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Abstract: In this thesis I present a systematic effort to reveal the physical processes
that lead to the formation of binary stars. We have observed, at high angular resolution,
thirteen isolated low-mass protostellar cores, using the Owens Valley Radio Observatory
millimeter array, the Australia Telescope Compact Array, and the IRAM Plateau de Bure
Interferometer array. The observations were mainly carried out in the NoH™ (1-0) line and at
3 mm dust continuum. The results were complemented by infrared data from the Spitzer Space
Telescope and the ESO Very Large Telescope. We find that binarity /multiplicity is frequent
in the protostellar phase, though it is too early to derive a separation distribution. The
circumstellar mass ratio distribution of binary protostars appears to be flat like that of more
evolved long-period main-sequence binary stars, and more than 75% of protobinary systems
have circumstellar mass ratios below 0.5. The specific angular momenta of protostellar cores
are intermediate between those of prestellar cores and the orbital angular momenta of wide
pre-main sequence binary systems. There appears to be no significant decrease of angular
momentum between the onset of the protostellar collapse and the emergence of a binary
star, which suggests that most of the angular momentum contained in the collapse region is
transformed into orbital angular momentum of the resulting stellar binary system. We find
that during core fragmentation the angular momentum is not evenly, in value and direction,
divided between sub-cores. Furthermore, most cores with binary protostars have ratios of
rotational to potential gravitational energy of B0 > 1%. This is consistent with theoretical
simulations and suggests that the initial amount of rotational energy in a molecular cloud
core is playing an important role in the protostellar fragmentation process.

Zusammenfassung: In dieser Arbeit prasentiere ich eine systematische Untersuchung der
physikalischen Prozesse die zur Bildung von Doppelsternsystemen fithren. Wir haben insge-
samt dreizehn massearme isolierte protostellare Kerne bei hoher Winkelauflosung mit dem
Owens Valley Radio Observatory Millimeter-Interferometer, dem Australia Telescope Com-
pact Array und dem IRAM Plateau de Bure Interferometer beobachtet. Die Beobachtungen
wurden hauptséchlich bei der Wellenldnge der NoHT (1-0) Linie und im 3 mm Kontinuum
durchgefiihrt. Die Ergebnisse werden ergénzt durch Infrarotdaten vom Spitzer Space Tele-
scope und vom ESO Very Large Telescope. Wir finden dass Duplizitat und Multiplizitat in der
protostellaren Phase haufig vorkommt. Allerdings ist es noch zu friih, eine Abstandsverteilung
abzuleiten. Die Verteilung der zirkumstellaren Massenverhéltnisse in Doppel-Protosternen
scheint flach zu sein, wie die Massenverhéltnisverteilung von weiterentwickelten Hauptreihen-
doppelsternen. Mehr als 75% der Doppel-Protosternsysteme haben Massenverhaltnisse unter
0.5. Die Werte des spezifischen Drehimpulses von protostellaren Kernen liegen zwischen de-
nen von préstellaren Kernen und den Bahndrehimpulsen von Vorhauptreihendoppelsternen.
Zwischen dem Beginn des protostellaren Kollaps’ und der Bildung eines Doppelsternsystems
scheint es keine signifikante Verringerung des Gesamtdrehimpulses zu geben. Daraus kannn
man schliessen dass der groesste Teil des in der Kollapsregion enthaltenen Drehimpulses in
Bahndrehimpuls des entstehenden Doppelsternsystems umgewandelt wird. Wir finden auch
dass beim Fragmentationsprozess der Gesamtdrehimpuls oft nicht gleichméssig zwischen den
Fragmenten aufgeteilt wird, sowohl beziiglich Wert als auch Richtung. Weiterhin finden wir
dass das Verhéltniss zwischen Rotationsenergie und potentieller Gravitationsenergie (3,.;) in
den meisten Kernen mit Doppel-Protosternen grosser als 1% ist. Dieses Ergebnis ist konsis-
tent mit theoretischen Simulationen und deutet darauf hin, dass der urspriingliche Anteil der
Rotationsenergie am Gesamtenergiegehalt eines Molekiilwolkenkerns eine wichtige Rolle im
protostellaren Fragmentationsprozess spielt.
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Chapter 1

Introduction

Over the past two decades, the formation of low-mass (M < 2 M) stars has been well
understood (see e.g., Reipurth et al. 2007 for recent reviews). It is widely accepted
that low-mass stars form by gravitational contraction in molecular cloud cores. Initially,
these molecular cloud cores are supported against gravity by thermal, magnetic, and
turbulent pressures. At a certain point, the condensations inside these cores become
gravitationally unstable and quickly collapse to form a protostar which is surrounded
by an envelope and a disk. From the infalling envelope, matter is continuously accreted
onto the disk and then the protostar, which results in an increasing mass of the star-
disk system (see Shu et al. 1987). However, in detail, several important aspects in
this picture still remain poorly known, such as the initial conditions of the collapse
process, the formation of binary and higher-order multiple systems, and the evolution
of angular momentum. In this chapter, I briefly describe these aspects, as well as the
goals of this thesis motivated by these problems.

1.1 The initial conditions of star formation

The outcome of the collapse of a molecular cloud core depends on the initial condi-
tions and how the collapse is initiated. On the theoretical side, two different scenarios
have been widely studied to illustrate two limiting possibilities for initiating collapse.
One scenario is the well-known inside-out collapse model of Shu (1977), which is based
on the assumption that molecular cloud cores are initially magnetically supported and
condense gradually by ambipolar diffusion. This quasi-static contraction process causes
the core to become increasingly centrally condensed and increasingly supported by ther-
mal pressure, eventually becoming a singular isothermal sphere (SIS) with no magnetic
support and with a density distribution of p(r) oc 7=2 (Shu et al. 1987). However, this
long called ‘standard model’ has been challenged by more and more observations (see
e.g., André et al. 2002) and theoretical calculations (see e.g., Whitworth et al. 1996),
and gradually replaced by a new scenario, in which large-scale, supersonic turbulence
controls the collapse and hence star formation (see e.g., Klessen et al. 2000). In this
modified scenario, cores form as turbulence-generated density fluctuations and are dy-
namical, not quasi-static, objects with lifetimes not exceeding a few Myr (see a review
by Ballesteros-Paredes et al. 2007). Simulations of such turbulent cores have produced
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many of the observed properties of cores (e.g., Jappsen & Klessen 2004) and a mass
spectrum similar to the observed core mass spectrum (e.g., Klessen et al. 2005). More
details of theories and physics of the protostellar collapse can be found in the recent
reviews by Larson (2003), Mac Low & Klessen (2004), and McKee & Ostriker (2007).

On the observational side, there are two complementary approaches to understand
the initial conditions of the protostellar collapse: (1) studying the structure and kine-
matics of prestellar cores observed prior to protostar formation, and (2) studying the
structure of the youngest protostars observed soon after point mass formation. The
most recent observational results concerning the initial conditions of protostellar col-
lapse can be found in the reviews by André et al. (2002), Di Francesco et al. (2007),
and Ward-Thompson et al. (2007).

1.1.1 Prestellar cores

The prestellar stage of star formation may be defined as the phase in which a gravita-
tionally bound core has formed in a molecular cloud, and evolves toward higher degrees
of central condensation, but no central hydrostatic protostellar object exists yet within
the core (André et al. 2000). Figure 1.1a shows a dust continuum map of one such
core. As this map shows and as already mentioned by Ward-Thompson et al. (1999),
most prestellar cores are far from being spherically symmetric and instead have rather
filamentary structure.
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Figure 1.1: TRAM-30m 1.3 mm dust continuum images of a) a prestellar core (L 1544; from
Tafalla et al. 1998) and b) a Class0 protostellar core (CB 68; from Launhardt et al. 2008,

in prep.).

Based on (sub-) millimeter dust continuum emission observations and mapping the
same cold core dust in absorption against the background infrared emission, models of
isolated prestellar cores have been derived by several research groups (see the review
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Figure 1.2: Radial density profiles of (a) L1544 (prestellar) and L1527 (Class0) in Taurus
(isolated star-forming cloud) and (b) HH211-MM and L1448-N (Class 0) in Perseus (clustered
star-forming cloud). The dotted lines marked SIS (Singular Isothermal Sphere) show the
initial conditions for spontaneous collapse (see Shu et al. 1987) convolved with the beam
(dashed line). Note that prestellar core has a flatter profile than the protostellar cores and
that the column densities in Perseus are an order of magnitude higher than both the model
and the Taurus cores (adopted from Ward-Thompson et al. 2007).

by André et al. 2002). Despite different observing and modeling approaches, all groups
draw some common conclusions: isolated prestellar cores appear to have an inner flat-
density [p(r) oc r~1] profile of radius few hundred to few thousand AU (see Fig.1.2a)
and central densities of one to a few 10°cm™, an outer radial density profile that
approaches p(r) oc 772, a well-defined outer cut-off radius at ~ 10* AU, and total mass
between 2 and 5 M. Typical masses inside 5000 AU are of order 0.5— 1.0 My, i.e.,
~ 20% of the total core mass. Typical dust temperatures are 6 — 10K in the inner
core while 10 — 15 K towards the outer edge, which is due to external heating by the
interstellar radiation field (e.g., Evans et al. 2001). Evans et al. (2001) also find
that the large-scale morphology of many prestellar cores can be well-modeled by the
so-called Bonner-Ebert spheres with different degrees of central concentration (see the
review by Di Francesco et al. 2007). However, it should be noted that the filamentary
structure, as well as the turbulent nature of the outer envelope (see Park et al. 2004),
make the assumption of an ideal Bonner-Ebert gas sphere somewhat doubtful.
Turning to kinematics, the prestellar cores are characterized by narrow line widths
of order 0.2 to 0.5kms™! in which the thermal contribution dominates, despite these
cores are in cluster-forming region, like Ophiuchus (e.g., Belloche et al. 2001) or isolated
star-forming region, like Taurus (e.g., Benson & Myers 1989). This means that the
inner parts of the gravitationally bound cores are “velocity coherent” (Goodman et al.
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1998) and essentially free of turbulence. Apart from low levels of turbulence, prestellar
cores are characterized by slow rotation, with velocity gradients ranging from 0.3 to 5
kms™! pc! (see Di Francesco et al. 2007). The dependence of velocity gradient on the
radius of a core is v ~ R7%4 with a large scatter (Goodman et al. 1993). Furthermore,
subsonic and extended infall motions (0.05—0.09 kms™!) are also common in prestellar
cores (e.g., Lee et al. 2001).

1.1.2 Class 0 protostars

Specifically, Class0 protostars (or protostellar cores) can be defined by the following
observational properties: (1) indirect evidence for a central young stellar object, as
indicated by, e.g., the detection of a compact centimeter radio continuum source, a
collimated outflow, or an internal heating source; (2) centrally peaked but extended
sub-millimeter continuum emission tracing the presence of circumstellar dusty envelope
(not just a disk); (3) high ratio of sub-millimeter to bolometric luminosity suggesting
the envelope mass exceeds the central stellar mass: Lgupmm/Lpol > 0.5%, where Lgupmm
is measured longward of 350 ym (André et al. 2000).

Isolated Class 0 protostellar cores have been observed in the (sub-) millimeter dust
continuum emission and modeled by a lot of groups, e.g., Motte & André (2001) and
Shirley et al. (2002). Compared with prestellar cores, Class( protostellar cores have a
higher central mass concentration (Msopoau /Moy =~ 0.4) and appear to be more spher-
ical symmetric (see an example in Fig. 1.1b). Their envelopes have a power-law radial
density gradient of p(r) o< =2 and a well-defined outer radius at ~ 1-2 x 10* AU
(see Fig.1.2). Densities inside R < 3000—4000 AU are about two orders of magnitude
higher than in prestellar cores. Total masses are comparable to those of prestellar
cores, i.e., 2—5 M. At the center, higher dust temperature (~ 15—20K) and embed-
ded accretion disks add additional dust emission, leading to strongly centrally peaked
sub-millimeter and millimeter continuum images. Envelope dust temperatures are com-
parable to those in prestellar cores, which means that the embedded protostars do not
yet considerably contribute much heating to the envelope. It should be noted that
protostellar cores in dense and clustered star-forming regions have different structures
than isolated cores due to different environments like e.g., better shielding from the ex-
ternal radiation field, differences in external pressure and turbulent environment, and
effects of competitive accretion. Indeed, Johnstone et al. (2000) and Motte & André
(2001) find smaller outer cutoff radii (R, < 5000 AU), smaller degrees of central con-
densation, and higher column densities for cores in the p Ophiuchus main cloud and
Perseus (see Fig. 1.2b).

So far there are very few detailed studies of velocity structures towards protostellar
cores (see the review by Ward-Thompson et al. 2007). Typical examples are iso-
lated Class0 object IRAM 04191 in Taurus (Belloche et al. 2002), and IRAS4 in the
NGC 1333 protocluster (Di Francesco et al. 2001). IRAM 04191 is associated with a
flattened circumstellar envelope, seen in the dust continuum and in dense gas trac-
ers (Belloche et al. 2002). The velocity field of IRAM 04191 shows a clear gradient
across this envelope of ~ 7kms™! pc™! increasing from west to east along the long axis,
roughly perpendicular to the outflow axis, strongly suggesting rotation. Furthermore,
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this rotation does not occur in a solid-body, but differential: the inner ~ 3500 AU re-
gion seems to be rotating much faster than the outer parts of the core. Direct evidence
for infall motions is also observed for IRAM 04191 in optically thick lines, indicative of
a relatively flat infall velocity profile (v ~ 0.1kms™!) for 3000—11000 AU and larger
infall velocities scaling as vy o< %5 for r < 3000 AU (Belloche et al. 2002). For
NGC 1333 IRAS4, the example in the cluster-forming region, evidence of fast rotation
(velocity gradient as high as ~ 40 kms~! pc™!) and of large infall velocities (0.5 — 0.7
kms™!), was found by Di Francesco et al. (2001).

1.2 Theories and models of binary star formation

After the initial stages of collapse process, another major gap in our understanding of
star formation concerns the origin of binary stars. Detailed studies in recent years have
shown that binary and higher-order multiple systems represent the preferred outcome
of the star formation process, but at present we do not know how this occurs.

Different formation scenarios for binary stars have been proposed, of which the
classical ideas of capture and fission are no longer considered major processes (see
review by Tohline 2002). Numerous theoretical simulations support the hypothesis that
the fragmentation of molecular cloud cores is the main mechanism for the formation
of binary/multiple stellar systems (see reviews by Bodenheimer et al. 2000, Tohline
2002, and Goodwin et al. 2007).

Regarding to the collapse phase and scale, fragmentation models could be divided
into initial cloud fragmentation (prior to protostellar collapse) and protostellar frag-
mentation (during or after protostellar collapse). For the single collapsing protostellar
core, rotational fragmentation and turbulent fragmentation were two main mechanisms
suggested in terms of the source of angular momentum. In the dense cluster-forming
environment, disk fragmentation was proposed as a mechanism for low-mass compan-
ions. Furthermore, ‘secondary’ or ‘delayed’ fragmentation was proposed for very close
(separation < 10 AU) binary systems.

1.2.1 Initial fragmentation

In a study of the separation distribution of optical binaries, Larson (1995) found a clear
break in the distribution at 0.04 pc (~ 8000 AU), which was considered to correlate
with the Jeans size. Larson suggested that systems on this and larger scales formed by
fragmentation of prestellar cores and separate collapse.

The basic idea of this initial fragmentation is that the collapse is initiated in a large-
scale molecular cloud core which contains multiple Jeans masses in a weakly condensed
configuration, e.g., a prolate or filamentary gaussian distribution with several Jeans
masses along the long axis and one Jeans mass across the short axis; with some initial
perturbations, provided by either slow rotation (Bonnell et al. 1991) or turbulence
(Bonnell et al. 2007), the large cloud core fragments at Jeans scale into several dense
cores, in which the separate protostellar collapse then starts and proceeds more quickly
than across the whole structure.
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1.2.2 Rotational fragmentation

It has been recognized for a long time that fragmentation may occur in a spherical cloud
with solid-body rotation and an isothermal equation of state. A number of simulations
have shown that rotation cloud cores do fragment if Giperm/Orot < 0.12 —0.15, where
Biherm = Etherm/ Egray 15 the initial thermal virial ratio (Eiperm is the thermal kinetic
and FEg.,, is the gravitational potential energy) and [ior = Eyot/Egray is the initial
rotational virial ratio (F,e is the rotational kinetic energy) (Tohline 2002).

Boss & Bodenheimer (1979) and Burkert & Bodenheimer (1993) added density
perturbation into a standard rotating cloud and found that with a perturbation the
cloud fragments into a binary system. This simulation can be made more physical by
including an adiabatic or barotropic equation of state (see the review by Goodwin et al.
2007). Bate & Burkert (1997) showed that the Boss & Bodenheimer model produces a
line of fragments with a barotropic state, but not if it remains isothermal. In addition,
Boss et al. (2000) simulated a cloud with a certain perturbation using a barotropic
state and also with radiation transport. They found that the second case produces
a binary while the first does not, despite the similarity of the pressure-temperature
relations. These simulations suggest that rotational fragmentation is highly sensitive
to thermal inertia and radiation transport effects.

On the other hand, a series of simulations have shown that the level of rotation
energy (i.e., (1) plays an important role in the fragmentation process (see reviews
by Bodenheimer et al. 2000 and Tholine 2002). Boss (1999) has shown that rotating
cloud cores fragment when [, > 0.01 initially (considering magnetic fields support
fragmentation), while Machida et al. (2005) suggest that the rotational fragmentation
occurs only when [, > 0.04 (considering magnetic fields suppress fragmentation).

1.2.3 Turbulent fragmentation

Recent theoretical simulations have shown that turbulence in the cores is also important
for fragmentation because it may provide the angular momentum required for the
formation of binary and multiple systems. The level of turbulence is usually quantified
as a turbulent virial ratio Buub = Eturb/ Egav (Eurb 1s the kinetic energy in turbulent
motion). Simulations of the effects of turbulence in cores could be divided into two
different regimes: high-velocity and low-velocity (see the review by Goodwin et al.
2007). Highly turbulent simulations focus on Sy, = 1 in 50 M, and 5 M, cores, while
lowly turbulent simulations range between (g1, = 0—0.25 in 5.4 M, cores.

Even very low levels of turbulence (Biwub, ~ 0.025) are enough to allow cores to
fragment (Goodwin et al. 2004). As the level of turbulence is increased, the average
number of stars that form in a core increases (Goodwin et al. 2004). In highly-turbulent
cores, the supersonic turbulent velocity field creates a number of condensations in
shocked, converging regions which become Jeans unstable and collapse (see e.g., Bate
et al., 2003). However, it is unclear if this mode of fragmentation is realistic in low-
mass cores as the observed levels of non-thermal motions rule out significant highly
supersonic turbulence in these cores.
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1.2.4 Disk fragmentation

Disk fragmentation is a mechanism by which low-mass companions and brown dwarfs
may be formed. The basic idea is that, in the dense environments, e.g., star-forming
clusters, close encounters between stars can disturb the circumstellar disks, leading to
the fragmentation of stable disks.

A series of simulations suggest that most star-disk interactions will lead to gravita-
tional instabilities, which form new low-mass companions (Boffin et al. 1998; Watkins
1998). Bate et al. (2003) also find that star-disk encounters play an important role in
forming binaries and truncating disks. Furthermore, star-disk encounters are thought
to play an important role in redistributing angular momentum in protoplanetary disks
even if they do not trigger further fragmentation (see Larson 2002).

Thies et al. (2005) suggest that star-disk encounters may lead to the formation of
brown dwarfs (or even planetary) mass companions. However, they are probably not a
significant contributor to the primordial stellar binary population. This is due to the
requirement that the encounters occur early in the star formation process — during the
Class0 phase when the disk mass is still very large compared to the stellar mass — a
phase which lasts for only 10° yr, leaving only a small time for encounters to occur.

1.2.5 Secondary fragmentation

As suggested by Tohline (2002), there is a second isothermal phase in the evolution of
gas towards stellar densities. This occurs at a temperature of 2000 K and a density of
1073 gem ™ when molecular hydrogen dissociates into atomic hydrogen. This phase
occurs in the hydrostatic protostar when its radius is about 1 AU. If fragmentation can
occur at this stage, it may explain very close binary systems.

Both Boss (1989) and Bonnell & Bate (1994) simulated the collapse of a rotating
hydrostatic first object to high densities and found that fragmentation can occur in
antisymmetric instabilities or a ring formed by a centrifugal bounce. Nevertheless,
Bate (1998) found that spiral instabilities remove angular momentum and suppress
further fragmentation. Recent simulations by Saigo & Tomisaka (2006) suggest that
the angular momentum of the first core is a crucial factor in determining if fragmenta-
tion will occur during the second collapse. Therefore, it is unclear yet if a secondary
fragmentation phase occurs.

1.3 Observations of binary systems

1.3.1 Main sequence binary systems

Main sequence (MS) binary/multiple systems in the field are so far the best-studied
due to the availability of local samples whose completeness is easier to estimate. The
fraction of MS stars in binary/multiple systems is found to be high and increasing
with primary mass. A series of surveys found that ~ 60% of G-stars (Duquennoy &
Mayor 1991; hereafter DM91), ~ 45% of K-stars (Mayor et al. 1992), and ~ 42% of
M-dwarfs are in binary systems (Fisher & Marcy 1992). DM91 found that binary stars
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have separations from a few Ry to 104 AU. The distribution of separations appears
to be wide and flat, with a broad peak at about 30 AU (see Fig.1.3a). A similar
distribution is found for M-dwarfs by Fischer & Marcy (1992) and generally seems to
hold for all stars. Considering the distribution of mass ratios, DM91 found that most
binaries do not have equal masses, but that the distribution is slowly increasing for
smaller mass ratios. In contrast, with the overall mass ratio distribution, the closest
systems appear to have a nearly flat distribution with a possible rise towards equal
mass systems (Mazeh et al. 1992; see Fig. 1.3b). In terms of the eccentricity, only the
closest of binary stars have circular orbits due to tidal circularization. Longer period
binaries all have non-zero eccentricities, while the maximum eccentricity at a given
period increases with the period.

1.3.2 Pre-main sequence binary systems

The properties of pre-main sequence (PMS) multiple systems are much harder to de-
termine than those in the field. The most important difference between the PMS and
MS binaries is that young PMS stars have a significantly higher multiplicity fraction
than the MS stars (Mathieu 1994). The overall fraction of binary stars among the
PMS population is at least as large as has been documented for MS stars, i.e., cer-
tainly greater than 50%. More specifically, the binary frequency in the separation
range from 100 to 1000 AU is a factor of ~ 2 higher than in the field (see Goodwin et
al. 2007). Extrapolating this increase across the whole separation range implies that

Semimajor Axis [AU] (for M,=1Mg)
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Figure 1.3: (a) Period/separation distribution of MS and PMS binary systems (Duquennoy
& Mayor 1991; Mathieu 1994; Simon et al. 1995). (b) Distribution of mass ratios in MS
binary systems (Halbwachs et al. 2003). The image is adopted from Launhardt (2004).
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fraction for PMS stars could be as high as 100%. Indeed, it appears that in Taurus
the binary frequency is ~ 100% for stars of > 0.3 M, (Leinert et al. 1993; Kohler &
Leinert 1998). The separation distribution of PMS stars also appears different to that
in the field with an over-abundance of binaries with separations of a few hundred AU
(Mathieu 1994; Patience et al. 2002; see Fig. 1.3a). The mass-ratio distribution of PMS
stars is similar to field population. However, a detailed comparison is not yet possible
because low-mass companions to PMS primaries are very difficult to observe because
the available results depend mostly on direct imaging or speckle interferometry, while
for MS systems radial-velocity surveys have been done over decades. The eccentricity
distribution of PMS stars is also similar to the field, with a thermalized distribution
except at low separation where tidal circularization has occurred rapidly (e.g., White

& Ghez 2001).

1.3.3 Protostellar binary systems

Compared with MS and PMS stars, protostars are deeply embedded in molecular cloud
cores and surrounded by opaque, infalling envelopes and accretion disks. All radiation
emanating from the protostar is re-processed by the surrounding dust. Therefore,
only emission from circumstellar material can usually be directly observed. The range
of dust temperatures and gas densities involved in low-mass protostellar cores make
observations of thermal dust continuum emission from far-infrared to millimeter wave-
lengthes as well as millimeter molecular line transitions most favorable.

The largest current-day single-dish millimeter telescopes (e.g., IRAM-30m) pro-
vide angular resolution of ~ 10” at 1 mm wavelength, corresponding to 2000 AU at
a distance of 200 pc. This is far beyond the the peak of binary separation distribu-
tion (see Fig.1.3). Due to long limitation by the low resolution of (sub-) millimeter
telescopes, the observational information of protobinary systems is extremely missing.
Only recently some progress was made in this field thanks to the advance of current
large millimeter interferometric array (e.g., Looney et al. 2000 and Launhardt 2004),
but the number observed is still small (because hard to get observing time) and no
statistical conclusions can be drawn yet.

1.4 The angular momentum problem

An important open question in the theory of star formation is the evolution of the
angular momentum of the stars. It has been realized for many decades that the amount
of specific angular momentum in a typical star-forming cloud core is several orders of
magnitude too large to be contained in a single star (even when this star is rotating
at breakup speed). This is the classical ‘angular momentum problem’ which was first
well expressed by Spitzer (1978). Table 1.1 lists the typical values of specific angular
momentum. It is obvious that the amounts of angular momentum have to be reduced
at least by a factor of 10* — 10 from the core to the star formed therein.

It is believed that during the different stellar evolutionary phases, several different
mechanisms could remove angular momentum from the molecular cloud, the proto-
stellar core, the circumstellar disk, and later even from the visible T Tauri stars (see
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Table 1.1: Typical values of specific angular momentum taken from Bodenheimer (1995) and Lamm
(2003).

Object J/M [m? s!]
Molecular cloud (~ 1pc) 10"
Molecular cloud core (~ 0.1pc) 1017-10"8
Binary system (period 10%yr) 4 x 1016-10'7
Binary system (period 10yr) 4 x 101°-101
Binary system (period 3 day) 4 x 10101
100 AU disk (1 M central star) 5 x 1016

Planet (Jupiter orbit) 106
PMS star (T Tauri star) 5x 1013
ZAMS (median young clusters) 3 x 102
Present sun 10t

Bodenheimer 1995 and Lamm 2003). During the early low-density phase of cloud evo-
lution, magnetic fields are still strongly coupled to the gas (Mouschovias 1991); at
this phase, magnetic braking is proposed as a mechanism for the angular momentum
removal (Basu & Mouschovias 1994). However, magnetic fields are predicted to decou-
ple from the gas by ambipolar diffusion long before stellar densities are reached, and
angular momentum is then expected to be approximately conserved during the later
stages of collapse (Mouschovias & Ciolek 1999). Since the typical observed angular
momentum of prestellar cores is still three orders of magnitude larger than the maxi-
mum amount that can be contained in a single star (see Table 1.1), an important part
of the angular momentum problem remains unsolved.

In principle, there are at least three ways to dispose of this excess angular mo-
mentum. (1) It could be transported to outlying diffuse material by viscous transport
processes in a protostellar accretion disk, thus allowing most of the mass to be accreted
by a central star (see a review by Balbus 2003). However, as discussed by Larson (2002),
transport processes in disks do not clearly offer a solution to the angular momentum
problem because no adequate transport mechanism has yet been identified, and because
even if such a mechanism could be identified, a residual disk would have to expand to
a very large radius to absorb all of the angular momentum, and this would make the
accretion time longer than the inferred ages of young stars. (2) Much of the initial
angular momentum could go into the orbital motions of the stars in a binary or mul-
tiple system (Bodenheimer 1995). Since the angular momentum of a typical prestellar
core is comparable to that of a wide binary (see Table 1.1), it is likely that at least
the wide binaries can be formed directly by the fragmentation of rotating cloud cores.
And (3) the angular momentum contained in the star-disk system could be carried out
by bipolar outflows/jets, although the actual launch mechanisms remain controversial
(Shang et al. 2007; Ray et al. 2007). Unfortunately, so far there is not much observa-
tional evidence of outflow rotation. Only recently Bacciotti et al. (2003) and Coffey et
al. (2004) have detected possible rotation signature in a few optical jets from T Tauri
stars.
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1.5 About this thesis

Based on numerous observations and theoretical simulations, the statistical properties
of binary stars have been gradually comprehended over the past two decades (see
above). Both the observations and simulations support that the fragmentation of
protostellar cores is the main mechanism for the formation of binary systems, leading
to systems with a wide variety of properties. These properties are largely determined
by the accretion process which, in turn, strongly depends on the initial conditions of the
cloud cores, e.g., the initial distributions of mass and angular momentum (see Bate &
Bonnell 1997). Some of the theoretical predictions, e.g., that close binary systems are
likely to have mass ratios near unity (see Bate 2000), are already indirectly supported
by statistical studies of evolved binary systems (see Halbwachs et al. 2003).

However, our current knowledge of the formation of binary stars mostly relies on
observations of MS and PMS stars and the constrains they put on the models. The ob-
servational link between initial conditions in a molecular cloud core and the final star
systems formed therein is still missing. Furthermore, as multiple systems certainly un-
dergo dynamical evolution, important information about the formation phase is lost in
the final systems. Direct observations of (pre-) protostellar cores are needed therefore
to answer a number of questions, e.g., how common is binarity /multiplicity in the
protostellar phase? What makes a prestellar core fragment in the collapse
phase? How is mass distributed in the process of fragmentation? How is
angular momentum distributed? Are there differences between cores form-
ing binaries and those forming single stars? Unfortunately, direct observations
of protostellar stages, when the main collapse has started but no optical or infrared
emission emerges from the protostar through the opaque infalling envelope, were long
hampered by the low angular resolution of millimeter telescopes and the results were
mostly interpreted in terms of single star formation. Only the recent advance of large
millimeter interferometers has enabled us to directly observe the formation phase of
binary stars, but the number of known systems is still very small and no systematic
observational studies of the initial fragmentation process do exist yet.

To search for binary protostars and to derive their kinematic properties, we have
started a systematic programm to observe, at high angular resolution, a number of
isolated low-mass (pre-) protostellar cloud cores. The initial survey was conducted at
the Owens Valley Radio Observatory (OVRO) millimeter array, and then continued
with the Australia Telescope Compact Array (ATCA) and the IRAM Plateau de Bure
Interferometer (PdBI) array. Complementary infrared data from the Spitzer Space
Telescope (Spitzer) and the ESO Very Large Telescope (VLT) are also used. In this
thesis I present the main results of this programm. The outline of the thesis is as
follows:

e In Chapter 2 I introduce our NoH™ (1-0) line observations conducted at OVRO
for nine protostars, of which three were identified as binary protostars.

e In Chapter 3 I present ATCA and Spitzer observations towards the two southern
binary protostars CG 30 and BHR 71.

e The first results from the IRAM-PdBI towards binary protostars L1448 IRS3 and
SVS 13 are presented in Chapter 4.
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e For comparison with the millimeter results, I present VLT /NACO near-infrared
observations of young stellar objects in Chapter 5.

e Taking all results together, I discuss new observational constraints from this thesis
work to the binary star formation models in Chapter 6.

e [ summarize the main results of this thesis in Chapter 7 and outline future plans
in the framework of this study.



Chapter 2

OVRO N;H™ observations of Class 0
protostars

This chapter is based on one paper published by Astrophysics Journal by Chen, Laun-
hardt, € Henning (2007) and two papers to be submitted to the Astrophysics Journal
Letter by Launhardt, Chen & Sargent, et al. (2008).

Abstract

We present the results of an interferometric study of the NoH' (1-0) emission from
nine nearby, isolated, low-mass protostellar cores, using the OVRO millimeter array.
The main goal of this study is the kinematic characterization of the cores in terms of
rotation, turbulence, and fragmentation. Eight of the nine objects have compact NoH™
cores with FWHM radii of 1200 — 3500 AU, spatially coinciding with the thermal dust
continuum emission. The only more evolved (Class I) object in the sample (CB 188)
shows only faint and extended NoH™ emission. The mean NoH™ line width was found
to be 0.37km s~!. Estimated virial masses range from 0.3 to 1.2 M,. We find that
thermal and turbulent energy support are about equally important in these cores, while
rotational support is negligible. The measured velocity gradients across the cores range
from 6 to 24kms~! pc™!. Assuming these gradients are produced by bulk rotation, we
find that the specific angular momenta of the observed Class(0 protostellar cores are
intermediate between those of dense (prestellar) molecular cloud cores and the orbital
angular momenta of wide PMS binary systems. There appears to be no evolution
(decrease) of angular momentum from the smallest prestellar cores via protostellar cores
to wide PMS binary systems. In the context that most protostellar cores are assumed
to fragment and form binary stars, this means that most of the angular momentum
contained in the collapse region is transformed into orbital angular momentum of the
resulting stellar binary systems.
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2.1 Introduction

This chapter presents NoH™ (1-0) survey for nine protostellar cores observed by OVRO
millimeter-wave array. For this survey we selected a number of well-isolated and nearby
low-mass protostellar cores. Priority was given to sources which were already well-
characterized either by our own previous observational data or in the literature. Most
sources are Class(0 objects, which represent the youngest protostars at an age of a
few x 10* yr. These objects provide an opportunity to probe the earliest and most
active stage of the star formation process, where most of the initial information is
still preserved. The target list and basic properties of the sources are summarized in
Table 2.1.

For studying the gas kinematics and derive rotation curves, we choose to observe
the NoH™ (1-0) hyperfine structure line complex at 93.1378 GHz. NoH™ is known to
be a selective tracer of cold, dense, and quiescent gas and is particularly suitable for
studying the structure and kinematics of cold star-forming cores (Turner & Thaddeus
1977; Womack, Ziurys, & Wychoff 1992; Bachiller 1996; Caselli et al. 2002). It is
the most reliable tracer of the gas kinematics in pre- and protostellar cores for three
reasons: (1) compared to other molecules, it depletes much later and more slowly
onto grains (Bergin & Langer 1997), (2) it is formed where CO is depleted and thus
traces only the dense cores and not the wider envelope and is thus perfectly suited
for interferometric observations, and (3) with its seven hyperfine components within
17kms™! (including optically thin and moderately optically thick components; Caselli
et al. 1995) it provides much more precise and reliable kinematic information than a
single line, even with a moderate signal-noise ratio.

2.2 QObservations and data reduction

Observations were carried out by R. Launhardt with the OVRO array of six 10.4 m
telescopes during 7 observing seasons between 1999 and 2002. Five different array
configurations (C, L, E, H, and U) were used, with baselines ranging from 18 to 480 m.
All antennas were equipped with cooled SIS receivers which provided average system
temperatures of ~300—400K at the observing frequency. A digital correlator was
centered at 93.1378 GHz. Spectral resolution and bandwidth were ~ 0.2 kms™! and
25 kms~!, respectively. Amplitude and phase were calibrated through frequent obser-
vations of quasars nearby to each source, typically every 20 minutes, resulting in an
absolute position uncertainty of < (72. The flux density scale was calibrated by observ-
ing Neptune and Uranus. The estimated uncertainty is < 20%. Observing parameters
are summarized in Table 2.2. The thermal dust continuum emission was measured
simultaneously with the NoH™ and other line observations using a separate continuum
correlator.

The raw data were edited and calibrated using the MMA software package (Scoville
et al. 1993), and synthesized images were produced using MIRIAD (Sault et al. 1995)
and its CLEAN algorithm, with “robust” weighting of the visibilities (Briggs et al.
1999). The cleaned and restored maps have effective synthesized beam sizes of 4—8"



Table 2.1: Basic properties of target sources

Source Associated D Lyg Tie Mey Outflow Infall Class Refs
Name IRAS source® [pc] [Lo] [K] [Mg]

IRAS 03282 0328243035 300 1.2 23 2.9 vy, bipol, coll. y 0 1,2,3
IRAS 04166 0416642706 140 04 91 1.0 'y, bipol, coll. y 0 1,3,4
RNO43 MM  05295+1247 400 6.0 0.4 'y, bipol, coll. 0 5,6
CB68 16544—1604 160 1.6 74 3.5 'y, bipol, coll. 0 7.8
L723VLA2 19156+1906 300 3.3 47 7.3 vy, quadrupol. 0 3,9
CB 188 19179+1129 300 2.6 0.7 y, bipol I 8,10
CB224 20355+6343 400 16 6.6 y, bipol y 0/T  11,12,13
CB 230 2116946804 400 8.2 5.1 'y, bipol, coll. y 0/I  10,11,12
CB 244 23238+7401 180 1.1 56 3.3 y, bipol y 0 8,10,14

uoI3ONPaJ BIEP pue SUOIIeAISAQ ‘C'T

®The IRAS source is not always associated with the mm source.
References. — (1) Mardones et al. 1997; (2) Bachiller et al. 1994; (3) Shirley et al. 2000; (4) Tafalla et al. 2004; (5) Zinnecker
et al. 1992; (6) Arce & Sargent 2004; (7) Vallée et al. 2000; (8) Launhardt & Henning 1997; (9) Lee et al. 2002; (10) Yun &
Clemens 1994; (11) Wolf et al. 2003; (12) Launhardt et al. 1998; (13) Chen et al. in prep.; (14) Wang et al. 1995

ST
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Table 2.2: Target list and summary of observations

Source Other  R.A. & Dec. (1950)° Array UV coverage HPBW? rms® rms?
Name Name h:m:s, °: "7 configuration [kA] larcsecs] [mJy/beam]| [mJy/beam]
IRAS 03282 03:28:15.2, +30:35:14 CLE 3-36 5.5x4.3 76 0.29
IRAS 04166 B213  04:16:37.8, +27:06:29 CLU 3-145 4.8x4.2 45 0.26
RNO43 MM L 1582B 05:29:30.6, +12:47:35 CLEH 3-68 0.3x4.7 02 0.36
CB68 L146  16:54:27.2, —16:04:44 CLH 3-62 8.4%5.0 71 0.41
L723 VLA2 19:15:41.8, 4+19:06:45 CLE 3-36 5.5x4.5 81 0.33
CB 188 19:17:54.1, +11:30:02 CLEU 3-127 4.4x4.1 55 0.27
CB224 L1100  20:35:30.6, +-63:42:47 CL 3-36 9.4x5.1 97 0.37
CB 230 L1177 21:16:53.7, 468:04:55 CL 3-36 7.1x6.4 63 0.30
CB244 L1262  23:23:48.5, +74:01:08 CL 3-36 6.3x5.2 86 0.39

“Reference position for figures and tables in the paper.
Synthesized FWHM beam size with robust weighting.

1 o noises in the NoH™ (1-0) maps.

41 o noises in the 3 mm dust continuum maps.
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and 1o rms levels of ~ 70 mJy/beam (see Table 2.2). Further analysis and figures were
done with the CTLDAS] software package. With CLASS (part of GILDAS), we have
developed a semi-automatic fitting routine which allows the derivation of reliable and
very accurate velocity fields from the 7-hyperfine component line complex. Assuming
that bulk rotation is the dominating motion, the velocity fields are then used to derive
the rotation axis and the specific angular momentum of the cores.

2.3 Results

2.3.1 Morphology of N;H™ cores

Figure 2.1 shows the 3mm continuum images for the nine sources. The combined
dust continuum results will be published in a separate paper by Launhardt, Sargent,
Zinnecker & Chen (2008, in prep.; hereafter LSZCO08). NoH™ emission is detected from
all nine targeted objects. Figure2.2 shows the distribution of the velocity-integrated
intensity of NoH™ towards the nine cores. The emission was integrated over all seven
components, using frequency masks that completely cover velocity gradients within
the sources. All objects are spatially associated with mm dust continuum sources,
indicative of embedded protostars and their accretion disks. The positions of the mm
continuum sources are indicated by crosses in Figure 2.2. We find that in seven of
the nine objects the mm continuum source lies within the half maximum level of the
NoH* emission. The two exceptions are CB 188 (the only ClassI object in our sample)
and CB 244. This good general agreement indicates that NoH™ cannot be significantly
depleted like, e.g., CO and CS (see Bergin et al. 2001; Caselli et al. 1999).

We also measured mean FWHM radii of the integrated NoH™ emission. The mean
FWHM core radii R were measured as A2/, where A is the core area at the half
maximum level, corrected for the beam size. Except for CB 188, all sources exhibit
quite compact NoHT emission regions with mean FWHM radii of 1200—3500 AU (see
Table 2.4). The average radius in our sample is (R) = 2000 + 800 AU, which is much
lower than the average value found by Caselli et al. (2002; hereafter CBMT02) for their
sample of starless cores (~ 10000 AU) observed with single-dish observations (beam size
~ 54"), but similar to the radius of Class0 sources IRAM 0419141522 (~ 2400 AU)
and NGC 1333 IRAS4B (~ 1800 AU) observed with PdBI by Belloche et al. (2002)
and Di Francesco et al. (2001), respectively.

However, when viewed in detail, all sources in our sample show a complex, often
multi-peaked structure. For example, IRAS 03282, IRAS 04166, and CB 230 each have
two separated peaks in the region enclosed by the half maximum intensity level, with
the mm continuum source located between the two peaks. In RNO 43, CB 68, CB 224,
and CB 244 the main peak of NoH™ emission offsets by 5—10" from the mm continuum
sources. Only in L723 VLA2 there is no positional discrepancy between the NoH™ and
mm continuum emission. The individual sources are discussed in detail in Section 2.4.1.

Thttp://www.iram.fr/TRAMFR/GILDAS
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Figure 2.1: OVRO 3 mm dust continuum images of all nine target sources. Contours start
at ~ 30 (see Table 2.2) with steps of ~ 20. OVRO synthesized beam sizes are shown as grey
ovals in each map.

2.3.2 Masses and column densities

Figure 2.3 shows the NoH™ spectra at the position of maximum intensity in each map.
The NoH* (1—0) line complex consists of seven hyperfine structure components, which
have been detected in all sources. However, in several sources like, e.g., L723 VLA2 (see
below), the line width is larger than the separation between hyperfine components, so
that some lines are blended. The hyperfine fitting program in CLASS (Forveille et al.
1989), with the frequencies adopted from Caselli et al. (1995) and weights adopted from
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Figure 2.2: Maps of the NoH™ (1—0) intensity integrated over the seven hyperfine components
for the nine protostars. The unit of the scale is [Jy beam ™! km s~!]. Contours start at ~ 3o
with steps of ~ 2o (see Table 2.2). OVRO synthesized beam sizes are shown as grey ovals in
each map. Crosses in the maps represent the peaks of 3mm dust continuum emission (except
TRAS 03282, in which the crosses indicate the peaks of 1.3 mm dust emission; see Fig.2.7).
The asterisk in CB 230 marks the positions of the secondary protostar observed at 7 pm with
ISOCAM (not detected at 3 mm, see Launhardt 2001 and Fig. 2.10).

Womack et al. (1992), has been used to determine LSR velocities (vpsr), intrinsic line
width (Awv; corrected for instrumental effects), total optical depths (74 ), and excitation
temperatures (Te). These parameters are listed in Table 2.3. Here 7o is the sum of
the peak optical depths of the seven hyperfine components (see Benson & Myers 1989).
The optical depth of the main NoH" (J F; F = 123 — 012) component, which is
equal to 0.2597, is found to be small (< 0.5) at the intensity peak for all sources.
Hence the NoH™ emission can be considered optically thin everywhere. The excitation
temperature, T.,, was calculated to be 4.1 —5.7K at the peak positions, using a main-
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Figure 2.3: NoH™ spectra at the peak position of the nine observed protostars. Green curves show the hyperfine structure line fitting.
Fitting results are given in Table 2.3.
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Table 2.3: Parameters from NoH™ (1-0) spectral fitting

Source Visr® Tex® Trot® Av® AVmean’ AvnTC
Name [kms~1] K] [kms~1] [kms~1] [kms~1]
IRAS 03282  6.89+0.01  4.98+0.05 1.384+0.08 0.51£0.03 0.29+0.01 0.2640.02
TRAS 04166 6.64+0.02 4.084+0.13 1.76£0.18 0.34+0.01 0.3240.01 0.29+0.02

RNO 43 9.77£0.01  5.15£0.25 0.77£0.01 0.41£0.02 0.39+£0.01 0.37+0.02
CB68 5.26+0.04  4.25£0.04 1.384+0.09 0.374£0.04 0.33£0.01 0.3040.02
L723VLA2  11.00+0.02 5.744+0.21 0.78+£0.03 1.07+0.04 0.51£0.01 0.49£0.02
CB 188 7.23£0.02  4.58£0.08 0.73+£0.04 0.384£0.03 0.31£0.01 0.2840.02
CB224 —2.65+£0.01 4.61+£0.04 1.75+0.08 0.50+0.03 0.47+0.01 0.4540.02
CB 230 2.78+0.01  5.49£0.13 1.54+0.04 0.36£0.01 0.29+0.01 0.26%+0.02
CB 244 3.24+40.01  4.93£0.11 1.09£0.16 0.38+0.02 0.45+0.02 0.43%+0.03

“Value at the intensity peak. The error represents 1 ¢ error in the hyperfine fitting.
®Mean line width for each object (see §2.3.4).
“Non-thermal line width for each object at the given gas temperature (10 K; see §2.3.4).

beam efficiency ng = 0.7 (Padin et al. 1991). The average (Ttx) ~ 4.9 K in our sample
is similar to what has been found with single-dish observations for dense cores by
CBMTO02 (~ 5.0K).

Assuming that the observed NoH™ line widths are not dominated by systematic gas
motions, the virial mass of the cores has been calculated as:

5 RAv2
8In2 G’

M, = (2.1)
where G is the gravitational constant, R is the FWHM core radius, and Auv,, is the line
width of the emission from an “average” particle with mass m,.. = 2.33 amu (assuming
gas with 90% Hs and 10% He). The coefficient oy, = (3 — p)/(5 — 2p), where p is the
power-law index of the density profile, is corrected for deviations from constant density
(see Williams et al. 1994). In our calculations, we assume p = 1.5 and ay;, = 0.75 (see
André et al. 2000). Av,, can be derived from the observed spectra by

kT, 1 1
Av2 = A2+ 8In2—=(— — ), (2.2)

myg May Mobs

where Avpean 18 the observed mean line width (obtained through Gaussian fitting to
the distribution of line widths versus solid angle area; see Table 2.3 and section 2.3.4)
and mgps 1S the mass of the emitting molecule (here we use my,p+ = 29 amu). The
corresponding hydrogen density of the ny, has been calculated assuming a uniform
density spherical core with radius R (given in Table 2.4). The derived virial masses
M in our sample range from 0.3 to 1.2 M, with a mean value of 0.6 M. The
corresponding hydrogen densities ny, range from 7.4 to 81 x 10° cm~3. Both M,;, and
ny, values for each source are listed in Table 2.4.

The NoH™ column density has been calculated independently from the line intensity
using the equation given by Benson et al. (1998):

TAVT

+\ 11
N(NQH )—3.3><10 m

(em™?), (2.3)
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Table 2.4: Size, density, and mass

Source R Mu: (om,)" N(NoHT) My, X(NoHT)
AUl [Mo] [x10°cm=3] [x102em2] [x10-10My) [x10710]
TRAS 03282 1703  0.42 22.6 1.81 1.57 5.11
TRAS04166 1232  0.30 43.6 0.96 0.31 1.41
RNO43 MM 3530 1.21 7.4 0.82 2.32 2.60
CB 68 1440 0.37 33.7 0.93 0.51 1.83
L723VLA2 1272  0.65 84.4 2.84 1.89 3.96
CB 188 1763 0.44 21.6 0.57 0.46 1.42
OB 224 1329 0.57 64.7 1.95 2.07 4.97
CB 230 2762 0.71 9.0 1.52 3.86 7.41
OB 244 1774 0.72 34.9 0.96 0.69 1.30

Mean density, computed from R and M,;, (see §2.3.2)

where 7 is the total optical depth, Av is the intrinsic line width in km s=!, and T,y
is the excitation temperature in K. The gas-phase NoH™ mass of the core can then be
calculated from My,p+ &~ N(NoH")pear X mpp+ X d* X Qpwiu, where d is the
distance from the Sun and Qpwy is the area enclosed by the contour level at 50% of
the peak value for each core.

From the ratio of NoH™ mass to virial mass, we derived the average fractional abun-
dance of NoH™ in each core: X (NoH') = My,pu+/My,, where My, = M,;,/1.36, the
factor 1.36 accounting for He and heavier elements. The values are listed in Table 2.4.
The average value (X (NoHT)) ~ 3.3 x 1071% in our sample is close to that found by
CBMTO02 for their sample of dense cores (~ 3 x 10717).

2.3.3 \Velocity fields

Based on the hyperfine fitting program in CLASS, we have developed a semi-automated
quality control and spectra fitting routine that computes the mean radial velocity, line
width, and line intensity at each point of the map where NoHT is detected (> 20
noise). Figure 2.4 shows the mean velocity fields for the eight Class0 objects in our
sample, obtained from this line fitting routine. The NoH™* emission from CB 188, the
only evolved (ClassI) object in our sample, is too faint and fuzzy to give a reliable
velocity field.

In Class0 protostars, the effects of infall, outflow, rotation, and turbulence are
generally superimposed. Of these, turbulence and infall normally broaden the lines
but do not produce systematic velocity gradients. On the other hand, systematic
velocity gradients are usually dominated by either rotation or outflow. In Fig. 2.4, we
therefore also show the outflow information for each source. We want to mention that
many other studies usually do not take this kind of caution. Figure 2.4 shows that
five objects (IRAS 04166, RNO 43, L723 VLA2, CB 230, and CB 224) have well-ordered
velocity fields with symmetrical gradients, while 3 objects (IRAS 03282, CB68, and
CB244) have more complex velocity fields. Two objects (RNO43 and CB230) with
well-ordered velocity fields have gradients roughly perpendicular to the axis of outflow,
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Figure 2.4: NoH™ velocity field maps of 8 Class 0 protostars. The unit of the scale is km s~
The contours in each map are from Fig. 2.2, but range from 30% to 99% of the peak intensity
by the step of 10%. The crosses in each are same as them in Fig.2.2. The red and blue
arrows show the directions of the red- and blue-shifted outflow for each source (see text).

while two objects (IRAS04166 and L732 VLA2) have gradients basically parallel and
one object (CB224) anti-parallel to the outflow direction.

Assuming that the mean direction of the bulk angular momentum is preserved in
the collapse from the core to the disk, we would expect outflows to emerge perpen-
dicular to the rotation velocity gradients. Thus, if the velocity field is dominated by
rotation, we would see the velocity gradient to be perpendicular to the outflow axis,
like seen in RNO 43 and CB 230. If gradients are parallel to the outflow axis and with
the same orientation, it is likely that we see outflow motions rather than rotation, like
in IRAS 04166 and L723 VLA2. In these cases, a possible underlying rotation velocity
gradient must be smaller than the observed effective gradient. Following these argu-
ments, we treat those gradients parallel to the outflow as upper limits to the rotation
gradient. The details of the velocity field for each source are described in section 2.4.1.
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Table 2.5: Velocity gradient and specific angular momentum

mean velocity g O, Jr J/M
Source [kms~1] [kms~tpc™t]  [degree]  [kmsT!] [x1073kms~!pc]
TRAS 03282 6.91 <6.6 70.8+1.2 0.11 <0.12
TRAS 04166 6.64 <12.5 -134.2+1.7 0.15 <0.12
RNO 43 MM 9.72 5.840.1 -23.1+1.0 0.21 0.45
CB68 5.15 <10.3£0.2 161.24+0.8 0.15 <0.13
L723 VLA2 11.03 <24.2 -139.2£0.2 0.30 <0.24
CB 224 -2.67 <11.2 -82.7+1.0 0.15 <0.12
CB 230 2.69 8.840.1 -54.0+0.4 0.24 0.42
CB244 3.51 <22.9 51.240.2 0.41 <0.45

A least-squares fitting of velocity gradients has been performed for the objects in
our sample using the routine described in Goodman et al. (1993; hereafter GBFM93).
The fitting results are summarized in Table 2.5. Listed are in column (2) the mean
velocity of the cores, in columns (3) and (4) the magnitude of the velocity gradient g
and its direction O, (the direction of increasing velocity, measured east of north), and
in column (5) the total velocity shift across the core gr (i.e., the product between g
and core size R).

2.3.4 Line widths

Figure 2.5 shows the distribution of line widths versus solid angle area in the maps for
the nine protostars in our sample. The mean line width for each source is then derived
through Gaussian fitting to the distribution and is listed in Table 2.3. We find that the

mean line width in our sample is 0.29 — 0.51 kms~!, with an average of ~ 0.37kms~*.

The FWHM thermal line width for a gas in LTE at kinetic temperature Tx is given
by
kT;
Av2 = 8In2—= (2.4)

Mobs

where k£ is the Boltzmann constant and mghs 1s the mass of the observed molecule.
Assuming a kinetic gas temperature of 10 K (see Benson & Myers 1989), the thermal
contribution to the NoHT line width is ~ 0.13 km s~!. The typical non-thermal con-
tribution to the line width (Avyr = /Av2 .. — Av2) is then ~ 0.35 km s~ | which

is about 2.5 times larger than the thermal line width (see discussion in §2.4.2).

Figure 2.6 shows the spatial distribution of the NoH™ line width for those six Class 0
sources which are not highly elongated (axial ratios < 2). In most cases the line widths
are roughly constant within the interiors of the cores and broader line widths occur
only at the edges. This is consistent with both the NHj3 observations by Barranco &
Goodman (1998) and the physical picture described by Goodman et al. (1998) that the
star-forming dense cores are “velocity coherent” regions of nearly constant line width.
The exception, CB 230, is discussed in §2.4.
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Figure 2.5: Diagrams of the correlation between line width and solid angle area for the nine
protostars in our sample. Black solid curves and values in each map show the results of
Gaussian fitting.

2.4 Discussion

2.4.1 Description of individual sources
2.4.1.1 IRAS 0328243035

IRAS 03282 is one of the youngest known Class 0 protostars (André et al. 2000). It is
located in the western part of the Perseus molecular cloud complex at a distance of ~
300 pc (Motte & André 2001). Its bolometric luminosity and total envelope mass are
estimated to be Lpo ~ 1.2 Lo and My, ~ 2.9 M, respectively (Shirley et al. 2000).
IRAS 03282 drives a highly collimated bipolar molecular outflow at P.A. ~ —37° with
kinematic age ~ 10* yr (Bachiller et al. 1994).
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Figure 2.6: Line widths distribution of 6 Class0 protostars in our sample. The unit of the scale is km s~!. The crosses in each map are
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of blue- and red-shifted outflow, respectively.
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Figure 2.7: OVRO dust continuum images at 1.3mm and 3mm of TRAS03282. Contour
levels in all images start at 30 rms. OVRO synthesized beam sizes are shown as grey ovals.
The center positions of MM1 (775, 577) and MM2 (879, 5”4) are marked by crosses. Top left:
naturally uv weighted 3 mm continuum image (robustness parameter +1); o = 0.3 mJy/beam.
Top right: uniformly uv weighted 3 mm continuum image (robustness parameter —0.5); o =
0.45 mJy/beam. Bottom left: naturally uv weighted 1.3 mm continuum image (robustness
parameter +1); 0 = 2.4 mJy/beam. Bottom right: uniformly uv weighted 3 mm continuum
image (robustness parameter 0); ¢ = 2.5 mJy/beam.

The NoH™ intensity map of IRAS 03282 shows a molecular cloud core that is hour-
glass shaped and elongated along P.A. ~ 30 degree, i.e., nearly perpendicular to the
axis of the large-scale CO outflow (see Fig.2.4). We interpret the hourglass shape as
effect of the outflow, which re-releases CO from grain surface back into the gas phase.
CO, in turn, destroys the NoH' molecule (Aikawa et al. 2001). Our OVRO 1.3 mm
dust continuum images reveal two mm sources, MM1 and MM2, located between the
two NoH™ emission peaks (see Fig.2.7). The mass ratio and the angular separation of
this binary protostar are 0.23 and 1”5 (~ 450 AU at a distance of 300 pc), respectively
(LSZC08). The velocity field of IRAS03282 does not show a symmetrical gradient
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and the red-shifted NoH' emission lobe to the northwest of the mm sources matches
exactly the red-shifted *CO lobe, implying that the NoHT emission in this region is
affected by the outflow. Correspondingly, we treat the observed total velocity gradient
as upper limit to rotation (see §2.3.3). Figure 2.6 shows the line width distribution of
IRAS 03282. The average line width across the source is ~ 0.4 = 0.1kms~! and reaches
0.7kms~! towards the southern edge of the core.

2.4.1.2 IRAS 0416642706

IRAS 04166 is a Class 0 protostar associated with the small dark cloud B 213 in the
Taurus molecular cloud complex at a distance ~ 140 pc (Mardones et al. 1997). Its
bolometric luminosity and total envelope mass are Ly, ~ 0.4 Lo and My, ~ 1.0 M,
respectively (Shirley et al. 2000). TRAS 04166 drives a highly collimated, extremely
high velocity (up to 50 km s™!) bipolar molecular outflow at P.A. ~ 30° (Tafalla et al.
2004).

The NoH™ intensity map of IRAS 04166 shows the same hourglass shape and ori-
entation relative to the outflow as IRAS03282. We interpret it in the same way. The
N,oH™ velocity field of IRAS 04166 shows a symmetric gradient, which however matches
the red- and blue-shifted CO outflow lobes (see Fig. 2.4). As for IRAS 03282, we treat
the observed total velocity gradient as upper limit to rotation.

2.4.1.3 RNO43MM

The millimeter continuum source RNO 43 MM is associated with the dark cloud L 1582B
and the very cold IRAS point source 0529541247 (detected only at 60 and 100 pm).
The cloud is physically connected to the A Ori molecular ring located at a distance of ~
400 pc (Zinnecker et al. 1992). RNO 43 MM is the origin of a 3.4 pc long Herbig-Haro
flow (HH 243, HH 244, and HH 245; Reipurth et al. 1997) and drives a collimated bipo-
lar molecular outflow at P.A. ~ 60° (Arce & Sargent 2004). From its spectral energy
distribution (SED) and the ratio of sub-mm to bolometric luminosity, RNO 43MM has
been classified a Class 0 source (Bachiller 1996). Its bolometric luminosity and total

envelope mass are estimated to be Ly, ~ 6.0 Lo and My, ~ 0.4 M, respectively
(Zinnecker et al. 1992).

Our NoH™ intensity map of RNO 43MM shows a V-shaped core with two lobes,
extending ~ 20” to the north and west, respectively (see Fig.2.2). The western lobe
exhibits much higher (redder) mean velocities than the rest of the core, and is out-
side the plot scale of Fig. 2.4 (11 up to 20kms™!). This jump in velocity probably
means that the western lobe belongs to another molecular cloud layer in this direction.
In the inner core region (included at 50% contour level), the velocity field exhibits a
symmetric structure with a gradient of ~ 5.8kms~!pc™t at P.A. ~ —13°, approxi-
mately perpendicular to the axis of outflow, suggesting rotation (see Fig.2.4). The
total velocity shift across the inner core is ~ 0.4kms™!.
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24.1.4 CB 68

CB68 (LDN 146) is a small Bok globule located in the outskirts of the p Oph dark
cloud complex at a distance of 160 pc (Clemens & Barvainis 1988; Launhardt & Henning
1997). The dense core of the globule exhibits strong, extended, centrally peaked sub-
mm,/mm dust continuum emission (Launhardt & Henning 1997; Launhardt et al. 1998;
Vallée, Bastien, & Greaves 2000) and is associated with the cold IRAS point source
16544—1604. The central source, which was classified as a Class0 protostar, drives
a weak, but strongly collimated bipolar molecular outflow at P.A. ~ 142° (Wu et al.
1996; Mardones et al. 1997; Vallée et al. 2000).

Our NoH™ intensity map shows a compact source of about 9” FWHM radius, which
peaks very close to the mm continuum position. In addition, it exhibits two armlike
extensions to northeast and southwest. The velocity field of CB 68 is relatively compli-
cated and shows no systematic gradient which could be interpreted as rotation. There
is also no clear correlation with the outflow. As for IRAS 03282, we derive only an
upper limit for the rotation velocity gradient.

2.4.1.5 L723 VLA2

L7723 is a small, isolated dark cloud located at a distance of 300 & 150 pc (Goldsmith
et al. 1984). The IRAS point source 19156+1906, at the center of the cloud core,
is associated with strong far-infrared (Davidson 1987), sub-mm (Shirley et al. 2000),
and mm continuum emission (Cabrit & André 1991; Reipurth et al. 1993) and was
classified as a Class 0 protostar with a bolometric luminosity Lyo ~ 3.0 Lg, (Shirley et
al. 2000). Anglada et al. (1991) detected two radio continuum sources (VLA 1 and
VLA 2) with 15” separation, both located within the error ellipse of the IRAS position.
However, only VLA 2 was found to be associated with dense gas in the cloud core
(Girart et al. 1997). Centered at the IRAS position is a large quadrupolar molecular
outflow with two well-separated pairs of red and blue lobes: a larger pair at P.A. ~
110° and a smaller pair at P.A. ~ 30° (see Lee et al. 2002 and references therein).
While several scenarios have been proposed to explain the quadrupolar morphology
of the large-scale CO outflow, the discovery of a thermal radio jet at the position of
VLA 2 (Anglada et al. 1996) and of a large-scale HyS(1) bipolar flow (Palacios & Eiroa
1999), both aligned with the larger pair of CO outflow lobes at P.A. ~ 110°, as well
as new high-resolution CO observations (Lee et al. 2002), clearly favor the presence of
two independent outflows.

Our OVRO 3mm dust continuum image reveals two separate compact sources with
a projected separation of ~ 3716 (~950 AU at a distance of 300 pc) in L.723 VLA2 (see
Fig.2.8). The results derived from wv plane modeling suggest that the two compact
sources represent two accretion disks embedded in a common envelope. The circum-
stellar masses of the disks and the common envelope are calculated to be 0.05 Mg,
0.04 Mg, and 1.2 M, respectively. OVRO 2CO (1-0) image suggests two biconical
limb-brightened arcs at the center of the outflow (see Fig.2.9). Our results strongly
supports the scenario that the quadrupolar outflow is driven by an equal-mass binary
protostar. More details of this source will be discussed in a separate paper (Launhardt,
Chen, & Sargent, et al. 2008a, to be submitted).
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Figure 2.8: Top: Spitzer IRAC2 (4.5 pm) and IRAC4 (8.0 yum) images of L723 (taken from
Spitzer archive), overlaid with naturally weighted OVRO 3 mm continuum contours. The
positions and names of Hy objects are referred to Lopez et al. (2006). Bottom left: OVRO
naturally uv weighted 3 mm continuum image. Contour levels are at 2, 4, 6, 9 ... x lorms
where o0 = 0.17mJy/beam. OVRO synthesized beam size is shown as grey oval (370x2!7).
Positions of VLA 1 and VLA 2 are marked by a black square and white triangle, respectively.
Bottom right: higher-resolution image (robust uv weighting, beam size 179x1”5) of the two
embedded accretion disks after the envelope has been subtracted (see text). Contours are at
the same levels as in the left panel with 0 = 0.3 mJy/beam. Large white ellipses show the
orientation and size of beam-deconvolved gaussian fits to the two sources. The small white
ellipse shows the size and orientation of the thermal radio jet L 723 VLA 2 (Anglada et al.
1996).
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Figure 2.9: Map of integrated 2CO (1-0) emission in blue-shifted (left) and red-shifted
(right) outflow line wings of L 723. Contour levels are at 5, 10, 15 ... 40 X 1o rms where
o = 80mJy/beam. Beam sizes are shown as grey ovals. Two small black (left) and white
(right) ovals show the size and orientation of two embedded accretion disks. Black square
and triangles show the positions of radio object VLA 1 and Hy objects (Palacios & Eiroa
1999), respectively.

The NoH™ intensity map of L723 VL A2 shows a compact source of about 8 FWHM
diameter, which peaks between the two mm continuum sources. In addition, it shows
a long extension to the northwest along the direction of larger outflow. The mean
velocity difference between the two continuum positions is ~ 0.4kms~!. However, the
overall velocity field of 1723 VLA2 shows that the red-shifted NoH* emission matches
exactly the red-shifted emission of two outflows and the velocity gradient is basically
in the same direction as the outflow, suggesting that the outflow has a strong effect on
the NoH™ emission. As for IRAS 03282, we therefore treat the observed total velocity
gradient as upper limit to rotation. The line widths distribution of L723 VLA2 is
shown in Fig.2.6. The line widths are about 0.5 kms~! in the northwest extension,
0.6 — 1.0 kms~! across the core, and reach 1.5kms™! towards the eastern edge of the
core. We suggest that the relatively large line widths in this source are the result of
strong outflow-envelope interaction.

2.4.1.6 CB 188

CB 188 is a small dark globule at a distance of ~ 300pc, which harbors a ClassI
young stellar object (Launhardt & Henning 1997). A small (< 2') CO outflow with
overlapping red and blue lobes was detected by Yun & Clemens (1994), suggesting the
object is seen close to pole-on. In our NoH™ intensity map, CB 188 shows a complex
clumpy structure (see Fig.2.2). It also has the weakest NoHT emission in our survey
(also see the spectra in Fig.2.3). This could imply that NoH' is destroyed during
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the evolution from Class( to ClassI, e.g., due to release of CO from grain surfaces in
outflows (see Aikawa et al. 2001). We do not further discuss this source in this chapter.

24.1.7 CB 224

CB 224 is a Bok globule located at a distance of ~ 400 pc (Launhardt & Henning 1997).
Two mm sources were detected in our OVRO survey at an angular separation of 20”
(LSZC08). The northeast mm source (not shown here) is associated with a cold IRAS
source 2035546343 (3.9 Ly; Launhardt & Henning 1997), but has no NoH' emission
detected. The southwest source shown in our images, which is classified a Class 0 object
(LSZC08), drives a collimated *CO bipolar outflow at P.A. ~ —120° (Chen et al., in
prep.).

The NoH™ intensity map of CB 224 shows the same hourglass morphology perpen-
dicular to the outflow as IRAS 03282 and IRAS 04166 (but slightly more asystematic
in intensity). There is a clear and systematic velocity gradient across the core, but the
lines of constant velocity are curved in a “C” shape (see Fig.2.4). The velocity field
cannot be solely interpreted by rotation. The CO outflow seems to have no effect on
the NoH™ velocity field because it is oriented in the opposite direction. We speculate
that the velocity field is due to a combination of rotation and core contraction. The
HCO™ observations in De Vries et al. (2002) indeed indicated signs of infall motions
in CB 224.

2.4.1.8 CB 230

CB230 (L 1177) is a small, bright-rimmed Bok globule at a distance of 400+ 100 pc
(Wolf et al. 2003a). The globule contains a protostellar core of total mass ~ 5 M, and
exhibits signatures of mass infall (Launhardt et al. 1997, 1998, 2001). Magnetic field
strength and projected direction in the dense core are B = 218 £ 50 uG and P.A. =
—67°, respectively (Wolf et al. 2003a). The dense core is associated with a large-scale
collimated CO outflow at P.A. = 7° of dynamical age ~ 2 x 10*yr (Yun & Clemens
1994). The Mid-IR image of CB 230 suggests the presence of two deeply embedded
young stellar objects separated by ~ 10" (Launhardt 2004; see Fig.2.10). Only the
western source was detected at 1.3 mm and 3 mm dust continuum, suggesting that the
mass of a possible accretion disk around eastern source is below the detection limit.
Two bright near-infrared reflection nebulae are associated with the embedded objects,
but the stars are not directly detected at wavelengths shorter than 5pm. CB230 is
probably a transition object between Class(0 and I.

Our NoH™ intensity map shows that the molecular cloud core is elongated East-
West. The velocity field map shows a clear velocity gradient across the core of ~
8.8kms ! pc~! increasing from east to west along the long axis, i.e., roughly perpen-
dicular to the outflow axis. This strongly supports the view that the two MIR sources
form a protobinary system which is embedded in the NoH' core. This core in turn
rotates about an axis perpendicular to the connecting line between the two protostars
and parallel to the main outflow. Fig. 2.6 shows that the line width distribution ex-
hibits a strong peak at the position of the 3mm continuum source. Together with
the velocity field shown in Fig. 2.4, this can be understood as the result of Keplerian
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Figure 2.10: CB 230 - Summary of observational results. From top to bottom, left to right: a)
2.2 pm continuum surface brightness distribution of the NIR reflection nebula. The “+” signs
in this and all other panels mark the locations of the embedded protostars. b) Spitzer IRAC 2
image (taken from Spitzer archive), showing the shock-excited 4.5 um infrared emission.
The grey ellipse in this and the following panels illustrates the FWHM beam size of the
observations. ¢) ISOCAM image of the 6.7 um emission. The thermal mid-infrared emission
from hot circumstellar dust is the only tracer that directly reveals both embedded sources S1
(E) and S2 (W). d) and e) Spitzer images of the 8.0 ym and 24 ym emission, tracing hot dust
in the immediate environment of the sources. f) At 1.3mm (dust continuum emission) and
angular resolution of 0”6, point-like emission with a small envelope is detected only towards
S1. g) 3mm dust emission at 4” resolution. h) Integrated intensity of the NoH™ (1-0) line
emission. i) 13CO (1-0) line wing emission, overlayed on the grey-scale NIR image (panel a).
Solid contours: blue-shifted emission (0.7 — 2.5 kms~!) dashed contours: red-shifted emission
(3.1—=5.2kms™1).
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rotation. Morphology and kinematics of this source will be discussed more detailed in
a separate paper (Launhardt, Chen, & Sargent, et al. 2008b, to be submitted).

2.4.1.9 CB 244

CB244 (L1262) is a Bok globule located at a distance of ~ 180pc (Launhardt &
Henning 1997). It is associated with a faint NIR reflection nebula and a cold IRAS
point source, and was classified as Class(0 protostar. Its bolometric luminosity and
total envelope mass are estimated to be Lo ~ 1.1 Ly and My, ~ 3.3 M, respectively
(Launhardt & Henning 1997). CB244 drives a bipolar molecular outflow at P.A. ~
—130° (Yun & Clemens 1994; Chen et al., in prep.).

The NoH™ intensity map of CB 244 shows an elongated structure in the direction
from Northwest to Southeast, approximately perpendicular to the direction of outflow
(see Fig.2.4). The velocity field of CB 244 exhibits a complicated structure and maybe
dominated by effects other than rotation. As for other sources, we assume that the
total observed velocity gradient puts an upper limit to the rotation. The distribution
of line widths for this source shows two distinct peaks (see Fig.2.5). The smaller
line widths originate from the southeastern part of the core where the protostar is
embedded, while the larger widths are found in the northwestern extension only (see
Fig.2.2). Therefore, we adopted the smaller peak value as representative for CB 244.

2.4.2 Turbulent motions

At a kinetic gas temperature of 10 K, the typical non-thermal line width in our sample
(0.35 kms™!) is about 2.5 times lager than the thermal line width (0.13 kms™!) (see
§2.3.4). The origin of the non-thermal line width in such cores is subject of an ongoing
debate in the literature. Generally, turbulence is suggested to be the main contribution
(see e.g., Barranco & Goodman 1998 and Goodman et al. 1998), but infall, outflow,
and rotation may also contribute to the non-thermal line width.

With the exception of L723 VLA2, there appears to be no spatial correlation be-
tween regions of increased line width and outflow features (see Fig.2.6). CB230 may
represent a special case where Keplerian rotation of a large circumstellar disk causes
the large non-thermal line width in the central region (see Fig.2.6). To avoid a bias
from localized line-broadening due to outflows and/or Keplerian rotation, we estimated
the observed mean line width through Gaussian fitting to the distribution of line widths
versus area in the maps (see Fig.2.5). The non-thermal contribution to these mean
line widths are listed in Table 2.3. We assume that these mean non-thermal line widths
are dominated by turbulence. The thermal FWHM line width of an “average” particle
of mass 2.33my, which represents the local sound speed, would be ~ 0.44 kms™! at
10 K. The mean observed non-thermal line width is ~ 1.3 times smaller than this value,
which means that turbulence in these cores is subsonic.

Figure 2.11 shows the distribution of non-thermal line width Awvnt with core size
R for the objects in our sample, together with the dense cores from GBFM93 and
CBMTO02. It shows that high-level (supersonic) turbulence normally occurs in large-
scale cores only. In the cores traced by NHz (R > 20000 AU ~ 0.1 pc), the non-thermal
line widths decrease with core size with a power-low index ~ 0.2, while in those traced
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Figure 2.11: Non-thermal line width AVyt versus size R of dense molecular cloud cores.
Data of NHj (open squares) and NoHT (open triangles) dense cores are adopted from
GBFM93 and CBMTO02, respectively. Solid lines marked 0.13, 0.17 and 0.44 km s~! rep-
resent thermal line widths of NoHT, NH3, and 2.33mpy mass “average” particle at 10K,
respectively. The fit to the GBFM93 and CBMT02 data results in power-law indexes of
0.21£0.05 and 0.5140.15, respectively. The levels (p-values) of statistical significance are <
0.01% (GBFM93) and ~ 0.1% (CBMT02), respectively.

by NoHt (CBMT02; 5000 AU < R < 20000 AU), the line widths decrease with an index
of ~ 0.5. This suggests that non-thermal motions are more quickly damped in smaller
cores (see also Fuller & Myers 1992). Comparing our data with CBMT02, we find
that the relation between line width and core size no longer holds at R < 10000 AU,
suggesting the inner parts of dense cores are “velocity coherent”. The radius at which
the gas becomes “coherent” is less than 0.1 pc, as suggested in Goodman et al. (1998).
Also note that the mean non-thermal line width in our sample (0.35 km s7!) is even
larger than the widths in some larger scale dense cores (see Fig.2.11). We speculate
that the heating from an internal protostar, as well as related activities, like e.g., infall
and/or outflow, contribute to the line widths in these protostellar cores.

2.4.3 Systematic gas motions

For the fragmentation model of binary star formation, some initial angular momentum
must be present, otherwise the cores will collapse onto a single star. The source of
this angular momentum is generally suggested to be the bulk rotation of the core. As
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suggested in the earlier study by GBFM93, rotation is a common feature of dense cores
in molecular clouds. In our observations, most objects show well-ordered velocity fields
with symmetric gradients and the motions of several objects could be interpreted as
bulk rotation. The results from our ATCA and PdBI observations show similar well-
ordered velocity fields (see Chapter 3 and Chapter4), supporting the view in GBFM93.

Up to now only a few Class 0 objects have been studied in detail kinematically.
Typical examples are the nearby, isolated object IRAM 04191 (Belloche et al. 2002),
or NGC1333IRAS4A (Di Francesco et al. 2001 and Belloche et al. 2006), which
is actually a binary protostar at a separation of ~ 600AU (Looney et al. 2000).
Below, we analyze our eight Class 0 objects together with these two sources. Of
the eight Class0 targets, CB 230, IRAS 03828, and 723 VLA2 are resolved as binary
protostars by our mm observations, while IRAS 04166, RNO 43, CB68, CB 224, and
CB 244 remain single or unresolved. We treat RNO 43 and CB 230 as objects which
provide reliable rotation velocity gradients and take the other six measurements as
upper limits. The ASURVH software package was used for the statistical analysis of the
results. This package performs a “survival analysis” which takes into account upper
limits and allows to compute a statistical sample mean. It must, however, be noted
that two real measurements and six upper limits are not sufficient to derive statistically
significant correlations.

The velocity gradients derived in our sample range from 5.8 to <24.2 kms™! pc™
(see Table 2.5). The mean value derived by the cumulative Kaplan-Meier (KM) esti-
mator in ASURV is 7.0£0.8 kms~! pc~!. This result is consistent with the gradients
derived in TRAM 04191 (~ 7kms ' pc™!) and IRAS4A (~ 10kms™!pc™!), but it is
much larger than the velocity gradients of dense cores derived from single-dish observa-
tions in GBFM93 and CBMT02 (1 —2kms™! pc™'). The correlation between velocity
gradient (g) and core size (R) is shown in Figure 2.12. It shows a clear trend with
smaller cores (R < 5000 AU) having larger velocity gradients. Taking into account only
RNO 43 and CB 230, the entire dataset could be fitted by a relation of g oc R~0-6+0-1,
which is steeper than the slope of oc R~%* obtained by GBFM93 for the larger scale
cores only. As expected, smaller (more evolved) protostellar cores rotate much faster
than larger (prestellar) cores.

1

2.4.4 Constraints on angular momentum

Assuming that the velocity gradients are due to core rotation, the specific angular
momentum J/M of the objects can be calculated with the following equation (see
GBFM93):

JIM = apwR? = —— 9 g2 n Lo (2.5)

rot b+ 2asini 49T '

where the coefficient ayor = 2/(5 + 2p), p is the power-law index of the radial density
profile (here we adopt p = 1.5), g is the velocity gradient, and i is the inclination angle
to the line of sight direction. Here we assume sin i to be 1 for all sources. The derived
specific angular momenta J/M for our eight Class 0 protostars are listed in column (6)

2ASURV Rev.1.2 (LaValley, Isobe & Feigelson 1992) is a software package which implements the
methods presented in Feigelson & Nelson (1985). For details see http://astrostatistics.psu.edu/.
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Figure 2.12: Mean velocity gradient versus size R of dense molecular cloud cores. Data of
NH; (open squares) and NoH™ (open triangles) dense cores are adopted from GBFM93 and
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from Belloche et al. (2002; 2006). Solid line shows the fitting result with a power-law index

of —0.6%0.1.

in Table 2.5. We derived values between < 0.12 and 0.45 x 1073 kms~! pc, with a KM
sample mean of 0.21 0.1 x 1073 kms~! pc.

In Figure 2.13 we show the distribution of specific angular momentum versus size
scale for Class0 single (unresolved) and binary protostars (this work), together with
molecular cloud cores, PMS binary stars, and single stars, etc. The data of NHj
dense cores and NoH™T starless cores are from GBFM93 and CBMT02, respectively.
For PMS binary stars, the specific orbital angular momenta are derived as J/M =
VGMpDxq/(1 + q)* (where Mg is the total stellar mass, D is the separation, and g
is the mass ratio). Data of ClassI and T Tauri binaries are from Chen et al. (2008, in
prep.; see Chapter 5)@; data of very low-mass (< 0.1 M) and brown dwarf binaries are
from Burgasser et al. (2007). The specific angular momentum of Class I single stars is
derived from J/M = vR, where v of 38 kms™ and R of 2.7 R, are mean values from
the sample of ClassI stars in Covey et al. (2005) and adopted as representative values

here.

3The masses of Class I and T Tauri binaries are dynamic masses. The angular momentum plotted
in Fig.2.11 for these binaries does not include the angular momentum from the stellar rotation.
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Figure 2.13: Distribution of specific angular momentum J/M versus size R of molecular cloud
cores, protostars, and stars. For the dense cores, the specific angular momenta are derived
from J/M = 2/5 (R? x g) (see text). The data of the NHjz dense cores are from Goodman et
al. (1993); the data of the NoH™ starless cores are from Caselli et al. (2002). For the binary
stars, the orbital specific angular momenta are derived from J/M = vGMDxq/(1+q)? (see
text). The data of ClassI binaries and T Tauri binaries are from Chen et al. (2008, in prep.;
see Chapter5), and the masses are all dynamic masses; The data of very low-mass (< 0.1
Mg) and brown dwarf binaries are from Burgasser et al. (2007).

As shown in Fig.2.13, there is a strong correlation between J/M and size scale
in dense cores (> 5000 AU). The data can be fitted with a power-law correlation of
J/M ~ RYT£01 which is consistent with the index 1.6 4+ 0.2 obtained by GBFM93.
This means that in these dense cores the angular velocity is locked at a constant
value to the first order, which is generally explained by the mechanism of magnetic
braking (see Basu & Mouschovias 1994). In addition, Fig.2.13 shows that the mean
J/M value in this region is considerably (~ 2 magnitudes) larger than the typical
orbital angular momentum of T Tauri binary systems. However, stars are not formed
from the entire cloud (large dense cores), but only from the dense inner R < 5000 AU
part of the cores that undergoes dynamical gravitational collapse and decouples from
the rest of the cloud. Fig.2.13 shows that such cores have almost the same specific
angular momentum as the widest (few hundred AU) PMS binaries. But, there is a
gap in size scale between the smallest prestellar cores and the widest binaries. We
find that the specific angular momenta of Class0 protostellar cores are located in this
gap, but nearly indistinguishable from those of wide PMS binary systems, i.e., angular
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momentum is basically maintained (conserved) from the smallest prestellar cores via
protostellar cores to wide PMS binary systems. In the context that most protostellar
cores are assumed to fragment and form binary stars, this means that most of the
angular momentum contained in the collapse region is transformed into orbital angular
momentum of the resulting stellar binary system.

2.4.5 Energy balance

In this section we estimate the contribution of different terms to the total energy
balance of the protostellar cores in our sample. In Table 2.6 we summarize the basic
equations and the estimated ratios of the rotational, thermal, and turbulent energy to
the gravitational potential energy. Here we assume a mean kinetic gas temperature ~
10K for all objects. The masses and radii used in the equations are virial masses and
FWHM radii listed in Table 2.4.

The ratios of thermal and turbulent energy to gravitational potential energy ({Ginerm )
~ 0.26 and (Byb) =~ 0.15) show that in these protostellar cores both thermal and turbu-
lent contribution together appear to dominate the support of the cores, but the thermal
contribution ~ 2 times outweighs turbulence. The estimated ., values range from
< 0.004 to 0.017, with a KM sample mean of ~ 0.007 4= 0.002, which is much lower than



40 Chapter 2. OVRO N,;H™ observations of Class 0 protostars

Table 2.6: Energy balance

Source Egrav [X 1035J] 1lr)ot Btcherm ﬁgurb Bsir

IRAS 03282 1.34 <0.004  0.33 0.11 -0.11
IRAS 04166 0.99 <0.007  0.33 0.14 —0.05
RNO 43 MM 5.1 0.009 0.24 0.16 —-0.19
CB68 1.29 <0.006  0.31 0.14 —0.08
L723VLA2 4.36 <0.014 0.16 0.19 —0.27
CB 224 3.19 <0.004  0.19 0.19 —-0.23
CB 230 2.40 0.017 0.31 0.11 —-0.12
CB 244 3.91 <0.03 0.20 0.18 —0.18

“Gravitational potential energy: Egrav = ayvi:GM?/R.

b _ Brot _ lower w?R? _ _¢> R® o N
Brot = Foe = Zawn GM = 0.17L5 437 - Here we assume sini = 1 for all the objects.

®Btherm = % and Eiperm 18 the thermal energy estimated from Eiperm = %MfTTH (k is the Boltzman

constant and g = 2.33 is the mean molecular weight).

Bt = g;“d‘j and Fiyh, is the turbulent energy estimated from the non-thermal line width FEiy1, =

3/2Mo%y (o%y = Asil’;“gb . Here we assume that the non-thermal line widths at the given temperature
in our sample are from turbulence.

eﬁvir - 2(ﬁr0t + Btherm + ﬁturb) - 1.

Binerm and Sip. This suggests that rotation is not dominating in the support of the
protostellar cores. When we apply the equilibrium virial theorem 2| Egyerm + Egurb + Frot)
+ Egav = 0 (in the absence of magnetic fields), we find that all the Class 0 protostellar
cores in our sample are slightly supercritical (see Table 2.6).

Although the rotation energy is relatively small, it is thought to play an important
role in the fragmentation process (see reviews by Bodenheimer et al. 2000 and Tholine
2002). In general, if 3,4 is very large (.ot > 0.25—0.3), a gas cloud can be stable against
dynamical collapse, potentially inhibiting fragmentation and star formation. However,
if B.ot is very small, a cloud will not have enough rotational energy to experience
fragmentation. Boss (1999) has shown that rotating, magnetized cloud cores fragment
when (,o; > 0.01 initiallyﬁ. It should be noted that three sources in our sample might
have a [yt > 0.01. Of these, CB230 (G0t ~ 0.017) and L723 VLA2 (B0 < 0.014)
have been resolved as binary protostars. On the other hand, IRAS 03282, a resolved
binary protostar, has a very low .ot (~ 0.004), and IRAS 04166, a single (unresolved)
protostar, has ., value close to 0.01. Thus, our observations can neither confirm nor
disprove a relation between (3,4 and fragmentation (but see Chapter 6). This could be
due to low-number statistics combined with observational uncertainties. Figure 2.14
shows the distribution of (3,,; with core size R for our sample, together with the cores
from GBFM93 and CBMTO02. It shows that (. is roughly independent of R, as
suggested before by GBFM93.

4Machida et al. (2005) find that the fragmentation does occur in rotating, magnetized clouds when
Brot = 0.04, considering magnetic fields suppress fragmentation.
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2.5 Conclusions

We present NoH™ (1-0) observations of nine isolated low-mass protostellar cores using
the OVRO mm array. The main conclusions of this chapter are summarized as follows:

(1) NoH™ emission is detected in all target objects and the emission is spatially con-
sistent with the thermal dust continuum emission. The mean excitation temperature
of the NoH™ line is ~ 4.9K. The mean FWHM core radius is (R) = 2000+ 800 AU.
The derived virial masses of the NoH™ cores in our sample range from 0.3 to 1.2 M,
with a mean value of 0.6 M. The corresponding mean hydrogen number densities
range from 10° to 10" cm™3. The NyH* column densities in our sample range from
0.6 to 2.8 x 10'2 cm~2, with a mean value of 1.4 x 10'? ecm~2. The average fractional
abundances of NoHT, calculated by relating the NoH* column densities derived from
the line strength to the virial masses, was found to be ~ 3.3 x 10719, This is consistent

with the result obtained in other surveys with single-dish observations.

(2) The observed mean line widths range from 0.29 to 0.51 km s, with a mean

value of 0.37 km s~!. The non-thermal contribution is about 2.5 times larger than
the thermal line width, suggesting that the protostellar cores in our sample are not
purely thermally supported. We find that line widths are roughly constant within the
interiors of the cores and larger line widths only occur at the edges of the cores. We
conclude that turbulence is not negligible but subsonic in the protostellar cores.

(3) We derive the NoH™ velocity fields of eight Class 0 protostellar cores. CB 230 and
RNO 43 show symmetrical velocity gradients that can be explained by bulk rotation.
In 1723 VLA2, IRAS 03282, and TRAS 04166, outflow-envelope interaction appears to
dominate the velocity fields. CB68, CB 224, and CB 244 show complicated velocity
fields, which could be affected by infall or large-scale turbulence. We argue that in
these cores the observed velocity gradients provide an upper limit to any underlying
bulk rotation.

(4) The velocity gradients over the cores range from 6 to 24 km s=! pc™!, with
a mean value of ~ 7 km s™! pc™!. This is much larger than what has been found
in single-dish observations of prestellar cores, but agrees with recent interferometric
observations of other Class 0 protostellar cores. Assuming these gradients are due
to rotation, the comparison between gradients and core sizes suggests that smaller
(evolved) protostellar cores rotate much faster than larger dense (prestellar) cores.

The data could be fitted by a relation of g oc R~9-6%0-1,

(5) We find that in terms of specific angular momentum and size scale Class 0
protostellar cores fill the gap between dense molecular cloud cores and PMS binary
systems. There appears to be no evolution (decrease) of angular momentum from the
smallest prestellar cores via protostellar cores to wide PMS binary system. In the
context that most protostellar cores are assumed to fragment and form binary stars,
this means that most of the angular momentum contained in the collapse region is
transformed into orbital angular momentum of the resulting stellar binary system.

(6) Both thermal and turbulent energy together dominate the support against grav-
ity, but the thermal contribution is about 2 times larger than turbulence. All proto-
stellar cores in our sample are found to be slightly virially supercritical.



42 Chapter 2. OVRO N,;H™ observations of Class 0 protostars

(7) The ratio By of rotational energy to gravitational energy is relatively small
in our sample, ranging from 0.004 to 0.02, with a mean value of 0.007. We find that
Brot values in our sample show no clear correlation with observed binary protostars.
On the other hand, the three identified binary protostars are also not distinguished by
Biurb values. This could be due to low-number statistics combined with observational
uncertainties.



Chapter 3

ATCA and Spitzer observations of two
southern binary protostars

This chapter is based on a paper submitted to Astrophysics Journal by Chen, Launhardt,
Bourke, Henning, €& Barnes (2007).

Abstract

We present interferometric observations of the isolated, low-mass protostellar double
cores CG 30 and BHR 71 in the NoH™ (1-0) line and at 3mm dust continuum, using
the Australian Telescope Compact Array (ATCA). The results are complemented by
infrared data from the Spitzer Space Telescope. In CG 30, the 3mm dust continuum
images resolve two compact sources with a separation of 21”. In BHR 71, strong dust
continuum emission is detected at the position of the mid-infrared source IRS1, while
only weak emission is detected from the secondary mid-infrared source IRS2. Assuming
standard gas to dust ratio and optically thin 3 mm dust continuum emission, we derive
hydrogen gas masses of 0.05 — 2.1 M, for the four sub-cores. NoH™ (1-0) line emission
is detected in both CG 30 and BHR 71, and is spatially associated with the thermal
dust continuum emission. By simultaneously fitting the seven hyperfine line compo-
nents of NoH™, we derive the velocity fields and find symmetric velocity gradients in
both sources. Assuming that these gradients are due to core rotation, we estimate
the specific angular momenta and the energy balance for all cores. Estimated virial
masses of the sub-cores range from 0.3 — 0.9 M. We also find that the NoH™ emission
is strongly affected by the outflows, both in terms of entrainment and molecule destruc-
tion. Spitzer images show the mid-infrared emission from all four sub-cores, which is
spatially associated with the 3 mm dust continuum emission. All four sources appear
to drive their own outflows, as seen in the shock-excited 4.5 ym images. Based on the
ATCA and Spitzer observations, we construct spectral energy distributions (SEDs) and
derive temperatures and luminosities for all cores. The analysis of the SEDs suggests
an evolutionary discrepancy between the two sub-cores in both CG 30 and BHR 71. We
speculate that the sources may still be coeval but that the evolutionary discrepancy is
due to unequal masses and hence evolutionary speeds. Based on the morphology and
velocity structure, we suggest that the sub-cores in CG 30 were formed by the initial
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fragmentation of a filamentary prestellar core, while those in BHR 71 could originate
from rotational fragmentation of a single collapsing protostellar core.

3.1 Introduction

In this chapter I present ATCA observations of two southern protobinaries in the
NoH™ (1-0) molecular line and at 3mm dust continuum, together with complementary
mid-infrared (MIR) data from the Spitzer Space Telescope (hereafter Spitzer).

CG 30 (also known as BHR 12 or DC 253.3—1.6) is a bright-rimmed cometary glob-
ule located in the Gum Nebula region. The distance towards CG 30 is somewhat
uncertain, with estimates ranging from 200 pc (Knude et al. 1999) to 400 pc (Brandt
1971; Reipurth 1983). For consistency with earlier papers (e.g., Henning & Launhardt
1998), we use here 400 pc. The globule harbors an elongated protostellar core as seen
in the single-dish mm dust continuum image. Higher resolution submm continuum ob-
servations (SCUBA) resolve the source into two sub-cores with a projected separation
of ~20” and masses of 0.17£0.05 and 0.14 +0.05 M, for the northern and southern
sub-cores, respectively (Henning et al. 2001). The northern core is associated with a
near-infrared (NIR) source, which drives the Herbig-Haro flow HH 120 (see Hodapp &
Ladd 1995 and references therein). The newly discovered southern core is the origin of
a protostellar jet with position angle (P.A.) 44° (Hodapp & Ladd 1995), but no NIR
source is seen at this position (see Launhardt et al. 2001).

BHR 71 (also known as DC 297.7—2.8) is an isolated Bok globule located at a dis-
tance of ~ 200pc (Bourke et al. 1997; hereafter B97). A highly-collimated bipolar
outflow, which is lying almost in the plane of the sky, was discovered by CO observa-
tions in this region. The driving source is associated with IRAS 11590—6452 and was
classified as a Class0 protostar with a total luminosity of ~ 9L, (B97). ISOCAM
observations have revealed that the IRAS source is associated with two embedded pro-
tostars, IRS1 and IRS2, with a projected separation of ~ 17" (Bourke 2001; hereafter
B01). IRS1 and IRS2 each drive a CO outflow: the well-known large-scale collimated
bipolar outflow is driven by IRS1 and another fainter and smaller bipolar outflow is
driven by IRS2 (see BO1 and Parise et al. 2006). Only IRS1 appears to be associated
with a substantial amount of circumstellar material (B01).

3.2 Observations and data reduction

3.2.1 ATCA observations

Millimeter interferometric observations at 95 GHz of CG 30 and BHR 71 were carried
out using ATCA with five 22 m telescopes in May and August 2005. Observations were
obtained in two different array configurations (H168 and H75) with projected baselines
ranging from 6 to 60 kA. All antennas were equipped with cooled SIS receivers, which
provided average system temperatures of 200 — 350 K at the observing frequency. A
digital correlator was used with 2 independent spectral windows. The narrow win-
dow (bandwidth ~ 8 MHz), with a channel width of 0.019 MHz, was centered on the



Table 3.1: Target list and summary of observations

Object Other IRAS R.A. & Dec. (J2000)*  Distance Array HPBW? rms®
Name Name Source [h:m:s, °: /"] [pe] configuration [arcsecs] [mJy/beam]
CG 30 BHR12 08076—3556 08:09:33.0, —36:05:01.00 400 H75+H168  4.6x3.3/4.6x3.2 65/0.5
BHR 71 B213 11590—6452  12:01:36.5, —65:08:49.49 200 H75+H168  3.6x2.9/3.9x3.1 20/2.0

?Reference position for figures and tables in this chapter (except Spitzer images).
Synthesized FWHM beam sizes at NoH*(1-0) line / 3mm dust continuum with robust weighting 1.
“1 o noises at NoH™(1-0) line /3 mm dust continuum.

Table 3.2: ATCA 3mm dust continuum results for CG 30 and BHR 71.

Source R.A.¢ Dec.® S, FWHM sizes® My (nH>b Ny¢
(J2000) (J2000) [mJy] maj. X min. P.A. [Mg] [x107em™3]  [x10*cm ™2
CG 30N 08:09:33.12 —36:04:58.12 15.843.2 571x3"1 8947° 1.104+0.26 1.11 4.51
CG 30S 08:09:32.67 —36:05:19.09 6.0%+1.3 478 x 3" 744+15° 0.334+0.10 0.37 1.45
BHR 71 IRS1 12:01:36.81 —65:08:49.22 140428 78X T —T73+£20° 2.124+0.41 2.64 9.94
BHR 71 IRS2 12:01:34.09 —65:08:47.36 2.84+2.1 276x 271 76£40° 0.05+0.02 2.18 2.58

%Center position and FWHM sizes of the continuum sources derived from gaussian uv plane fitting.
b Assuming a spherical morphology for the objects, the mean volume density of hydrogen atoms ng = n(H) + 2n(Hz) was calculated by ny =
My /myuV, with V ~ 7/6(6sD)? being the Volume of the sources.

“The hydrogen column density Ny = N(H) + 2 N(H3) was derived from the flux densities by Ny = m mLH (%—Z‘), where Qg is the solid

angle of the objects and myy is the proton mass.
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NoH™ (1-0) line at 93.17 GHz, adopting the systemic velocity of two sources during the
observations. The broad window (bandwidth ~ 128 MHz) was centered at 95.0 GHz
and was used to measure the 3.1 mm dust continuum emission simultaneously with
N,oH*. The two sources were observed with 2-point mosaics each. The primary beam
size at 93 GHz is ~ 38”. Amplitude and phase were calibrated through frequent ob-
servations of quasars nearby to each source (0745—330 for CG 30 and 1057—797 for
BHR 71), typically every 20 minutes, resulting in an absolute position uncertainty of
<0”2. Flux densities were calibrated using the secondary calibrator 1253—055, the
flux of which was regularly compared to Uranus and adopted as 19.0 Jy for May obser-
vations (H168 configuration) and 14.7 Jy for August observations (H75 configuration).
Additional effort was made to improve the gain-elevation calibration of the antennas,
which can significantly affect the flux density scale, especially when observing at high
elevation. The estimated total flux uncertainty is < 20%. Observing parameters are
summarized in Table 3.1.

The data were calibrated and images produced using MIRIAD (Sault et al. 1995)
and its CLEAN algorithm, with “robust” uwv weighting parameter +1 (Briggs et al.
1999). Synthesized beam sizes are 3" —4”. Noise levels (10 rms) in the final maps are
0.5 —2 mJy/beam for the continuum and 20 — 65 mJy/beam for the NoH™ line (see
Table 3.1). Further analysis and figures were done with the GILDAS software package.

3.2.2 Spitzer observations

Mid-infrared data of CG 30 and BHR 71 were obtained from the Spitzer Science Cen-
teifl. €G30 was observed on 2004 April 9 with the Multiband Imaging Photometer
for Spitzer (MIPS: AOR key 9426688) and May 26 with the Infrared Array Camera
(IRAC; AOR key 5097216). BHR 71 was observed on 2004 June 10 with IRAC (AOR
key 5107200) and 2005 March 7 with MIPS (AOR key 9434112). Both sources were
observed as part of the c2d Legacy program (Evans et al. 2003).

The data were processed by the Spitzer Science Center using their standard pipeline
(version S14.0) to produce Post Basic Calibrated Data (P-BCD) images, which are
flux-calibrated into physical units (MJy sr™!). Flux densities in the IRAC bands were
measured with aperture photometry in the IRAF APPHOT package, using the radii,
sky annuls, and aperture corrections recommended by the Spitzer Science Center.
The results were compared to c2d, which used PSF fitting, and found to be within the
uncertainties. Flux densities in the MIPS bands were measured with GILDAS because
sources in the MIPS images are not fully resolved (see §3.3.3). Further figures were
completed with the GILDAS package.
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Figure 3.1: (a) 3mm dust continuum image of CG 30. Contours start at ~ 3¢ (0.5 mJy) with
steps of ~ 20. The grey dashed contour represents the half-maximum level of the 850 um
emission peak obtained by SCUBA observation (Henning et al. 2001). (b) The same for
BHR 71. Contours start at ~ 3 o (2mJy) with steps of ~ 2. The crosses mark the positions
of the Spitzer MIR sources. The grey dashed contour represents the half-maximum level of
the 1.2 mm emission peak obtained by SEST observation (B97). Synthesized ATCA beams
are shown as grey ovals in the two maps.

3.3 Results

3.3.1 Dust continuum

The 3mm dust continuum image of CG 30 (Fig. 3.1a) shows two compact sources with
an angular separation of 2177 £+ 0”6, corresponding to a projected linear separation of
8700+ 240 AU at a distance of 400 pc. Following Henning et al. (2001), we refer the
northern source as CG 30N and the southern source as CG 30S. From gaussian uv plane
fitting, we derive flux densities of 15.8 £3.2 mJyH for source N and 6.0+ 1.3mlJy for
source S. The large-scale common envelope, detected in the submm single-dish maps
with a radius of ~ 14000 AU and a flux density of ~7.4Jy (Henning et al. 2001),
is completely resolved out by the interferometer at 3mm. Both embedded sources
are spatially resolved. Source positions and deconvolved FWHM sizes, derived from
gaussian uv plane fitting, are listed in Table 3.2.

In the 3mm dust continuum image of BHR 71 (Fig. 3.1b), strong emission is de-
tected at the position of IRS1, and only weak emission (~ 3¢ level) is detected at the
position of IRS2. The flux densities of IRS1 and IRS2 are derived to be 140 4+ 28 mJy

thttp:/ /ssc.spitzer.caltech.edu
2The error bar is derived from /02 |, 4+ 02, where oc,); is the uncertainty from calibration (~20%
of flux density) and ot is the uncertainty from gaussian fitting.
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and 2.8 2.1 mJy, respectively. The large-scale envelope detected in the 1.3 mm single-
dish map, with a radius of ~9000AU and a flux density of ~3.7Jy (B97), is also
resolved out here. Positions and FHWM sizes of the sources are listed in Table 3.2.
The angular separation of 17” £+ 1” between IRS1 and IRS2 corresponds to a projected
linear separation of 3400 4200 AU at a distance of 200 pc. We also note that IRS1 is
elongated northwest-southeast and consists of two separate peaks in the region enclosed
by the 5o level (see Fig.3.1b). The main peak is spatially coincident with the MIR
source and the fainter peak is located ~ 2" southeast of IRS1 (see below §3.3.3).
Assuming that the 3mm dust continuum emission is optically thin, the hydrogen
gas mass My = M(H) + 2 M(Hs) in the circumstellar envelope was calculated by

M= Hd(’/)sg?(; Ta) (]\]\ffj) ’ 31)

where S, is the flux density, xq(v) is the dust opacity, B, (v, Ty) the Planck function,
Ty the mean dust temperature, and My/M, the hydrogen-to-dust mass ratio. We
adopt an interstellar hydrogen-to-dust mass ratio of 110, and a dust opacity Kgmm =~
0.2cm? g™ ! (using £1.3mm = 0.8cm? g™ and £ oc v1%), a fairly typical value for dense
protostellar cores (Ossenkopf & Henning 1994). Dust temperatures are derived from
SED fitting (see §3.4.1) and are listed in Table 3.7. The derived hydrogen masses
(0.05 — 2.1 M), together with mean volume densities (0.4 —2.6 x 10" cm~?) and col-
umn densities (1.5 —9.9 x 10%* cm™2), are listed in Table 3.2. The resulting optical
depths are Tgmm ~ 0.4 —3 x 1073, thus justifying the optically thin approximation.

3.3.2 N,H* (1-0)

NoH" emission is detected from both CG30 and BHR71. Figure 3.2a shows the
velocity-integrated NoH™ intensity image of CG30. Two cores, spatially associated
with the 3mm dust continuum sources, are seen. The northern core is elongated east-
west with a long (~20") extension to the west, along the direction of the protostellar
jet HH 120 (see Fig. 3.7c). The southern core is more compact and peaks at the position
of the dust continuum source.

Figure 3.2b shows the integrated NoH™ intensity image of BHR 71. Two cores are
found to the east and west of IRS1 (see below and discussion in §3.4.4). We refer
to these as BHR 71E and BHR 71W, respectively. The two cores are elongated in the
north-south direction. Several smaller clumps are also seen north and south of the two
main cores, along both sides of the large-scale CO outflow (see Fig.3.2b). The mean
radii of the NoyH* cores (Table 3.4) were measured with the same method described in
Chapter 2.

Figure 3.3 shows the NoH™ spectra at the peak positions of CG 30 and BHR 718.
The spectra were fitted using the hyperfine program in CLASS. The fitting results, such
as LSR velocities (Vigr), intrinsic line width (Awv; corrected for instrumental effects),
total optical depths (7i), and excitation temperatures (T ), are listed in Table 3.3.

3During the observations towards BHR 71, the correlator was not well centered due to an uncer-
tainty in the Doppler correction calculation, resulting in the NoH' JF; F =101 — 012 component not
being covered. However, the absence of this line component did not affect our final results.
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Figure 3.2: (a) Image of the NoH™ (1-0) intensity integrated over the seven hyperfine com-
ponents for CG 30. Contours start at ~ 30 (~ 60mJy) with steps of ~ 2. The arrows
show the directions of protostellar jets (see §3.3.3). The grey dashed contours show the half-
maximum level of the single-dish Mopra observation. (b) The same for BHR 71. The solid
and dashed arrows show the directions of the blue-shifted and red-shifted CO outflows (see
§3.3.3). The crosses in both images represent the peaks of 3mm dust continuum emission.
Synthesized ATCA beams are shown as grey ovals.

Table 3.3: Observing parameters from NoH™ (1-0) spectra fitting

ViLsr?® Av® Tot” Tex® A’Umeamb Avnt©

[km s™!]  [km s™!] K] [km s~ [km s™!]
CG30N 6.644+0.02 0.53+0.03 1.0+£0.1 4.66+£0.09 0.5140.01 0.47
CG30S 6.48+0.01 0.52+0.02 1.4+0.1 6.81£0.05 0.5240.01 0.48
BHR71E —4.35+0.02 0.444+0.10 1.9+£0.4 4.4440.13 0.2840.01 0.20
BHR71W —4.4240.02 0.3840.06 2.5+0.2 3.91£0.05 0.33£0.01 0.27

“Value at the intensity peak. The error represents 1o error in the hyperfine fitting.
®Mean line width obtained through gaussian fitting.
“Non-thermal line width at the given dust temperature (see Table 3.7).

Table 3.4: Volume size, density, and mass of NoH™

Source R My Noyir N(NHT) My, 1+ X(NoHT)
[AU]  [Mg] [x10% em™3] [x10™ em™2] [x10710 Mg] [x10719]
CG30N 1300 0.63 10.4 1.29 0.51 1.10
CG30S 1650  0.91 7.4 3.42 1.94 2.91
BHR71E 960  0.21 8.9 1.95 0.34 2.18
BHR71W 730 0.18 17.2 1.87 0.21 1.51
BHR 71 IRS1* 3000 0.80 1.1 1.90 3.07 5.13

@Assuming that the two NoHT cores found in BHR 71 are part of a physical structure around IRS1
with a radius of ~ 3000 AU (see Fig.3.2b) and a mean line width of 0.33kms™! (see Table 3.3).
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Figure 3.3: NoH™ spectra at the peak positions of the two cores in CG 30 (left) and BHR 71
(right). Green curves show the results of hyperfine structure line fitting. Fit parameters are
given in Table 3.3.
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Figure 3.4: NoH™ velocity field maps of CG 30 (left) and BHR 71 (right). Contours are same
as in Fig. 3.2. The white arrows in CG 30N and CG 30S show the directions of protostellar
jets. The red and blue arrows in the BHR 71 map show the directions of CO outflows.
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Table 3.5: Velocity gradients and specific angular momentum

mean velocity g CE Jr J/M

Source [km s~1] [km s=! pc1] [deggee] [km s™!]  [x1072 km s~! pc]
CG30N 6.62 <24.4+0.2 —79.7+£0.4 0.32 < 0.26
CG30S 6.45 <17.84£0.2 33.940.3 0.29 < 0.30
BHR 71 IRS1? —4.39 ~13.0+£0.4 —159.8+1.0 0.39 ~ 0.73

“Fast of north in the direction of increasing velocity
®The same assumption as in Table 3.4.
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Figure 3.5: Spatial distribution of NoH™ line widths in CG 30 (left) and BHR 71 (right), as
derived from the HFS line fitting. Contours and symbols are the same as them in Fig. 3.2.

Figure 3.4 shows the mean velocity fields of CG 30 and BHR 71, derived from the
NoH™ line maps with the fitting routine described in Chapter 2. The jet/outflow in-
formation is also shown in each map. Both CG 30N and CG 30S show well-ordered
velocity fields, with gradients parallel to the outflow directions. In BHR 71, there is a
systematic velocity gradient across the two NoH™ cores, which is roughly perpendicular
to the axis of the large-scale CO outflow. This may indicate that the two cores are
actually part of one physical structure associated with IRS1 (see discussion in §3.4.4).
A least-squares fitting of the velocity gradients has been performed using the routine
described in Goodman et al. (1993). The results are summarized in Table 3.5 and
discussed in §3.4.2.

Figure 3.5 shows the spatial distribution of NoH™ line widths for both sources. The
line widths are roughly constant within the interiors of the cores, which is consistent
with the observational results in Chapter 2. The mean line widths were derived through
Gaussian fitting to the distribution of line widths versus solid angle area in the maps
(see Fig.3.6). We find that the sub-cores in each object have roughly equal line width,

[,_s u] AV
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Figure 3.6: Distribution of NoH™ line widths versus solid angle areas for CG 30 (top) and
BHR 71 (bottom). Black solid curves and numbers show the results of Gaussian fitting to
the distributions.

but the mean line width in CG30 (~0.5kms™!) is ~1.7 times larger than that in
BHR 71 (~0.3kms™).

Assuming that the observed NoH™ line widths are not dominated by systematic gas
motions, the virial mass of the cores has been calculated as:

5 RAv?
Vo — 2 1tV 9
8In2 ay, G (3.2)

where G is the gravitational constant, R is the FWHM core radius, and Auv,,. is the line
width of the emission from an “average” particle with mass m,.. = 2.33 amu (assuming
gas with 90% Hs and 10% He). The coefficient v, is a correction for deviations from
constant density and adopted as 0.75 here (see Chapter2). Au,y, is derived from the
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observed spectra by

kKTl.. 1 1
48N (—— — ), (3.3)
my Mayve Mobs

AV = Av?

ave obs

where Auvgs is the observed mean line width of NoH™ and mp,s is the mass of the
emitting molecule (here we use my,g+ = 29 amu). We derive virial masses between
0.2 and 0.9 M. The results are listed in Table 3.4.

The NoH™ column density has been calculated independently from the line intensity
using the equation given by Benson et al. (1998):

TAVT o

+\ 11
N(NQH )—33)(10 1_6_—447/,11%

(em™?), (3.4)
where 7 is the total optical depth, Av is the intrinsic line width in kms™!, and 7T, is the
excitation temperature in K. The gas-phase NoH™' mass of the core was then calculated
from My,u+ ~ N(NoHT)peak X mn,m+ X d? x Qpwam, where d is the distance from the
Sun and Qpwpy is the solid angle enclosed by the FWHM contours for each core.

From the ratio of NoH' gas mass to virial mass, we derived the average fractional
abundance of NoH™ in each core (see Table 3.4). The average value (X (NyH ™)) ~ 2.0
x 1071 for CG 30 and BHR 71 is close to the mean value found in Chapter?2 (~ 3.3
x 10719 for nine protostellar cores.

3.3.3 Spitzer images

Figure 3.7 shows the Spitzer images of CG 30. The infrared emission from CG 30N and
CG 30S is detected at all IRAC bands (3.6 yum — 8.0 um). Fig.3.7a shows a wide-field
IRAC band 2 (4.5 pm) image. Centered at CG 30S is a highly collimated bipolar jet,
with P.A. ~40°. The knots in the jet are labeled with the same numbers as in Hodapp
& Ladd (1995). The most distant knot (No.8) is ~ 90" away from CG 30S. Assuming
a typical jet speed of 100 km s™! (Reipurth & Bally 2001), an inclination angle of 90°,
and a distance of 400 pc, the dynamical age of the jet is estimated to be ~ 1700 yr.
CG 30N appears to be the driving source of HH 120, which is ~ 5" in size and extends
to the west. Knot No. 6, located to the east of CG 30N, is probably ejected by CG 30N
and part of the same outflow as HH 120.

Figs. 3.7b and 3.7c¢ show enlarged views of the two sources, overlaid with the con-
tours from the ATCA 3mm dust continuum and NoH*' images. The two infrared
sources are spatially coincident with the 3mm dust continuum and N,HT sources.
However, when viewed in detail, CG 30S is elongated at the infrared bands and the
continuum source is located at the apex of the infrared emission, implying that the
infrared emission from CG 30S is due to scattered light in a cavity evacuated by the
jet/outflow. In contrast, CG 30N shows a point-like structure at all IRAC bands, im-
plying that the source is directly detected at NIR wavelengths (A < 5 ,um)E The NoH™
emission from CG 30N spatially follows the direction of the protostellar jet and the
long extension to the west matches exactly the HH 120 flow (see Fig.3.7c), indicating
that the jet has a strong effect on the morphology of the NoH™* emission.

4Here we assume that if the NIR emission is point-like and spatially coincides with the circumstellar
mm dust emission, it traces the source directly.
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Figure 3.7: Spitzer images of CG30. (a) Spitzer IRAC band 2 (4.5 um) image of CG 30.
Sources CG 30N and CG 30S are labeled as “N” and “S”, respectively. Dashed arrows show
the directions of the protostellar jets; (b) IRAC band 2 image overlaid with the ATCA
3mm dust continuum contours (reference center at R.A.=08:09:04.082, DEC=-36:00:53.53,
J2000); (c) Same, but overlaid with the ATCA NoH™ intensity contours; (d) Spitzer MIPS 1
(24 pm) image of CG 30, overlaid with the ATCA 3 mm dust continuum contours; (e) Spitzer
MIPS 2 (70 pum) image of CG 30, overlaid with the ATCA 3mm dust continuum contours.



Table 3.6: Spitzer flux densities of CG 30 and BHR 71°.

R.A Dec.b S(3.6um) S4.5um) SGBSum) S®0um) S24um)  S(70 pm)
Source (J2000) (J2000) mJy] mJy] mJy] mJy] mJy] mJy]
CG 30N 08:09:33.20 —36:04:58.17 55.7£1.4 123.442.1 256.1£3.0 395.843.8 3400+£100 8700£430
CG 30S 08:09:32.68 —36:05:20.38  6.7£0.5 16.8+£0.8  19.6%£0.8 9.6+0.6 50£5 42004340
BHR 71 IRS1 12:01:36.57 —65:08:49.52 32.4+1.1  82.4+1.7 123.3+£2.1 210.24+2.8 5000+300 840004800
BHR 71 IRS2 12:01:34.05 —65:08:47.03  4.51+0.4 12.4£0.7  15.4%0.7 9.3+0.6 90£30 ——

“Flux densities in the IRAC and MIPS bands were measured using IRAF APPHOT and GILDAS, respectively (see §3.2.2).

bPeak position of infrared sources measured at the IRAC band 3 (5.8 um).

Table 3.7: Fitting results of the spectral energy distribution

Source Taust  Thol Lio Lowmm  Lsubmm/Lver  Classification
K] K]  [Lg] (Lo %]

CG 30N 22 102 13.64+0.8 0.494+0.10 3.6 Class1

CG 30S 27 37 4.3£0.5 0.32+0.05 7.4 Class0

BHR 71 IRS1 25 44 13.5£1.0 0.49£0.05 3.6 Class0/1

BHR 71 IRS2 20 56  0.5+£0.1 0.02+0.01 2.2 Class0

SYNSaYy "¢€°¢
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In the Spitzer MIPS1 (24 pm) image shown in Fig.3.7d, CG 30 is again resolved
in two sources, but the emission is dominated by CG 30N and only weak emission is
found at the position of CG 30S. In the MIPS2 (70 um) image (see Fig.3.7e), the two
sources are not fully resolved, but two peaks, with total flux ratio ~ 2:1, can be clearly
distinguished. Flux densities of CG 30N and CG 30S in the IRAC and MIPS bands are
measured (see §3.2.2) and listed in Table 3.6.

The Spitzer images of BHR 71 are shown in Figure 3.8, with the same sequence as
in Fig. 3.7. The infrared emission from IRS1 and IRS2 is detected at all IRAC bands.
A large-scale (~ 160" in length) bipolar jet, centered at IRS1 with a P.A. of 165°,
is seen in the IRAC images (Fig.3.8a). The northern jet, spatially coincident with
the red-shifted CO outflow, is S-shaped, while the southern jet, containing the HH
object HH 321 (Corporon & Reipurth 1997), shows a V-shaped structure at the apex.
This V-shaped structure may represent a conical cavity evacuated by the successive
bow-shocks traced by the infrared emission (Fig. 3.8a) and the blue-shifted CO outflow
(see B97 and Parise et al. 2006). Another bipolar jet, at P.A. ~ 30°, is found with
IRS2 being in the center. Its northwest lobe, containing another HH object HH 320
(Corporon & Reipurth 1997), also shows a V-shaped structure at the apex and could
be explained in the same way.

IRS1 and IRS2 are spatially coincident with the dust continuum sources detected
with ATCA (see Fig.3.8b). The elongated structure and secondary peak found in the
ATCA dust continuum image match the left wall of the outflow cavity, suggesting they
result from the jet/outflow action (for a similar case, see Gueth et al. 2003). The NoH™
emission is located on both sides of the large-scale CO outflow and basically matches
the wall of the cavity (see Fig.3.8c). At the MIPS1 band, BHR 71 is barely resolved
into two sources and the emission is dominated by IRS1 (see Fig.3.8d). The MIPS2
image does not resolve the two sources and the emission is peaked at the position of
IRS1T (see Fig.3.8¢). Flux densities of IRS1 and IRS2 are listed in Table 3.6.

3.4 Discussion

3.4.1 Spectral energy distributions and evolutionary stages

Figure 3.9 shows the spectral energy distributions (SEDs) of CG30 N and S and
BHR 71 IRS1 and IRS2, based on the infrared (ISOCAM, Spitzer, and IRAS), sub-mm
(SCUBA, available only for CG 30), and mm (SEST and ATCA) observations. The
NIR data of CG 30N are adopted from Persi et al. (1990). The SCUBA and SEST data
for CG 30 are adopted from Henning et al. (2001) and Henning & Launhardt (1998),
respectively. The ISOCAM and SEST data for BHR 71 are adopted from B0O1 and
B97, respectively. Here we do not explicitly list all flux values, but show graphically
the SEDs. Since IRAS observations could resolve neither CG 30 nor BHR 71, flux ra-
tios at the IRAS wavelengths of 10:1 (CG 30N : CG 30S) and 20:1 (BHR 71 IRS1:IRS2)
were inferred from the Spitzer and ATCA observations. The ATCA measurements,
which are not sensitive to extended emission, are indicated by up-arrows as lower limits
in each map.
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Figure 3.9: Spectral energy distribution of CG 30N (up left), CG30S (up right), BHR 71
IRS1 (bottom left), and BHR 71 IRS2 (bottom right). Error bars (1o0) are indicated for
all data points, but are mostly smaller than the symbol sizes. Open squares represent IRAS
data points, where flux densities are divided into two sub-cores with ratios assumed in §3.4.1.
While most data points represent total fluxes, the 3 mm fluxes were measured from interfero-
metric maps which resolved out the envelope and thus represent lower limits only. Solid lines
show the best-fit for all points at A > 100 gm using a grey-body model. Dashed lines at A <
100 pm show the simple logarithmic interpolation used to derive the luminosity. The fitting
results are summarized in Table 3.7.
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In order to derive luminosities and bolometric temperatures, we first interpolated
and then integrated the SEDs, always assuming spherical symmetry. Interpolation
between the flux densities was done by a x? grey-body fit to all points at A > 100 umﬁ,
using

Sy = B(Ta)(1 —e™™)4, (3.5)

where B, (Ty) is the Planck function at frequency v and dust temperature Ty, 7, is the
dust optical depth as a function of frequency 7 o< ¥, and € is the solid angle of the
source. A simple logarithmic interpolation was performed between all points at A <
100 um. The fitting results, such as dust and bolometric temperatures, sub-mm (A >
350 pm) and bolometric luminosities, are listed in Table 3.7.

Based on these results, we try to address the evolutionary stages of CG 30 and
BHR 71. A detailed definition and discussion for early stellar evolutionary phases can
be found in André et al. (2000) and Froebrich (2005). The Lgupmm/Lbor ratios of
all sources are > 0.5% (the standard boundary of Class0 protostars, see André et
al. 2000) and the four sources each drive a bipolar jet (see §3.3.3). However, the
bolometric temperature of CG 30N is ~ 100 K and the object is also directly detected
at NIR wavelengths, suggesting CG 30N is a ClassI young stellar object. In contrast,
the low bolometric temperature (37K) of CG30S suggests it is a Class0 protostar.
In BHR 71, both IRS1 and IRS2 have bolometric temperatures less than 70K (see
Table 3.7). Nevertheless, IRS1 is directly detected at NIR wavelengths (see Fig. 3.8a),
suggesting that it is a transition object between Class(0 and I, while IRS2 could be a
Class 0 protostar.

It should be noted that the analysis above does not take into account inclination
effects: considering a protostar embedded in a circumstellar disk/envelope, its infrared
emission could be detected through the outflow cavity when this system is face-on, but
is not seen when it is edge-on. In BHR 71, the bipolar CO outflow powered by IRS1 is
lying roughly in the plane of sky, implying the latter case; the bipolar outflow driven by
IRS2 appears to favor the same situation (see Parise et al. 2006). In CG 30, however,
the inclination effects could not be easily distinguished (especially for CG 30N) because
the information about molecular outflows is still missing.

A possible explanation for the evolutionary discrepancy between the two sub-cores
in both CG 30 and BHR 71 could be that the two sub-cores are indeed not coeval,
which would be inconsistent with the assumption that they are physical binaries. On
the other hand, the unequal masses, which implies unequal accretion rates, will result in
unequal evolutionary speeds, i.e., the higher-mass component (i.e., source N in CG 30
and IRS1 in BHR 71) will evolve faster. Thus, another explanation for this evolutionary
discrepancy could be that the two components are formed coevally in a binary system
(see discussion in §3.4.3), but evolve at different evolutionary rates. We also speculate
that this evolutionary discrepancy might be slowly smoothed during the long accretion
phase and will probably no longer be evident after both objects evolve into pre-main
sequence stars (see Bate 2000).

5The 3mm points were ignored in the fitting to CG 30 to give higher priority to the submm data,
resulting in much better fitting.
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3.4.2 Gas kinematics

Assuming that at the high densities of > 10°cm™3 (see Table 3.2) the kinetic gas tem-
perature is equal to the dust temperature derived in §3.4.1, the thermal contribution
to the NoH™ line width is calculated by Avi = 8ln2ﬂ, Where k is the Boltzmann
constant and mg,s is the mass of the observed molecule. The non-thermal contributions
to the line widths (Avxt = /02, — Av2) were then calculated to be ~ 0.5kms™!
in CG30 and ~ 0.2kms™" in BHR 71 (see Table 3.3). Compared to the thermal line
widths (~ 0.2kms™!), these large non-thermal line widths (especially for CG 30) sug-
gest that turbulence, the main contribution to the non-thermal line width (Goodman
et al. 1998), plays a significant role in the protostellar cores. It should also be noted
that the mean line widths derived for BHR 71 (~ 0.3kms™!) are three times smaller
than measured by single-dish observations in Mardones et al. (1997; ~ 0.9kms™!).
Taking into account the systematic velocity gradient across the core (~ 0.3kms™;
see Table 3.5), the combined line width in our maps is still smaller than the result
from single-dish observations. It means that high-level (supersonic) turbulence occurs
mainly in the extended envelope which is resolved out by the interferometer, but the
inner core is much more “quiet”. This is consistent with what we found in Chapter 2,
namely that non-thermal motions are quickly damped from large-scale to smaller inner
cores (see e.g., Fuller & Myers 1992).

The velocity fields of CG 30N, CG 30S, and BHR 71 show systematic velocity gradi-
ents (see Fig.3.4). As discussed in Chapter 2, systematic velocity gradients are usually
dominated by either rotation or outflow. In CG 30, the gradients in both cores are
parallel to the jets. Although there is no molecular outflow information available yet
for CG 30, these gradients are likely the results of outflows and we treat them as upper
limits of underlying rotation velocity gradients. In BHR 71, the velocity gradient across
two NoH™ cores is roughly perpendicular to the axis of the large-scale CO outflow and
could be explained by rotation. [Here we assume that the two cores are associated
with TRS1 (see §3.4.4).] The velocity gradients measured in CG 30N, CG 30S, and
BHR 71 are <24.4, <17.5, and 13.0+0.5kms ! pc™!, respectively (see Table 3.5).
The gradient in BHR 71 is somewhat larger than the rotation gradient derived for
other protostellar cores in Chapter2 (~ 7kms~!pc™!) and other Class( protostars,
e.g., IRAM04199 (7Tkms~!pc™!, Belloche et al. 2002) and NGC 1333 TRAS4A (~
10kms™ pc™t, Belloche et al. 2006). On the other hand, the upper limits measured
in CG 30N and CG 30S are consistent with those in Chapter2. Assuming that these
velocity gradients are due to core rotation, the specific angular momentum J/M of
the objects was calculated using the same method described in Chapter 2. The derived
J/M for CG 30N, CG 30S, and BHR 71 are < 0.33, < 0.38, and ~ 0.73 x 103 kms™! pc
respectively (see Table 3.5).

Table 3.8 lists the estimated ratios of thermal, turbulent, and rotational energy to
the gravitational potential energy (see Chapter2 for equations). As found in Chap-
ter 2, both thermal and turbulent energy support are about equally important in the
cores, while rotational support is negligible. The estimated (3,4 values for CG 30N,
CG 308, and BHR 71 are <0.016, <0.012, and ~ 0.043, respectively. When we apply
the equilibrium virial theorem 2[Eiperm + Eturb + Erot] + Egay = 0 (in the absence of
magnetic fields), all the cores are slightly supercritical (see Table 3.8).
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Table 3.8: Energy balance®

SOUI‘CG Egrav [X 1035 J] Brot Btherm ﬁturb ﬁvir

CG 30N 4.03 <0.016 0.17 0.19 —-0.26
CG 30S 6.64 <0.012 0.15 0.17 —-0.36
BHR 71 IRS1° 2.89 ~0.043 030 0.10 -0.13

“For equations see Chapter 2
®The same assumption as in Table 3.4

3.4.3 How did the cores fragment?

Recent numerical simulations and observations support the hypothesis that the frag-
mentation of molecular cloud cores is the main mechanism for the formation of bi-
nary/multiple stellar systems, although the exact when, where, why, and how are still
under debate (see reviews by Bodenheimer et al. 2000, Tohline 2002, and Goodwin
et al. 2007). In this section, we try to examine the origin of the sub-cores in both
CG 30 and BHR 71, i.e., whether they formed by initial cloud fragmentation prior to
protostellar collapse or by prompt rotational fragmentation of a single core after the
initial collapse.

In CG 30, our previous single-dish submm maps have shown a large-scale hourglass-
shaped common envelope around the two sub-cores (Henning et al. 2001; see Fig. 3.1a).
The separation between the sub-cores is ~ 8700 AU, which is roughly two times the
typical Jeans length [Rjeans = 0.19pc (10%)% (mfc%)_%; see Stahler & Palla 2004] in
prestellar cores (~ 4000 AU at T = 10K and nyg, = 10°cm™3). The radial velocity
difference between the two sub-cores is ~ 0.16kms™" (see Tables 3.3&3.4). If we
assume that the total binary mass is 1.4 M (see Table 3.2) and the orbit is perpen-
dicular to the plane of sky, the orbit velocity difference in a bound system with the
separation of 8700 AU should be ~ 0.38km~!s™!, about two times larger than the
observed value. Furthermore, from this observed velocity difference, we estimate the
Brot 0f ~ 0.008 for the large-scale cloud core which contains the two sub-cores (radius
~ 8000 AU; see Fig.3.2a). This [y is less than the typical boundary suggested by a
series of numerical simulations (see e.g., Boss 1999 and Machida et al. 2005) for the
rotational fragmentation. Based on the morphology and velocity structure, we suggest
that the two sub-cores in CG 30 were formed by initial fragmentation of a large-scale
filamentary prestellar core.

In BHR 71, the two sub-cores have a separation of ~ 3400 AU (less than the typical
Jeans length) and are also surrounded by a large common envelope (Fig.3.1b). Unfor-
tunately, the observed velocity structure is mainly associated with IRS1 and kinematic
information of IRS2 is missing. Here we can only speculate on the basis of separa-
tion that the two sub-cores could be formed by prompt rotational fragmentation of a
collapsing protostellar core.

Numerical simulations also predict that the material collapses along the magnetic
field lines while the fragmentation occurs in a plane perpendicular to the magnetic
field. This is supported by our previous submm polarimetric observations towards
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CG30 (Henning et al. 2001). In contrast to a simple assumption that the angular
momenta of two components will be parallel in the fragmentation, we find that the
outflows, and hence the angular momentum, of the sub-cores are not aligned, neither
in CG 30, nor in BHR 71. This phenomenon is also found in other binary protostars
studied recently, like e,g., CB230 and L 723 (Launhardt 2004; Chapter 2). This could
mean that during core fragmentation the initial angular momentum is not evenly (in
value and direction) divided between the sub-cores, although the mean direction is
preserved all the time (see also discussion in Chapter 6).

3.4.4 Ny;H" vs. dust vs. CO

From our observations conducted at OVRO (Chapter 2), ATCA (this work), and IRAM-
PdBI (see Chapter 4), we find that in most objects the mm continuum source lies within
the half maximum level of the NoH™ emission. This good general agreement indicates
that NoH™ is spatially associated with thermal dust in dense protostellar cores and
cannot be significantly depleted like, e.g., CO and CS (see Bergin et al. 2001 and
Caselli et al. 1999).

Fig.3.10a shows the distribution of NoH' gas mass (derived independently from
the NoH™ emission) versus hydrogen gas mass (derived from the dust continuum emis-
sion). A clear trend is seen, with higher hydrogen gas masses having higher NoH™ gas
masses. The data could be fitted by a power-law index of 0.54 +0.08 with a correla-
tion coefficient of ~ 0.67, indicating a close correlation. In contrast, the distribution
of virial mass versus hydrogen gas mass (see Fig.3.10b) is more scattered. There is a
weak trend (correlation coefficient ~ 0.44) that the virial mass is increasing with the
hydrogen gas mass with a power-law index of 0.17£0.10. When viewed in detail, for
example, in CG 30, the ratio of gas mass to virial mass is ~ 1.7 in the northern core but
~ 0.36 in the southern core (see Tables 3.2& 3.4). These mass discrepancies could be
understood as that the mm dust continuum emission traces mainly the dense structures
(e.g., inner envelope or disk) while NoH™ emission traces the larger-scale envelope (see
e.g., Figs.3.1a & 3.2a), hence reflect masses at different scales. Nevertheless, Fig. 3.10b
shows that the hydrogen gas mass and virial mass are still consistent with each other
at a factor of ~ 2.

On the other hand, we also find that in most objects the morphology of the NoH™T
emission is directly related to the jet/outflow actions. For example, in BHR 71, two
NoH™ cores, located to the east and west of the outflow-driving source IRS1, are rotat-
ing perpendicular to the outflow axis, and there is no NoH™ emission detected at the
origin and along the large-scale CO outflow. These features suggest a large NoH™ hole
has been formed and the two cores may be the remnant of a larger NoH™ envelopdd. It
is likely that a large amount of NoH™ in the way of the outflow has been destroyed by
CO molecules, which is one of the main destroyers of NoH™ in the gas phase (Aikawa
et al. 2001). For this and this reason, we think that the emission at the position of
IRS2 (see Fig.3.2b) is part of the structure around IRS1 and does not originate from
IRS2.

6for similar cases see low-mass protostars L 483 (Jgrgensen 2004) and TRAM 04191 (Belloche &
André 2004).
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Based on the observational results, we speculate that there are three evolutionary
stages during the interaction between NoHT and jets/outflows. (1) When jets are
ejected from a protostar, NoH' molecules in the envelope are entrained and show a
jet-like morphology in the images, like, e.g., L723 VLA2 (Chapter 2) and CG 30N (this
chapter). (2) Molecular outflows, following the jets, release CO from grain surfaces
back into the gas phase and start destroying the NoH™ molecules on the way, leading
to the observed hourglass structure perpendicular to the CO outflow axis, like e.g.,
IRAS 0328243035, IRAS 0416642706, and CB224 (see Chapter2). (3) At the end
stage, large NoH™ holes in the envelopes are finally formed, like, e.g., BHR 71 IRS1
(this chapter), L 483 (Jorgensen 2004), and IRAM 04191 (Belloche and André 2004).

3.5 Conclusions

We have presented ATCA and Spitzer observations of the two isolated protostellar
double cores CG 30 and BHR 71 in the southern sky. The main conclusions of this
work are summarized as follows:

(1) The 3mm dust continuum image of CG 30 resolves two compact sources with a
separation of ~ 21” (8400 AU). In BHR 71, one strong dust continuum source is detected
at the position of mid-infrared source IRS1, while only weak emission is detected from
the secondary mid-infrared source IRS2. The separation between IRS1 and IRS2 is ~
17" (3400 AU). Assuming optically thin dust emission, we derive hydrogen gas masses
of 1.1 Mg and 0.33 M, for northern and southern sources in CG 30, and 2.1 M and
0.05 M, for IRS1 and IRS2 sources in BHR 71.

(2) NoH* (1-0) emission is detected in both CG 30 and BHR 71. In CG 30, the two
dust continuum sources are directly associated with NoH™ cores. In BHR 71, two NoH™
cores are detected around primary dust continuum source, probably part of one large
envelope, but no NoH™ is detected at the position of the dust source. The secondary
IR source is not detected in NoH™.

(3) The excitation temperatures of the NoH™ line are 4.7 —6.8 K for CG 30 and
3.9—-4.4K for BHR71. The FWHM radii of NoH" cores range from 730 to 1700 AU.
The average fractional abundances of NoHT, derived from the ratio of NoHT gas mass
to virial mass, is ~2.0 x 107'°, which is consistent with the results obtained in our
previous study of the cores in northern sky. The observed mean NoH™ line widths
are ~0.5kms™! for CG30 and ~0.3kms~! for BHR 71. The line widths are roughly
constant within the interiors of the cores and large line widths only occur at the edges
of the cores. The derived virial masses of the NoH™ cores range from 0.2 to 0.9 M.

(4) We derive the NoH™ radial velocity fields for CG30 and BHR71. The two
N,H* cores in CG 30 show systematic velocity gradients of ~24.4kms~!pc~! and
~17.8kms ! pc~! that are parallel to the outflow directions and could be affected by
the outflows. In BHR 71, a systematic velocity gradient of ~13kms™! pc~! across the
two cores is perpendicular to the large-scale outflow and could be explained by rotation.

(5) Assuming that the observed systematic velocity gradients are due to core ro-
tation (if perpendicular to outflow) or place an upper limit to rotation (if parallel
to outflow), we estimate specific angular momenta of <0.26, <0.30, and ~0.73 X
102 kms~ ! pc for CG 30N, CG 30S, and BHR 71, respectively. The ratios for the ra-
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tional energy to the gravitational potential energy for CG 30N, CG 30S, and BHR 71
are estimated to be <0.016, <0.012, and ~ 0.043, respectively. We find that thermal
and turbulent energy support are about equally important in the cores, while rotational
support is negligible. The cores in both CG 30 and BHR 71 are found to be slightly
virially supercritical.

(6) Infrared emission from both sub-cores in both CG 30 and BHR 71 is detected at
Spitzer IRAC bands and MIPS bands. Each source is driving its own outflow, as seen
in the shock-excited 4.5 pm infrared images. CG 30N is associated with a Herbig-Haro
flow, while the southern source is driving a large bipolar jet. In BHR 71, both IRS1 and
IRS2 are associated with Herbig-Haro objects and driving bipolar jets which coincide
spatially with the CO outflows.

(7) By fitting the spectral energy distributions, we derive the dust temperature,
bolometric temperature, and bolometric luminosity of the sources. We find that
CG 30N is a ClassI object while the southern source is a Class 0 protostar. In BHR 71,
the properties of IRS1 resemble a Class0/I transition object, while IRS2 is a Class0
protostar. We speculate that the sources may nevertheless be coeval but that this
evolutionary discrepancy is due to unequal masses and evolutionary speeds.

(8) Based on the morphologies and velocity structures, we suggest that the double
cores in CG 30 were formed by initial fragmentation of a filamentary prestellar core,
while BHR 71 may originate from rotational fragmentation of a single collapsing pro-
tostellar core. We also find that the angular momenta of the sub-cores are not aligned
in either pair of sources.

(9) Our observations show a close correlation between thermal dust emission and
NoH*. The NoH™' emission is spatially associated and quantitatively correlated with
the dust continuum emission. However, we also find a strong relationship between the
morphology of the NoH™ emission and the jet/outflow actions. Outflows first seem to
entrain NoH™' and then gradually destroy it, which leads to the observed hourglass-
shaped intensity maps and NoH™ hole.
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Chapter 4

IRAM-PdBI observations of two binary
protostars L1448 IRS3 and SVS 13

This chapter is based on a paper to be submitted to Astrophysics Journal by Chen,
Launhardt, & Henning (2008) and a paper prepared for Astrophysics Journal by Chen,
Launhardt, Henning, & Goodman, et al. (2008).

4.1 Introduction

Following our observations at OVRO and ATCA, we continue our program at the
IRAM Plateau de Bure (PdBI) array. In this chapter, I present our first results from
IRAM-PdBI toward two binary protostars 1.1448 TRS3 and SVS13. Complementary
infrared data from the Spitzer Space Telescope (hereafter Spitzer) and the ESO Very
Large Telescope (VLT) are also presented here.

The L1448 complex is located within the Perseus molecular cloud at a distance of
~ 300 pc (Herbig & Jones 1983). Three IRAS point sources, IRS1, IRS2, and IRS3, are
revealed in this region. Of these, 1.1448 IRS3 (IRAS 03225+3034), the brightest source
at far-infrared wavelengths, lies in the center of a large-scale NH3 molecular cloud core
(Bachiller & Cernicharo 1986) and is also known as L1448N. L1448 IRS3 consists of
three distinct sources which have been resolved at 2.7 mm dust continuum and named
A, B, and C, respectively (Looney et al. 2000; hereafter LMW2000). Source A was
first detected at 2 and 6 cm by Curiel et al. (1990), coincident with a strong HyO
maser (Anglada et al. 1989; Persi et al. 1994). Source B, located ~ 7" southwest of
source A, is a weaker source at cm wavelengths (Curiel et al. 1990), but dominates
the emission at mm wavelengths (Terebey & Padgett 1997; LMW2000). Both Barsony
et al. (1998) and LMW2000 suggest that sources A and B form a protobinary system
embedded in a common envelope. The former study estimates the circumbinary struc-
ture contains 1.4 M of material, while the latter study estimates individual envelopes
masses of 0.09 M and 0.52 M, around sources A and B, respectively. Source C, also
called L1448NW (Terebey & Padgett 1997), is located ~ 20" northwest to the AB pair.
Barsony et al. (1998) fitted its spectral energy distribution and estimated a bolometric
luminosity of 2.7 L, and an envelope mass of ~ 0.8 M. All three sources were clas-
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sified as Class0 protostars by Barsony et al. (1998). Bipolar CO outflows were also
detected from sources A and B (Wolf-Chase et al. 2000).

SVS 13 is a young stellar object (YSO) located in the NGC 1333 star-forming region
at a distance of 350 pc (Herbig & Jones 1983)@. It was discovered as a near-infrared
(NIR) source by Strom et al. (1976). There are at least three mm continuum sources
detected around SVS13 (Chini et al. 1997; Bachiller et al. 1998, hereafter B98) and
named A, B, and C, respectively (LMW2000). Source A is coincident with the in-
frared /optical source SVS 13, source B located ~ 15” southwest of A, and source C fur-
ther to the southwest (B98; LMW2000). With high-resolution observations, LMW2000
detected another mm source located ~ 6” southwest of source A, which is coincident
with the radio source VLA 3 in the VLA survey of this region (Rodriguez et al. 1997;
1999). More recently, Anglada et al. (2000; 2004) revealed that source A is actually a
binary system with an angular separation of 0/3. Located to the southeast of SVS 13 is
a classical Herbig-Haro (HH) objects chain 7—11, which was first discussed by Herbig
(1974) and Strom et al. (1974), and has been well-studied in the past two decades
(see e.g., Khanzadyan et al. 2003 and references therein). Although several possible
driving candidates have been proposed for this large-scale HH chain (e.g., Rodriguez
et al. 1997), high-resolution CO (2-1) observations (Bachiller et al. 2000, hereafter
B2000), as well as an analysis of spectral energy distribution (see LMW2000), clearly
favor that SVS13 A is the driving source of the HH7—11 flow.

4.2 Observations and data reduction

4.2.1 IRAM-PdBI observations

Millimeter interferometric observations of 1.1448 IRS3 and SVS 13 were carried out with
the IRAM PdBI in 2006 March (C configuration with 6 antennas) and July (D configu-
ration with 5 antennas). The two targets were observed with track-sharing mode. The
3mm and 1 mm bands were observed simultaneously, with baselines ranging from 16 m
to 176 m. During the observations, two receivers were tuned to the NoH™ (1-0) line at
93.14 GHz and ¥CO (2-1) line at 220.40 GHz, respectively. Bandwidths at NoH™ line
and *CO line were 20 MHz and 40 MHz, resulting in spectral spacing of 39kHz and
79 kHz and velocity resolution of 0.2kms™! and 0.1kms™!, respectively. The remain-
ing windows of the correlator were combined to observe the continuum emission with
a total band width of 500 MHz at both A3.1mm and A1.4mm. The system tempera-
tures of 3mm and 1 mm receivers were typically 110 — 200 K and ~ 300 K, respectively.
The (naturally-weighted) synthesized beam sizes were 28 x 2”5 at 93.2 GHz and 172
x 171 at 220.4 GHz. The FWHM primary beam sizes were ~ 54" and 23", respectively.
Several nearby phase calibrators were observed to determine the time-dependent com-
plex antenna gains. The correlator bandpass was calibrated with the sources 3C273
and 1749+096, while the absolute flux density scale was derived from 3C345. The cal-
ibration uncertainty was estimated to be ~15%. Only NoH™ line data were used here

! Although recent VLBA observations suggest a distance of 220 pc (see Hirota et al. 2008), we use
here 350 pc for consistency with early papers.
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because the signal-to-noise ratio of the *CO (2-1) line data was too low. Nevertheless,
the quality of the 1.4mm dust continuum data was sufficient for our analysis. The
data were calibrated and imaged using the GILDAS software. Observing parameters
are summarized in Table 4.1.

4.2.2 Spitzer observations

Mid-infrared data of L1448 IRS3 and SVS 13 were obtained from the Spitzer Science
Center. 11448 TRS3 was observed by Spitzer on 2004 September 8 with the Infrared
Array Camera (IRAC; AOR key 5786624) and September 19 with the Multiband Imag-
ing Photometer for Spitzer (MIPS: AOR key 5798656). SVS 13 was observed on 2004
September 8 with the IRAC (AOR key 5793280) and September 20 with the MIPS
(AOR key 5789440). Both sources were observed as part of the c2d Legacy program
(Evans et al. 2003).

The data were processed by the Spitzer Science Center using their standard pipeline
(version S14.0) to produce Post Basic Calibrated Data (P-BCD) images, which are flux-
calibrated into physical units (MJy sr~!). Further analysis and figures were completed
with the IRAF and GILDAS software packages.

4.2.3 VLT observations

Near-infrared data of SVS13 were obtained from the ESO/ST-ECF Science Archive
Facilityﬁ. SVS 13 was observed with NACO (Lenzen et al. 2003; Rousset et al. 2003)
at the ESO VLT (UT4) on Cerro Paranal in Chile in January and February 2005. The
detector of NACO is an Aladdin InSb 1024 x 1024 pixel array. The camera used was
S27, which provides pixel scale of 27.03 mas pixel ™! with a field of view of 28" x 28",

The observations were carried out in the Hy (1-0) S(1) band (central wavelength
2.122 ym, bandwidth ~ 0.022 um). Observation parameters are summarized in Ta-
ble 4.2. The data reduction was carried out using self-developed IDL scripts. After
bad-pixel filtering, flat-field correction, and sky removal, the individual dithering posi-
tions were combined into a resulting mosaic image. Further analysis and figures were
completed with the GILDAS software package.

4.3 Results

4.3.1 PdBI results

The 3mm dust continuum images (see Fig.4.1) show three distinct sources in both
L1448 TRS3 and SVS13. Following LMW2000, the sources are labeled A, B, and
C, respectively. 11448 TRS3 C and SVS13 C, the weakest sources in both objects,
unfortunately lie outside the field of view at 1.4mm. From gaussian uv plane fitting,
we derive flux densities and deconvolevd FWHM sizes for all sources (see Table 4.3).

Zhttp://archive.eso.org
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Table 4.1: Target list and summary of the IRAM-PdBI observations.

Object Other R.A. & Dec. (J2000)*  Distance Array HPBW? rms®

Name  Name [h:im:s, °: /"] [pe] configuration [arcsecs] [mJy/beam]
L1448 IRS3  L1448N  03:25:36.30, 30:45:15.00 300 CD 2.8x2.5,1.2x1.1 18.6, 0.66, 3.9, 100

SVS13 HH7-11 03:29:03.20, 31:15:56.00 350 CD 2.8%x2.5,1.2x1.1 15.5,0.62, 3.7, 120

?Reference position for figures and tables in this chapter, except Spitzer images.
®Naturally-weighted synthesized FWHM beam sizes at 3mm and 1.4mm dust continuum.
10 noises at NoH™ (1-0) channel, 3 mm dust continuum, 1.4mm dust continuum, and velocity-integrated NoH™ intensity maps.

Table 4.2: VLT/NACO observation logs of SVS 13¢.
Obs. date DITxN? Seeing Airmass

(UT Date) [s] ["]
2005 Jan. 11 5.0x5 0.73 1.8
2005 Jan. 21 5.0x2 1.00 1.9
2003 Jan. 29 9.0x5 0.94 2.0
2003 Feb. 17 15.0x5 0.86 2.3

®The observations were carried out in the Hy (1-0) S(1) band with S27 camera.
’DIT and N correspond to the exposure integration time and the number of exposures, respectively.

Table 4.3: PdBI mm dust continuum results for 1.1448 TRS3 and SVS 13.

Source Position® S0 [mJy] FWHM sizes at 3mm My (3mm) My (1.4mm)

a(J2000) 4(J2000) A3.lmm  Al.4mm maj. X min. P.A. [Ma] [Mo)

L1448TRS3 A 03:25:36.53 30:45:21.35 12.24+1.8 104+£16 ~ 175 —— 0.6+0.1 0.39+£0.06

B 03:25:36.33 30:45:14.87 84412 602+90 274x270 31+4° 4.14+0.6 2.23£0.33
C  03:25:35.68 30:45:33.39 7.1£2.3 —— ~ 171 —— 0.3+0.1 ——

SVS13A 03:29:03.75 31:16:03.76 30.0+4.5 135+21 274x1"4 —58+6° 1.3+0.2 0.42+0.07

B 03:29:03.07 31:15:52.02 42.4£6.4 193+£30 277x1"8 —46+5° 2.8+£0.4 0.97£0.15
C 03:29:01.96 31:15:38.26 6.5+1.0 —— ~ 0’7 —— 0.3£0.1 ——

@Center position of the continuum sources from gaussian uv plane fitting at 3 mm.

bThe error bar is derived from \/Uzah + Ugt, where o¢a)i is the uncertainty from calibration (~ 15% of flux density) and og is the uncertainty from

gaussian fitting.
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Figure 4.1: IRAM-PdBI 3mm and 1.4 mm dust continuum images of L1448 IRS3 (up) and
SVS13 (bottom). Contours start at ~ 3o (see Table 4.1) by steps of ~20. The crosses in
the SVS 13 images mark the position of the radio source VLA 3 (Rodriguez et al. 1997). The
synthesized PdBI beams are shown as grey ovals.

In L1448 TRS3, the dust continuum emission is dominated by source B at both
3mm and 1.4mm. The common envelope around sources A and B, detected by single-
dish sub-mm observations (Barsony et al. 1998), is resolved out by the interferometer
at both wavelengths. Compared with compact structures seen at 3mm, both A and
B show relatively extended emission at 1.4mm. The separation between A and B is
measured to be 677 40”5, corresponding to ~ 2000 AU at a distance of 300 pc.

In SVS 13, the large-scale common envelope of the three sources, detected in the
submm (SCUBA; Chandler & Richer 2000) and mm (IRAM-30m; Chini et al. 1997)
single-dish maps, is also resolved out. The measured angular separations are 14”6 + 02
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Figure 4.2: Tmages of the NoH' (1-0) intensity integrated over the seven hyperfine line com-
ponents for 11448 TRS3 (left) and SVS13 (right). The unit of the scale is [Jy beam ™! km
s71]. Contours start at ~ 3o (see Table 4.1) with steps of ~ 2. Crosses represent the peaks
of 3mm dust continuum emission. Solid and dashed arrows show the direction of blue- and
red-shifted outflows. Synthesized PdBI beams are shown as grey ovals.

between sources A and B, and 19”8 + 0”2 between B and C. A weak emission peak,
spatially coincident with the radio source VLA 3 (Rodriguez et al. 1997) and the 2.7 mm
dust continuum source A2 in LMW2000, is detected in the 3 mm dust continuum image
but not seen in the higher-resolution 1.4 mm image (see Fig.4.1). Hereafter, we refer
this weak 3 mm continuum source as VLA 3.

Assuming that the mm dust continuum emission is optically thin, the total gas
mass in the circumstellar envelope was calculated with the same method as described
in Launhardt & Henning (1997). In the calculations, we adopt an interstellar hydrogen-
to-dust mass ratio of 110, and dust opacities of &1 gmm = 0.8 cm?g™! (a typical value
for dense protostellar cores; see Ossenkopf & Henning 1994) and of ks, ~ 0.2cm? gt
(using k oc v*®). Dust temperature of the objects in L1448 TRS3 is adopted as 22K
(see Barsony et al. 1998); the dust temperatures of the objects in SVS 13 are derived
from SED fitting (§4.4.1) and listed in Table 4.8. The derived masses, ranging from
0.3 to 4.1 M at 3mm and from 0.4 to 2.2 M, at 1.4mm, are listed in Table 4.3.

NoH" emission is detected from both sources. Figure 4.2 shows the velocity-
integrated intensity images of both sources. The emission was integrated over all seven
components, using frequency masks that completely cover velocity gradients within
the objects. In L1448 TRS3 (Fig.4.2a), a core, spatially coincident with the mm con-
tinuum source B, is seen. This core is elongated in the northeast-southwest direction,
i.e., roughly perpendicular to the axis of the CO outflow driven by source B. In SVS 13
(Fig.4.2b), a core, spatially associated with the mm continuum sources B and VLA 3,
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Figure 4.3: NoH™ spectra at the peak positions of L1448 TRS3 (left) and SVS13 (right).
Green solid curves show the results of hyperfine structure line fitting. Fit parameters are
given in Table 4.4.

Table 4.4: Observing parameters from NoH™ (1-0) spectra fitting

VLSRa Av® Ttota Texa Avmeanb AUNTC
[km s™1]  [km s} K] [km s™!]  [km s}
L1448 IRS3  4.434+0.03 0.89+0.03 1.6+0.1 7.6£0.1 0.81£0.01 0.79
SVS13 8.39£0.01 0.46+0.02 2.2£0.1 10.1+£0.5 0.48+0.01 0.44
“Value at the intensity peak. The error represents 1o error in the hyperfine fitting.
®Mean line width obtained through gaussian fitting.
“Non-thermal line width at the given dust temperature (see Table 4.8).

is also seen and elongated in the northeast-southwest direction but double-peaked: one
peak is coinciding with source B and the other is located ~ 2” southwest to VLA 3.
The FWHM radius of the core is measured to be ~ 1520 AU. An emission jet is seen
at the western edge of the core, which is ~ 10" in size and extends to northwest. Two
smaller clumps, one located close to source C and the other located ~ 10” northeast of
source A, are also seen in the image (see Fig. 4.2b).

Figure 4.3 shows the NyHT (1-0) spectra at the peak positions of 11448 TRS3 and
SVS13. Seven hyperfine complex of the NoH™ (1-0) line have been detected in both
sources. Using the hyperfine fitting program in CLASS, we derive LSR velocity (Visr),
intrinsic line width (Awv; corrected for instrumental effects), total optical depth (7i),
and excitation temperature (T,y) (see Table 4.4).

By simultaneously fitting the seven hyperfine components with the routine de-
scribed in Chapter 2, we derive the mean velocity field of 1.1448 TRS3 and SVS 13 (see
Fig.4.4). The outflow information is also shown in the two images. Both L1448 IRS3
and SVS 13 show well-ordered velocity fields, with velocity gradients increasing from
southwest to northeast. In L1448 TRS3, the gradient is roughly perpendicular to the
axis of the outflow, while in SVS 13, the gradient is > 50° across the axis of outflow
driven by source B. A least-squares fitting of velocity gradients has been performed with
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Figure 4.4: NoH™ velocity field maps of L1448 IRS3 (left) and SVS13 (right). Contours
and crosses are same as in Fig. 4.2. The red and blue arrows show the directions of red- and
blueshifted CO outflows.

Table 4.5: Volume size, density, and mass of NoH™

Source R Miy Nyir N(NoHT) My, u+ X (NoHT)

[AU]  [Mg] [x10%° em™3]  [x10'2 em™2] [x10719 Mg] [x10719)
L1448 IRS3 1500 1.67 18.0 8.36 4.1 3.3
SVS13 1520 0.91 9.4 6.37 4.3 6.4

the routine described in Goodman et al. (1993). The fitting results are summarized in
Table 4.6. The details of the velocity fields are discussed in §4.4.2.

Figure 4.5 (top) shows the spatial distribution of NoH™ line widths for 1.1448 TRS3
and SVS 13. In the two sources, the line widths are roughly constant within the interiors
of the cores, which is consistent with the observational results found in Chapter 2 and
Chapter 3. The mean line width of two objects are derived from gaussian fitting to the
distribution of line widths versus solid angle area (see Fig.4.5 bottom and Table 4.4).
The virial masses of the NoH™ cores (see Table 4.5) are then calculated using the same
method described in Chapter 2.

Table 4.6: Velocity gradients and specific angular momenta

mean velocity g S Jr J/M
Source [km s7!] [km s~ pc71] [degree] [km s™!] [x1073 km s™! pc]
L1448 TRS3 4.77 61.3+0.2 88+1 0.92 ~ (.86
SVS13 8.59 28.0+0.1 51+1 0.43 ~ 0.40

“East of north in the direction of increasing velocity
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Figure 4.5: Top: Spatial distribution of NoH™ line widths in L1448 TRS3 (left) and SVS13
(right), as derived from the HFS line fitting. Contours and symbols are the same as them in
Fig. 4.2. Bottom: Distribution of NoH™ line widths versus solid angle areas for 1.1448 IRS3
(left) and SVS 13 (right). Black solid curves and numbers show the results of Gaussian fitting
to the distributions.

4.3.2 Spitzer and VLT results

Figure 4.6 shows the Spitzer images of L1448 IRS3. Fig. 4.6a shows a wide-field IRAC 2
(4.5 pm) image of L1448 complex, in which three Class0 sources 1.1448 TRS2, 1.1448
IRS3, and L1448C (also known as L1448-mm) are labeled. Centered at 1L.1448C is a
well-studied collimated bipolar jet, which is associated with high-velocity outflow seen
at SiO (Guilloteau et al. 1992) and CO (Bachiller et al. 1995). Its northern lobe shows
multiple bow-shocked structures and rushes directly into L1448 IRS3, in which two
infrared sources are found (see Fig.4.6a).
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Figure 4.6: Spitzer images of L1448 IRS3. (a) Spitzer IRAC band 2 (4.5 pm) image of
L1448 complex. (b) IRAC band 2 image of L1448 IRS3 overlaid with the PdBI 3mm dust
continuum contours. (c) Same, but overlaid with the PABI NoH™ intensity contours; (d)
Spitzer MIPS1 (24 pm) image of L1448 IRS3, overlaid with the PABI 3mm dust contin-
uum contours (reference center at R.A.=03:25:22.51, DEC=30:45:10.85, J2000); (e) Spitzer
MIPS 2 (70 pm) image of L1448 IRS3, overlaid with the PdBI 3 mm dust continuum contours.
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Figs. 4.6b and 4.6¢ show enlarged views of L1448 IRS3, overlaid with the contours
from the PdBI 3mm dust continuum and NoH™' images. The two infrared sources are
spatially coincident with their dust continuum sources. The emission around source
B shows an elongated structure, with source B being at the apex, implying that the
infrared emission is due to the scattered light in a cavity evacuated by the outflow (see
Chpater 3 for similar cases). Located to the north of source A is an infrared knot (see
Fig. 4.6b), which was previously found in the Hy (1-0) S(1) image by Curiel et al. (1999)
and could be ejected by source A. In the MIPS 1 (24 pm) image shown in Fig. 4.6d, the
emission is peaked at source A and few emission is found at source B. At MIPS 2 band
(70 pm; see Fig.4.6e), the emission is extended at the AB pair and sources A and B
are not resolved. No infrared emission is detected from source C at all IRAC bands
and MIPS bands, suggesting that source C is either a deeply embedded protostar or a
very low luminosity object under the detecting sensitivities of the Spitzer.

Figure 4.7 shows the Spitzer images of SVS 13, with the same sequence as in Fig. 4.6.
In the wide-field IRAC2 image shown in Fig.4.7a, a number of HH objects are seen,
implying active star formation in the NGC 1333 region. The HH objects that can
be clearly distinguished are labeled by the same numbers as in Bally et al. (1996;
for a comparison see their optical image in Figure 2). In the IRAC maps, a strong
infrared source is spatially coinciding with the dust continuum source A. Located to
the southeast of source A is the well-known HH chain 7—11 (see Fig.4.7b), which is
associated with high-velocity blue-shifted CO outflow (B2000). Another collimated jet
is found in the south of SVS 13 with the continuum source C being located at the apex
(see Fig.4.7b), but no infrared source is found at this position. Fig.4.7c shows that
the NoH™ emission is not spatially associated with the infrared emission, but roughly
perpendicular to the directions of the jets/outflows.

In the MIPS1 image, a strong infrared source is again found at source A, and
another weak one is found at source C. In the MIPS2 image, extended emission are
seen at sources A and C. It should be noted that no infrared emission is detected from
source B at all IRAC and MIPS bands, which could be explained in the same way as
source C in L1448 TRS3. Flux densities of sources A and C are measured with aperture
photometry in the IRAF APPHOT package, with the radii, sky annuls, and aperture
corrections recommended by the Spitzer Science Center (see Table 4.7).

Figure 4.8 shows the Hy narrow band images of SVS 13 A, taken by NACO/VLT at
four different epochs. In the images, a single (unresolved) star is found at the position
of SVS13 A. Another young stellar object ASR2 (Aspin et al. 1994), located ~ 11”5
southwest of SVS13A, appears to be a close binary] with an angular separation of
0712 £ 0701 (42 AU at a distance of 350 pc).

4.4 Discussion

Our discussion is focused on SVS13. The results of L1448 IRS3 will be discussed to-
gether with other objects in Chapter6. More details of L1448 IRSS3, as well as the

3This object is only resolved in the image taken on January 11 2005, i.e., in the best observational
conditions (see Table 4.2).
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Table 4.7: Spitzer flux densities of L1448 IRS3 and SVS 13

R.A@ Dec.® S(3.6um) S@A.5pum) S(B.8um) S@®0pum) S(24um)  S(70 um)
Source  (J2000) (J2000) mJy] (mJy] (mJy] (mJy] [Jy] [Jy]

L1448 TRS3 A 03:25:36.52 30:45:23.23  1.2+0.2 10.5+0.3  45.3£1.3 149.5%+2.3 4.4+0.1 28.5£0.2
B 03:25:36.21 30:45:17.15 1.6%+0.3 4.7£0.5 5.7£0.5 55H=%1 —— ——

SVS13 A 03:29:03.73 31:16:03.80 312.5+£3.4 543.1+£4.4 2607£10  2433£10 20.764+0.06 111.7+0.3

C 03:29:01.98 31:15:38.17 < 0.36° <0.43 <1.3° <0.54° 0.22£0.01  12.2+0.1

“Peak position of infrared sources measured at the IRAC band 3 (5.8 ym).
"JRAC sensitivities of the Spitzer.

Table 4.8: Fitting results of the spectral energy distribution for SVS13.
Source Tdust Tbol Lbol Lsubmm Lsubmm/Lbol Classification

K] K] [Le] [Le] %]
SVSI3 A 33 114 466 0.37 0.8 0/1(?)
B 22 28 56 0.28 5.0 0
C 32 3% 43 0.9 2.1 0
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Figure 4.7: The same as Fig. 4.6, but for SVS13 (reference center at R.A.=03:29:17.49,
DEC=31:12:48.54, J2000).

forthcoming IRAM-PdBI data of L1448C and L1448 IRS2, will be presented in a sep-
arate paper prepared by Chen, Launhardt, Henning, ¢ Goodman, et al.

4.4.1 Spectral energy distributions and evolutionary stages

Figure 4.9 shows the spectral energy distributions (SEDs) of SVS13, based on the
infrared (Spitzer and IRAS), sub-mm (SCUBA), and mm (IRAM-30m, BIMA, and
PdBI) observations. IRAS far-infrared (only 100 pm data used here) data are adopted
from Jennings et al. (1987); SCUBA submm data from Chandler & Richer (2000);
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VLT /NACO H,(1—0) S(1)  11/01/2005 o
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Figure 4.8: VLT/NACO S27 image of SVS13 A in the Hs (1-0) S(1) narrow band. North is
up and east is to the left. The scale is marked in each map.

IRAM-30m 1.3 mm data from Chini et al. (1997)@; BIMA 2.7 mm data from LMW2000;
IRAM PdBI 3.1 mm data from this work and 3.5 mm data from B98. Since IRAS could
not resolve SVS 13, the ratio of 8:1:1 (A:B:C) was inferred for the flux density at
100 pm, according to the ratios estimated from other observations. For source B, the
Spitzer sensitivities at IRAC bands (also for source C) and MIPS bands are adoptedﬁ.
In order to derive luminosity and temperature, we first interpolated and then inte-
grated the SEDs, always assuming spherical symmetry. Interpolation between the flux
densities was done by a x? grey-body fit to all points at A > 100 um, using the same
method described in Chapter3. A simple logarithmic interpolation was performed
between all points at A < 100 pm. The fitting results are summarized in Table 4.8.
The fitting results of sources B and C confirm the early suggestions (see e.g., Chan-
dler & Richer 2000) that both sources are Class0 protostars. For source A, the high
bolometric temperature (~ 114 K) and direct detection in the NIR wavelengths suggest
it is a Class| young stellar object. However, we want to note that source A resembles
a Class0 protostar in at least two ways: (1) it is associated with a cm radio source
(VLA 4; Rodriguez et al. 1999) and embedded in a large-scale (not remnant) dusty
envelope, and (2) it is driving an extremely high velocity CO outflow (B2000), which is
believed to be one of the characteristics of Class 0 protostars (see a review by Bachiller
1996). As already mentioned by B2000, we speculate that source A could be a Class0/1

4Although IRAM PdBI 1.3 mm and 1.4 mm data are available in B98 and this work, here we prefer
using the single-dish data.
Ssee http:/ /ssc.spitzer.caltech.edu/irac/sens.html and http://ssc.spitzer.caltech.edu/mips/sens.html



A [pm] A [um] A [pm]
30001300 450 10060 24 128 3.6 30001300 450 10060 24 128 3.6 30001300 450 10060 24 128 3.6
""'V T Ty T AR | T T T ""'V T T T AR | T T <""'V T Ty T AR | T T T 3
10711 [ Svs13 A 1L svsi3 B 1[ svsiz c ]
£ - E iF q
[ - [ 1F ]
10712 E ~ =R 4F iF - E
=, f 1 i \ E
c‘“; o ‘I\\
\

= 10714 : =13 \\ ElS \R\ E
f— E \\ 3 N §
A _ F ]
21077} i ey N Tey |
; N if W E
07 | s TR Akig
1077 L

v [Hz] v [Hz] v [Hz]

Figure 4.9: Spectral energy distributions of SVS13A (left), B (middle), and C (right). Error bars (1) are indicated for all data points.
Solid squares represent real observational data points. Open squares represent IRAS 100 ym data points, where flux densities are estimated
for the three sources with ratios assumed in §4.4.1. Open triangles represent the sensitivities of the IRAC and MIPS. Solid lines show the
best-fit for all points at A > 100 um using a grey-body model. Dashed lines at A < 100 um show the simple logarithmic interpolation used

to derive the luminosity. The fitting results are summarized in Table 4.8.

uoissnasiq 'y

18



82 Chapter 4. PdBI observations of binary protostars L1448 IRS3 and SVS 13

(or even Class0) protostar, which is visible in the infrared wavelengths due to high in-
clination angle. Indeed, the bipolar CO outflow driven by source A is far from being
symmetrical (see B2000), suggesting a high inclination angle.

4.4.2 Gas kinematics of SVS 13

4.4.2.1 Subsonic turbulent motion

Assuming that the kinetic gas temperature is equal to the dust temperature (~ 20 K;
see Table 4.8 for source B), the thermal line widths of NoHT and an “average” particle
of mass 2.33my (assuming gas with 90% Hs, and 10% He) are calculated to be ~ 0.18
and ~ 0.62kms™!, respectively. The latter line width represents the local sound speed.
The non-thermal contribution to the NoHT line width (Avnr = /AvZ ., — Avd) is

then estimated to be ~ 0.44kms~!, which is about two times larger than the thermal
line width but smaller than the local sound speed (i.e., subsonic).

It is widely accepted that turbulence is the main contribution to the non-thermal
line width (Barranco & Goodman 1998; Goodman et al. 1998), while infall, outflow,
and rotation could also broaden the line width. The spatial distribution of the line
widths in SVS13 (see Fig.4.5) shows that large line widths (> 0.45kms™!) occur
mainly in the gap between sources B and VLA 3 and the emission jet at the edge of the
core. At or around the two sources, line widths are relatively small (0.3 —0.4kms™!).
We suggest that the large line widths in the gap are caused by core rotation (see below;
see also CB 230 in Chapter2 for a similar case). Taken out this rotating effect, the
corrected non-thermal line width would be 0.35 —0.4kms™!. Although this corrected
result is still larger than the thermal line, it is fair to say that the turbulence in SVS 13
is at a low level.

4.4.2.2 Fast rotation

The radial velocity field derived from NoH™ line observations shows a clear velocity
gradient across the core of ~ 28kms™! pc™! increasing from southwest to northeast,
i.e., roughly along the connection line between sources B and VLA 3. As discussed in
Chapter 2, systematic velocity gradients are usually dominated by either rotation or
outflow. As shown in Fig. 4.4, the large cross angle (> 50°) between the gradient and
the outflow axis strongly supports that this systematic velocity gradient is due to core
rotation rather than outflow.

The velocity gradient derived in SVS13 is much larger than the results found in
Chapters2 & 3 (~ 7—10kms™ pc™!) and other Class 0 objects, like, e.g., IRAM 04191
(~ Tkms™!pc™!; Belloche et al. 2002) and NGC1333 TRAS4 (~ 10kms™! pc™!; Bel-
loche et al. 2006), suggesting a fast rotation. With this gradient and the FWHM
core size (~ 1520 AU), the specific angular momentum .J/M is calculated to be ~
0.4x 103 kms *pc (~ 1.25 x 101 m? s7!), using the same method described in Chap-
ter 2.
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4.4.2.3 Energy balance

Assuming that the non-thermal line width and the velocity gradient are due to tur-
bulence and core rotation, respectively, we could estimate the contribution of different
terms to the total energy balance and derive the ratios of rotational, thermal, and
turbulent energy to gravitational potential energy (for equations see Chapter 2).

The estimated B, Biherm, and Biwp, values of SVS13 are ~ 0.023/sin%, 0.27,
and 0.13, respectively. As previously found in Chapter 2, both thermal and turbulent
contributions dominate the support of the core, while the thermal contribution about
two times outweighs turbulence. The rotational support is relatively small and could
be negligible. When we apply the equilibrium virial theorem 2[Eiperm + Eturb + Frot)
+ Egay = 0 (in the absence of magnetic field) and assume sin?i = 1, Byiy = 2(Bror +
Binerm + Beurb) — 1 1s about —0.15, suggesting the core is slightly supercritical.

4.4.3 SVS 13 A: single or binary?

High-resolution VLA observations have resolved SVS 13 A into a binary system (VLA 4A
and VLA 4B) with an angular separation of 0’3 (Anglada et al. 2000). In this system,
only one component (VLA 4B) is associated with a substantial amounts of circumstellar
dust, while the other (VLA 4A) is characterized by free-free emission at cm wavelengths
(Anglada et al. 2004).

In our VLT /NACO images, however, SVS 13 A remains as a single (unresolved) star.
The coordinate of the star is measured to be 03:29:03.76.0 +0.1, +31:16:03.94+ 1.0
(JZOOO)E, coinciding with the dust continuum source detected by IRAM-PdBI and
the radio source VLA 4B. It suggests this star is the infrared counterpart of the dust
continuum source A (at 1 —3mm) and radio source VLA 4B (at 0.7 —3.6 cm), which
is in contrast to the suggestion by Anglada et al., who considered that VLA 4A is the
counterpart of the optical/infrared star SVS13.

Only one star being detected in the VLA /NACO images makes us doubt the binary
qualification of SVS13 A. There is a possibility that VLA 4A is a deeply embedded
source, from which no infrared emission emerges yet. Indeed, the water masers associ-
ated with SVS 13 A appear segregated in position and velocity, supporting the binary
hypothesis (see Rodriguez et al. 2002). More high-resolution observations are needed
in future to determine the natures of these two components. In the discussion below,
we still assume SVS 13 A as a close protobinary system.

4.4.4 SVS13 B and VLA 3: a bound protobinary system

Our 3mm dust continuum observations find a weak source at the position of the radio
source VLA 3. Angular separation and flux density ratio between sources B and VLA 3
are measured to be 107 £0/2 and ~ 13 from the 3mm dust continuum image. The
velocity field map shows that sources VLA 3 and B are located in the red- and blue-
shifted regions, respectively. As discussed above, this velocity gradient is due to the

6The coordinate is derived from the nearby object ASR 2, of which the coordinate is referred as
03:29:03.76.0, +31:16:03.94 (J2000). The error bar is dominated by the positional uncertainties of
ASR 2.
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Figure 4.10: Position-velocity diagram of SVS 13 (along the connection line between sources
B and VLA 3). Crosses show the locations of sources B and VLA 3. Grey line marks the
mean radial velocity.

core rotation, which strongly supports the view that the two dust continuum sources
are forming a protobinary system embedded in the NoH™ core.

Fig. 4.10 shows the position-velocity diagram along the connection-line between the
two sources. The radial velocity difference between the two sources is ~0.5kms™?.
Assuming that the two sources are in Keplerian rotation, the velocity difference yields
a combined binary mass of ~1.07 M. Assuming a mass ratio of ~ 13 (Mg/Myyas),
the derived masses of sources B and VLA 3 are 0.99 and 0.08 M, respectively.

The estimated dynamical mass of source B is well comparable to the total gas mass
derived from 1.4 mm dust continuum (0.97 M) and viral mass derived from NoH™ line
(0.91 M,). Taking into account the uncertainties in our calculations, we could consider
at the first order that the dynamic mass, virial mass, and gas mass derived for source
B are equal to each other. This strongly supports our assumption above that both
sources B and VLA 3 are forming a physical-bound binary system. Hereafter, we refer
this binary protostar as SVS 13 B.

4.4.5 Hierarchical fragmentation in SVS 13

The 3mm dust continuum image of SVS13 shows three distinct sources (A, B, and
C), which are roughly aligned along a line in the northeast-southwest direction (see
Fig.4.1). Previous single-dish submm and mm maps have shown an elongated (also
in northeast-southwest direction) large-scale envelope, with a radius of ~ 20000 AU
(0.1pc), around these three sources (Chini et al. 1997; Chandler & Richer 2000). The
separations between sources A-B and B-C are ~ 5000 AU and ~ 7000 AU, respectively.
Both separations are larger than the typical Jeans length in prestellar cores (~ 4000 AU;
see Chapter3). Based on these associated morphologies, we suggest that these dust
continuum sources (A, B, and C) were formed by initial fragmentation of a large-scale
filamentary molecular cloud core.
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On the other hand, in the SVS 13 B (sub-)core, a binary protostar, with a separation
of 3800 AU (less than the Jeans length), was formed. The velocity field associated with
this binary protostar is dominated by rotation and the rotational energy is quantified
to be By ~ 0.023/sin%. Although this energy is relatively small in the support of the
core, it is believed to play an important role in the fragmentation process (see reviews
by Bodenheimer et al. 2000 and Tholine 2002). The simulations in Boss (1999) have
shown that rotating cloud cores fragment when (3, > 0.01 initially (considering mag-
netic fields support fragmentation)l. Based on the morphology and velocity structure,
we suggest that the protobinary system in SVS13 B was formed through rotational
fragmentation of a single collapsing protostellar core.

Altogether we suggest a hierarchical fragmentation picture for SVS13. (1) A large-
scale filamentary prestellar core was initially fragmented into three sub-cores (sources
A, B, and C) due to slow rotation or turbulence (see a review by Bonnell et al. 2007).
(2) These sub-cores are continually contracting toward higher degrees and start sepa-
rately collapsing; during this phase, the rotation of the sub-cores is getting faster and
dominates gas motion. (3) During or immediately after collapse, the single sub-core
fragments into a binary protostar (e.g., SVS 13 B) if rotational energy is larger than a
certain level (e.g., B0 > 0.01) or forms a single protostar (e.g., SVS 13 C?) if rotational
energy is not enough to trigger the fragmentation.

"Machida et al. (2005) suggest that the rotational fragmentation occurs only when [0t > 0.04,
considering magnetic fields suppress fragmentation. The derived [B,o; value 0.023/sin?% matches the
Machida et al’s criteria when ¢ < 50°.
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Chapter 5

VLT /NACO deep imaging of young stel-
lar objects

This chapter is based on two papers published by Astronomy € Astrophysics by Chen,
Henning, van Boekel, & Grady (2006) and Chen, Launhardt, € Henning (2007), and
one paper prepared for Astrophysics € Astronomy by Chen, Launhardt, & Henning
(2008).

Abstract

We present high-resolution near-infrared observations of young stellar objects in nearby
clouds, using the adaptive optics system NACO at the ESO Very Large Telescope
(VLT). The main goal of this study is to search for binary systems in the young stellar
objects and sample their multiplicity properties. The preliminary results suggest a raw
multiplicity rate of 354 5% with binary separation ranging from 30 AU to 2000 AU.
We describe in detail two examples. One is the ClassI object GSS 30 IRS1, the other
is relatively evolved ClassIII object HD 100453. In GSS 30 IRS1, VLT/NACO images
reveal two separate components with an angular separation of ~ 0715 (~24 AU at a dis-
tance of 160 pc). The brightness contrasts between the two components are ~ 1.4 mag
at H band, 1.5mag at K, band, and 2.1 mag at L’ band. From two-epoch images,
we find a possible orbital motion in GSS30 IRS1 and estimate a combined dynamical
mass of 2.0 £0.5 M, for this system. In HD 100453, we detect a new companion with
an angular separation of ~1706 (~120AU at a distance of 114 pc) to the primary
HD 100453. The brightness contrasts between the two components are ~ 5.1 mag at K
band and ~ 4.2 mag at Bry band. Two-epoch images also show a small possible orbital
motion in this binary system, through which we estimate a combined dynamical mass
of 1.0+£0.2 M. Based on our results, as well as the data in the literature, we derive
the distribution of specific orbital angular momentum in the pre-main sequence binary
systems. We find that the specific angular momenta of wide pre-main sequence binaries
are close to those of the protostellar cores we studied before, suggesting that these wide
binary systems could be formed directly through fragmentation of protostellar cores
and inherit most angular momentum contained in the collapse region.
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5.1 Introduction and sample

In this chapter I present our preliminary results from a systematic search for binary
systems among the young stellar objects (YSOs) in nearby clouds, using the adap-
tive optics system NACO at the ESO Very Large Telescope (VLT). For this study
I retrieved near-infrared (NIR) imaging data of a number of low-mass sources from
the the ESO/ST-ECF Science Archive Facilityﬂ. Most sources were selected such that
they have either ClassI or “flat-spectrum” (slightly more evolved than ClassI) spec-
tral energy distributions (SEDs), except IRAS 120 in L1641 (ClassII) and HD 100453
(ClassIII). These YSOs represent the direct evolutionary outcomes of the Class0 pro-
tostars that we studied in the former chapters. Therefore, studying these objects at
high spatial resolution offers an opportunity to sample an important intermediate stage
between protostellar cores and main sequence (MS) stars.

The target list and basic properties of the sources are summarized in Table 5.1.
In defining ClassI and flat-spectrum (FS) YSOs, the classification scheme of Greene
et al. (1994) has been adopted here, i.e., ClassI sources have a spectral index o =
dlog(AFy)/dlog(A) > 0.3, and flat-spectrum sources have 0.3 > ajg > —0.3 in the
wavelength range 2um < A < 12um. It must be noted that the use of only an IR
spectral index to classify YSOs is not the most physical criterion. In particular, ClassI
YSOs are primarily defined by the fact that they are surrounded by a remnant envelope
(Lada 1987). It is likely that some of the targets in this sample do not match this
criteria.

5.2 VLT/NACO observations

The sources were observed with NACO (Lenzen et al. 2003; Rousset et al. 2003) at the
ESO VLT on Cerro Paranal in Chile between 2003 and 2005. The detector of NACO is
an Aladdin InSb 1024 x 1024 pixel array. The cameras used were S13, S27, and L27,
which provide pixel scales of 13.25, 27.03, and 27.12mas pixel™!, respectively. The
fields of view of the S13, S27, and L27 cameras are ~ 14" x 14", 28" x 28", and 28"
x 28", respectively.

The observations were mainly carried out in H-band (1.66 ym), Ks-band (2.18 um),
and L’-band (3.80 um), respectively (see Table 5.1). The data reduction was carried
out using self-developed IDL scripts. After bad-pixel filtering, flat-field correction, and
sky removal, the individual dithering positions were combined into a resulting mosaic
image.

5.3 A case of Class| object: GSS 30 IRS1

Figure 5.1 shows the VLT/NACO images of the binary/multiple systems resolved in
this study. Within 2000 AU of the 34 ClassI and FS targets, we have detected a total
of 12 binary/multiple systems, of which 8 are new discoveries. A raw multiplicity rate

thttp://archive.eso.org
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Table 5.1: Sample and observation log®

Object Other name g Class  Lpo(Le) Ref.?  Filters Obs. Date (UT)
Taurus (IRAS source)
0411342758 -0.01 FS >1.6 1,2 HK.L' 03/12/03
0423942436 1.27 1 1.3 1,2 HK L' 04/12/03
0426342426 Haro6-10 1.02 1 0.74 1,2 HK L' 03/12/03
0428741801 L1551IRS5 1.57 I 28 1,2 HKL' 04/12/03
0429542251 L1536 IRS 0.11 FS 0.6 1,2 K, L' 04/12/03
0436142547 TMR 1 1.27 1 3.7 1,2 KL’ 04/12/03
0436542535 TMC1A 1.08 I 2.4 1,2 K, L' 04/12/03
04385+2550 Haro6-33 0.14 FS >0.4 1,2 HK L' 03/12/03
0448943042 0.18 FS 0.3 1,2 K, L' 04/12/03
Ophiuchus
Oph 29 GSS 30 1.20 I 21 34 HKJL' 03/03,01/06/03, 17/06/04
Oph51 -0.09 FS 0.71 4,5 K. L' 02/06,/03
Oph 108 EL 29 098 I 2 34 HE.L 01/06/03
Oph 132 IRS4 0.08 FS 5.6 3.4 K, L' 02/06/03
Oph 134 WL 6 0.59 I 1.7 3.4 K, L' 01/06/03
Oph 141 IRS 43 0.98 I 6.7 3,4 K, L' 01/06/03
Oph 147 IRS 47 0.17 FS 3.7 34 HK.JL 02/06,/03
Oph 159 IRS 48 0.18 FS 7.4 34 HKL 01/06/03
Oph 167 IRS 51 -0.04 FS 1.1 3.4 HK.L' 01/06/03
Oph 182 IRS 54 1.76 I 6.6 3.4 K, L' 02/06/03
Oph 204 L1689IRS5 -0.25 FS 2.4 46  HK.L 02/06,/03
Serpens
Ser 159 0.11 FS 57 HKJL 01/06/03
Ser 307 SVS 2 0.06 FS 57 HKL 01/06/03
Ser 314 SVS 20 -0.03  FS 57 HKL 01/06/03
Ser 347 EC129 0.06 FS 57 HKL 01/06/03
Orion A (L1641)
TRAS 29 13 1 32 8§  HE.L' 03/12/03
IRAS 72 0.15 FS 3.2 8,9 HKL' 04/12/03
IRAS 87 0.56 I 10.2 8 HKL' 04/12/03
IRAS 120 -0.43 II 1.5 8,9 HKL' 04/12/03
IRAS 171 -0.05 FS 2.4 8,9 HKL' 03/12/03
IRAS 187 V1791 Ori 0.01 FS 7.5 8,9 HK.L' 03/12/03
IRAS 191 DL Ori 0.64 I 8.1 8,9 HK.L' 03/12/03
IRAS 224 0.12 FS 1.5 8,9 HKL' 04/12/03
IRAS 237 -0.21 FS 7.3 8 HKL' 04/12/03
IRAS 270 0.47 I 5.4 8 HKL' 03/12/03
HD 100453 SAO 239162 I 90 10,11 K,Bry 02/06/03, 2370506

“Basic information was adopted from Table 1 in Duchéne et al. (2007)
References: 1) Kenyon & Hartmann (1995); 2) Motte & André (2001); 3) Barsony et al. (1997);
4) Bontemps et al. (2001); 5) 2MASS Point source Catalog; 6) Greene et al. (1994); 7) Kaas et al.
(2004); 8) Chen & Tokunaga (1994); 9) Strom et al. (1989); 10) Dominik et al. (2003); 11) Meeus et

al. (2002)
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Figure 5.1: VLT /NACO images of binaries at the K4 band (2.166 gm) and the L’ band (3.80
pum). North is up, and east is to the left. Scales are marked in each panel.
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Table 5.2: NACO observation logs of GSS30IRS1 and photometric calibration stars
SAO 245532, HD 161743.

Source Obs. date NACO Obs. DITxN* Seeing Airmass
(UT Date) Camera Band [s] "]
IRS1 2003 March 03 S13 K 60.0x4 0.81 1.01
IRS1 2003 June 01 S27 H 80.0x4 0.67 1.08
IRS1 2003 June 01 S27 K 10.0x4 0.75 1.12
IRS1 2003 June 01 L27 r 0.175x18 1.00 1.03
SAO 245532 2003 June 01 S27 K 0.5x5 1.06 1.34
SAO 245532 2003 June 01 S27 H 0.5%x5 0.92 1.33
HD 161743 2003 June 01 L27 L 0.18x5 1.18 1.04
IRS1 2004 June 17 S13 K 20.0x4 0.59 1.35

“DIT and N correspond to the exposure integration time and the number of exposures, respectively.

of 35+5% is estimated from this study. The combined results will be analyzed in a
separate paper prepared by Chen, Launhardt, & Henning. In this chapter I focus on
two individual examples: one is the ClassI object GSS 30 IRS1 (this section), the other
is more evolved ClassIII object HD 100453 (next section).

5.3.1 Introduction of GSS 30 IRS1

GSS 30 IRS1 (hereafter also IRS1) is one of the best-studied YSOs in the p Ophiuchus
molecular cloud core at a distance of ~ 160 pc. It has been classified as a low-mass
ClassI object based on its spectral energy distribution (Grasdalen et al. 1973; Elias
1978; Wilking et al. 1989) and bolometric luminosity (Lpo = 21 Ls; Bontemps et
al. 2001). NIR polarimetric studies have shown that IRS1 is surrounded by a large
(~2000 AU) disk-like envelope and a smaller (~ 150 AU) circumstellar disk, which is
inclined ~25° away from the plane of the sky (Castelaz et al. 1985; Tamura et al.
1991; Weintraub et al. 1993; Chrysostomou et al. 1996). Strong 1.3 mm dust contin-
uum emission was detected from IRS1 with an integrated flux density of ~100mJy,
indicative of a circumstellar mass of ~0.03 My (André & Montmerle 1994). Zhang et
al. (1997) detected a flattened molecular core in C'®0O and ¥CO (J=1-0), in roughly
the same orientation as the circumstellar disk. Recently, Pontoppidan et al. (2002)
detected bright CO ro-vibrational emission from IRS1, suggesting a strong accretion
shock in the inner 10 — 50 AU of the circumstellar disk. Tamura et al. (1990) reported
high velocity CO emission at 115 GHz around IRS1 in a region of roughly 5 in extent.
However, since both the blue- and red-shifted molecular gas are located to the south
of GSS 30, the origin of the molecular outflow could not be identified. In this section
I present new NIR observations of GSS30 IRS1, conducted with VLT/NACO. The
observation parameters of GSS 30 IRS1 are summarized in Table 5.2.

5.3.2 Results on GSS 30 IRS1

Figure 5.2a shows the S27/H-band image of IRS1. A bipolar nebulosity is seen around
IRS1, with a bright double-wing lobe extending to the northeast and a fainter lobe
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S13 Ks—band

S27 H—-band
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Figure 5.2: (a) VLT/NACO S27 image of GSS30IRS1 in the H-band (1.65 pum). (b) 2003
VLT /NACO S13 K¢-band (2.18 pm) image of the inner region around IRS1. The positions of
IRS1 A and IRS1 B are indicated with letters A and B, respectively. (¢) L27 L’-band (3.80 pm)
image of IRS1. (d) L27 L’-band PSF-subtracted image of IRS1. For all the images, north is
up and east is to the left. The scales are marked in each map.
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Table 5.3: HK L' magnitudes and colors of GSS 30 IRS1 A and IRS1B. Data are from the
VLT /NACO 8527 camera.

Source H K L H - K, K,— L

IRS1 109 +£0.1 84+0.1 7.84+0.02 25+02 0.6+0.1

IRSTA 11.3+02 87+01 798+0.02 26+03 07+0.1

IRS1B 127+ 03 1024+0.2 10.1£0.03 25+05 0.1=£0.2

extending to the southwest. Figure 5.2b shows a higher resolution 2003 S13/Ks-band
image of the central part around IRS1. In this image IRS1 is resolved into two objects.
In the following, we refer to the brighter eastern object as IRS1 A and to the western
object as IRS1 B. Figure 5.2c shows the L27/L’-band image of IRS1. In this image a
strong point-like object is seen at the position of IRS1 A, but fainter emission is also
detected at the position of IRS1B. To enhance the contrast on the faint source, we
subtracted the PSF from IRS1A. In this L'-band PSF-subtracted image, a point-like
object becomes visible at the position of IRS1B (see Fig. 5.2d).

S27 H—band S27 Ks—band L27 L'—ba

v‘] IRS1 1!% —
0.5" 0.5"
@ S e (b) (c)

Figure 5.3: a) S27/H-band contour image. Contours start from 30% to 90%, in steps of
10% of the peak intensity. b) Same, but at S27/Ks-band. ¢) L'-band PSF-subtracted image.
Contours (white) are at 60%, 70%, 80%, and 90% of the peak intensity of IRS1 B. The image
is overlaid with L27/L'-band contours (black; from 30% to 90%, in steps of 10% of the peak
intensity of IRS1A) and S13/Kg-band contours (red; from 60% to 90%, in steps of 10% of
the peak intensity of IRS1A).

To view the structure in detail, in Fig.5.3 we show the contour maps of the in-
ner region around GSS30 IRS1. At all HK, L' bands, IRS1 is resolved into two ob-
jects. However, both IRS1 A and IRS1 B show extended structures at H K bands (see
Figs.5.3a and 5.3b). Figure5.3c shows the contour of the L’-band PSF-subtracted
image, overlaid with the contours from Figs.5.2b and 5.2c. At L’ band, both objects
show point-like structures. Furthermore, we find that IRS1 A and IRS1 B detected at
K, band are spatially coincident with each L’ band source. Nevertheless, there is a
small offset (~ 10mas) between the peaks of IRS1B in the S13/K,-band image and
L27/L'-band image (see Fig.5.3c), which could be due to the differences in resolution
and wavelength between the cameras S13 and L27.
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The photometry of IRS1 and calibration stars was performed with the GILDAS
package. For comparison with earlier papers (e.g., Barsony et al. 1997), we first treat
IRS1 as a single source and integrate the flux densities enclosed by the FWHM levels.
The integrated flux densities are then converted into magnitudes by applying the same
method to the standard stars (see Table 5.3). The derived magnitudes of “IRS1”
compare well with the results in Weintraub et al. (1993) and Barsony et al. (1997).
In order to obtain the magnitudes of IRS1 A and IRS1B, a number of assumptions
have to be made because of their extended structures and strong scattering in nearby
nebulosity. At HK, bands, we integrate the flux densities enclosed by the 80% level
(H band) and 70% level (K band) of the peak intensities (where the two objects are
separated; see Fig.5.3) and then estimate flux ratios between the two objects. By
combining “IRS1” magnitudes and the flux ratios, we derive individual magnitudes
of IRSTA and IRSB. At L' band, the magnitude of IRS1 B was calculated from the
integrated flux density enclosed by the FWHM level in the PSF-subtracted image.
The derived H K, L' magnitudes, uncertainties, and colors of IRS1 A and IRS1B, are
listed in Table 5.3. The brightness contrasts between IRS1 A and IRS1B are 1.4mag
at H band, 1.5 mag at K bandsﬁ, and 2.1 mag at L' band, indicating that IRS1 A is
“redder” than IRS1 B. However, it must be noted that large uncertainties exist in this
photometry and the results can be referred only for qualitative analysis.

5.3.3 Discussion for GSS 30 IRS1
5.3.3.1 GSS 30 IRS1: a binary system?

In general, ClassI YSOs are still embedded in their remnant envelope, which produces
large scattered light nebulosity and makes the interpretation of the NIR maps very
complicated. In the case of GSS30 IRS1, the northeast double-wing lobe has long
been suggested as scattered light from the wall of a cavity evacuated by the molec-
ular outflow, while the fainter southwest lobe is proposed to be obscured by a tilted
circumstellar disk (Castelaz et al. 1985; Tamura et al. 1991; Weintraub et al. 1993;
Chrysostomou et al. 1996).

Taking into account this outflow-disk complex, the two objects detected in IRS1
may represent two scattered light peaks from two dust clumps located on the outer wall
of the outflow cavity. These two dust clumps could be separated by an optically thick
ridge of dense material in the disk. This is a well-known effect from optically thick
circumstellar disks observed close to edge-on (see e.g., Wolf et al. 2003b). Although a
simple disk structure seems unlikely to account for the observations of GSS30 IRS1,
a similar behavior related to a partially optically thick nebula could not be ruled out
here.

Another possibility is that IRS1 A and IRS1 B represent two YSOs and compose a
binary system embedded in a common disk. Indeed, the good agreement between the
S13/Ks-band image and L27/L/-band image (see Fig.5.3c) suggests that the two ob-
jects represent actual stars rather than scattered light structures. However, in contrast
to the point-like structures seen at L’ band, both objects show extended structures

°In the deeper image observed by S13 camera, the brightness contrast is ~ 1.0 mag at K band.
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at H K, bands (especially at H band), which makes us still doubt their stellar qual-
ifications. Unfortunately, the three-band NIR observations acquired so far are not
sufficient to determine the natures of the two objects. Since the 1.3mm continuum
observations suggest a great deal of circumstellar dust around IRS1 (André & Mont-
merle 1994), we speculate that this extended structure is due to the dust scattering
in a small cocoon/halo (or even circumstellar disk) surrounding each component, the
tidal truncation causing it to be non-spherical (see Lubow & Artymowicz 2000). At L’
band, the dust opacity (scattering) is greatly reduced; here, the point-like structure of
two objects is revealed.

Assuming that IRS1 is a binary system, the angular separation and position angle
(with respect to IRS1A) were measured to be 154.4 +5mas and 256°5 £+ 025 in the
2003 S13/ K-band image, respectively. The angular separation corresponds to a linear
projected separation of ~ 24 AU at a distance of 160 pc. Due to this small separation,
IRST A and IRS1 B remained unresolved in previous binary surveys of the p Ophiuchi
molecular cloud (see Haisch et al. 2002; Duchéne et al. 2004).

5.3.3.2 Orbital motion in GSS 30 IRS1?

Figure 5.4 shows the 2003 and 2004 two-epoch S13/K -band images of GSS30 IRSI.
The comparison shows a small shift of IRS1B (see Fig.5.4). The observed changes
in separation (~10mas) and position angle (~ 3°) suggest that IRS1B is rotating
clockwise around TRS1 AH, However, the uncertainties in the measurements are of the
same order as the change of position, therefore the result does not provide strong
evidence for the physical bound. Furthermore, two-epoch images are not sufficient to
derive orbital parameters. Before we can state that the newly discovered two objects
in IRS1 are really forming a binary system, at least one more epoch image is needed
to confirm the detection of orbital motion and at least four more epochs images are
needed to derive orbital parameters.

Nevertheless, assuming that the short shift is due to the orbital motion in the
binary system, some tentative conclusions still could be derived. From this shift, we
infer a relative proper motion of 8.6+ 3.0 mas yr~!, implying a relative velocity of 4.9
+ 1.8km s~! in the plane of the sky. According to the Keplerian motion and taking
into account an inclination ~ 25° (assuming the orbit has the same inclination as the
large circumbinary disk), we obtain a total mass of M ~ 2.0+ 0.5 M, and a period of
~ 90 yr for this binary system.

On the other hand, stellar masses could also be estimated through a comparison
between the photometry and theoretical evolutionary tracks (e.g., Gehz et al. 1997).
The bolometric luminosity of IRS1 was estimated to be 21 L., (Bontemps et al. 2001).
From the brightness contrasts between IRS1 A and IRS1 B, we infer a flux ratio of 10:1
for the two objects. Taking an age of 1 —3 x 10° yr for IRS1 (a typical age of ClassI
YSOs; see Shu et al. 1987), the comparison to the evolution tracks of D’antona &
Mazzitelli (1994) shows that the masses of IRS1 A and IRS1B are 1.3 —1.6 M and

3The separation and position angle measured in 2004 S13/K-band image are 146 4+ 6 mas and
254° 4+ 1°, respectively. For angular orientation we used the detector column as reference. The re-
peatability of the detector orientation on the sky between different observing epochs is better than
0201 (R. Lenzen, private communication).
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| arcsec

Figure 5.4: Comparison between the 2003 (left) and 2004 (right) NACO S13/Ks-band data.
The contours in both map start from 30% of the peak intensity by the step of 10%. The
contours in the middle are overlayed by two-epoch data and have been clipped to only show
the positions of IRS1T A and IRS1B. A small shift by IRS1 B is evident in the comparison. A
possible inclined trajectroy for the shift of IRS1 B is also suggested.

0.3 — 0.4 Mg, respectively. The estimated total binary mass is consistent with the mass
derived from the “orbital” motion.

5.4 A case of Class Il object: HD 100453

5.4.1 Introduction of HD 100453

HD 100453 (IRAS 11307—5402 or SAO 239162) is an isolated Herbig Ae star of spec-
tral type A9Ve (Malfait et al. 1998). Hipparcos measurements give a parallax of
8.97+£0.76 mas for HD 100453, from which a distance of 114*3" pc is derived. The
luminosity and mass of HD 100453 were estimated to be ~ 9 L, and ~ 1.7 M, respec-
tively (Dominik et al. 2003). The age of HD 100453 is estimated to be > 10 Myr by
Meeus et al. (2002). Assuming that HD 100453 is one of the members of the Lower
Centaurus Crux association (Kouwenhoven et al. 2005), the upper limit for the age of
HD 100453 could be ~ 20 Myr (Mamajek et al. 2002).

The strong infrared excess in the SED of HD 100453 implies the presence of circum-
stellar dust which is believed to be located in a circumstellar disk (Meeus et al. 2001,
2002; Dominik et al. 2003). According to the classification of Meeus et al. (2001),
HD 100453 is the so-called group Ib source, i.e., it has an SED that can be fitted with
a power-law plus a black-body continuum, but does not show silicate emission bands
shortward of 30 um. On the other hand, moderately strong PAH bands are present at
3.3, 6.2, 7.7 and 11.2 ym in the mid-IR spectrum of HD 100453 (Meeus et al. 2001).
Both Meeus et al. (2002) and Dominik et al. (2003) suggested that the lack of the sili-
cate feature is due to predominating large grains in the circumstellar disk of HD 100453.
This viewpoint is supported by the ISO-SWS spectrum of HD 100453. As shown in
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Table 5.4: NACO observation logs of HD 100453 and No.9144

Source Obs. date Central wavelength Bandwidth DIT NDIT Seeing airmass
[UT date] m ) ]
HD 100453 2003 June 02 2.18 0.35 2.0 2 0.9 1.153
HD 100453 2003 June 02 2.166 0.023 0.35 10 0.9 1.153
No.9144 2003 June 01 2.18 0.35 0.5 5 0.9 1.064
HD 100453 2005 May 23 2.166 0.023 1.0 10 0.5 1.165

NACO 2.166 um (Bry)

Figure 5.5: The 2003 VLT/NACO AO images of HD 100453 in the K band (2.18 ym) and
the Bry band (2.166 um). North is up, and east is to the left. The positions of HD 100453A
and HD 100453B are indicated with letters A and B. The scale is marked in the Ky band
image.

Vandenbussche et al. (2004), there is a tentative detection of an emission in the 34 ym
band, which can be attributed to crystalline forsterite grains with a size of ~ 2 ym. In
this section I present two-epoch high-resolution NIR observations of HD 100453. The
observation parameters of HD 100453 are summarized in Table 5.4.

5.4.2 Results on HD 100453

Figure 5.5 shows the 2003 K -band and Bry-band images of HD 100453. The main
result of the observations is the detection of a previously unknown source to the south-
east of HD 100453. Hereafter, we refer this unknown source as HD 100453B, and refer
HD 100453 itself as HD 100453A. With respect to HD 100453A, we derive from 2003
K -band image a position angle of 127.°3+1° and a separation of 1706 + (0”702 (pro-
jected linear separation = 120 £2 AU at the distance of 114 pc) for HD 100453B. The
positional error given here is dominated by the centering uncertainties of HD 100453B
(around 0.5 pixels).
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Aperture photometry of HD 100453B and the calibration star No.9144 (K, = 11.28
mag; Persson et al. 1998) was performed with the IRAF/APPHOT package. The pho-
tometric apertures of HD 100453B and the calibrator were set to 10 pixels (0727, ~ 2.8
FWHM), in which most of the flux of HD 100453B was recovered. Accurate photome-
try of HD 100453B suffers from the additional background flux caused by HD 100453A.
In order to reduce this effect, we integrated the background flux in the annulus be-
tween 49 pixels and 29 pixels with HD 100453A at the center (excluding the flux from
HD 100453B), and derived the flux scale in this annulus, assuming circularly symmetric
emission from HD 100453A. Then we calculated the background flux in the photomet-
ric aperture of HD 100453B and subtracted this background flux from HD 100453B.
On the basis of the aperture photometry and error estimates, we derived a magnitude
of 10.740.1 mag for HD 100453B in the K band. Therefore, the brightness contrast
between HD 100453A and HD 100453B is 5.1 mag in the K band (the magnitude of
HD 100453A is 5.60 £ 0.021 mag, which is taken from the 2MASS Point Source Cata-
logﬂ). Due to the high brightness contrast between primary and secondary, HD 100453B
was below the detection limit of the near-infrared survey of Kouwenhoven et al. (2005)
by roughly one magnitude, and thus remained undetected by these authors. The bright-
ness contrast at Bry band is measured to be ~4.2mag, which is about one magnitude
smaller than that at K. The photometric apertures of HD 100453A and B at Bry were
also set to 10 pixels, close to the PSF FWHM of both sources. We also subtracted the
background contribution from the flux of HD 100453B at Brv.

5.4.3 Discussion for HD 100453

The proximity of HD 100453B to HD 100453A suggests that HD 100453B is a physical
companion to HD 100453A. HD 100453 is an isolated Herbig Ae star. In a region
within a radius of 5" centered at HD 100453A, there are only seven stars brighter than
HD 100453B (K = 10.66 mag) in the K band (see Cutri et al. 2003). In analogy to
earlier binary surveys, we would consider any bright star closer than 2”0 to the primary
as a companion. Therefore, the probability for a bright field star to be considered as
a companion by chance is less than [7/(5 x 60)?7] x 2.027r = 3.0 x 107*. On the
other hand, it is already known that the binary frequency among HAEBE stars is very
high, approximately 40% (see Bouvier & Corporon 2001). This supports the view that
HD 100453B is a physical companion to HD 100453A.

The second epoch Brvy image taken in 2006 provides further evidence for the physical
bound. From the Hipparcos catalog (Perryman et al. 1997), the average annual proper
motion of HD 100453 is estimated to be ~ 37.3masyr—!. Therefore, if HD 100453B is an
unrelated field star, the relative separation between the two sources should be changed
by an amount of 071 over 3 years, a clearly detectable shift in the VLT /NACO images.
However, the comparison between the two-epoch images (see Fig. 5.6) does not find such
a large shift but instead shows a small movement of HD 100453B. In Fig. 5.7 we show
the scheme of this movement, compared with the proper motion of HD 100453A. The
comparison suggests that HD 100453B is rotating anti-clockwise around HD 100453A.
From this small movement, we derive a relative motion of 6.7 2.0 masyr—!, implying a

4http:/ /vizier.cfa.harvard.edu/viz-bin/VizieR ?-source=I1/246
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HD100453 NACO/S27 Bry—band
(23—05-2006)

HD100453 NACO,/S27 Bry—band
(02—06-2003)
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Figure 5.6: Comparison between the 2003 (left) and 2006 (right) NACO S27/Bry images.
The positions of HD 100453A and HD 100453B are indicated with letters A and B. The scale
is marked in the 2003 image. The 2006 Brvy image was taken from Collins et al. (in prep.).

(2) HD 1004534 Motion Over 3 Year Period
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Figure 5.7: (a) The proper motion of HD 100453A over 3 year period. (b) The relative
motion of HD 100453B, respecting to HD 100453A. The scheme was provided by K. Collins

(private communication).
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Table 5.5: Specific orbital angular momenta of PMS binary systems

Source Class Separation Mg q J/M Reference

[AU] [Mo] [M2/M;] [x10¥m?s71]
GSS 30 IRS1* I 24 2.0 0.3 5.48 This work
L1527 I 25 0.52 0.7 3.89 Rodriguez (2004)
L1551 TRS5 I 40 1.2 0.4 6.30 Rodriguez (2004)
YLW 15 1 72 1.7 0.5 10.96 Curiel et al. (2004)
GG Tau 11 11.6 3.34 0.22 4.08 Duchéne et al. (2006)
UZ Tau E II 41 1.31 0.28 5.58 Prato et al. (2002)
UY Aur II 165 1.6 0.6 16.97 Close et al. (1998)
HD 98800 B 11T 1 1.28 0.82 1.25 Boden et al. (2005)
NTTS 045251  III 5 2.26 0.56 3.45 Zinnecker & Correia (2004)
HD 100453* 11T 120 1.0 0.4 9.96 This work

*These values are very uncertain.

relative velocity of ~ 3.6 kms™! in the plane of the sky. Assuming to Keplerian rotation,
we estimate a lower limit to the total mass of the system to be 1.0+ 0.2 M. However,
large uncertainty exists in our estimation due to the limitation of the two-epoch ob-
servations. On the other hand, if we assume the age of HD 100453B as 10 — 20 Myr, a
simple comparison to the evolutionary tracks of Baraffe et al. (1998) shows that the K
magnitude of HD 100453B is in agreement with the predicted magnitudes of a star of
0.25—0.35 M. The corresponding mass ratio between HD 100453B and HD 100453A
is therefore ~ 0.4 £0.1.

5.5 Distribution of specific angular momentum in PMS
binary systems

The specific orbital angular momentum of a binary system is calculated by,

Jbinary =\ GMBD X L (51)

(1+q)?

where Mg, D, and ¢ are total binary mass, separation, and mass ratio (My/M),
respectively. Clearly, in order to derive specific angular momentum of binary systems,
we have to derive accurate binary mass, mass ratio and separation in advance. In
general, there are two ways to derive masses of binary systems: (1) radial-velocity
observation, and (2) multiple-epoch imaging. The former method is most favorable
for close (spectroscopic) binary systems, which has been performed over decades for
MS field stars (see e.g., Duquennoy & Mayor 1991) and for very low mass (< 0.1 M)
binary systems (see a review by Burgasser et al. 2007). For relatively wide PMS binary
systems, multiple-epoch imaging to constrain orbital motion and hence dynamical mass
is the usual method used. However, due to large efforts and observing times required by
this method, the numbers observed are still very small. Table 5.5 lists a few PMS binary
systems, of which the dynamical masses were already studied. We find that the specific
angular momenta of these PMS binaries (especially wide systems) are close to those
of the protostellar cores we studied before (see Fig.2.13 or Fig.6.4), suggesting that
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these binary systems could be formed directly through fragmentation of protostellar
cores and inherit most angular momentum contained in the collapse region.
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Chapter 6

Discussion: new constrains on binary
star formation models

This chapter is based on a summary paper prepared by Chen, Launhardt, €& Henning
et al.

Within this thesis, in total thirteen protostellar cores have been observed at three
different millimeter (mm) interferometric arrays (9 at OVRO, 2 at ATCA, and 2 at
IRAM—PdB]ﬂ). The observations were mainly conducted at mm dust continuum and in
the NoH™ (1-0) molecular line. Figure 6.1 shows the mm dust continuum images of six
binary protostars observed within this thesis, in which IRAS 02382 and L723 are two
newly-discovered binary protostars. From the mm dust continuum images, we derive
the circumstellar mass distribution, separations, and mass ratios. Figure 6.2 shows the
radial velocity fields of two binary protostars and their envelopes, derived from NoH™
line observations. From the velocity fields, we derive the kinematic properties of the
protostellar cores, such as the velocity gradients and the distribution of specific angular
momentum.

Although the number observed is still small, we can already draw some impor-
tant preliminary conclusions based on these results. In this chapter, I discuss new
observational constraints, derived from this thesis work, on the binary star formation
models.

6.1 How common is binarity in the protostellar phase?

Binarity /multiplicity is frequent in the protostellar phase. All separations
accessible to current mm interferometers have been observed (see Table 6.1). Based
on our OVRO survey (see Chapter 2), as well as our earlier single-dish (sub)mm dust
continuum survey (Launhardt et al. in prep.), we estimate a binary fraction of >40%
with separation ranging from 500 AU to 10,000 AU. However, due to the small numbers
and the limited angular resolution, it is still too early to derive a statistical binary
fraction and separation distribution.

!Two more objects (L1448C and L1448 IRS2) are in observing at IRAM-PdBI.
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Figure 6.1: Interferometric mm continuum maps of six binary protostars taken at three
different interferometers within the course of our program.
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Figure 6.2: NoH™ velocity field maps of two binary protostars. Crosses represent the peaks of
the mm dust continuum emission. The asterisk in CB 230 marks the position of the secondary
protostar observed at 7 pm with ISOCAM (not detected at 3 mm). Red and blue arrows show
the directions of of the molecular outflows.
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6.2 How is mass distributed in binary star formation?

Table 6.1: Separation and circumstellar mass ratio of known protobinary systems

Source Class Sep. [AU] My/M; Reference

L1551 1RS5 0/1 50 0.4 Looney et al. 1997
SVS13A (VLA4A, 4B)  0/I 100 0.37  Anglada et al. 2004
VLA1623 0 180 1.0 Looney et al. 2000

L1551-NE 0 230 0.4 Moriarty-Schieven et al. 2000
TRAS03282+43035 0 450 0.2 This work
NGC1333IRAS4 A 0 600 0.25 Looney et al. 2000
IRAS16293—2422 0 820 0.8 Mundy et al. 1992
L723VLA2 0 920 0.8 This work

L14481RS3 0 2400 0.18 Looney et al. 2000; this work
BHR711IRS 0/1 3400 0.1* This work
NGC1333IRAS4B/C 0 3720 0.27 Looney et al. 2000

CB 230 0/1 3800 0.1 Launhardt 2001

SVS13B (B, VLA3) 0 3750 0.1* This work

CG 30 (BHR 12) 0 8700 0.38 This work

* These values are very uncertain guesses.

Although we had derived the masses of circumstellar envelope and disk from the mm
dust continuum images, these ‘absolute’ masses are very uncertain and often cannot
be compared because different observing (e.g., sensitivity, angular resolution, and uw
coverage) and analysis methods trace different amounts of material. Relative masses
are more reliable although they are often just scaled with the flux density without
detailed modeling of the temperature structure which might be different for different
protostar masses, accretion rates, and disk sizes.

We list in Table 6.1 (updated from Table 1 in Launhardt 2004) most known binary
protostars and their circumstellar mass ratios, under the assumption that the mass is
proportional to the mm flux density. It must be noted that the circumstellar mass
ratio does not necessarily reflect the mass ratio of the hydrostatic cores nor that of
the final stars. Figure 6.3 shows the distribution of circumstellar mass ratios in these
protobinary systems. The distribution appears to be flat like that of more evolved
long-period MS binary stars. We find that more than 75% of protobinary systems
have circumstellar mass ratios below 0.5, i.e., unequal masses are much more common
than equal masses. Since equal-mass systems are relatively easier to detect in the
observations, this distribution indicates a real trend that unequal-mass systems
are preferred in the process of binary star formation.

6.3 How is angular momentum distributed?

Figure 6.4 shows the distribution of specific angular momentum versus size scale for all
protostellar cores studied in this thesis (Chapters2—4), together with the PMS binary
systems (Chapter5), using the same way as described in Fig.2.13. The distribution
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Figure 6.3: Distribution of circumstellar mass ratios in protobinary systems (red dots). Color
lines show the distribution of mass ratios in MS binary systems (Halbwachs et al. 2003).
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Figure 6.4: Distribution of specific angular momentum .J/M versus size R of molecular cloud
cores, protostars, and stars. For details see caption in Fig. 2.13.
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confirms our result found in Chapter 2 that the specific angular momenta of Class0
protostellar cores are intermediate between those of prestellar cores and the orbital
angular momenta of wide PMS binary systems and there is no significant decrease of
angular momentum between the onset of the protostellar collapse and the emergence
of a binary star. This result indicates that most of the angular momentum con-
tained in the collapse region is transformed into orbital angular momentum
of the resulting stellar binary system.

If we assume that most binary protostars in our research are bound systems (e.g.,
SVS13B), the specific orbital angular momenta of primary (.J;) and secondary (J3)
can be calculated by following equations, respectively,

q2

Jl = GMBD X m (6].)
1
JQ =V GMBD X m (62)

where Mg, D, and ¢ are total binary mass, separation, and mass ratio (My/M;),
respectively. As discussed above, most binary protostars actually consist of unequal
masses components, which means that the amounts of their specific angular momentum
are also unequal, i.e., most of specific angular momentum contained in the prestellar
core is inherited by the secondary during the fragmentation (while most of mass is
inherited by the primary). Furthermore, we find in many protobinary systems that the
outflows and hence the angular momenta of the components are not aligned, like e.g.,
CB 230 and L723 (Chapter2), CG 30 and BHR 71 (Chapter 3). These results indicate
that during core fragmentation the initial angular momentum is not evenly,
in value and direction, transformed into the binary components.

6.4 Which factor dominates the fragmentation?

In order to study which physical processes are most important for the fragmentation
of a molecular cloud core, we have derived the energy balance for our sample based
on the NoH™ observations. In general, rotation and turbulence are the two main
mechanisms that have been considered to provide the angular momentum required for
fragmentation. We therefore show in Fig. 6.5 the distributions of Avnt and By, versus
core size R, and in Fig. 6.6 the distribution of 3., versus core size.

As we already mentioned in former chapters, high-level (supersonic) turbulence
normally occurs in large-scale cores only, while the inner parts of cores are “velocity
coherent” and characterized by low-level (subsonic) turbulence (Fig.6.5a). The dis-
tribution of By, v.s. R in Fig.6.5b is somewhat scattered and shows no correlation
between turbulence level and fragmentation. This means that turbulence works mainly
before gravitationally bound prestellar cores form and no longer plays an important
role on the small scales, i.e., in (pre-)protostellar cores.

On the other hand, we find that most cores with binary protostars have ratios
of rotational to potential gravitational energy of [, > 1% (see Figure 6.6b)ﬁ. This

2The derived f3;or values were originated from S,q/sin?i, where we assume sin?i = 1 for all objects.
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Figure 6.5: (a) Non-thermal line width AVyt versus size R of dense molecular cloud cores.
For details see Fig.2.11 in Chapter2. (b) Ratio of turbulent to gravitational energy [iub
versus size R for protostellar cores.
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Fig.2.14 in Chapter 2. (b) Same, but enlarged view for protostellar cores.

is consistent with theoretical simulations (see reviews by Bodenheimer et al. 2000)
and suggests that the initial amount of rotational energy in a molecular cloud
core is playing an important role in the protostellar fragmentation process.
However, due to the small numbers, the conclusion is not statistically significant.
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6.5 Why quadrupolar outflow is so rare?

Assuming that binarity among protostars occurs as frequent as among pre-main se-
quence stars, one would expect to find many multiple (quadrupolar) protostellar out-
flows. However, such kind of outflows have been observed only in a handful of sources.
As our knowledge, so far there are only two low-mass protostars associated with
quadrupolar outflows: one is L 723 (see Chapter2), the other is IRAS 16293-2422
(Walker et al. 1988; Mizuno et al. 1990).

We speculate three reasons to explain this puzzle: (1) outflow-envelope interactions
make the interpretation of outflow maps very complicated and no clear morphologies
can been identified; (2) if the circumstellar disks of sub-cores are aligned, they may
drive one common large-scale outflow; (3) the outflow momentum flux of protostars is
proportional to the circumstellar envelope mass (Bontemps et al. 1996). Since binary
protostars appear to have preferentially very unequal circumstellar masses (accretion
rates), their relative outflow strengths are expected to be also quite unequal. There-
fore, the weaker outflow may often be covered by large-scale stronger outflow and not
detected. The discovery of an equal-mass protobinary system in L 723 (Chapter 2) and
IRAS 16293 (Mundy et al. 1992) and of a weak secondary outflow from the lower-
mass component in the unequal-mass protobinary systems CB 230 (see Chapter 2) and
BHR 71 (see Chapter 3) strongly support this explanation. However, high-resolution
outflow data so far exist only for very few systems and it is too early to derive corre-
lations between alignment, relative outflow strengths, separation, and mass ratios.

6.6 How did protobinary systems accrete?

Accretion onto a protobinary is one of the most important contributions to the final
parameters of the system. Numerical simulations of accretion onto a binary system
have found that the main dependencies are on the binary mass ratio and the relative
specific angular momentum, ji.¢, of the infalling material (see Bate & Bonnell 1997
and Bate 2000). For unequal masses components, low j;,r material is accreted by the
primary or its disk; for higher 7., the infall can also be accreted by the secondary or
its disk; when ji,r approaches the specific angular momentum of binary system (jpinary
=VGMgD x ﬁ), circumbinary disk formation begins; as jinf > Jbinary the infall is
then accreted by neither component but only forms a circumbinary disk (see Fig.6.7).

In our observations, we find in several protobinary systems that only one component
is associated with a great amounts of circumstellar dust while the other is somewhat
naked, like e.g., in CB 230 (Chapter 2), BHR 71 (Chapter 3), and SVS 13B (Chapter4).
The large contrast between the two components implies that the accretion and hence
development of a circumstellar disk occurs preferentially in only one component, with
the disk absent or much less significant in the other one. To compare observations with
theoretical simulations, we take SVS 13B as an example. In the SVS13 B system, we
had estimated dynamical mass of ~ 1.0 M, mass ratio ¢ ~ 1/13, and separation D
~ 3800 AU (see Chapter4). If we consider specifical angular momentum derived from
the NyHT velocity field as jine (~ 1.25 x 1016 m?s71), we then derive jing/j1 ~ 8, Jint/J2
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Figure 6.7: Steady-state accretion onto a ¢ = 0.2 protobinary system from clouds with
various specific angular momentum of the infalling gas ji,s in units of the binary specific
angular momentum. The protostars are marked with crosses, with the primary on the right.
Gas particle positions are projected on to the plane of the binary. Axes are given in units of
binary separation D. The image is adopted from Bate & Bonnell (1997).

~ 0.1, and jin¢/jp ~ 0.7. These ratios correspond to the simulation case that only
circumprimary disk could be formed in an accreting protobinary system. Therefore,
the observations and simulations are consistent with each other: only one component
associated with a great amounts of circumstellar dust (or disk) is due to
the relatively low specific angular momentum in the infalling envelope.
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Summary and outlook

7.1 Summary

This thesis presents a systematic effort to reveal the physical processes that lead to the
formation of binary stars. In order to search for binary protostars and to derive their
kinematic properties, we have observed, at high angular resolution, thirteen nearby,
isolated, low-mass protostellar cores in the NoH™ line and at mm dust continuum, using
the OVRO, ATCA, and IRAM-PdBI millimeter arrays. The results were complemented
by infrared data from the Spitzer and VLT telescopes.

In Chapter2 I present the results of an interferometric survey for nine nearby,
isolated, low-mass protostellar cores, using the OVRO millimeter array. Three binary
protostars (IRAS 03282, 723 VLA2, and CB 230) have been identified by OVRO obser-
vations, of which IRAS 03282 and L723 VLA2 are new discoveries. Chapter 3 presents
interferometric observations of isolated, low-mass protostellar double cores CG 30 and
BHR 71, using the ATCA. Chapter4 presents the observational results from IRAM-
PdBI towards two binary protostars L.1448 TRS3 and SVS 13. In Chapter5 I present
our preliminary results from a systematic survey for binary systems among young stel-
lar objects in nearby clouds.

From the mm dust continuum images we derive circumstellar mass distribution
(ranging from 0.05 to 4.0 M), separations (from 450 to 8700 AU), and mass ratios
(from 0.1 to 0.8) for the protostellar binary systems. NoH™ line emission is detected
from all thirteen objects and is found to be spatially associated and quantitatively
correlated with the thermal dust continuum emission. Twelve of the thirteen objects
have compact NoH™ cores with FWHM radii of 730 — 3500 AU. The only more evolved
(ClassI) object in the sample (CB 188) shows only faint and extended NoH™ emission,
suggesting that the NoH™ cores are destroyed or dissipated at the end of the protostel-
lar phase. The mean NoH™ line width was found to be 0.4540.05km s~!. Estimated
virial masses range from 0.3 to 1.7 M. By simultaneously fitting the seven hyperfine
line components of NoH™', we derive the velocity fields and hence velocity gradient and
distribution of specific angular momenta. Most objects in our sample show systematic
velocity gradients, which could be explained by either core ration or effect from out-
flows. The measured velocity gradients across the cores range from 6 to 60 kms=!pc™!,

with a mean value of ~10kms~! pc™!. The derived specific angular momenta range
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from 0.12 to 0.86 x 10~2>kms~! pc. Furthermore, we derive the energy balance based
on NoH™ observations and find that thermal and turbulent energy support are about
equally important in these cores, while rotational support is negligible. The estimated
Brot values range from 0.004 to 0.05, with a typical value of ~0.01.

In the survey conducted at VLT /NACO, we find a raw multiplicity rate of 35+ 5%
with binary separation ranging from 30 AU to 2000 AU for young stellar objects. Based
on our preliminary results, as well as the data in the literature, we derive the distri-
bution of specific orbital angular momentum in the pre-main sequence binary systems
and find that the specific angular momenta of wide pre-main sequence binaries are
close to those derived from the NoH™ line observations toward the protostellar cores.

Based on these data, we could, for the first time, derive the distributions of mass ra-
tios and specific angular momenta in protobinary systems, and kinematically study the
fragmentation process. We find that binarity /mulitplicity is frequent in the protostellar
phase, although it is too early to derive a separation distribution. The circumstellar
mass ratio distribution of binary protostars appears to be flat like that of more evolved
long-period MS binary stars, and more than 75% of protobinary systems have circum-
stellar mass ratios below 0.5, i.e., unequal masses are much more common than equal
masses. We find that the specific angular momenta of protostellar cores are interme-
diate between those of prestellar cores and the orbital angular momenta of wide PMS
binary systems. There appears to be no significant decrease of angular momentum
between the onset of the protostellar collapse and the emergence of a binary star,
which suggests that most of the angular momentum contained in the collapse region
is transformed into orbital angular momentum of the resulting stellar binary system.
Furthermore, we find that during core fragmentation the angular momentum is not
evenly, in value and direction, divided between sub-cores. Most cores with binary pro-
tostars have ratios of rotational to potential gravitational energy of F,ox > 1%. This
is consistent with theoretical simulations and suggests that the initial amount of rota-
tional energy in a molecular cloud core is playing an important role in the protostellar
fragmentation process.

7.2 Future work

Although a series of results have been achieved in this thesis work, we are aware of that
kinematic data which would reveal the link between distribution of angular momentum
and protostellar fragmentation are still very rare. Obviously, more objects are needed
being observed at high angular resolution.

As part of our program, two additional objects (L1448 IRS2 and L1448C) are
already in observing (in the NoH™ line and at 3 mm dust continuum) at IRAM-PdBL.
To enlarge our sample, I plan to continue proposing more objects in the near future at
both IRAM-PdBI and ATCA, and then to derive separations, mass ratios, and rotation
curves for a larger number of protobinary systems.

Our observations have proved that NoH™ is good tracer of cold and quiescent gas
and is suitable for studying kinematics of protostellar cores at high angular resolution.
However, I want to note that NoH™ line emission mainly traces the outer envelope,
kinematic and structure information from the inner envelope and disk still remains
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untouched in our research. In addition, we find that the N,H™ emission is strongly
affected by the outflows, both in terms of entrainment and molecule destruction. To
probe gas kinematics in the inner protostellar cores where binary stars form, we have
to think about new methods and tracers.

The Submillimeter Array (SMA) is an ideal instrument for studies of kinematics
and structures in the inner collapsing region. Compared with 3 mm observations, sub-
millimeter dust emission and high-excitation lines constrain the properties of the actual
protostellar envelope and are less sensitive to the surrounding cloud material. For ex-
ample, in the 345 GHz window opened by SMA, H¥CO™ transitions are available for
exploring the kinematics in the denser (~ 107 —10% cm ™) and warmer (~50K) gas,
while in the 230 GHz window, CO isotopic lines can be used to probe different aspects
of the physical structure of the envelopes and the associated outflows. Based on these
observations, we could disentangle the emission and hence the kinematics and struc-
tures from the envelope and circumstellar disk. With this in mind, we have partly
extended our program at the SMA. Our earlier CO isotopic lines proposals for the
southern binary protostar CG 30 and the binary protostars in the 1.1448 complex were
accepted in the observing period 2007 Nov — 2008 Apr. I plan to continue proposing
more objects in high-excitation lines in the forthcoming semesters.

Finally, the Atacama Large Millimeter Array (ALMA), with an angular resolution
of down to 10mas, is the instrument which we expect to bring the breakthrough in
our knowledge on the details of the binary star formation process. It may solve many
problems concerning the earliest phase of (binary) star formation, but will probably
raise more new and unexpected questions.
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