more massive envelopes show an increase in
the peak intensities of DCO™ and the low-lying transition of H,CO, which trace cold gas in
the envelope. Molecules tracing warm gas have similar peak intensities regardless of envelope

mass.
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Table 9: Source parameters

System 850um flux Moy, Lyo Meny / Lbol

Jy Mg Lo Mg / Lo
Wide multiples
L1448N 25.06 17.30  13.08 1.32
SVS13 15.34 4.31 121.07 0.04
Per63 0.61 0.45 1.38 0.33
Perb52 0.02 0.02 0.12 0.15
IRAS7 10.97 7.37 8.92 0.83
B1-b 15.38 29.38 0.59 49.80
Close binaries
IRAS1 2.94 1.41 11.0 0.13
TIRAS 03282 3.37 3.40 1.49 2.28
Singles
TRAS03271 1.05 0.82 1.62 0.50
Per25 1.13 1.03 1.09 0.94
SK1 0.59 0.55 0.71 0.77
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Figure 5: Peak intensities of the observed molecular lines compared to the bolometric
luminosity Lyol (Le) of each source. The dashed lines are linear fits to the data for the cases
where a correlation is found. Circles, diamonds and stars show single, close binary and wide
multiple protostellar systems, respectively. CoH and c—CsH, show somewhat higher peak
intensities in sources with relatively higher luminosities.
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Figure 6: Peak intensities of the observed molecular lines compared to the envelope mass
to luminosity ratio of each source. Circles, diamonds and stars show single, close binary and
wide multiple protostellar systems, respectively.
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Figure 7: Calculated line ratios for c—C3Hy 6-5 / 33,0—22,1 (left) and 51,4423 / 33,0—22,1
(center), and HyCO 30,3-20,2 / 32,2-22,1. The black lines show the modelled ratios assuming
a column density of 10'? cm™2. Lines between the 0.4 and 1.0 ratios of c—C3H,, are spaced
evenly in steps of 0.2. The shaded area indicates the adopted Hy density for the temperature
calculations.

is irradiated and more ¢c—C3;H, and C,H is produced. The two transitions of H,CO
5-4 and HNC also show relation to Lpo. The other molecules do not present any
correlation to bolometric luminosity, not even SO and CH;OH which are expected to
trace shocks, or the higher transitions of H,CO 3-2 which tracer warmer gas.

Figure 6 presents the peak line intensities compared with Mepy/Lpo. There ap-
pears to be no relation between any of the observed molecular line peaks and My /Liol-
This indicates that when the amount of mass being illuminated, and thus heated, by
the central protostellar system is taken into account, the observed protostellar systems
present similar molecular line intensities.

These results could be summarized as follows. The bulk of the cold envelope gas
is traced by DCO™ and H,CO 30,320,2 while the warm gas is traced by DCN and the
two higher-lying transitions of H,CO. ¢—C3H, and C,H trace the warm irradiated
outflow cavity, rather than envelope material.
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Figure 8: Calculated molecular line ratios of c—C3H, (top row), H,CO (middle row) and
DCO" (bottom row) compared to the source parameters bolometric luminosity Ly (left
column), envelope mass Meny (middle column) and the envelope mass to luminosity ratio
(right column). The dashed lines in the top row are linear fits to the data. Circles, diamonds
and stars show single, close binary and wide multiple protostellar systems, respectively. The
c—C3H, ratios appear to be somewhat related to luminosity, whereas the ratios from H,CO
and DCO™ are constant regardless of source parameter.
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Figure 9: Kinetic temperature derived from c—C3H, and H,CO ratios compared to the
source parameters bolometric luminosity Lpor (left column), envelope mass Men, (middle
column) and the envelope mass to luminosity ratio (right column). Dashed lines show the
best linear fit. Circles, diamonds and stars show single, close binary and wide multiple
protostellar systems, respectively.

6.5.2 Line ratios and implied physical conditions

Since several transitions of c—C4H, and HyCO are present, as well as two transitions
of DCO™, we can probe the gas temperature structure. The ratio of DCN/DCO™ can
be used to compare the warm (DCN) and cold gas (DCO™) from the envelope. The
line ratios of c—C3H,, H,CO, DCO™ and DCN/DCO™ are listed in Table 10. While
two transitions of DCN were observed, ratios can only be obtained for half the systems,
of which three are upper limits. These ratios are thus also listed in Table 10 but not
further discussed. The variation of the c—C3;H,, H,CO and DCO™ ratios with H,
density and temperature is shown in Fig. 7. Ratios are not calculated for the systems
with non-detections in both transitions used in the ratio (Tables 3, 5 and 7) and are
thus not considered in the following analysis (Table 10). Upper limits are given when
one of the transitions is a non-detection (Table 10), and are not considered for the
linear fits but are shown in the figures for reference.

Figure 8 compares the calculated ratios with envelope mass My, bolometric lumi-
nosity Lpol, and Meny/Liol. With respect to Ly, both ratios of c—C3H, show good
correlation with luminosity. The H,CO and DCN/DCO™ ratios, on the other hand,



166 6.5. ANALYSIS

do not. ¢c—C3H, is the only molecule which shows an anti-correlation with Meyy/Lpoi-

Kinetic temperature is derived from the c—CzH,, H,CO and DCO™ ratios, and
listed in Table 11. An H, density ny, of 10° em ™3, typical in the envelopes of embedded
protostellar objects on the scales of the beam, is considered for the c—C;H, and H,CO
calculations. For DCO™, an H, density of ny, of 10° cm™ is used, since this value has
been found in single dish observations toward other embedded protostars (Murillo et
al. subm.). A column density of 10 cm~2 is adopted for the line ratio calculations,
ensuring that the lines are optically thin.

Both ¢—C3H, ratios point to gas temperatures between 10 and 60 K (Fig. 9).
Considering ny, = 10 cm ™3, lowers the derived temperatures to a range between 8
and 30 K for both transitions. The obtained kinetic temperatures appear to have no
relation with the envelope mass, but in contrast, do seem to have a correlation with
L1, and an anti-correlation with the Mgy /Lol ratio (Fig. 9). This is consistent with
what is found when comparing the ratios with Ly, and Meny/Lpol (Fig. 8). These
results suggest that c—C3H, is dependent on the central protostellar source luminosity
and the amount of surrounding gas (Fig. 9). This makes sense if it is considered that
c—C3H, traces the outflow cavity, which is irradiated by the central protostar. At the
same time, however, higher temperatures are traced by c—CsH, if the envelope mass
is lower, since less material needs to be heated than in the case of higher envelope
mass. The separation of the components in multiple systems or their coevality does
not show any effect on the temperature traced by the c—C;H, ratio. While there is
no difference in temperature between close binaries and wide multiples, the effect of
multiplicity, on the other hand, cannot be fully determined, since none of the single
protostars in our sample present c—C3H, detections.

Temperatures obtained from the H,CO ratio range between 20 and 60 K. Con-
sidering higher ny,, alters the temperature by only a few degrees for ratios above 4,
otherwise the temperature stays mainly constant. In contrast to the kinetic temper-
atures obtained from the c—C3H, ratio, temperatures derived from the H,CO ratio
show no relation with respect to either envelope mass, Lyol 0r Meny/Lpo (Fig. 9).
Similarly, DCO™ suggests temperatures between 10 to 45 K, showing no relation to
bolometric lumnosity, envelope mass or their ratio. In fact, temperatures derived from
the H,CO and DCO™ ratios seem to vary little with any source parameters. Sys-
tem type, region and evolutionary stage do not present any correlation either (Fig. 9).
Thus, all embedded protostars appear to have envelope gas with similar, and relatively
cold, temperatures regardless of their multiplicity.

6.5.3 Statistical analysis

In order to determine if there is a relation between the observed line peaks and derived
quantities, and the source parameters, the Generalized Kendall’s rank correlation is
used (Isobe et al. 1986). This method measures the degree of association between two
quantities which contain upper limits (censored data), with the null hypothesis being
that the values are uncorrelated. Thus, if the significance level p > 0.05, the values are
uncorrelated, while p < 0.05 indicates correlated values. The standard normal score z
and the significance level p of the Generalized Kendall’s rank correlation are listed in
Table 12. The significance level is calculated from the standard normal score z by the

relation 2]
z
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Table 11: Derived T, from line ratios

System c—C3H,° c—C3H, H,CO* DCO™®
6-5/33,022,1 51,4423/330 221 322221/303 202 54/3-2
Tiin (K) Tiin (K) Tiin (K) Tiin (K)
Wide multiples
L1448N 19 £ 2 28 £ 3 32+ 2 23 £ 2
SVS13 36 £5 44+ 9 32+1 28 + 2
Per63 .. . <150 <45
Perb2 12 £ 2 <10 <60 <25
IRAST 20 £ 3 63 + 25 34 + 2 19 £ 2
B1-b 12 + 2 10 £ 7 <25 17 £ 2
Close binaries
IRAS1 25 + 4 52 £+ 15 <63 25 £ 2
TRAS03282 - .. <180 <25
Singles
TIRAS03271 - .. .
Per25 <25
SK1 o o <34 <13

-3 (b 3

Notes. (Y Assuming a H, density of 10° cm ) Assuming a H, density of 10° cm™

where er f(x) is the error function.

The results show some interesting statistically significant correlations (Table 12).
The peak intensities of the molecules tracing cold gas, namely DCO " and H,CO are
associated with source envelope mass, but not with luminosity. On the other hand,
the peak intensities of c—C3H, and C,H, both tracers of warm gas, are correlated with
luminosity but not source envelope mass. The ratio of c—C3;H, shows correlations with
source luminosity, but not envelope mass. The kinetic temperature Ty;, derived from
the H,CO shows a correlation with envelope mass, while Ty, derived from c—CsH,
presents a relation to luminosity.

6.6 Discussion

6.6.1 Observed line detections

The observations present a tendency for wide multiple protostellar systems (separa-
tions >7") to have more molecular line detections with strong peak intensities than
close binaries (Fig. 10). In contrast, single protostars present very weak molecular line
emission. NGC1333 TRASS5, is considered as two separate systems, Per63 and Per52,
since the HPBW is smaller than the separation of the components.

There is no apparent relation between the bolometric luminosity Ly. and the
number of line detections (Fig. 10a). The systems L1448 N, NGC1333 IRAS7 and
NGC1333 SVS13, which have combined bolometric luminosities above 10 Lg, show
strong detections of all the molecular species. NGC1333 IRAS1 also has a bolometric
luminosity of 11 Lg but only five line detections. B1-b exhibits strong line detections
despite having a combined bolometric luminosity of less than 1 Lg. The remaining
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Table 12: Results of the Generalized Kendall Correlation
Molecule Transition Mass Lol Mass / Lpol
Z p Z p Z p
Peaks
SO 55—44 3.12 0.00 0.94 0.17 1.25 0.11
DCO™ 3-2 2.88  0.00 0.54 0.29 1.32  0.09
c—C;H, 33,0221 1.41  0.08 1.56  0.06 -0.62 0.27
DCN 3-2 2.33 0.01 1.85 0.03 0.89 0.19
c—C;H, 6-5 1.96 0.03 2.58 0.00 -0.08 047
c—C3H, 51,4423 1.57  0.06 3.30 0.00 -0.63  0.26
H,CO 30,320,2 1.87 0.03 0.94 0.17 0.00 0.50
CH;0H 429312 1.44  0.08 -0.08 047 2.62 0.00
H,CO 32,2221 -0.39  0.35 1.02 0.15 -0.39 0.35
H,CO 32,1 22,0 -0.94 0.17 0.63 0.26 -0.79 0.22
C,H 4-3 J=9/2-7/2 1.63  0.05 3.35  0.00 -0.86  0.20
F=54
C,H 4-3 J=9/2-7/2 0.70 0.24 2.11 0.02 -0.86  0.19
F=4-3
C,H 4-3 J=7/2-5/2 0.62 0.27 2.34 0.01 -0.62 0.27
F=4-3
C,H 4-3 J=7/2-5/2 0.08 047 1.48 0.07 0.08 047
F=3-2
H,CO 51,5414 1.27  0.10 2.22  0.01 -0.95 0.17
DCO™" 54 2.13  0.02 1.34  0.09 0.55 0.29
DCN 5-4 -1.67 0.05 -0.56  0.29 -1.04 0.15
HNC 4-3 1.48 0.07 1.95 0.03 -0.70 0.24
H,CO 50,540,4 2.50  0.01 3.12  0.00 0.00  0.50
Ratios
DCN/DCO+ 3-2 -1.63  0.05 -0.18 043 -1.45 0.07
DCO ™" 5-4/3-2 -1.26  0.10 0.90 0.18 -1.44  0.08
c—C;H, 6-5/33,0—22.1 -0.56  0.29 2.07 0.02 -1.69 0.05
c—C;H, 51,4423/330221 -0.56 0.29 0.56  0.29 -0.94 0.17
H,CO 32,29221/303 202 -1.88 0.03 -0.21 0.42 -0.63  0.27
Txin from line ratios
DCO™ 5-4/3-2 -1.21 0.11 0.28  0.39 -1.39  0.08
c—C;H, 6-5 / 33,0221 -0.56  0.29 2.07 0.02 -1.69 0.05
c—CyH, 514423 / 330221 -0.38 0.35 0.77  0.22 -0.77  0.22
H,CO 322221 /303202 -1.9 0.03 -0.42 0.34 -0.63 0.26




170 6.6. DISCUSSION

2 e I I
10%} A ! , @ 7
-~ 10} @ ° ) ! ]
3 ; ;
= .40 X L R 2 ° ]
3 107 ¢ - ! * o
| 1 1
-1 1 1
10 i Close | ® 3
, Wide Multiples i binaries Singles
10’ n n n n 1 n n 1 n n
w200 o o ° : X (b) |
A : :
z 15 . | -
[2) @ 1
2 1 1
510 : I ]
-~
g 5 : :
8 7| : ’: o ° ]
a 1 1 ’ ‘
0’ L L L L 1 L L 1 L L L L L -
1021 : : : : : : : : : : : : : :
) ‘ ‘ : : (c)
~ 10t} ° ! | :
; . SR
= 0 [ )
= 1 1 1 ) J
- : e * .
= 107 I I ]
102} : : 4 ]
2T : : : — — : : : : 1
10 . ! (d)
_ 10} : : ]
2 ! PO
T} 1 1
~ 10° ¢ ° : P * o 3
S 1 1 [ ]
= 1ot ) ! ¢ |
. 1 1
L S R S
=2 m ~ Q —~ o~ — n — m o
2§ 2 2 42348 5 % %%
S 7 2 7 2 g2 24 g &
9 9] (7] n n
< < n un
o o < <
- - x o<

Figure 10: Bolometric luminosity (a), number of line detections (b), envelope mass Meny
(c)7 and envelope mass to luminosity ratio Menv / Lbol (d) of each system in our sample
compared to the region, clustered (circles) or non-clustered (diamonds), and source type.
NGC1333 IRASS5 is considered here as two single protostellar systems, Per63 and Per52.
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systems have luminosities compared to that of B1-b, but have five or less line detec-
tions.

Clustering does not seem to particularly enhance the line strength or number of
line detections in the envelope (Fig. 10). L1448 N and Bl-b are both located in
non-clustered environments and present the same chemical richness as the multiple
protostars located in NGC1333, which is a clustered region. The same holds for the
close binaries and single protostars. NGC1333 IRAS 1 (close binary) and NGC1333
SK1 (single protostar), both located in a clustered region, do not show significant
enhancements in line emission compared to IRAS03282+3035 (close binary) and 1.1455
Per25 (single), both located in less crowded environments.

Both Class 0 and I systems are present in wide multiples, close binaries and sin-
gle protostellar systems, but no effect is seen on the line detections. For example,
NGC1333 TIRAS5 Per52 and IRAS03271+3013 are both Class I single sources, but the
first shows five line detections, whereas the latter only shows a detection of HNC.
For the close binary systems, NGC1333 IRAS1 is a Class I system, but IRAS03282
is a Class 0 protobinary, however IRAS1 has more molecular line detections than
TRAS03282, despite IRAS1 having lower envelope mass than IRAS03282. All four
wide multiple systems are non-coeval, however the combined SED of these systems
would place them at either Class 0 (e.g. NGC1333 IRAST) or Class I (e.g. Bl-b;
Murillo et al. 2016, see chapter 5), but no difference in these cases is exhibited.

There seems to be a relation, however, between the envelope mass and the num-
ber of molecular line detections, but not with the Mepy/Lpoi. This relation is again
regardless of evolutionary stage and clustering. However, the envelope mass is larger
for wide multiple protostellar systems in contrast to that of close binary and single
protostars. Core mass would then be more related to formation of non-coeval wide
multiple protostellar systems.

6.6.2 Envelope gas temperature and multiplicity

The H,CO and DCO™ ratios point to cool envelopes (Tyas < 60 K at scales of 7000
AU) for all the sources in our sample, regardless of multiplicity, clustering and evo-
lutionary stage. Only c—C3H, presents a correlation with bolometric luminosity and
an anti-correlation with Meny/Lbol, owing to the fact that the outflow cavity irradi-
ation is dependent on the central source luminosity and the amount of material that
is heated. Any non-detection of molecules such as ¢c—C3H, and H,CO, which trace
the outflow cavity and envelope gas, respectively, would point to cooler envelopes and
outflow cavities. In addition, DCO™, a cold gas tracer, is detected toward all but one
system (IRAS03271+3013, single). Non-detections of warm gas tracers in addition
to the presence of DCO™ toward single and close binary protostellar systems could
be explained by these systems being somewhat cooler than wide multiple protostellar
systems. Another possibility could be the evolutionary dispersal of envelope material
which would cause the warm gas to be located closer to the source and thus diluted
in the observing beam. Despite this, wide multiple protostellar systems show a ten-
dency toward non-coevality. Interestingly enough, H,CO 3¢ 3202 and DCO™" appear
to increase with an increase in envelope mass. In other words, H,CO 3¢ 3-2p 2 and
DCO™ present stronger emission in wide multiple protostars. This could indicate the
presence of massive reservoirs of cold gas in these systems.

External heating seems to not play a significant role, as evidenced by a lack of
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difference in all aspects between systems in clustered and non-clustered regions. How-
ever it is not clear why close binaries present less molecular line emission than wide
multiple protostars, given that some components of the latter are often close binaries
themselves (Fig. 1). A possible explanation would be the sensitivity of the observa-
tions. However, this would not explain why NGC1333 IRAS1 has more line detections
than NGC1333 IRAS5 Per63 when both have sensitivities of ~30 mK. The results
presented in this work indicate that there is no significant difference in envelope tem-
perature between single, close binary and wide multiple protostellar systems. The
only difference temperature-wise arises from ¢—C3H,, which traces the outflow cavity.
This is consistent with previous studies that find the central source heating is mainly
channeled through the outflow cavity (Yildiz et al. 2012, 2015).

The lack of temperature difference in the envelope is surprising, given the tendency
of wide multiple systems to be non-coeval, which are produced by further fragmen-
tation of the core after the initial collapse has taken place (Murillo et al. 2016, see
chapter 5; Sadavoy & Stahler 2017), and the recent formation of a protostar would be
expected to heat the envelope considerably (Bate 2012) An interesting case is that of
L1448 N, which has been found to have undergone recent fragmentation in the disk of
one component (Tobin et al. 2016a). Although the recent fragmentation could have
heated the envelope of this system, increasing its chemical richness, it is not the most
likely explanation since the other wide multiple systems also show the same degree
of chemical richness but no signs of recent fragmentation. Furthermore, while the
presence of disks in close binary and single protostars could be considered to explain
the low chemical richness of these systems at the observed scales, disks have also been
found in wide multiple protostars (e.g. L1448 N, Tobin et al. 2016a)

6.6.3 Accretion bursts

Accretion of material onto the protostar is not a continuous process, but has been found
from observations to be an episodic process (e.g., Visser et al. 2015; Frimann et al.
2017, Hsieh et al. in prep.). An accretion burst causes an increase in luminosity, and
consequently heating of the envelope gas. The chemical composition of the envelope
gas is altered, since cold chemistry molecules (e.g. DCO™) move further out and
molecules such as CO are evaporated off the grains. While the luminosity of the
central protostar will decrease after the accretion burst has passed, it takes about 10*
years for the gas to refreeze onto the dust grains.

Frimann et al. (2017) studied the presence of accretion bursts toward embedded
protostars in Perseus. Their sample includes four of the systems studied in this work
(L1448 N, NGC1333 SVS13, NGC1333 IRAS1 and TRAS03282), as well as two com-
ponents of NGC1333 IRAS7, Perl8 and Per21. Half of these systems (Per21, IRAS1
and TRAS03282) present indications of past accretion burst activity, while the others
(L1448 N, SVS13 and Per18) do not. The results presented here do not show any dif-
ference among the sources that have evidence of having undergone an accretion burst,
and those that have not. NGC1333 IRAS1 and IRAS03282, both close binary proto-
stars, are suggested to have undergone an accretion burst. The difference found in this
work is mainly that IRAS1 presents emission from warm molecules, while IRAS03282
only shows emission in cold molecules. For L1448N and SVS13, both wide multiple
protostars, there is also no significant difference, since both systems present the same
number of line detections, with similar peak intensities except for DCO™ which is
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stronger in L1448N. Analyzing NGC1333 IRAS7 Perl8 and Per21 (Appendix 6.A)
separately also points to a lack of difference among both sources. However, it must
be noted that given their separation of 13", the spectra of each component is contam-
inated by emission from the other.

6.7 Conclusions

Single-dish observations of a sample of 10 embedded protostellar systems in Perseus are
presented here. The observations targeted molecular line emission that trace the cold
and warm gas of the observed protostellar systems. The sample included wide multiple
protostellar systems (separation >7"), close binary protostars (separation <2”) and
single protostars, located in clustered and non-clustered environments, spanning Class
0 and I objects, and containing coeval and non-coeval systems. The results presented in
this work examine the relation between fragmentation and temperature, since heated
gas is expected to suppress fragmentation based on simulations including radiative
feedback.

Although the sample presented here is small and there are several upper limits, the
envelope gas temperature is found to be similar among multiple and single protostars,
regardless of evolutionary stage, coevality or clustering. These results suggest that
gas temperature may not have as strong a role in suppressing fragmentation as ex-
pected from models, a result that was also stated in Offner et al. (2010), which found
that temperature does not suppress turbulent fragmentation. Instead, wide multiple
protostellar systems present larger envelope masses and massive cold gas reservoirs in
comparison to close binary and single protostars. It seems, then, that mass, along
with other factors such as turbulence, density profile and magnetic fields, rather than
envelope gas temperature plays a fundamental role in fragmentation. Larger, more
massive cores, would then lean to further fragmentation that forms non-coeval wide
multiple systems. A topic of further research would then be to determine what causes
some cores to become more massive than others.

Appendix
6.A Single-pointing observations: NGC1333 IRAS7

APEX single pointing observations with the heterodyne instrument APEX-1 were
made toward 5 wide (separation >7") multiple protostellar systems in Perseus. These
systems are referred to as wide multiple protostars since the components span separa-
tions grater than 7" (which can be resolved with Herschel Space Observatory PACS
photometric maps (Murillo et al. 2016, see chapter 5)) One pointing per component in
a wide multiple system was observed. In the main text are the parameters of the lines
obtained by averaging the spectra of the individual components for the corresponding
system. This is because in all cases except NGC1333 TRAS5, the beam of APEX at
215 GHz overlaps partially overlaps another component in the system.

Here the spectra for the individual components for the system NGC1333 TRAS7
are presented (Fig. 11). This provides an example of the similarity of the spectra of the
individual components. The spectra of the components Per21, which is expected to
have undergone a recent accretion burst, and Per18, which has no evidence of episodic
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Figure 11: Spectra for the individual components of NGC1333 IRAS7. Note that some
spectra are multiplied by a factor of 3 in order to enhance the line emission features. The
spectra of Per21 and Per49 are offset by 1.3 K and 2.6 K from that of Perl8 for clarity.

accretion, can also be compared. It is also interesting to note that the component
Per49 presents much weaker emission than Perl8 and Per21,

6.B Observed line widths and integrated fluxes

In this appendix the line widths and integrated fluxes are listed for the detected
molecular lines from the APEX observations. These values were obtained with a
simple Gaussian fit of the detected emission line.
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176 6.B. OBSERVED LINE WIDTHS AND INTEGRATED FLUXES

Table 14: Line width and integrated intensity for SO, CH3sOH and HNC

System SO 55 — 44 CH3;0H 452312 HNC 4-3
Width Integrated Width Integrated Width Integrated
kms™! Kkms' kms?!' Kkms! kms! Kkms!

Wide multiples

L1448N 0.99 30.7 1.02 200.0 2.00 2592
SVS13 1.5 413.3 1.1 133.3 1.32 2898
Per63 0.78 212
Per52 0.81 573
IRAS7 0.74 480.0 0.82 160.0 0.90 1068
Bl-b 0.85 573.3 0.8 160.0 1.34 699
Close binaries
IRAS1 14 266.7 e . 0.89 1212
TRAS03282 . e e e 0.84 917
Singles

IRAS03271 . e e o 1.03 357
Per25 1.07 422
SK1 0.70 457

Table 15: Line width and integrated intensity for c—CsH,

System 337()*22’1 6—5 51,4742,3
Width  Integrated  Width  Integrated  Width  Integrated
kms! mKkms?' kms! mKkms! kms!' mKkms!

Wide multiples

L1448N 1.56 1146.7 1.65 946.7 1.68 666.7
SVS13 0.99 453.3 1.1 586.7 1.3 400.0
Per 63
Per 52 0.5 173.3 0.94 121.3 e e
IRAS7 0.7 200.0 0.97 226.7 0.59 121.3
B1-b 1.33 506.7 0.99 173.3 1.19 13.3
Close binaries
IRAS1 0.66 466.7 0.75 480.0 0.62 333.3
TRAS03282 e
Singles
TRAS03271
Per25

SK1
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178 6.B. OBSERVED LINE WIDTHS AND INTEGRATED FLUXES

Table 17: Line width and integrated intensity for H,CO 3-2

System 30,3—20,2 322221 32,1220
Width Integrated Width Integrated Width Integrated
kms™! Kkms' kms?!' Kkms! kms! Kkms!

Wide multiples

L1448N 1.68 666.7 2.2 306.7 1.67 200.0
SVS13 1.45 2333.3 1.5 240.0 2 293.3
Per 63 1.32 360.0
Per 52 0.76 400.0 .
IRAST 1.16 1946.7 1.3 133.3 1.3 116.0
Bl-b 1.3 1453.3 . . 0.83 73.3
Close binaries
IRAS1 0.86 520.0
IRAS03282 0.97 333.3
Singles
IRAS03271
Per25 .. ..
SK1 0.95 89.3

Table 18: Line width and integrated intensity for H,CO 54

SyStEI’Il 5175—41’4 5015—4074
Width  Integrated Width  Integrated
kms™' mK km s™! kms™! mK km s™!

Wide multiples
L1448N 2.00 1265 2.03 1639
SVS13 1.80 1136 1.38 1660
Per63 e e 3.49 303
Perb2
IRAS7 0.98 388 1.22 736
B1-b 1.92 260 2.52 677
Close binaries
IRAS1 2.19 535 1.08 489
TRAS03282 0.00 0
Singles
TRAS03271
Per25

SK1 0.92 158
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Nederlandse samenvatting

Meervoudige sterren, groepen van 2 of meer sterren die bij elkaar gehouden wor-
den door de onderlinge zwaartekracht, komen veel voor in het universum. Bepaalde
karakteristieken van deze stergroepen, zoals de veranderlijke helderheid, hebben er toe
geleid dat deze sterren een belangrijke culturele rol speelde in de oudheid. Sindsdien
zijn deze meervoudige sterren onderwerp van wetenschappelijk onderzoek geweest en
met de komst van de telescoop is de kennis van deze objecten toegenomen. Door de
verbeterde techniek om het universum te observeren, hebben we ontdekt dat meer-
voudige sterren verantwoordelijk zijn voor een groot aantal belangwekkende fenome-
nen, van supernovae en planetaire nevels tot samensmeltingen tussen zwarte gaten.
Meervoudige sterren spreken tot de verbeelding en zijn veelvuldig het onderwerp van
sciencefiction, in woord en beeld. Men vraagt zich af wat voor planeten in dit soort
systemen kunnen voorkomen, en hoe een dageraad met meerdere sterren er uit zal
zien. Recente observaties van ruimte missies zoals de Kepler satelliet hebben laten
zien dat planeten rond meervoudige sterren kunnen bestaan. Dit leidt tot de vragen:
hoe vorm je een meervoudig systeem en wat zorgt er voor dat een meervoudig systeem
stabiel is. De eerste theorieén stelden voor dat één ster een andere ster uit zijn baan
trok om een dubbel ster te vormen. Deze theorieén hadden grote tekortkoming. Zo
moet een groot aantal sterren zich zeer dicht bij elkaar bevinden en is het nodig dat
een derde ster het systeem stabiliseert. Een beter begrip van de vorming en evolutie
van sterren is nodig om de vragen rond de formatie van meervoudige sterren op te
lossen.

Wat men heeft geleerd uit observatie en modellen over het proces van stervorm-
ing kan als volgt kort worden samengevat. Roterende wolken van dicht gas en stof
kunnen, onder de juiste condities, samentrekken om in het binnenste van de wolk een
protosterren te vormen. Deze ster in wording is dan nog ingekapseld door een grote
hoeveelheid gas en stof. Deze ingekapselde protosterren zijn verantwoordelijk voor
energieke, zeer geconcentreerde uitstromen, een kenmerk van actieve stervorming. De
rotatie en samentrekking van het materiaal naar de protoster zorgt voor de vorming
van een vlakke (roterende) structuur in het gas en stof, een “schijf”. Van deze schijf
wordt verwacht dat die vroeg in het stervormingsproces vormt. Uit deze schijf worden
uiteindelijk de planeten en kometen gevormd. Met het verstrijken van de tijd groeit
de protoster en veranderd de interne structuur, tegelijkertijd verdwijnt er materiaal
uit de wolk van gas en stof waar de ster uit aan het vormen is. Dit komt zowel door
de accretie van materiaal op de ster, als door de krachtige uitstromen die een deel van
de wolk weg duwen. Als al originele gas en stof uit de omgeving verdwenen is, houden
we een enkele jonge ster en planeten, als die gevormd zijn, over. Waarnemingen van
protosterren, van de diepst ingekapselde protosterren tot de jonge sterren, laat zien
dat meervoudige sterren veel voorkomen. Dit wijst er op dat de meeste sterren als
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deel van een meervoudige ster worden gevormd en dat dus ons beeld van stervorming
moet worden herzien. Het feit dat meervoudige sterren als zodanig worden gevormd,
roept een wirwar van vragen op. Dit proefschrift richt zich op een aantal van deze
open vragen rond de formatie en evolutie van meervoudige protosterren, namelijk:

1. Wanneer vormen schijven en hoe beinvloeden ze de meervoudige protosterren?
2. Vormen alle sterren in een meervoudige sterren groep op hetzelfde moment?

3. Welke factoren verhogen of verlagen vormingsefficiéntie van meervoudige proto-
sterren

4. Hoe vergelijkt de structuur, zowel fysisch als chemisch, van het kapsel van enkele
en meervoudige protosterren zich.

De eerste vraag wekt interesse omdat schijven, naast dat ze de uiteindelijke locatie van
planeet en komeet vorming zijn, ook een belangrijke rol kunnen spelen in de vorming
van een meervoudige ster in de eerste stadia van het stervormingsproces. De volgende
twee vragen moeten inzicht geven in het processen waardoor meervoudige sterren vor-
men. Er wordt gedacht dat meeste meervoudige sterren vormen door het fragmenteren
van de geconcentreerde wolk waaruit een ster kan vormen. Door het fragmenteren
vormt deze wolk niet één maar meerdere sterren. Het is nog niet duidelijk, wanneer
deze fragmentatie gebeurd en wat er toe leidt dat de wolk fragmenteert en een meer-
voudige ster vormt, en wat de effecten zijn op de evolutie van deze protosterren. De
vierde vraag zoekt inzicht naar de verschillen in structuur rond vormende protosterren
en of deze verschillen het product zijn van de meervoudigheid van een deel van deze
systemen of dat een ander proces voor deze verschillen verantwoordelijk is.

Met als doel deze vier vragen te beantwoorden worden waarnemingen van moleculen
en stof gecombineerd met fysische en chemische modellen om de structuur van de in-
gekapselde protosterren te beschrijven. De emissie van het stof wijst op de locatie
van de protoster en uit de emissie kan het stadium van de evolutie van de protoster
worden afgeleid. Moleculen zijn belangrijk omdat de emissie lijnen gebruikt kunnen
worden om de kinetische structuur te bepalen, de temperatuur en dichtheid van het
gas te bepalen en omdat de chemische structuur van de geobserveerde protosterren
kan worden bepaald. Verder kan de chemie ons helpen in het begrijpen van processen
die plaats vinden in het universum.

Dit proefschrift

Hoofdstuk 1 van dit proefschrift bevat een gedetailleerde introductie tot het huidige
begrip van stervorming van zowel enkele als meervoudige sterren. De observaties die
in dit proefschrift worden gepresenteerd spannen het elektromagnetisch spectrum van
millimetergolven tot het nabije infrarood. Zowel observaties vanaf de grond als vanuit
de ruimte zijn gebruikt. De Atacame Large Millimeter/submillimeter Array, ook wel
bekent als ALMA, is een radio interferometer die staat op het Chajnantor plateau
in de Atacama woestijn in Chili. ALMA is gebruikt om de chemische and fysische
structuur van meervoudige protosterren op schalen van 100 astronomische eenheden
(1 astronomische eenheid is de gemiddelde afstand tussen de zon en de aarde) waar te
nemen. Het Atacama Pathfinder Experiment (APEX), gesitueerd op hetzelfde plateau
als ALMA, is een schotel antenne die gebruikt is om protosterren op schalen van wolk
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kernen (1000 AE) te bestuderen. Uit de archieven van de Herschel Space Observatory
en de Spitzer Space Telescope zijn de helderheidskaarten gebruikt.

Hoofdstuk 2 richt zich op de vraag wanneer schijven vormen. Voor dit doel is een
zeer jonge ingekapselde protoster bestudeerd, VLA 1623-2417. VLA 1623-2417 is een
drievoudige protoster in het midden van p Ophiuchus op een afstand van 391 lichtjaar.
De drie componenten verschillen significant, waarschijnlijk omdat alle drie de proto-
sterren zich in een ander evolutionair stadium bevinden. Een van de componenten,
VLA 1623-2417 A, heeft een vlakke schijfachtige structuur die zichtbaar is in zowel
het stof als in de moleculaire lijn emissie. De studie van de kinematica van C*®0 met
een simpel model wijs er op dat de emissie inderdaad afkomstig is van een roterende
schijf, met een straal van ongeveer 150 astronomische eenheden, vijf keer zo groot als
de afstand tussen Neptunus en de zon. Omdat VLA 1623-2417 A een hele jonge, diep
ingekapselde protoster is, is het bestaan van deze schijf bewijs van de vroege formatie
van deze structuren tijdens het stervormingsproces.

Roterende schijven kunnen vroeg in het stervormingsproces vormen, zoals beschreven
in Hoofdstuk 2. Het is daarom te verwachten dat deze schijven ook effect hebben op
de evolutie van de protoster. Dit onderwerp wordt behandeld in Hoofdstuk 3, door
het materiaal rond de roterende schijf van VLA 1623-2417 A te bestuderen. Het mole-
cuul DCO™ wordt gebruikt om het koude materiaal van VLA 1623-2417 A in kaart te
brengen, omdat dit molecuul vooral wordt gevormd bij temperaturen onder de 20 K.
Een simpel chemisch model is gebruikt om de DCO™" emissie te analyseren. De posi-
tie van de geobserveerde DCO™ emissie is dichter de protoster dan verwacht uit een
sferisch symmetrische dichtheids- en temperatuurstructuur. Dit zou het geval zijn als
de protoster de directe omgeving in alle richtingen gelijkmatig zou opwarmen. Daar-
entegen wordt de DCO™ emissie dichter bij de protoster gevonden in het verlengde
van de roterende schijf, maar niet in de richting van de bipolaire uitstroom. De reden
hiervoor is dat de schijf zorgt voor een lagere temperatuur aan de buitenste rand van
de schijf omdat de schijf een schaduw slaat op het achterliggende materiaal waardoor
dat minder opgewarmd kan worden door de protoster. Dit is een indicatie dat de aan-
wezigheid van de schijf een significant effect heeft op het omliggende materiaal door
zowel de temperatuur als chemische structuur te veranderen.

De fysisch-chemische structuur van ingekapselde protosterren wordt verder bestudeerd
in Hoofdstuk 4 met behulp van moleculen die het koude en warme gas van protostel-
laire wolkenkernen in kaart kunnen brengen. Twee meervoudige protosterren, IRAS
16293-2422 en VLA 1623-2422 worden bestudeerd. Beide systemen zijn te vinden in
de p Ophiuchus wolk en zijn zeer diep ingekapseld in hun natale wolkenkern. TRAS
16293-2422 is een zeer heldere dubbelle protoster, terwijl VLA 1623-2417 de zwakkere
drievoudige protoster is die ook al bestudeerd is in Hoofdstukken 2 en 3. VLA 1623-
2417 A heeft een roterende schijf (Hoofdstuk 2) en ook TRAS 16293-2422 A wordt
omgeven door een grote, vlakke schijfachtige structuur met een straal van ongeveer
200 astronomische eenheden. De andere bronnen in deze systemen hebben geen beves-
tigde schijfachtige structuren. Het koude gas wordt in kaart gebracht met emissie van
de moleculen DCO™, NyH" en N,D'. Al deze moleculen vormen bij temperaturen
onder de 20 K en zijn dus het meest aanwezig in de koudste delen van het gas. Voor
het in kaart brengen van de warmere omgeving met temperaturen tussen de 50 en 100
K of het deel van het gas dat door de protoster wordt belicht met UV straling worden
de moleculen c—C3;H, en CyH gebruikt. De “koude” moleculen worden dichtbij de ver-
schillende objecten gevonden door de aanwezigheid van de schijf-achtige structuren,
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maar alleen in het verlengde van de schijf. NyH™ en N,D ™ zijn niet gedetecteerd in
VLA 1623-2417, dit komt waarschijnlijk door de zeer lage temperaturen, onder de 10
K, veroorzaakt door de schijf die het omliggende materiaal afschermt van de proto-
ster. Dit komt overeen met de resultaten gepresenteerd in Hoofdstuk 3. Het “warme”
molecule ¢c—C3H, volgt de rand van de holte gecreéerd door de uitstroom in beide
meervoudige protosterren. Dit is consistent met de aanwezigheid van dit molecuul
in warm en UV-belicht gas. In het algemeen zijn c—C3H, en C,H aanwezig in het-
zelfde gebied. Dit geldt voor VLA 1623-2417 maar niet voor IRAS 16293-2422. Een
interessant resultaat van deze studie is dat de meervoudigheid van deze systemen geen
significant effect lijkt te hebben op de structuren rond de protosterren, alhoewel hier
nog veel onderzoek naar gedaan moet worden.

In Hoofdstuk 5 wordt de vraag of alle sterren in meervoudige stergroepen op het-
zelfde moment gevormd worden onder de loep genomen. Om deze vraag te beantwo-
orden, worden ingekapselde protosterren bestudeerd, in plaats van protosterren in een
later stadium van het stervormingsproces. Bij ingekapselde protosterren zijn de om-
standigheden van de formatie bijna volledig intact, terwijl protosterren in latere stadia
significante veranderingen in de omgeving hebben veroorzaakt. Het bestuderen van de
jongste protosterren komt met een ander probleem: de leeftijden van ingekapselde pro-
tosterren zijn bijna onmogelijk om met zekerheid te bepalen. In het algemeen wordt
het evolutionaire stadium, oftewel de “leeftijd”, van een protoster bepaald aan de hand
van de distributie van de lichtkracht als functie van de golflengte van het licht. Dit
staat in de literatuur bekent als de “Spectral Energy Distribution (SED)”. Gedurende
het ingekapselde stadium is de helderheid van de protoster vooral geconcentreerd op
de lange golflengten door het kapsel van stof waarin de protoster gevormd wordt. Ter-
wijl de protoster groeit, verdunt de wolk kern die het kapsel van de protoster vormt
waardoor meer en meer licht op korte golflengte ons kan bereiken. Op het moment dat
de protoster een ster wordt en waterstof gaat verbranden, wordt het grootste deel van
het licht uitgezonden in het optische deel van het spectrum. Het is moeilijk om aan
een SED een precieze leeftijd vast te plakken. Het is daarentegen relatief makkelijk
om twee SEDs te vergelijken en te bepalen of de objecten in hetzelfde stadium van de
evolutie zijn of niet. Deze relatieve leeftijdsmeeting is gebruikt om te bepalen of alle
sterren in een meervoudig systeem op hetzelfde moment zijn gevormd. De SEDs voor
alle geidentificeerde protosterren in de Perseus moleculaire wolk (afstand 750 licht-
jaar) zijn geconstrueerd met data uit de literatuur en uit helderheidskaarten uit de
archieven van de Herschel Space Observatory. De SEDs van de componenten van de
meervoudige systemen kunnen alleen worden onderscheiden als de afstand tussen de
componenten minsten 1600 astronomische eenheden bedraagt, de resolutie van de Her-
shel Space Observatory. De oriéntatie van de protoster ten opzicht van onze zichtlijn
heeft effect op de waargenomen SEDs. Een protoster die een uitstroom heeft die in
de richting van onze zichtlijn staat kan worden gezien als ouder omdat het kapsel niet
zichtbaar is. Daarom moet de oriéntatie van de protosterren, samen met de SEDs en
fysische structuur mee genomen worden om te kunnen concluderen of alle sterren in
een meervoudig systeem op hetzelfde moment zijn gevormd. Het resultaat van dit on-
derzoek is dat in een derde van de meervoudige protosterren de componenten niet op
hetzelfde moment gevormd zijn. Dat wil zeggen dat sommige wolk kernen nog nieuwe
protosterren vormen zelfs nadat ze al één of twee protosterren hebben gevormd, terwijl
dat bij andere wolk kernen niet gebeurt. Dit is belangrijke informatie voor de theorie
en modellen van meervoudige ster vorming, en roept op hetzelfde moment de vraag op,
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wat zorgt er voor dat sommige meervoudige protosterren doorgaan met het vormen
van nieuwe protosterren.

Hoofdstuk 6 onderzoekt een van de mogelijk factoren die invloed kunnen hebben
op meervoudige stervorming: temperatuur. Modellen die het opwarmen van het gas
en stof door de centrale protoster meenemen, suggereren dat als een protoster een-
maal gevormd is, het verwarmde gas en stof niet verder zou kunnen fragmenteren.
Daarentegen suggereren de resultaten in Hoofdstuk 5 dat er andere factoren zijn die
fragmentatie en het vormen van meervoudige sterren beinvloeden. Om te onderzoeken
of er een relatie is tussen temperatuur en fragmentatie, wordt het gas en stof op schalen
van 1000 astronomische eenheden onderzocht. Observaties met de enkele antenne van
APEX worden gebruikt om moleculen te observeren die dienst doen als thermometers,
zoals DCO™ en H,CO. Daarnaast worden ook moleculen waargenomen die oplichten
in de regio die wordt opgewarmd door de protoster, zoals c—C3H, en C,H. Deze
moleculen worden waargenomen op zichtlijnen in de richting van een aantal gese-
lecteerde protosterren in de Perseus moleculaire wolk. De selectie bevat zowel enkele
als meervoudige protosterren. Omdat zowel enkele als meervoudige systemen worden
waargenomen is het mogelijk om deze te vergelijken, wat kan helpen om de precieze rol
van de temperatuur in het vormingsproces van meervoudige sterren. De observaties
en de temperatuur kaarten die afgeleid zijn van de waargenomen moleculen, laten zien
dat er geen duidelijke relatie is tussen temperatuur en enkele of meervoudige sterren.
Er wordt juist gevonden dat meervoudige protosterren een groter reservoir van koud
gas om zich heen hebben in vergelijking met enkele protosterren. Deze waarneming
suggereert dat massa en dichtheid, in tegenstelling tot temperatuur, een belangrijke
rol spelen in fragmentatie en als gevolg daarvan, in de formatie van meervoudige pro-
tosterren.

Conslusie

De resultaten van dit proefschrift dragen belangrijke stukjes bij aan de puzzel van
meervoudige stervorming. Deze worden hier kort samen gevat. Grote schrijven kun-
nen in een vroeg stadium van het stervormingsproces vormen en kunnen de fysisch-
chemische structuur van protosterren beinvloeden. Dit is belangrijk voor stervorming
in het algemeen omdat het ons beeld van de stervormingsprocessen verandert. Daar-
naast kunnen beide factoren, schijven en fysisch-chemische structuur, de formatie van
meervoudige protosterren beinvloeden omdat ze invloed hebben op de fragmentatie.
Niet alle protosterren in een meervoudig systeem vormen op hetzelfde moment. Dit
is een indicatie dat in sommige gevallen, de omstandigheden in de wolk kern zodanig
zijn dat verdere fragmentatie, nadat er al een protoster gevormd is, mogelijk is. Deze
omstandigheden zijn niet gerelateerd aan de temperatuur maar zouden wel gerelateerd
kunnen zijn aan de massa en dichtheid. De resultaten uit dit proefschrift zijn een stap
vooruit in ons begrip van de vorming van meervoudige protosterren, maar de weg is nog
lang. Het zou bijvoorbeeld interessant zijn om uit te zoeken of de resultaten gevonden
voor de Perseus moleculaire wolk ook gelden voor andere stervormingsgebieden. Onze
visie over het proces van stervorming zou moeten worden herzien om ook meervoudige
stervorming uit te kunnen leggen, omdat het een zeer veel voorkomende uitkomst van
het stervormingsproces is. Modellen en theorieén moeten worden aangepast aan de
uitkomsten van observaties, zodat de uitkomsten van de modellen een nieuwe richting
aan kunnen geven voor verder observaties.
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English summary

Multiple stars, that is two or more stars composing a gravitationally bound system,
are common in the universe. Characteristics such as their varying brightness have lead
to these stellar systems being given cultural importance in ancient cultures. They have
also been of the subject of academic study, and with the advent of the telescope, our
knowledge of these systems grew. With the expansion of our capacity to observe the
universe, multiple stars have been found to be the cause of many interesting phenom-
ena, from supernovae and planetary nebulae, to binary black hole mergers. Multiple
stars have fueled our imagination, both in written and visual fiction, wondering what
planets around these stellar systems would be like, and how multiple sunrises might
appear. Recent observations of missions like Kepler have shown that planets can ex-
ist around multiple stars. The question of how these systems are formed rises from
our curiosity and interest in figuring out what would lead to stable multiple stellar
systems. Early theories proposed that one star would pull another star into its orbit,
thus forming a binary stellar system. However, this idea had serious problems, such
as the need for close proximity of a large number of stars, and the involvement of a
third star. Understanding how stars form and evolve can help solve the question of
the formation of multiple stars.

Based on observations and models, the process of star formation can be briefly
sketched as follows. Rotating clouds of dense dust and gas can, under the right condi-
tions, collapse to form protostars embedded deep within the core of the clouds. These
embedded protostars drive strong narrow outflows, a signature of ongoing star for-
mation. Rotation and the infall of material toward the star eventually lead to the
formation of a flattened (rotating) structure, a disk, which is expected to form at
some point in the early stages of star formation. The disk will be the eventual site of
planet and comet formation. As the protostar evolves and grows, the material in the
cloud core decreases both from accretion onto the protostar and the clearing effect of
the outflow. When most of the surrounding material has been cleared, a single young
star and planets, if any formed, remain. Observations of protostars, from the earliest
embedded stages to the resulting young stars, show that multiple stars are common.
This points to the fact that most stars are born as multiple stellar systems, and that
our picture of star formation needs to be revised.

The fact that multiple stars are born has brought a myriad of questions regarding
these systems. This thesis addresses several open questions relating to the formation
and evolution of multiple protostellar systems, namely

1. When do disks form and what is their impact on the protostellar systems?

2. Do all stars in a multiple stellar system form at the same time?
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3. What factors enhance or hinder the formation of multiple protostellar systems?

4. How do single and multiple stars compare in structure, both physically and
chemically?

The first question is interesting since disks are not only the eventual site of planet and
comet formation, but can also play a role in forming multiple stars in the early stages
of the star formation process. The next two questions deal with the way multiple star
form. Fragmentation, the process of material break-up in the star forming cloud core,
is widely considered as the main formation mechanism of multiple stars. But it is not
yet clear when and what factors lead to fragmentation and the eventual formation
of a multiple protostellar system, and how it could affect their evolution. The fourth
question aims to understand whether single and multiple stars have differences in their
structure, and if they are product of multiplicity or some other process.

With the objective to address these questions, observations of molecules and dust
emission are combined with physical and chemical models to describe the structure of
the observed protostars. Dust emission traces the location of the protostar, and can
help determine the stage of formation of the protostar. Molecules are important since
they can trace the kinematics, function as temperature and density meters, and reveal
the chemical structure of the observed protostars. Chemistry can be a powerful tool
to understand the processes in the universe.

This thesis

Chapter 1 of this thesis gives a detailed introduction to our current understanding
of star formation, both of single and multiple stars. The observations presented in
this work span from millimeter to near-infrared wavelengths, and were obtained with
ground and space-based telescopes. The Atacama Large Millimeter/submillimeter
Array, also known as ALMA, is a radio interferometer located in the Chajnantor
plateau, Atacama desert, Chile, and was used to observe the chemical and physical
structure of multiple protostars at scales of 100 astronomical units (1 astronomical
unit is the distance from the Earth to the Sun). The Atacama Pathfinder EXperiment
(APEX), located near ALMA, is a single-dish radio telescope and was used to probe
protostars at scales of the cloud cores (1000 astronomical units). Archival photometric
maps from the Herschel Space Observatory and the Spitzer Space Telescope were used
in this work as well.

Chapter 2 addresses the question of when disks form. For this purpose, a very
young embedded protostellar system, VLA 1623-2417, is studied. VLA 1623-2417
is a triple protostellar system located in the heart of p Ophiuchus (distance = 391
light-years). The three components show different characteristics, most likely product
of being at different evolutionary stages. One of the components, VLA 1623-2417
A, presents a flattened disk-like structure both in dust and molecular line emission.
Studying the kinematics traced by the molecule C**0 with a simple model indicates
that the emission is indeed tracing a rotating disk, with a radius of about 150 astro-
nomical units, five times the radius of Neptune’s orbit. Given that VLA 1623-2417 A
is a very young, deeply embedded, protostar, finding a rotating disk around this source
evidences that these structures can form very early in the star formation process.

Rotating disks can form in the early stages of star formation, as described in
Chapter 2, thus their presence must impact the evolution of the protostar in some
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manner. This question is addressed in Chapter 3, by studying the material surrounding
the rotating disk of VLA 1623-2417 A. For this purpose, molecules typically associated
with the cold material in the cloud core of protostars are studied. The molecule
DCO™ is used to trace the cold material of VLA 1623-2417 A, since this molecule is
mainly formed at temperatures of 20 K or below. Combining the observations with a
simple chemical model can help to analyze the DCO™" emission. The position of the
observed DCO™ emission is found to be closer to the source than expected from a
spherically symmetric density and temperature structure, that is if the protostar were
heating up the surrounding material equally in all directions. Instead, the DCO™
emission is observed to be closer to the protostar along the rotating disk, but not
along the direction of the outflow. The reason for this is that the disk causes a drop
in temperature at its edge because it is shadowing the material from heating by the
protostar. This indicates that the presence of a disk has a significant impact on the
surrounding material, by altering both its temperature and chemical structure.

The physico-chemical structure of embedded protostars is further studied in Chap-
ter 4, using molecules that trace the cold and warm gas of protostellar cloud cores.
Two multiple protostellar systems, IRAS 16293-2422 and VLA 1623-2422, are studied.
Both protostellar systems are located in p Ophiuchus and are deeply embedded in
their natal cloud core. TRAS 16293-2422 is a very bright protostellar binary, while
VLA 1623-2417 is a dimmer triple protostellar system studied in Chapters 2 and 3.
VLA 1623-2417 A has been found to have a rotating disk (Chapter 2), while IRAS
16293-2422 A presents a large, flattened disk-like structure with a radius of about 200
astronomical units. The other sources in each system have no confirmed disk(-like)
structure. The cold gas is traced by the molecules DCO", N,H" and N,D ", which
form at temperatures below 20 K and thus characterize cold regions. For warm envi-
ronments with temperature of 50 to 100 K or UV-irradiated by the central protostar,
the molecules ¢c—C3H, and C,H are good tracers. The cold molecules are found to
be located closer to the source in both systems due to the presence of the disk(-like)
structure, but not along any other direction. For VLA 1623-2417, N,H" or N,D*
are not observed, most likely due to the low brightness of the protostar, and the very
low temperatures (below 10 K) caused by the disk which shadows the material. This
agrees with the results of Chapter 3. The warm molecule c—C3H, traces the outflow
cavity in both systems, consistent with the presence of this molecule in warm and
UV-irradiated environments. The molecules c—C3H, and C,H tend to trace the same
region. This is true for VLA 1623-2417, but not for IRAS 16293-2422. It is interest-
ing to note that the multiplicity of these systems does not seem to have a significant
impact in the chemical structure, however this needs to be explored further.

Chapter 5 examines the question if all stars in a multiple stellar system form at
the same time. In order to answer this question, embedded protostars are studied,
rather than protostars in later stages of the star formation process. This is because
embedded protostars have the conditions of formation almost intact, while protostars
in the later stages have undergone considerable evolution. However, this also poses a
problem. The ages of embedded protostars are almost impossible to determine with
certainty. On the other hand, the evolutionary stage of a protostar, its “age" in a way,
is determined by the distribution of their brightness with respect to wavelength, also
termed a spectral energy distribution (SED). During the embedded stage, the bright-
ness of a protostar is mostly concentrated at long wavelengths due to the dust cocoon
in which the protostar is formed. As the protostar evolves, the cloud core disperses
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and the brightness of the protostar progressively shifts to shorter wavelengths, and as
it becomes a hydrogen-burning star its brightness peaks in the visible regime. Thus,
the evolutionary stage of a protostar relative to its siblings in a multiple protostellar
system is used to determine whether all the protostars in the system formed at the
same time or at different moments. The SEDs for all the identified protostellar systems
in the Perseus molecular cloud (distance = 750 light-years) are constructed using data
from literature and archival photometric maps from the Herschel Space Observatory.
For multiple protostellar systems, the SEDs of the individaul components can only be
disentangled for separations between the protostars of 1600 astronomical units, due
to the resolution of the Herschel Space Observatory observations. The orientation of
the protostar with respect to the line of sight can impact the constructed SED, since
a protostar viewed along its outflow will appear older than it may actually be, since
no envelope would be detected. Thus to determine whether the protostars within
multiple systems are formed simultaneously or not, the orientation of the protostar,
its physical structure and the SED are taken into consideration. The results of this
study find that one-third of the time, the components of multiple protostellar systems
are not formed at the same time. In other words, some cloud cores continue forming
protostars even after one or two have formed, while others do not. This provides im-
portant information for theory and models of multiple star formation, and at the same
time, leads to the question of what factors cause some multiple protostellar systems
to continue forming protostars.

Chapter 6 examines one of the possible factors that can influence multiple star
formation: temperature. Models that include the heating of the gas and dust by the
central protostar suggest that once a protostar is formed, the heated gas and dust does
not generally fragment further. However, the results from Chapter 5 suggest that there
are other factors that influence fragmentation and the formation of multiple stars. To
address whether there is a temperature-fragmentation relation or not, the gas and
dust at scales of 1000 astronomical units is investigated. Single-dish observations with
APEX are used to observe molecules that are good thermometers, such as DCO™"
and H,CO, as well as molecules that trace regions irradiated by the protostar, such
as ¢c—CyH, and C,H. These molecules are observed toward a selected sample of
protostellar systems in the Perseus molecular cloud which includes single and multiple
systems. Including both types of systems allows the comparison of conditions in single
and multiple stars, which can help determine whether temperature is a key element
in multiple star formation. The observations, and derived temperature measurements
from the observed molecules, show that there is no clear relation between temperature
and multiple or single stars. In fact, the only observed difference is that multiple stellar
systems have large cold gas reservoirs compared to single protostars. These findings
suggest that mass and density, rather than temperature, play a role in fragmentation,
and consequently, the formation of multiple protostellar systems.

Conclusions

The results from this thesis contribute useful pieces to the puzzle of multiple star for-
mation, and are briefly summarized here. Large disks can form in the early stages of
star formation, and they can impact the physicochemical structure of protostars. This
is important for star formation in general, since it changes our view of the process of
protostellar evolution. But in addition, both of these factors, disks and the physico-
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chemical structure, can influence the formation of multiple protostellar systems, since
they provide ingredients for fragmentation. Not all protostars in a multiple protostel-
lar system form at the same time. This indicates that in some cases, the conditions in
the cloud core are appropriate for further fragmentation. These conditions, however,
are not associated with temperature and instead could be related to mass and density.

The results of this thesis provide a step forward in understanding the formation
of multiple protostars, but additional research is needed. For example, it would be
interesting to find out if the results found for the Perseus molecular cloud also apply
to other star forming regions. Our understanding of the process of star formation
needs to be revised to include the formation of multiple stars, since they are the most
common outcome of star formation. Models and theory should be revised with the
results of observations, and the predictions that come out of these models can then
provide direction for our observations.
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Resumen en espanol

Estrellas multiples, es decir dos o mas estrellas que forman parte de un sistema grav-
itacionalmente unido, son comunes en el universo. Caracteristicas como variaciones en
su luminosidad, les han dado significado cultural a estos sistemas estelares en distintas
civilizaciones antiguas. También han sido objeto de estudio por parte de la academia;
y con el desarrollo del telescopio, el conocimiento sobre estos cuerpos celestes aumento
de manera significativa. La expansion de la capacidad para observar el universo de-
mostro que las estrellas multiples son la causa de varios fenémenos interesantes; por
ejemplo, algunos tipos de supernovas, nebulosas planetarias y fusiéon de agujeros ne-
gros binarios. Las estrellas multiples han alimentado nuestra imaginacién, tanto en
forma escrita como visual. Se ha imaginado como serian los planetas alrededor de este
tipo de estrellas, y la experiencia de ver miltiples amaneceres y atardeceres. Obser-
vaciones recientes, como las de la Mision Kepler, han demostrado que pueden existir
planetas alrededor de estrellas multiples. La pregunta de como estos sistemas son
formados proviene de la curiosidad e interés por descubrir que produce sistemas de
estrellas multiples estables. Algunas teorias propusieron que una estrella capturaria
a otra en su Orbita, y asi se formaria un sistema binario. Pero esta idea presenta
serios problemas, como la necesidad de cortas distancias entre un gran niimero de es-
trellas, e involucraria una tercera estrella. El entender cémo las estrellas se forman y
evolucionan puede ayudar a resolver el problema de la formacion de estrellas multiples.

Basado en observaciones y modelos, el proceso de formacion de estrellas se puede
describir brevemente de la siguiente forma: nubes densas de gas y polvo que rotan
pueden, bajo las condiciones apropiadas, colapsar para empezar a formar estrellas
en el centro de las nubes. Estas protoestrellas producen chorros y flujos bipolares,
lo cual constituye evidencia del proceso de su formacion. La rotaciéon y acrecion
de material alrededor de la estrella eventualmente forma una estructura achatada y
giratoria, también llamada disco, la cual se forma en algin momento durante las
etapas tempranas de formaciéon. El disco es el lugar donde eventualmente se formaran
planetas y cometas. Con el crecimiento y evolucion de la protoestrella, el material del
nicleo protoestelar se reduce debido a la acrecién y los flujos bipolares que dispersan
el material de la nube. Al final, una estrella y sistema de planetas, si alguno se formo,
persisten. Observaciones de protoestrellas en todas las etapas de formacion demuestran
que las estrellas multiples son comunes. Esto indica que la mayoria de estrellas nacen
como sistemas estelares multiples, y que la teoria de formaciéon de estrellas debe ser
revisada. El hecho que las estrellas multiples nacen genera numerosas preguntas. Por
ello, esta tesis propone examinar varias preguntas relativas a la formacion y evolucién
de protoestrellas multiples, a saber:

1. ;Cuéndo se forman los discos y cuél es su impacto en los sistemas protoestelares?
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2. ;Se forman al mismo tiempo todas las estrellas en un sistema multiple?
3. ;Qué factores intensifican o dificultan la formacion de protoestrellas multiples?

4. ;Como estéan estructuradas, en términos quimicos y fisicos, las estrellas en sis-
temas multiples e individuales?

La primera pregunta es interesante ya que los discos no solamente son el sitio donde
se forman los planetas y cometas, sino que también juegan un papel en la acrecion
de material a la protoestrella. Las dos siguientes preguntas tratan el mecanismo de
formacion de estrellas multiples. Se considera que la fragmentacion, el proceso por el
cual el material del nucleo protoestelar se fracciona, es el proceso para formar sistemas
estelares miltiples. Pero ain no se comprende bien cuéles factores inciden y cuando
ocurre la fragmentacion, y como puede afectar la evolucion de la protoestrella multiple.
La cuarta pregunta busca entender las diferencias en la estructura de estrellas multiples
e individuales, y si estas diferencias son producto de la formacién o de otro proceso.

Con el objetivo de contestar estas preguntas, observaciones de la emision de molécu-
las y polvo son combinadas con modelos fisicos y quimicos para describir la estructura
de las protoestellas observadas. La emision del polvo traza la ubicaciéon de la pro-
toestrella, y puede ayudar a conocer la etapa de formacion de la misma. Las moléculas
son importantes ya que trazan la cinemética de la protoestrella, al igual que funcionan
como termémetros, medidores de densidad y describen la estructura quimica de estos
sistemas. La quimica sirve como una herramienta para comprender el funcionamiento
del universo.

Esta tesis

El primer capitulo de esta tesis da una detallada introduccion del conocimiento actual
sobre la formacion de estrellas, tanto de estrellas individuales como miltiples. Por ello,
las observaciones aqui descritas abarcan longitudes de onda desde lo milimetrico hasta
cercano a infrarrojo. El Atacama Large Millimeter /submillimeter Array (ALMA) es un
interferometro de radio ubicado en el llano de Chajnantor, desierto de Atacama, Chile,
el cual se utiliza para observar la estructura quimica y fisica de protoestrellas multiples
a escalas de 100 unidades astronomicas (una unidad astronémica es la distancia entre
el Sol y la Tierra). El Atacama Pathfinder EXperiment (APEX), ubicado cerca de
ALMA, es un radio telescopio de una antena y fue utilizado para observar los ntcleos
protoestelares (1000 unidades astronomicas). Mapas fotométricos obtenidos con el
Observatorio Espacial Herschel y el Telescopio Espacial Spitzer también son utilizados
en esta tesis.

El segundo capitulo trata acerca de cuando se forman los discos. Con este proposito
se estudi6 VLA 1623-2417, un sistema protoestelar muy joven. VLA 1623-2417 es
un sistema triple protoestelar ubicado en el centro de p Ophiuchus (distancia = 391
anos luz). Las tres protoestrellas muestran diferentes caracteristicas, probablemente
producto de estar en distintas etapas de evolucién. Una de las protoestrellas, VLA
1623-2417 A, presenta una estructura achatada similar a un disco en emisiéon de polvo y
molecular C*®0. La cinemética de esta estructura es examinada con un modelo fisico,
el cual indica que es un disco giratorio con un radio de 150 unidades astronémicas, cinco
veces el radio de la 6rbita de Neptuno. Ya que VLA 1623-2417 A es una protoestrella
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muy joven, los resultados son evidencia de que los discos giratorios pueden formarse
en las etapas tempranas de formacion estelar.

El tercer capitulo busca entender el impacto de los discos giratorios en las etapas
tempranas de la formaciéon de estrellas. Para ello, se estudia el material que rodea
el disco giratorio de VLA 1623-2417 A mediante moléculas tipicamente asociadas con
material frio en los nucleos protoestelares. La molécula DCO™ traza el material frio
de VLA 1623-2417 A, ya que esta molécula se forma principalmente a temperaturas de
20 Kelvin o menos. Las observaciones de la emision de DCO™ son analizadas con un
modelo quimico simple. La posicion de la emision de DCO™ se encuentra méas cerca
a la fuente protoestelar de lo esperado, esto basado en la estructura esféricamente
simétrica de densidad y temperatura; es decir, la estructura como si la protoestrella
estuviese calentando el material del nticleo de igual manera en toda direccion. En
contraste, la emision de DCO™ se encuentra cerca de VLA 1623-24172, a lo largo del
plano del disco giratorio, pero no en direcciéon del flujo bipolar. Esto indica que la
presencia de un disco giratorio produce un impacto significativo en el material que lo
rodea, alterando tanto su temperatura como su estructura quimica.

La estructura fisico-quimica de protoestrellas jévenes es estudiada més a fondo en el
cuarto capitulo, usando moléculas que trazan las regiones frias y calidas de los ntucleos
protoestelares. Dos sistemas muy jovenes de estrellas miiltiples son examinados, IRAS
16293-2422 y VLA 1623-2417, ambos ubicados en p Ophiuchus. IRAS 16293-2422 es
un sistema binario muy brillante; mientras que VLA 1623-2417 es un sistema triple
menos brillante y fue estudiado en los capitulos dos y tres de esta tesis. VLA 1623-
2417 A tiene un disco giratorio (capitulo 2), mientras que IRAS 16293-2422 A presenta
una estructura achatada similar a un disco con un radio de 200 unidades astronémicas.
Las otras protoestrellas en los respectivos sistemas no presentan un disco ni estructura
achatada. El gas frio es trazado por las moléculas DCO™ N,H™ y N,D ™, las cuales
se forman a temperaturas bajo 20 Kelvin, y de esta manera caracterizan las regiones
frias. Las moléculas c—C3H, v ¢-C,yH son adecuadas para ambientes calidos con tem-
peraturas entre 50 y 100 Kelvin o irradiados por rayos ultravioleta por la protoestrella
central. Las moléculas frias se encuentran més cerca de las fuentes protoestelares en
cada sistema, debido a la presencia del disco, pero no en otras direcciones como la del
flujo bipolar. Alrededor de VLA 1623-2417, las moléculas N,H™ y NyD™ no son de-
tectadas. La causa de ello es el bajo brillo de la protoestrella y las temperaturas bajas
del gas (por debajo de 10 Kelvin) causadas por la sombra que genera el disco en el
material. Esto concuerda con los resultados del tercer capitulo. La molécula c—C3H,
traza la cavidad del flujo bipolar en ambos sistemas, consistente con la presencia de
esta molécula en ambientes calidos e irradiados con rayos ultravioleta. Las moléculas
c—C3H, y C,H tienden a residir en el mismo ambiente. Mientras que esto es obser-
vado en VLA 1623-2417, no lo es en IRAS 16293-2422. Es interesante resaltar que el
hecho que estos sistemas son multiples no parece tener un impacto significativo en la
estructura quimica; sin embargo, se requiere investigacién adicional para corroborar
este resultado.

El quinto capitulo examina la pregunta de si todas las estrellas en un sistema este-
lar multiple se forman al mismo tiempo. Para responder esta pregunta, protoestrellas
jovenes, en lugar de protoestrellas en etapas tardias de evolucion, son estudiadas.
Esto porque las protoestrellas jovenes tienen las condiciones de formacion casi intac-
tas, mientras que las protoestrellas en etapas tardias han cambiado considerablemente
debido al proceso de formacion. No obstante, el usar protoestrellas jovenes presenta
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un problema. Determinar las edades de protoestrellas jévenes con certeza es casi im-
posible. Por otro lado, la etapa evolucionaria de una protoestrella, su edad en cierto
sentido, es determinada por la distribuciéon de su brillo con respecto a la longitud de
onda, también llamado la distribucion de energia espectral (DEE). Durante la etapa
maés temprana, el brillo de la protoestrella esta concentrada en longitudes milimétricas
de onda debido al ntcleo de polvo en el cual la protoestrella es formada. Con la evolu-
cion de la protoestrella, el gas y el polvo del nacleo protoestelar se dispersa y el brillo de
la protoestrella progresivamente se mueve hacia longitudes de onda en el infrarrojo, y
cuando la estrella inicia fusién nuclear, su brillo se concentra en el espectro visible. En
consecuencia, la etapa evolucionaria de una protoestrella relativa a las otras fuentes de
un sistema protoestelar miiltiple es utilizada para determinar si todas las protoestrellas
en un sistema fueron formadas al mismo tiempo o en diferentes épocas. Las DEE para
todas las protoestrellas identificadas en la nube molecular Perseo (distancia = 750 afos
luz) son construidas utilizando datos encontrados en la literatura y mapas fotométri-
cos del observatorio espacial Herschel. La orientacion de la protoestrella con respecto
a la linea de vista del observador puede impactar la DEE, ya que una protoestrella
vista a lo largo del flujo bipolar aparenta ser mas desarrollada de lo que realmente es,
ya que no se detectaria el polvo del nicleo protoestelar. Entonces, para determinar
si las fuentes de un sistema protoestelar miltiple se forman simultdneamente o no, la
orientacion de la fuente, su estructura fisica y la DEE son consideradas en conjunto.
Los resultados de este estudio encuentran que, en un tercio de sistemas miltiples, los
componentes de estos sistemas no son formados simultaneamente. En otras palabras,
algunos nucleos protoestelares contintan formando protoestrellas, aun luego de que
una o dos se han formado. Esto constituye una pieza de informacion importante para
la teoria y los modelos de formacion de estrellas miltiples, y al mismo tiempo conduce
a la pregunta de cuéles factores causan que algunos sistemas protoestelares multiples
contintien formando protoestrellas.

El capitulo sexto examina uno de los posibles factores que pueden influenciar la
formacion de estrellas multiples: la temperatura. Modelos que incluyen el calen-
tamiento del gas y polvo por la estrella central sugieren que cuando una protoestrella
se ha formado, el gas y polvo caliente generalmente no se fragmenta. Sin embargo,
los resultados del quinto capitulo sugieren que hay otros factores involucrados en la
fragmentacion y formaciéon de estrellas multiples. Para abordar el tema de si hay o
no una relacion entre temperatura y fragmentacion, el gas y polvo a escalas de 1000
unidades astronomicas es investigado. El radiotelescopio APEX es utilizado para ob-
servar moléculas que funcionan como termoémetros; por ejemplo, DCO™ y H,CO, al
igual que moléculas que trazan regiones irradiadas por la protoestrella, como c—C3H,
y C,H. Estas moléculas son observadas hacia una muestra seleccionada de sistemas
protoestelares en la nube molecular Perseo. La muestra incluye tanto sistemas multi-
ples como individuales, lo cual permite comparar las condiciones en ambos tipos de
sistemas y ayuda a determinar si la temperatura es un elemento clave en la formacion
de estrellas. Las temperaturas obtenidas mediante la comparacion de las moléculas
observadas demuestran que no hay una clara relaciéon entre temperatura y la mul-
tiplicidad de estrellas. Estos resultados sugieren que la masa y la densidad juegan
un papel importante en la fragmentaciéon, y consecuentemente, en la formacién de
sistemas protoestelares multiples.
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Conclusiones

Los resultados de esta tesis contribuyen con informacion importante al campo de la for-
macion de estrellas multiples, y son brevemente resumidos a continuacién. Discos con
radios de 100 o mas unidades astronémicas pueden formarse en las etapas tempranas
de formacion estelar, y pueden impactar la estructura fisico-quimica de las protoestrel-
las. Esto es esencial para la formacién de estrellas en general, ya que cambia la teoria
del proceso de evolucion protoestelar. Ademas, los discos y la estructura fisico-quimica
pueden impactar la formacion de estrellas miltiples, ya que proveen los ingredientes
para la fragmentacion. No todas las fuentes en un sistema multiple protoestelar se
forman simultaneamente. Esto indica que, en algunos casos, las condiciones del nucleo
protoestelar son apropiadas para continuar fragmentandose. Sin embargo, la tem-
peratura no parece ser un factor significativo para la fragmentacion, pero la masa y
densidad si lo son.

Los resultados de esta tesis aportan un paso adelante en la comprension de forma-
cion de estrellas multiples, pero es necesario continuar investigando. Por ejemplo, seria
interesante estudiar si los resultados encontrados en la nube molecular Perseo también
podrian aplicarse a otras regiones de formacién de estrellas. Nuestra comprension del
proceso de formacion de estrellas necesita ser revisada para incluir la formacion de
estrellas multiples, ya que son el producto mas comtn. Los modelos y la teoria deben
ser ajustados de acuerdo a lo que muestran las observaciones, y las predicciones de
estos modelos pueden proveer la direcciéon para nuestras observaciones.
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Obaosterreichisch-Linzarische
Zomfossung

A Meafochsteansystem bsteht aus mehrere Stern, die durch Schwerkroft zomgehoidn
wern. Soiche Meafochsteansysteme hom die Menschheit scho imma fasziniert, und
sie san a recht héufig im Universum verglichn mit Einzlsterna. Wegn ernare Hel-
likeitsschwonkungen und ondere scheinboa mysteritse Eignschoften ham vaschiede-
nen Kulturn sie ois Gotter, guade Omen oda ondare Vazeichn gsehn. A heizdog san
Meafochsteansysteme des Zii von fii wissenschoftlicha Foaschung, und durchs mod-
erne Teleskop is unsa Wissn enorm gwoxn. Meafochsteansysteme befliigln a heit unsa
Fantasie, und sie san oft Tkonen in da Litaratur und Fiim, ma denke nur an Sonnauf-
oder Untagéng mit mehrare Sonnen auf an fremden Planeten. Heid wissn ma, dass
soiche Systeme da Auslésa oda Uasprung fia fiile intaressante Phenomene, wie zum
Beispii Supernovas, Planetare Nowi, und verschmoézende Schwoaze Locha, san. Wo-
draumteleskope wie Kepler ham bewiesen, dass zb. Exoplaneten in Meafochstean-
systemen ned nur Fiktion san, sondern wiaklich existirn. Heute erforschen ma oiso
ned mer ob, sondern wie soiche Systeme entstengan, und unter wéchen Bedingungen
sie stabil bleibn. Friiare wissnschoftliche Theorin san davon ausgonga, dass a Stean
an ondaran einfongt, und so a Zwillingssysteme biidt. Olladings hom diese Onsétze
graviernde Liickn ghobt, wei sie drauf basiern, dass viile Sonnen noh beinonda entsten-
gan oda zumindest a zusétzliche dritte Sonn no Einfluss nema miassad. Deswegen is
es heizdog wichtig genau zu vasteh, wie a Sonn entsteht, damit ma die Entsteung von
Meafochsteansystemen entschliissln konn.

Basind auf astronomische Beobochtungn und Modélle ko ma den Prozess von da
Sternenentstehung wie foigt beschreibn: Rotierade Gas- und Staubwoikn kolabiern und
diaf in da Mittn von di Woikn biidn sie Protosterna. A Protostean erzeugt don an
noch aufen grichtetn Gasstrom, wos iiblichaweis ois stoaka Hinweis drauf gsehn wird,
dass a neiche Sonn entsteht. Dach die die Eigenrotation von der Sonn und des Material
wos einizogen wird, wird die Woikn imma flocha und fongt on sich séwa a zum drahn.
Des Endagebnis nennt ma don a Sternscheibn, und ma nimmt o, dass si die Scheibn
irgendwonn am Onfong vom Entsteungsprozess biidt, und in ia donn speda a Planetn
und Sternschnuppn entstengan. Die Woikn um den Protostan schrumpt donn mit da
Zeit imma mea, da Matrial aus da Woikn vom Gasstrom wegtrogt wird oder indn
Protostean foid. Uba Zeit verschwindt die Woikn don, und iiba bleibt donn a neichs
Sonnensystem mit Sterna und (eventud) Planetn. Astronomische Beobochtungen vo
olle Entwicklungstufn hom zagt, dass Systeme mit mehr ois aner Sonn die Regl san,
ned die Ausnom. Des hast damit oiso a, dass die meistn Sonnen ned alan entstengan
sondern in an Meafochsteansystem. Wa miafn deswegn unsa bisherigs Konzept von
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da Steanentsteung dndan.

Scho alan wegen ihra Existnz koman fiile Frogn zua Entsteung und Entwicklung
vo Meafochsteansystemen auf, und in diesa Doktoaobait gengan ma a boa davon aufn
Grund:

1. Wonn entstengan die Staubscheiben und wos fia an Einfluss homs auf an Proto-
stean?

2. Entwickln si olle Sonnen in an Sonnensystem zur sébn Zeid?

3. Woche Eignschoftn regn oda behindan die Entwicklung von an Protostean zu
Meafochsteansysteme anstoh vo an afochn Stean?

4. Is da kemische und physische Aufbau von an oafochn Stean vergleichboa mit
Meafochsteansysteme?

Die erste Frog is voa ollem intaressant wei in Sternenscheibn ned nua Planetn und
Sternschnuppn entstengan, sondern wei ma a was, dassi die Entsteung von Meafochstean-
systemen beeinflussn. In die nextn beidn Frogn gehts um die Oat und Weis wia
Meafochsteansysteme entstengan. Der Zafoi von Materieklumpn im Zentrum von
aner Materiewoikn in mehrare Kernn, a Fragmentierung gnont, wird oigemein ois
Hauptgrund fiir die Entsteung vo Meafochsystemen ongsehn. Dabei is owa ned kloa
wos iibahaupt die Framentierung auslost, und wie genau die donn die weidare En-
twicklung beeinflusst. Die letze Frog ziit darauf woche Untaschiede Meafoch- und
Einzlsystemen Untaschiede im Aufbau hom, und ob die durch Mehrfochentwicklungen
oder ondare Prozesse entstondn san. Diese Dissatation befasst si im Detai mit derane
Frogn und verbindt Beobochtungen von Molekiil und Staubemissionen mit phyikalis-
che und kemische Modelle um die Struktur von Protosteana zu beschreibn und er-
fassn. Staufemissionen zeichnen die Region noch, in dem sich a Protostean befindt,
und hoffn dabei sei Evolutionsstadium zu erkennan. Molekiillinien ondaraseits san
wichtig um die Kinematik von an Stern nochzvoiziehn, und fungiern ois Temperatur
und Dichtemessa, und mochn damid die kemische Zusammensetzung von an Proto-
stean sichtboa. Chemie is dahea a méachtigs Weakzeig zum Vasteh von die Voaginge
im Wotraum.

Uwa diese Doktoaoabeit

Des easte Kapitl von diesa Dissatation enthoit a detailiate Einfiihrung in die Sterne-
nentstehung fiir einzelne und Mehrfochstern. Die Datn die dazu verwndt worn san
stammen von die Teleskope ALMA (Atacama Large Millimeter/submillimeter Ar-
ray) und APEX (Atacama Pathfinder EXperiment), und deckn Wellenlingen von
Millimeter- bis zum Nah-Infratrotbereich ob. ALMA is a Radiointerferometer am Cha-
jnantor Plateau in da Atacama Wiistn in Chile, und wir hams gnutzt um den kemischn
und physikalischn Aufbau von mehrere Protosterne mit einer Durchschnittsgress vo
circa 100 AE (Astronomischen Einheitn) zu studiern. APEX dagegen is a alleinsteen-
des Radioteleskop in da Nehe von ALMA. Wir hom APEX gnutzd um circa 1000
AU grofte Woikn um Protosterne zu beobochtn, und hom die Beobachtungen durch
Archivdaten von die Weltraumteleskope Herschel und Spitzer komplementiad.

Im zweitn Kapitl wird anhand von VLA 1623-2417, an evolutionér jungen Proto-
stean, untersucht wie Sternscheibn entstengan. VLA 1623-2417 is a Dreifochsystem
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im Herzn vo p Ophiuchus und 391 Lichtjaa von uns entfernt. VLA 1623-2417 bsteht
aus 3 Komponenten (Teile) und jede Komponentn waist vaschiedene Eigenschoftn auf,
wos darauf hindeit, dass si die Teile in verschiedenen Phasn ihra Entwicklung befindn.
Die easte Komponentn, VLA 1623-2417 A hod a floche, scheibnoatige Struktur mit
Staub und Molekiilhiille. Noch intensivem Stuidum von da Kinematik mit Hiife vom
Molekiil C*®0 und oafache physikalische Modelle hot si zagt, dass die Emissionen von
der Quelle a rotierende Scheibn mit circa 150 AE nochzeichnen, wos dem fiinffochn
Radius vom Neptunorbit entspricht. Wei VLA 1623-2417 A in ander sehr friithn En-
twicklungsphase is, kenan ma oiso schliafn, dass si rotierade Sternscheibn scho sehr
friith ausbiidn kenan.

Da si rotirade Scheiben scho zu an frithn Entwicklungsstdium von an Stean biiden
kenan, miassns a des Endresultat von seina Entwicklung beeinflussen. Disa Schluss
wird daher in Kapitl 3 eingehend beleutet, wo des koide Umgebungsmatrial und da
Kern von da Woikn in da Scheibn von VLA 1623-2417 A genau betrocht wern. Dazu
wird des Molekiil DCO™ benutzt, weis hauptsiichlich bei Temperatuan um 20 K oder
drunter gformt wird, und des koide Umgebungsmatrial daduach guad nochzeichnen
wern ko. Die Beobachtungsdaten kombiniert mit an oafochn kemischn Modo erlaums
die DCO" Emissionen genauer zu analysiern, und zagn dass die Position von DCO™"
nea am Kern is ois wie wenn da Protostean des Umgebungsmaterial gleichméf auf-
hazen wiird. Anstott auf a spherisch-symetrische Dichte und Temparaturstruktur
hinzweisn, worn DCO" Emissionen lings von dea Scheibn nia om Protostern ois on
die Endn. A Grund dafia is, dass die Scheibn die restliche Materiewoikn gegeniiba
dem Protostern beschottet, und dadurch an Temparaturabfoi verursocht. Des weist
drauf hi, dass die Scheibn an direkten Einfluss aufs Umgebungsmaterial hod indems
sei Temperaturverteilung und kemische Zusommensetzung vaendat.

In Kapitl 4 wiad die physikalisch-kemische Strukta von zwa eingebetteten Meafoch-
protosterna (IRAS 16293-2422 und VLA 1623-2417), anhond von Molekiiln die woams
und koids Gas im Zentrum von aner Protosternwoikn nochzeichnen, untasuacht. Beide
von den Quén san a schon in Kapitl 2 und 3 analysiert worn, und san a sehr hella
Doppiprotostean und a dunklara Dreifochstern, und san beide diaf eingebettet in ihr
Materiewoikn in p Ophiuchus. Es is erkennboa dass VLA 1623-2417 A a rotierade
Scheibn hod (siehe Kapitl 2), wohingegn IRAS 16293-2422 A a grofse, floche scheib-
noatige Struktur mit Radius 200 AU hod. Bei di ondan Quon die beobocht worns san,
san kane Scheibn oda scheibenoatige Strukturn sichtboa. DCO™, N,H' und N,D*
biidn si unter 20 K und zeichnen daduach koids Gas noch, wohingegn ¢—C3;H, and
C,H si zwischen 50 und 100 K oda unta UV-bestrohlung biidt, und damit woams Gas
guad nochzeichnen. Die koidn Molekiile san dabei in beide Systeme enlong die scheib-
noatign Strukturn noh an a Quon festgstéd woan, aowa ned in ondara Richtungen.
Woascheinlich aufgrund von da geringen Helligkeit und da sehr niedrigen Temperatur
unterhoib von 10 K afgrund vom Schottn von da Scheibn von VLA 1623-2417, hod ma
ka N,H™ or N,D* gfundn, sondern nur des woame Molekiil c—C3H,, wos den Materi-
alobfluss guad nochzeichnd. ¢—C3H, und C,H zeichnen beide die séwe Regionen noch,
wos a bei VLA 1623-2417 nochgwiesen is, owa bei IRAS 16293-2422 ned verfizierboa
woa. Insgesamt is hier vor ollem interessant, dass die Multiplizitdt von diese Systeme
kan signifikantn Einfluss auf den kemischn Aufbau hod, und des soit in da Zukunft no
genaua erfoascht wern.

In Kapitl 5 schaun ma uns o, ob olla Stern in an Mehrfochsystem si zur gleichen Zeid
biidn, indem ma uns Protostane oschaun die no in ihr Woikn aibet san, denn bei denan
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is da Umgebungszuastond no recht dhnlich wie zur Sternentsteung. Weidaentwicklde
Steansysteme hom si dagegen scho vii steaka vaendat, wos die Oitasbestimmung donn
owa a wieder sehr schwea oda goa unméglich mocht. Ondaraseits wiad die Entwick-
lungsstufn von an Protostern, gewissamofsn sei Oita, durch sei Helligkeit auf diverse
Wonlengen bestimmt, die Spektralenergievateilung (SED). In da Entwicklungsstufn
wo a Protostern no in sei Woikn einbettet is, schein er wegn sein Staufkokon haupt-
séchlich auf langere Wonlengen hell. Wirend da weidaren Entwicklung vaziagt si don
die Woikn, die Helligkeid vom Protostern verschiabt si don longsom zu die kiizan Won-
lengen, und da neiche Stern fongt on maxmimal Hell zum wern wenn er Wossastoff
zum verbrenna ofongt. Deswegen wird des Helligkeitsverhétnis von Protosterna in
an System releativ zuanonda verwendt um aussazfinden ob die Stern olla gleichzeitig
entstondn san oda zeitlich unabhéngig. In diesm Kapitl verwendn ma dahea die SEDs
von olle ois Protostern identifizierte Systeme in Perseus (in circa 750 Lichtjoah Dis-
tanz) basierend auf Archivmaterial (Literaturmaterial und photometrische Koatn vom
Waodraumteleskop Herschel). Auf Grund von da beschrinktn Auflosung von Herschel
kenan die SEDs von Meafochsystemen nur in Einzlkomponentn aufglost wean, wenn
die Protosteane mindestens 1600 AU ausanonda san. A die Orietierung von an Proto-
stean im Raum ko die SED beeinflussn, denn a Protostean, endlong von seim Ausfluss
betrocht, wird 6da ausschaun ois aus aner ondan Perspektivn, wei des Umgebunsma-
terial f6d. Ma muas oiso nebman Aufbau und da SED a die Orientierung von an Stean
analysian, wenn man bestimmen wii, ob die Komponentn von an Mehrfochsystem gle-
ichzietig entstondn san oda ned. In diesem Kapitl kommen ma daher zum Schluss, dass
in an Drittl von die Protosteannsystemen die Komponentn ned gleichzeitig entstondn
san, und dass, sObst wenn a oda zwa Protosterna si scho biidt hom, si a no weidare
Komponentn foamen kenan. Diese Resultate san daher sehr weatvoi und ergénzn die
Theorie und von da Steanentstehung. Aufserdem werfn sie die Frog auf, woche Faktorn
die Entstehung von weidare Protosteane in existierade Systeme auslosn.

In Kapitl 6 wiad aner von die meglichn Einflussfaktoan auf Meafochsteanentste-
ung betrocht: Temparatur. Géndige wissnschoftliche Modelle zagn, dass aufghazta
Staub und Gas nimma zu weidara Framentierung fiian, soboid da erste Protostern
gformt worn is. Olladings zagt Kapitl 5, dass no ondare Faktorn die Entsteung von
Mehrfochsteanen beeinflussn kenan. Um aussazfindn ob aner von die Faktoan die Tem-
paratur is, wern deswegn in dism Kapitl Gas und Staub im Radius von 1000AU um
a System betrocht. Die Datn dazu kuman aus APEX-Einzlschiisslbeobochtungen von
Molekiiln die guade Temperaturmesser san, zum Beispii DCO™ und H,CO, und soiche
die von Protosteanen bestroite Regionen guad nochzeichnen, zum Beispii c—C;H, und
C,H. Beobochtungen von diese Molekiile san in dem Kapitl deswegn fiiq vaschiedane
Einzl- und Mehrfochprotosteansysteme in Perseus ongstod worn, wos es ermdglicht ian
Enwicklungsstond und die Vahotnisse zwischen Meafoch- und Einzlsteansystemen zu
vagleichn, und damit donn héfn ko aussazfindn ob Temparatur waklich a Schliisslfak-
tor in da Entsteung von Mehrfochsystemen is. Duach diesn Vagleich konntn ma zagn,
dass es ka direkte Vabindung zwischen Temperatur und Mehrfochheit gibt, und im
Gegenteil, die anzige Gemeinsomkeit is, dass Mehrfochsysteme iiba a grof Reservoir
aus koidn Gas vafiign ois Einzlsysteme. Die Ergebnisse weisn drauf hin, dass Masse
und Dichte Einflussfaktorn fia Framentierung san, und damit a fiir die Entsteung von
Meafochsteansystemen.
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Schlusswoat

Diese Dissertation leistet mehrare wichtige Beitrdge zum generellen Verstandnis von da
Sternentstehung, die im Foigendn noamoi kurz zommgfosst wern. Grofe Scheibn ke-
nan si scho in am frithn Entwicklungsstdium entwickln, und sie kenan den physikalisch-
kemischn Aufbau von Protosteanen beeinflussn. Des is inbesondere wichtig fiir den
oigemeinen Sternentstehungsprozess, weils des grundlegendes Verstandnis von da Entste-
hung von Protosterna vadndat. Zusétzlich kenan sowoi Scheibn ois a da physikalisch-
kemische Aufbau die Entwicklung von Protosteannsystemen beeinflussn, wei sie Zutatn
liefan die fia die Fragmentierung wichtig san. Protosterna in Mehrfochsystemen ke-
nan sie a unobhéngig vonanonda biidn, oiso ned nur zeitgleich zuanonda, wos darauf
hinweist, dass in monche Félle die Zustdnd im Woiknkern no weidere Fragmentierung
ermeglichn. Diese Umsténde henagan olladings ned mit da Temperatur zom, kuntn
owa mit da Masse und da Dichte von da Woikn zomhengan.

Die Ergebnisse die in diesa Dissertation prasentiert wern stelln an Schritt voaweats
im Verstdndnis von da Stern- und Protosternentstehung, owa zagn a dass no weidare
Forschung notwendig is um die damit einhergehendn neichn Frogn zu beontwurden.
Zum Beispii wérs interssant aussazfindn, ob Schliisse aus unsere Beobochtungen von
Perseus a fia ondare Regionen zuadreffn. Unsa Biid vom da Sternentstehungsprozess
muss genarell ana Revision untazogn werdn, um insbesondere a die Entwicklung von
Meafochsteansystemen zu erklean, weil diese die wahrscheinlichstn und hiefigstn End-
produkte in da Sternentstehung san. A unsare physikalischen und kemischn Simu-
lationen und die dahinta Theorie soit um die Eagebnisse die ma aus astronomischn
Beobachtungen ergénzt werden, um don weidare Vorhersogn treffen zkena worauf ma
in Zukunft unsa wissnschoftlichs Augnmeak richtn miassn.
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Streszczenie w jezyku polskim

Uktady wielokrotne — skladajace sie z dwoch lub wiecej gwiazd tworzacych grawita-
cyjnie zwiazany system — sa powszechne we Wszech$wiecie. Ich szczegolne wlasnodci,
takie jak zmienna jasno$é, sprawialy ze tego rodzaju systemy gwiazdowe ksztattowaly
wyobraznie juz w czasach starozytnych. Bytly one réwniez przedmiotem badan aka-
demickich, zwlaszcza po skonstruowaniu pierwszych teleskopéw. Wiedza na temat
ukladow wielokrotnych gwiazd rosta wraz z coraz wigkszymi mozliwo$ciami obserwacji
Wszechswiata. Pozwolity one ustalié, ze takie ukltady moga byé przyczyna wystepowa-
nia wielu ciekawych zjawisk, od supernowych i mglawic planetarnych, po zlewajace
sie systemy dwoch czarnych dziur. Uktady wielokrotne gwiazd regularnie pobudzaty
wyobraznie na przykltad w kontekscie wystepowania wokol nich planet. W jaki sposob
wygladaja uktady planetarne wokot wielu gwiazd? Jak moga przebiegaé¢ wielokrotne
wschody i zachody gwiazd?

Niedawne obserwacje misji Kepler pokazaly, ze planety wystepuja wokot gwiazd
wielokrotnych. Pytanie w jaki sposob takie uktady powstaly jest naturalng konsek-
wencja naszej ciekawosci i checi zrozumienia, co powoduje powstawanie stabilnych
uktadéw wielokrotnych. Wczesne teorie koncentrowaly sie na scenariuszu, w ktérym
jedna z gwiazd $ciaga druga na swoja orbite i w ten sposéb tworza uktad podwdjny.
Jednak ten pomyst miatl powazne problemy, w szczeg6lnosci potrzebe wystepowanie
bardzo wielu gwiazd w nieduzych odlegtosciach od siebie i udzial w procesie takze trze-
ciej gwiazdy. Zrozumienie w jaki sposob gwiazdy powstaja i ewoluuja moze pomobe
rozwiazaé zagadke wystepowania ukladéw wielokrotnych gwiazd.

Opierajac sie na obserwacjach i modelach, proces powstawania gwiazd moze zostaé
naszkicowany w nastepujacy sposob. Rotujace obtoki gestego pylu i gazu moga, przy
korzystnych warunkach, zaczaé kolaps grawitacyjny i uformowaé protogwiazde gteboko
zanurzona w gestym jadrze takiego obloku. Takie zanurzone protogwiazdy wyrzucaja
silne i waskie wyplywy molekularne, ktére sa sygnatura trwajacego aktualnie procesu
powstawania giwazdy. Rotacja oraz zapadanie sie materialu na gwiazde ostatecznie
prowadzi do powstania splaszczonej, rotujacej struktury - dysku - ktéra prawdopodob-
nie tworzy sie na wczesnych etapach powstawania gwiazdy. Dysk w przysztosci stanie
sie miejscem powstawania planet i komet. W czasie gdy protogwiazda rosnie i ewolu-
uje, ilos¢ otaczajacej jej materii maleje, zaréwno z powodu akrecji na protogwiazde,
jak 1 rozpraszania gazu i pytlu przez wyplyw molekularny. Gdy wiekszo$¢ materi-
alu zostanie juz usunieta, pozostaje juz tylko pojedyricza mloda gwiazda i planety,
jesli tylko powstaly. Obserwacje wielu protogwiazd od etapu gteboko zanurzonego w
materii do catkowicie z niej oczyszczonego pokazuja, ze uklady wielokrotne gwiazd
wystepuja powszechnie. To z kolei sugeruje, ze wiekszo$¢ gwiazd rodzi sie jako uktady
wielokrotne, a nasza wizja procesu powstawania gwiazd powinna uwzglednié ich ist-
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nienie.

Fakt powstawania uktadéw wielokrotnych gwiazd powoduje powstanie rozlicznych
pytan dotyczacych tych ukladéw. Ta praca doktorska dotyka wielu otwartych pytan
zwiazanych z powstawaniem i ewolucja uktadéw wielokrotnych gwiazd:

1. Kiedy powstaje dysk i jaki jest jego wptyw na uktad protogwiazd?
2. Czy wszystkie gwiazdy w uktadzie wielokrotnym powstaja jednoczesnie?

3. Jakie czynniki wzmacniaja lub utrudniaja powstanie uktadéw wielokrotnych
gwiazd?

4. W jakim stopniu gwiazdy pojedyncze i uktady wielokrotne sa podobne jesli
chodzi o strukture, zaréwno fizyczng jak i chemiczna?

Pierwsze z powyzszych pytan jest szczegdlnie interesujace, poniewaz dyski to nie
tylko miejsca powstawania planet i komet, ale moga réwniez graé role przy tworzeniu
uktadow wielokrotnych na wczesnym etapie procesu powstawania gwiazd. Nastepne
dwa pytania zwiagzane sg ze sposobem, w jaki uktady wielokrotne powstaja. Fragmen-
tacja, jako proces rozrywania materiatu w jadrze formujacym gwiazde, jest powszech-
nie uwazana za gléwny mechanizm tworzenia ukladéw wielokrotnych. Nie jest jeszcze
jednak wiadomo kiedy i jakie czynniki wptywaja na pojawienie sie fragmentacji i os-
tateczne powstanie ukladu wielokrotnego oraz jego ewolucje. Czwarte pytanie ma na
celu zrozumienie, czy pojedyncze i wielokrotne gwiazdy roznia sie swoja struktura
[budowa] i czy te roznice sa wynikiem wielokrotnosei czy jakiego$ innego procesu.

Aby podjaé¢ probe odpowiedzi na powyzsze pytania, wykonatlam obserwacje emisji
pochodzacej od molekut i pytu oraz skonstruowalam modele fizyko-chemiczne, aby
opisa¢ strukture obserwowanych protogwiazd. Emisja pochodzaca od pylu pokazuje
polozenie protogwiazdy i pomaga okresli¢ etap, na ktérym znajduje sie tworzaca sie
protogwiazda. Molekuly sg wazne, poniewaz umozliwiaja badanie kinematyki obiektu,
w funkcji temperatury i gestosci, i ujawniaja strukture chemiczna protogwiazd. Znajo-
mosé procesé6w chemicznych moze byé bardzo waznym narzedziem przy probie zrozu-
mienia Wszechswiata.

Ta praca doktorska

Rozdziatl 1 zawiera szczegdétowe wprowadzenie do aktualnego stanu wiedzy z zakresu
powstawania gwiazd, zarowno dla gwiazd pojedynczych i wielokrotnych. Obserwacje
przedstawione w tej pracy doktorskiej obejmujg zakres od fal milimetrowych do bliskiej
podczerwieni i zostaly uzyskane przy uzyciu instrumentéw naziemnych oraz satelitow
kosmicznych. Sie¢ anten submilimetrowych ALMA (ang. the Atacama Large Mil-
limeter /submillimeter Array), ktora pracuje jako interferometr radiowy polozony na
plaskowyzu Chajnantor na pustyni Atakama w Chile, zostata wykorzystana do ob-
serwacji chemicznej i fizycznej struktury uktadéw wielokrotnych protogwiazd w skalach
przestrzennych rzedu setek jednostek astronomicznych (1 jednostka astronomiczna to
odleglosé¢ Ziemi od Storica). Teleskop APEX (ang. the Atacama Pathfinder EXperi-
ment), potozony w poblizu ALMA, to radioteleskop o pojedynczej antenie, ktory w tej
pracy zostal uzyty do badania protogwiazd w skalach przestrzennych podobnych do
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wielkosci jader tworzacych gwiazdy (tysiace jednostek astronomicznych). Wykorzys-
tane rowniez zostaly archiwalne mapy fotometryczne z Kosmicznego Obserwatorium
Herschela i Teleskopu Kosmicznego Spitzera.

Rozdzial 2 poswiecony jest probie odpowiedzenia na pytanie, kiedy powstaje dysk.
Aby to zrobi¢, badany jest bardzo mtody uktad wielokrotny protogwiazd - VLA 1623-
2417. VLA 1623-2417 jest uktadem potréjnym polozonym w sercu p Ophiuchus (w
odlegtosci 391 lat swietlnych). Trzy skladniki ukladu wykazuja duze roznice, praw-
dopodobnie z powodu réznic w etapie ewolucyjnym. Jeden ze sktadnikéw, VLA 1623-
2417 A, posiada splaszczona strukture przypominajacg dysk widoczna zar6wno w
emisji molekut, jak i pylu. Badania kinematyki gazu przy uzyciu molekuly c'®o
i prostego modelu pokazuja, ze ta emisja w istocie pochodzi z rotujacego dysku o
promieniu okoto 150 jednostek astronomicznych, czyli pie¢ razy wiekszego niz orbita
Neptuna. Poniewaz VLA 1623-2417 A jest bardzo mloda, gleboko zanurzona pro-
togwiazda, znalezienie rotujacego dysku wokot tego obiektu jest dowodem, ze tego
rodzaju struktury powstaja na bardzo wczesnym etapie powstawania gwiazd.

Jak pokazuje Rozdziatl 2, rotujace dyski moga sie tworzy¢ podczas wczesnych
etapow powstawania gwiazd. Stad ich obecno$¢ musi w jaki§ sposéb wplywaé na
ewolucje protogwiazdy. Ten problem poruszony jest w Rozdziale 3 poprzez badanie
materialu otaczajacego rotujacy dysk VLA 1623-2417 A. Wykorzystano w tym celu
molekuly zwiazane zwykle z chlodnym materialem w obloku molekularnym wokét
protogwiazd. Molekulta DCO™" uzyta zostala do zbadania tego chlodnego materiatu,
poniewaz powstaje gléwnie w temperaturze 20 K lub nizszej. Polaczenie obserwacji
z prostym modelem chemicznym pozwala na analize emisji DCO'. Zaobserwowana
emisja w DCO™ jest polozona blizej zrodla niz przewidywalby model o sferycznie
symetrycznym rozktadzie gestosci i temperatury tzn. sytuacji, gdyby protogwiazda
ogrzewalta otaczajacy ja material w sposéb réwnomierny we wszystkich kierunkach.
Zamiast tego, emisja w DCO " obserwowana jest blizej protogwiazdy wzdhiz rotujacego
dysku, ale nie wzdtuz wyptywu molekularnego. Spowodowane jest to obnizeniem tem-
peratury na brzegu dysku z powodu zacienienia materialu od strony ogrzewajacej go
protogwiazdy. Wskazuje to na duzy wplyw obecnosci dysku na otaczajacy material,
skutkujacy zmianami w rozkladzie temperatury i strukturze chemiczne;j.

Fizyko-chemiczna struktura zanurzonych protogwiazd jest dalej badana w Rozdziale
4 przy uzyciu molekul, ktore sa wzbudzane przez chtodny i cieply gaz obecny w jadrach
protogwiazdowych. Badane sa dwa uklady wielokrotne — IRAS 16293-2422 i VLA
1623-2417. Oba systemy protogwiazd potozone sa w p Ophiuchus i sg gleboko zanur-
zone w macierzystych jadrach materii. IRAS 16293-2422 jest bardzo jasnym uktadem
podwojnym podczas gdy VLA 1623-2417 jest stabszym ukladem potréjnym protog-
wiazd badanym w Rozdziatach 2 i 3. W VLA 1623-2417 A zostal odkryty rotujacy
dysk (Rozdzial 2), podczas gdy IRAS 16293-2422 A posiada duza, splaszczong struk-
ture dyskopodobna o promieniu rzedu 200 jednostek astronomicznych. Inne sktad-
niki tych ukladéw wielokrotnych nie posiadaja potwierdzonych struktur dyskowych
lub dyskopodobnych. Chlodny gaz byt badany przy uzyciu molekut DCO™, N,H' i
N2D+7 ktore powstaja w temperaturach ponizej 20 K i dlatego charakteryzuja chtodne
obszary. Dla cieptych obszaréw o temperaturach od 50 do 100 K i tych, ktore sa ogrze-
wane przez promieniowanie UV od centralnej protogwiazdy uzyteczne sg molekuty
c—C3H, i C,H. Molekuly pochodzace z chtodnego gazu sa widoczne blizej zrodet w obu
systemach z powodu obecnosci dysku / struktur dyskopodobnych, ale nie w kazdym
kierunku. Dla VLA 1623-2417 N,H" i N2D+ nie sa zaobserwowane, prawdopodob-
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nie z powodu niskiej jasno$ci protogwiazdy i bardzo niskich temperatur (ponizej 10
K) spowodowanych ocienieniem materialu przez dysk. Jest to zgodne z wynikami
z Rozdziatu 3, w ktorym pokazano, ze dysk ma dramatyczne znaczenie na struk-
ture fizyko-chemiczna protogwiazdy. Ciepta molekuta c—C3H, dobrze pokazuje wneki
wyplywéw molekularnych u obu systeméw, co jest zgodne z obecnoscia tej molekuty w
cieptym i o$wietlanym przez promieniowanie UV otoczeniu. Molekuty ¢c—C3;H, i C,H
czasem pochodzg z tego samego obszaru. Jest to prawda dla VLA 1623-2417, ale nie
dla IRAS 16293-2422. Warto zauwazy¢, ze wielokrotno$é tych uktadow nie wydaje sie
mie¢ duzego znaczenia na strukture chemiczna, choé¢ dalsze badania sa niezbedne.

W Rozdziale 5 zbadano czy rzeczywiscie wszystkie gwiazdy w ukladach wielokrot-
nych powstaja w tym samym czasie. Aby odpowiedzieé¢ na to pytanie konieczne jest
badanie protogwiazd na bardzo wczesnych etapach ewolucji, a nie tych p6zniejszych.
Dzieje sie tak dlatego, ze warunki powstawania u mlodych protogwiazd sa prakty-
cznie nienaruszone przez sama gwiazde, podczas gdy na pdzniejszych etapach mamy
do czynienia z wyewoluowanymi systemami. To jednak powoduje ré6wniez problemy.
Wiek zanurzonych protogwiazd jest praktycznie niemozliwy do okreslenia. Z drugiej
strony etap ewolucyjny protogwiazdy, czyli wtasciwie jej “wiek", jest okreslony poprzez
rozktad jasno$ci w funkcji dtugosci fali nazywany widmowym rozktadem promieniowa-
nia (ang. spectral energy distribution, SED). Podczas etapu zanurzonego, jasno$¢ pro-
togwiazdy jest najwieksza na dlugich falach z powodu kokonu pylowego, w ktorym
ona powstaje. Wraz z ewolucja protogwiazdy, materia wokél protogwiazdy ulega
rozproszeniu i jasno$¢ protogwiazdy sukcesywnie przesuwa sie ku krotszym falom.
Gdy gwiazda zaczyna pali¢ wodor w swoim jadrze, to jej jasnosé przesuwa si¢ do za-
kresu widzialnego. Dlatego etap ewolucyjny protogwiazdy, w poréwnaniu do innych
sktadnikow w ukladzie wielokrotnym, moze byé¢ uzyty do sprawdzenia czy wszystkie
protogwiazdy w danym systemie powstaly w tym samym czasie. SED dla wszys-
tkich protogwiazd odkrytych w obtoku molekularnym Perseusza (w odlegtosci 750
lat $wietlnych) zostaly zrekonstruowane przy uzyciu danych literaturowych i fotome-
trycznych map z Kosmicznego Obserwatorium Herschela. Dla uktadow wielokrotnych
SED poszczegolnych sktadnikéw mogly byé¢ rozwiktane przy odleglosciach pomiedzy
protogwiazdami powyzej 1600 jednostek astronomicznych z powodu rozdzielczosci Ob-
serwatorium Herschela. Nachylenie protogwiazdy w kierunku linii widzenia moze
wplywaé¢ na wyglad SED, poniewaz protogwiazda widziana wzdluz wyplywu bedzie
wydawatla sie starsza niz jest w rzeczywistosci, bo otoczka w ogdle moze zostaé nieza-
uwazona. Dlatego, aby wyznaczyé¢ czy protogwiazdy w ukladach wielokrotnych pow-
stawaly jednocze$nie czy nie, trzeba wziac pod uwage orientacje protogwiazd, ich
strukture fizyczna i SED. Wyniki tego badania pokazuja, ze w jednej trzeciej przy-
padkéw sktadniki uktadéw wielokrotnych nie powstaja w tym samym czasie. Innymi
stowy, niektore obloki molekularne tworza protogwiazdy nawet dtugo potym gdy jedna
lub dwie juz zostaly utworzone. Dostarcza to istotnej informacji dla teorii i modeli
opisujacych powstawanie gwiazd wielokrotnych i tym samym wskazuje na potrzebe
zrozumienia czynnikéw przyczyniajacych sie do powstawania kolejnych protogwiazd w
uktadach wielokrotnych.

W Rozdziale 6 badany jest jeden z mozliwych czynnikow wptywajacych na pow-
stawanie gwiazd wielokrotnych: temperatura. Modele, ktore obejmuja ogrzewanie
gazu i pytu przez centralng protogwiazde sugeruja, ze od momentu, w ktérym protog-
wiazda zostaje uformowana, podgrzany gaz i pyl nie dzieli sie juz w wiecej skupisk. Z
kolei, wyniki z Rozdzialu 5 pokazuja, Ze sa jeszcze inne przyczyny fragmentacji i pow-



STRESZCZENIE W JEZYKU POLSKIM 225

stawania uktadow wielokrotnych gwiazd. Aby stwierdzié¢, czy istnieje zaleznosé miedzy
temperaturg a fragmentacja, sa prowadzone badania gazu i pylu w skali tysiecy jed-
nostek astronomicznych. Obserwacje teleskopem APEX skupialy sie na molekutach,
ktore sa dobrymi miernikami temperatury, jak DCO™ i H,CO, oraz na c—C3H, i C,H,
charakteryzujacych regiony o$wietlane przez protogwiazde. Obserwacje tych molekut
wykonane zostaly dla probki wyselekcjonowanych systeméw protogwiazdowych w obtoku
molekularnym Perseusza, zaréwno wielokrotne, jak i pojedynczych. Badanie obu
typoéw systemoé6w pozwala na poréwnanie warunkéw w pojedynczych i wielokrotnych
gwiazdach, co moze pomoc w stwierdzeniu, czy temperatura jest kluczowym ele-
mentem w tworzeniu sie gwiazd wielokrotnych. Obserwacje molekul i wyznaczone
na ich podstawie temperatury gazu nie pokazuja jasnej relacji miedzy temperatura a
wielokrotnymi badz pojedynczymi gwiazdami. Jedyna zaobserwowana réznica jest to,
ze wielokrotne systemy gwiazdowe maja ogromne zasoby chtodnego gazu w poréwnaniu
z pojedynczymi protogwiazdami. To sugeruje, ze masa i gestos¢, bardziej niz temper-
atura, odgrywaja role we fragmentacji, a w konsekwencji w formowaniu wielokrotnych
systemow protogwiazdowych.

Wnioski

Wyniki tej pracy pozwalajg na dotozenie kolejnych cennych elementéw do uktadanki
pod tytutem formowanie sie gwiazd wielokrotnych i zostana tu krotko przytoczone.
Ogromne dyski moga powstawa¢ we wezesnych stadiach rozwoju protogwiazdy i wply-
waé na fizyko-chemiczng strukture protogwiazd. Jest to istotne dla calego procesu
formowania sie gwiazd i zmienia nasze spojrzenie na ewolucje protogwiazd. Ponadto,
oba czynniki - dysk oraz struktura fizyko-chemiczna, moga wplywaé na formowanie sie
systemow wielokrotnych poprzez fragmentacji. Nie wszystkie protogwiazdy w takim
systemie tworzg si¢ jednoczesnie. To oznacza, ze w niektérych przypadkach warunki
panujace w gazowym jadrze sprzyjaja dalszej fragmentacji. Te warunki nie sa jednak
zwigzane z temperatura, choé¢ moga by¢ z masa i gestoscia.

Wyniki te pozwalaja wykonaé¢ kolejny krok na przéd w rozumieniu formowania
sie systeméw wielokrotnych, choé potrzebne sg dalsze badania. Na przyktad byloby
interesujace dowiedzie¢ sie, czy wyniki uzyskane dla obtoku molekularnego Perseusza
maja zastosowanie dla innych regionéw powstawania gwiazd. Nasze rozumienie tego
procesu musi zosta¢ poszerzone o formowanie gwiazd wielokrotnych, gdyz sa najczest-
szym sposobem powstawania gwiazd. Modele i teorie nalezy zrewidowa¢ o wyniki
obserwacji, co pozwoli na ukierunkowanie naszych dalszych badan.
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Curriculum vitae

I was born in San Jose, Costa Rica, on the 31st of August, 1988. Premature by a month
and the youngest of three. My curiosity about travelling, learning and researching
came from my dad, Carlos Murillo Zamora, a political scientist who often would inspire
me to look at things from a different perspective. My interest in sewing, growing plants
and understanding human behaviour and education came from my mom, Rosario
Mejias Fernandez, a stay at home mom with an interest in child psychology.

I lived in Costa Rica until almost 5 years old, when my dad was appointed counsel
of Costa Rica in Miami, Florida, USA. In 1994 we moved there for 4 years. I attended
my last year of kindergarten in Dade County Elementary School. Although I could
speak and read (upside down) Spanish, I learned to speak, write and read (right side
up) English in 3 months, though I was stuck in ESOL courses for the next three years.
Thus, English became, in a way, my first language. Moving house meant new school.
Literally. I started in 1995 first grade in the newly built and inaugurated William
Lehman Elementary School in Miami. I had wonderful teachers who encouraged and
nurtured my curiosity, and love for doing research. Living in Miami, a melting pot
of cultures and nationalities, exposed me to different languages, religions, cultures
and people. Through my dad’s work, I came into contact with diplomats and people
involved in politics, humanities and sciences, which taught me how to talk with others
and express my points of view. This exposure to people from all walks of life would
not stop after leaving Miami, but has continued throughout my life.

In July of 1998, at the age of 9, we moved back to Costa Rica. I had to re-learn
Spanish quickly before returning, this lead to many funny situations in school. During
my first school summer vacation, while looking for something to do, I rekindled my
love for research. I quickly found a deep interest in space, and as many children do,
dreamed of becoming an astronaut and announced it to all my family. My dad took
me seriously and found the only physics book in the house, Conceptual Physics by
Paul Hewitt, turned to the chapter on relativity and handed it to me, suggesting I
start there. I set out to read it happily, but understood little. Not being the kind to
give up on a challenge, I turned to the first chapter and thus started learning about
physics. When I reached concepts in physics I could not understand, I was determined
to contact the author to ask him questions. After several attempts to find his contact
information, and a call to his brother who owned a coffee farm in Costa Rica, I finally
managed to contact Paul Hewitt. He became a mentor to me, encouraging me to learn
and pursue studies in science, both in physics and chemistry.

We moved several times in the following years due to my dad’s job as a university
professor. I finished my final year of elementary school in the Escuela Jose Ezequiel
Gonzalez Vindas, in San Pablo, Heredia, Costa Rica. Then went on to secondary
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education at the Liceo Lic. Mario Vindas Salazar, or MAVISA for short. Despite
the regulated education plan in schools in Costa Rica, I met there many teachers
who further nurtured my curiosity and willingness to learn as well as my love for
researching topics and presenting them in class. I quickly picked up French, found
myself negotiating with teachers to do research in topics for classes rather than hand
in boring homework, having discussions on literature, especially Don Quijote, with
my Spanish teachers, convincing my math teacher to teach me calculus and discussing
history and life with my social studies teacher. In the last two years, I also learned
technical drawing and architecture, an interest that has not subsided and only grown
with my travels.

During my teenage years, I confronted many health problems, obstacles that stopped
me from going about my daily life. This lead me to see a myriad of doctors, specialists
in many areas, and the realization I would not ever be allowed in any space program.
Fortunately, by this time my interest had developed towards astronomy, understand-
ing stars, galaxies and how all of it formed. My experience with medical specialists
made me realize how human and subjective medicine is as a science, how much more
there is to learn and the driving force of research. Despite every new obstacle, I was
determined to move forward to my goals, one of them being to study abroad.

In my last year of secondary education, I applied for a scholarship to conduct my
undergraduate studies in Taiwan. At the time, diplomatic relations between Costa
Rica and Taiwan provided scholarships to Costa Rican students to study one year of
language and four years of undergraduate studies in Taiwan, in any field of choice. I
was granted the scholarship. Weeks before I turned 18 years old, to my dad’s excite-
ment and my mom’s dismay, I boarded a plane off to another continent, 14 time zones
away from home and my first time living alone. I arrived in Taiwan on the 15th of
August 2006, mother’s day in Costa Rica, at night on a hot and humid summer day
that hit me like a wall as I stepped out of the Taoyuan airport in Taiwan. I spent my
first year attending language lessons for 2 hours a day, and then roaming the city of
Taipei and its county (now New Taipei city), reading as many menus and signs as I
could understand. I quickly picked up the language. During this time I met people
from all over Asia, exchanging anecdotes of life and culture.

In the summer of 2007, I obtained admission to the department of Physics in Na-
tional Tsing Hua University, in Hsinchu. I was incredibly excited to finally attend
university and study pure physics. Although I did not excel in my exams or grades, I
pressed forward to find an opportunity to do research in astronomy, taking as many
astronomy courses as possible. Through one of these courses, Observational Astron-
omy with Prof. Albert Kong, I had the opportunity to visit the optical one-meter
telescope on Lulin Observatory, where I quickly found out an astronomer’s nights are
not always clear. At the end of the semester, there was the TTARA Winter school
on star formation in January 2009. Encouraged by Prof. Albert Kong, I applied to
attend the workshop and obtained a spot. Despite having an interest in gravitation
and black holes, I found the lectures on star formation wonderfully immersive; the
memory of Prof. Bo Reipurth presenting the multi-epoch observations of a jet and
how it moved is still fresh in my mind. At the end of the workshop, Prof. Paul Ho
went up on stage and asked the students for ways to improve astronomy in Taiwan. I
raised my hand and stated I wanted more opportunities to get involved in astronomy,
his reply was if given those opportunities would I take advantage of them? He offered
attendance to his Saturday group meetings in Taipei for those interested. Prof. Shih-
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Ping Lai also pointed out she had a weekly group meeting and interested students
could attend. For the following semester I attended both meetings. By the summer
of 2009, I started doing undergraduate research in Shih-Ping’s group, looking at the
outflow of NGC1333 IRAS4A. At the end of summer, I gathered all my courage and
notes, and went up to Shih-Ping, explaining why I wanted to do research and that I
was intent on studying multiple stars. Her reply was that she had some data on this
source which had polarization measurements and was maybe a binary. That source
turned out to be VLA1623, my new found obsession. I spent 3.5 wonderful years in
her group, making long-lasting colleagues and friends.

During my first year of master studies, I took the opportunity to apply to Prof.
Ewine van Dishoeck’s PhD position in her astrochemistry group in Leiden University.
After being rejected from three PhD programs in the USA, I did not expect to be
considered for a spot in Leiden Observatory. To my great surprise, I was short listed
and invited to an interview in the Netherlands. My first time to Europe. During
the presentations and interviews, I was so nervous, seeing many others with research
projects that to me seemed more advanced than mine. I enjoyed my visit to Leiden,
but feared not obtaining a position thinking there were others more qualified than
me. A couple of days after returning to Taiwan, Ewine offered me two positions, one
part in MPE (Garching bei Munich, Germany) and part in Leiden, and the other in
Leiden. I must have bounced off the walls from excitement. I waited until the weekend
passed so I could tell Shih-Ping about it and then reply to Ewine with a most definite
yes, and of course, a list of reasons why I would choose the MPE /Leiden position. Of
course, Shih-Ping noted that now I had half a year to finish my master thesis.

After graduating from masters, I stayed in Taiwan for half a year to finish a project
with Shih-Ping. On December 1st, 2012, I left Taiwan after 6.5 years of living there.
I hopped on over to Costa Rica, to meet for the first time my nieces and nephew for
Christmas, and then move to Europe. I arrived in Munich, Germany, on January 13th,
2013. I spent 3 years at MPE. During my time there, I met my wonderful Christian,
who was doing his masters in computer science and on-board satellite computers.
Afterwards, we moved together to the Netherlands for my last year of PhD, which
turned to year and a half, and Christian started his PhD here in Leiden, continuing
his work on dependability of satellite on-board computers.

My path continues onward with a post-doctoral position working on JWST with
Ewine.
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