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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 (Duchêne & 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 (Mstar <2 M�) are formed
in dense cloud cores of dust and gas with number densities in the range of 104 to 105

cm�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 M�. The � 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, L1448
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 M�, Saigo et al. 2008; Tomida et al. 2010) that is rather compact and
dim (<0.1 L� 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 (Commerçon et al. 2012).

As the temperature in the FHSC rises due to compression, H2 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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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).
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Table 1: Phases of star formation

Class Stage
Tbol �IR

Lsubmm

Lbol
Mass relation Age

K yr

0 T � 70 ... > 0.005 Menv >> M� 105

I 70 < T � 650 � > 0 < 0.005 Menv < M� 105 – 106

II 650 < T � 2800 0 > � > -1.5 < 0.005 Menv < 0.1 M� 106 – 107

III ... -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; Jørgensen 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. Jørgensen 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 Menv.
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 Tbol, infrared spectral index �IR be-
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tween 2 to 20 �m, and the ratio of submillimeter luminosity, which is defined as the
luminosity for � � 350 �m, 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=Lbol is meant to reflect the envelope to central protostar mass ratio Menv=M�
(André et al. 1993; Froebrich 2005), but a Class II 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 Tbol 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

MF =
B + T +Q+ :::

S +B + T +Q+ :::
(1.1)

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

CSF =
B + 2T + 3Q+ :::

S +B + T +Q+ :::
(1.2)

For both fractions, S;B; T and Q 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
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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 (Lbol) and temperature (Tbol), 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); L1448 C (Hirano
et al. 2010); B1-b (Hirano & Liu 2014; Gerin et al. 2015); IRAS16293 (Jørgensen
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)1. Even
more interesting is the observations by Tobin et al. (2016a) which found evidence of
recent disk fragmentation in L1448 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 (Duchêne 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

1While 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 (Jørgensen 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 � 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 (Yıldız 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 H2CO 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�C3H2 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
C18O, it is indicative that these structures have similar physical conditions. DCO+,
N2H

+ and N2D
+ are good tracers of cold (�20 K) regions where CO freezes out,

whereas c�C3H2 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. Jørgensen 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
�m. 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 � 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 �IR and ratio of submillimeter to bolometric lumi-
nosity 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 Rcrit 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 (N2H

+, N2D
+, DCO+, c�C3H2, C2H and H2CO),

the disk (C18O, 13CO) and the heated gas (13CO 6–5, c�C3H2). 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:

� When do disks form?

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

� What is the frequency of coevality in multiple protostellar systems?

� 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 �
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 C18O 2–1 centered on source
A. Using a thin disk model with the addition of foreground coupled with radiative
transfer, the C18O 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 Rcrit. We find that the C18O 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 M�, and an
inclination of i =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 C18O 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 Jørgensen) 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 � Ophiuchus molecular
cloud. IRAS 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�C3H2, C2H, N2H

+ and N2D
+. 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 N2D

+ and N2H
+ 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�C3H2 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 Tbol, �IR and Lsubmm=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�C3H2 and H2CO 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 IRAS16293. 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+,
N2H

+ and N2D
+ for the cold outer envelope, H2CO, c�C3H2 and C2H 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.
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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 C18O 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 C18O 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 M� 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 Rout = 180 AU with a Keplerian velocity structure out to at least
150 AU. The weak magnetic fields and recent fragmentation in this region of �
Ophiuchus may have played a leading role in the formation of the disk.

21



22 2.1. INTRODUCTION

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 (Jørgensen 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 / 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; Jørgensen 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 � 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 �m; VLA1623B,
a very cold and compact source separated 1.100 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 C18O and C17O 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�1 mJy

VLA1623A 16:26:26.390 -24:24:30.688 93.1 201.3�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 C17O and C18O 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 / R�1 pattern from the rotationally supported v / R�0:5 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 C18O
emission. The results of the C18O ALMA observations are consistent with previous
Sub-Millimeter Array (SMA) C18O 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 C18O emission is
tracing a rotationally supported disk about VLA1623A, we performed position-velocity
diagram analysis and modeled the C18O emission in order to determine the extent to
which the observed structure is rotationally supported.

2.2 Observations

We observed VLA1623 (pointing coordinates �=16:26:26.419 �=-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), C18O (2-1), N2D+ (3-2), and 12CO (2-1), in addition to continuum. No
significant N2D+ emission was detected. In this paper we only analyze and discuss
the results of C18O and continuum. The remaining lines will be discussed in future
papers. The spectral configuration provided a velocity resolution of 0.0833 km s�1 for
C18O.

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 0.7900 � 0.5400 for the continuum and 0.7900 � 0.6100
for C18O, 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 C18O (2-1) (halftone). Contours are in steps of
3�, 5�, 10�, 15�, 20�, 40�, 60�; and 78�, with �=1 mJy beam�1. 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 C18O (2-1): Left : Pure Keplerian rotation curves (v / R�0:5, red and
blue) and infall (v / R�1, green) are overlaid on the PV diagram. This suggests that the
emission may be rotationally supported with M� � 0.1-0.2 M�. Center : C18O velocity map
(Moment 1, halftone) and intensity integrated (Moment 0, contours) maps. Contours are
in steps of 3�, 5�, 10�, 15�, 20� and 25� with � = 13 mJy beam�1. 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 C18O emission. In both
PV diagrams contours are in steps of 3�, 5�, 10� and 15� where � = 19 mJy beam�1 and
the black lines indicate the systemic velocity and position of VLA1623A.

data, VLA1623B has an integrated flux of 96.8�0.7 mJy, while for the ALMA data,
VLA1623B has an integrated flux of 96.3�0.7 mJy. This shows that both observations
are consistent.

JCMT observations towards VLA1623 by Jørgensen et al. (2002) detected C18O
(2-1) with a flux of 12.1 K km s�1 (174 Jy km s�1, with 14.46 Jy/K). Our C18O (2-1)
detection with ALMA has a flux of 13 Jy km s�1. 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 �m, but shows no
emission shortward of 24 �m (Fig. 1, bottom row). VLA1623B, located to the west
of VLA1623A and separated by 1.100, is compact and shows no discernible infrared
emission (Fig. 1, bottom row) suggesting that it is deeply embedded and cold. The
westernmost source, VLA1623W (�1000 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 �20� 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: C18O (2-1) line profile. The unaltered spectral profile (black) is overlaid with
a portion of the spectral profile mirrored about 4.0 km s�1 (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�1) and the envelope (4.0 km s�1). The horizontal line between 5
and 6.5 km s�1 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 3�. In this paper, we focus on VLA1623A, whose SED is shown in the
top right of Fig. 1.

2.3.2 C18O (2-1)
The C18O (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 C18O emission towards VLA1623B and W are presented in Appendix 2.A.

The C18O 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 C18O (2-1) toward VLA1623A
(Murillo & Lai 2013). In comparison, however, our ALMA observations have higher
sensitivity (rms noise = 18 mJy beam�1) and velocity resolution (0.0833 km s�1) than
previous SMA observations (rms noise = 42 mJy beam�1 and velocity resolution =
0.275 km s�1). 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 C18O 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 C18O. Furthermore,
lack of a velocity gradient along the outflow axis indicates that the observed C18O line
emission is tracing only the envelope and/or disk structure (Fig. 2 right).

The � 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 � 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 C18O. vlsr = 3.7 km s�1 . The red points indicate the
redshifted (v > 5.0 km s�1) emission. The velocity range covered in this diagram is indicated
in Fig. 3. Blueshifted emission (v < 2.8 km s�1) 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 = aRn. 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
s�1). This suggests that the pure Keplerian disk extends to a radius of 50 AU.

no current studies of the foreground of VLA1623 (� Ophiuchus core A). From JCMT
observations toward VLA1623, it is difficult to determine the position of absorbing
material given the dense and active region (Jørgensen 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 vlsr

to be between 3.4 to 3.8 km s�1. Mirroring the spectra about this range of vlsr does
not produce a symmetric spectra, however. We instead find that the C18O spectra is
better mirrored about 4.0 km s�1, which would suggest that VLA1623’s vlsr might be
4.0 km s�1. We then consider the full range of vlsr = 3.4 to 4.0 km s�1 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�1, as well as absorption towards the systemic velocity. The
absorption at the systemic velocity is either due to absorption caused by VLA1623’s
outer envelope or to resolved-out emission. On the other hand, the absorptions near 2
and 3 km s�1 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
C18O 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; Jørgensen 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 C18O velocity integrated map (Fig. 2, center) shows a velocity gradient along
the major axis (PA = 35�15�) 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 M� 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 C18O 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�1. The velocity range of points used is
shown in Fig. 3. The data points are fit with a power law of the form v = aRn, and
we find that the UV-space PV diagram is independent of the inclination angle of the
structure. The entire range of possible vlsr (3.4 to 4.0 km s�1) was fit. The results
of the fit for any vlsr are within the error of the fit presented here, which uses the
mean vlsr, 3.7 km s�1. Thus we find that the high-velocity points (v > 5.7 km s�1)
are well fit by v / R�0:5�0:08, giving a central protostellar mass M� of 0.22�0.02 M�.
On the other hand, the low-velocity points (5 km s�1 < v < 5.7 km s�1) are well fit
by v / R�1. 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 C18O (2-1)

Based on the results from the PV diagrams, which suggest there is a rotationally
supported component in the observed C18O 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 C18O 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�1) and the resolved out envelope
component (at 4.0 km s�1). 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.
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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
Rout (AU) 130 180 180 180 180
Rcrit (AU) ... 150 20 150 ...

The input parameters include the outer radius Rout of the disk, source position, PA,
inclination i 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 M�, 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 vlsr = 4.0 km s�1, which is the symmetry axis of the spectrum.
The distance is set to 120 pc, and the source position is set slightly offset by 0.0200 �
0.0400 to the SW from VLA1623A’s position to match the center of the C18O emission,
i.e. the rotation axis.

Other free parameters in the model are line width vwidth, inclination i, and outer
radius Rout. These values are constrained to best fit the observations. The attempted
value ranges for each parameter are 0.1 km s�1 � vwidth � 1.0 km s�1; 0� (face-on)
� i � 90� (edge-on); 100 AU � Rout � 200 AU. The best fit for almost all models
was obtained with vwidth = 0.2 km s�1, i = 55�, and Rout = 180 AU, except for the
free-falling disk model, where Rout = 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

�(v) / exp

 
�0:5

�
v � v0

�

�2
!
: (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�1, and two corresponding to possible
foreground clouds at 1.6 and 3.0 km s�1. 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 / R�1) outer envelope plus inner Keplerian
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Figure 7: Free fall plus Keplerian case for three different Rcrit. The best fit model (color) to
the data (black) is obtained as Rcrit approaches Rout. Right panels show PV diagram along
outflow direction (P.A. = 125�). All contours and the model at Rcrit = 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
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Figure 8: Infall plus Keplerian case for three different Rcrit. The best fit model (color) to
the data (black) is obtained as Rcrit approaches Rout. Right panels show PV diagrams along
the disk’s major axis (P.A. = 35�). All contours and the model at Rcrit = 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 Rcrit

parameter (1 AU � Rcrit < 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

vr� =

r
2GM�
R

: (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 C18O 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 Rcrit,
where R < Rcrit produces

v�rot =

r
GM�
R

(2.3)

and R � Rcrit is described by Eq. 2.2.
For this case, we experimented with different critical radii Rcrit 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 > Rcrit) is clearly visible unless Rcrit 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 C18O 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 IRAS4A2a L1527 VLA1623A Ref.
i (degrees) 10.7 �85 55 1,2,3
Rout (AU) 310 90 180 1,2,3
M� (M�) 0.08�0.02 0.19�0.04 0.22�0.02 1,2,3
Menv

b (M�) 5.6 0.9 0.8 4,5
M�/Menv 0.01 0.2 0.28 ...
Tbol (K) 51 44 10 1,5,3
Lbol (L�) 1.9�0.9 1.97 1.1�0.2 1,2,6

Lsubmm/Lbol
c (%) 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)
(a) Tbol and Lbol parameters are for NGC1333 IRAS4A, Choi et al. (2010) assumes
IRAS4A2 contributes half of the Lbol. (b) Menv is the total envelope mass of each
system. (c) Lsubmm/Lbol > 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 Rcrit = 150 AU does the model closely
approximate the observations.

Conserved Angular Momentum (AM): This case examines whether VLA1623A’s
C18O 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 < Rcrit is given by Eq. 2.3, while
at R � Rcrit it is described by

v�AM = C

r
GM�
Rcrit

Rcrit

R
(2.4)

where C is a constant indicating the increase in the Keplerian velocity at Rcrit.
For this model, we find that C = 2 with Rcrit = 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 < Rcrit) the velocity structure is described by Eq. 2.3, and for the outer
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infalling region (R � Rcrit) it is given by

vrinfall =

r
GM�
Rcrit

Rcrit

R
: (2.5)

As in the free fall plus Keplerian case, we ran the model with different critical radii
Rcrit 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 Rcrit approaches
Rout, with the best fit having Rcrit = 150 AU (Figs. 6 and 8). The discrepancy between
the Rcrit 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 C18O emission. Because of the
large Rcrit, 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 C18O 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 C18O (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 / 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 25�), 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 Rc 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 Rc = 150 AU, we use the equation from Belloche (2013)

Rc(AU) = 39

�



4� 10�14 rad s�1

�2 � a

0:2 km s�1

��m�+d
1 M�

�3

(2.6)

where 
 is the initial cloud core rotation rate, a is the sound speed, and m�+d =
0.975a

3

G t. Assuming VLA1623 has a rotation rate 
 = 4 � 10�14 rad s�1; and the
sound speed in the core is of a = 0.2 km s�1, we obtain t = 8.5 � 105 yr for a
centrifugal radius of 150 AU. However, the old age obtained through this method is
inconsistent with the expected age from Tbol (Ladd et al. 1998) and the estimated Class
0 lifetime obtained by Evans et al. (2009), which is on the order of 105 yr, although
they conceded that for � Ophiuchus the lifetime is 4 � 104 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 � 104 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 � 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 �m 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 � 1.500)
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. Krumholz 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 IRAS4A2 and L1527. 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 IRAS4A 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 IRAS4A2 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 24�m.

2.6 Conclusions

We have presented ALMA Cycle 0 Early Science Band 6 extended configuration ob-
servations of C18O (2-1) and continuum towards VLA1623. From these observations,
we found three continuum sources that are consistent with previous observations and
C18O emission centered at VLA1623A with signatures of rotation and an outer radius
of 180 AU. Through PV diagram analysis and modeling of the observed C18O, we
determine that the emission traces a Keplerian disk out to 150 AU around a 0.2�0.02
M� 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 C18O line emission (Fig. 9), which was previously undetected with SMA
observations. The emission is weak, peaking at 5� 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�1.
Noteworthy is VLA1623W’s apparent systemic velocity vlsr between 0 and 1 km s�1,
which differs from VLA1623A’s systemic velocity by 3 to 4 km s�1. VLA1623W’s
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Figure 9: Integrated intensity (Moment 0, contours) and velocity (Moment 1, halftone)
maps of C18O (2-1) detection towards VLA1623W. The position of VLA1623W is marked
with a black square. Contours are in steps of 3�, 5�, 8�;10�, 12�; and 13� with � = 13 mJy
beam�1.

vlsr is 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 C18O 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 C18O 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�1, while the redshifted emission is in
the velocity range of 4.8 to 6.5 km s�1.
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Figure 10: Channel maps of C18O observations (top), free falling disk model shown in
Figure 6 (middle) and residual (bottom panel). The blue contours show the blueshifted
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�1 for the blueshifted emission, and 0.33 km s�1 for the redshifted emission for
better display. Contours are in steps of 3�, 5�, 10�, 15�, 20� and 25� for the observations
and model channel maps, and -8�, -5�, -3�, 3�, 4�, 5� and 6� for the residual channel map,
where � = 19 mJy beam�1.
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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.






































































































































































































































































































































































































