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Abstract

Outflows from accreting, rotating, and magnetized systems are ubiquitous.
Protostellar outflows can be observed from radio to X-ray wavelengths in
the continuum and a multitude of spectral lines that probe a wide range of
physical conditions, chemical phases, radial velocities, and proper motions.
Wide-field visual and near-IR data, mid-IR observations from space, and
aperture synthesis with centimeter- and millimeterwave interferometers are
revolutionizing outflow studies. Many outflows originate in multiple systems
and clusters. Although most flows are bipolar and some contain highly colli-
mated jets, others are wide-angle winds, and a few are nearly isotropic and ex-
hibit explosive behavior. Morphologies and velocity fields indicate variations
in ejection velocity, mass-loss rate, and in some cases, flow orientation and
degree of collimation. These trends indicate that stellar accretion is episodic
and often occurs in a complex dynamical environment. Outflow power in-
creases with source luminosity but decreases with evolutionary stage. The
youngest outflows are small and best traced by molecules such as CO, SiO,
H,0, and H,. Older outflows can grow to parsec scales and are best traced by
shock-excited atoms and ions such as hydrogen-recombination lines, [Si],
and [O11]. Outflows inject momentum and energy into their surroundings
and provide an important mechanism in the self-regulation of star forma-
tion. However, momentum injection rates remain uncertain with estimates
providing lower bounds.
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1. INTRODUCTION

Accreting astrophysical systems with rotation and magnetic fields tend to exhibit bipolar outflows
or collimated jets. Examples include young stellar objects (YSOs), symbiotic stars, post-main-
sequence objects such as protoplanetary nebulae, planetary nebulae, some supernovae, accreting
neutron stars such as SS433, microquasars, active galactic nuclei, and quasars (Livio 2011). Di-
mensionless parameters such as the ejecta speed divided by the Kepler speed at the launch point,
the degree of collimation, morphology, and variability in mass-loss rate, ejection velocity, ejec-
tion direction, and degree of collimation are similar in all classes of accretion-powered outflows.
However, there are also significant differences, such as outflow speed, which can range from a few
km s7! to over 10° km s! for forming stars, to nearly the speed of light for outflows powered
by neutron stars and black holes. There are hundreds of YSO outflows within 1 kpc of the Sun.
Spectral lines allow measurements of radial velocities and physical parameters such as density,
temperature, and pressure over a wide range of conditions (for a recent review, see Frank et al.
2014). Many outflows are sufficiently close to enable proper motion measurements. Their mor-
phology, kinematics, and physical properties provide fossil records of the mass ejection and, by
inference, the mass accretion histories of forming young stars.

A number of apparently unrelated phenomena were discovered in regions where stars have
formed recently. These include the emission-line spectra and erratic variability of the “objects of
Joy” (Rydgren etal. 1976, p. 307; see also Joy 1945), pre-main-sequence stars with masses less than
about 2 M, that came to be known as T Tauri stars. Stars with similar properties but with spectral
types ranging from B to F, higher luminosities, and masses around 2 to ~8 M, came to be known as
Herbig AeBe stars (Herbig 1960). Herbig (1951) and Haro (1952) discovered small emission-line
nebulae in dark clouds with peculiar spectra when compared with Hit regions. These Herbig-Haro
(HH) objects trace supersonic shock waves. A subset of HH objects are highly collimated jets
(Dopita et al. 1982, Mundt & Fried 1983, Reipurth et al. 1986, Reipurth & Bally 2001). A catalog
of HH objects is available online (http://vizier.u-strasbg.fr/viz-bin/VizieR?-source=HH); for
an account of Herbig’s contributions to our understanding of star formation, see Reipurth (2016).
The first published spectrum of interstellar carbon monoxide (CO) revealed broad line wings with
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AV > 100 km s~! (Wilson et al. 1970) and indicated a supersonic outflow from the BN/KL
region behind the Orion Nebula (Kwan & Scoville 1976, Zuckerman et al. 1976). Following
the discoveries of the bipolar outflow from L1551 in Taurus (Snell et al. 1980) and a few other
sources, it was recognized that molecular outflows are common in star forming regions (Bally &
Lada 1983, Lada 1985, Bachiller 1996, Frank et al. 2014). For a catalog of molecular outflows, see
Wu et al. (2004). Thermal and non-thermal radio continuum was found near YSOs too cold to
produce significant ionizing radiation (Cohen et al. 1982, Snell & Bally 1986). Maser emission in
transitions of OH and H, O was discovered near YSOs; SiO and CH3; OH masers were found near
massive young stellar objects (MYSOs) (Weaver et al. 1965, Cheung et al. 1969, Ball et al. 1970).
Near-IR observations led to the discovery of shock-excited H; in outflows. A catalog of over 1,000
molecular hydrogen objects (MHOs) has been compiled by Davis et al. (2010). By the late 1980s,
these phenomena were recognized to be different manifestations of the supersonic ejection of
matter accompanying accretion during star formation and pre-main-sequence stellar evolution.

2. OUTFLOWS FROM YOUNG STELLAR OBJECTS

The morphologies, sizes, and velocities of outflows depend on the specific tracer used and on the
luminosity, mass, evolutionary stage, and age of the source YSO; the durations of active accretion
and outflow-driving phases; and the properties of the environment into which the flow is moving.
The low-J pure rotational transitions of CO have been the most used tracers of molecular outflows.
CO is abundant [N(CO) ~10~*N(H,)]; its lowest energy levels (E,/k = 5.5, 16.5, and 33 K above
ground for the J = 1, 2, and 3 rotational states, respectively) are easily populated by collisions with
H, and He at the typical densities and temperatures of molecular clouds. These CO emission lines
are accessible from the ground in the 3-, 1.3-, and 0.85-mm atmospheric windows. However, the
higher-J transitions of CO, species such as SiO and H, O whose abundances can be increased in
shocks, and shock-excited H; are more selective of the accelerated warm and hot gas in molecular
outflows. Grain sputtering in shocks can enhance gas-phase SiO and H,O abundances by orders
of magnitude compared with the surrounding cold cloud (Nisini etal. 2007, 2013; Kristensen etal.
2011). Shocks can also drive endothermic chemical reactions leading to the formation of species
not formed in cold gas. Metal hydrides observed in the ISM may owe their origins to shocks (see
Gerin et al. 2016 in this volume).

Hundreds of bipolar molecular outflows traced by CO are known (Fukui et al. 1993, Wu et al.
2004). The compilation of 68 molecular outflows by Lada (1985) indicated that their mechanical
luminosity scales with the source luminosity and that the momentum in outflows is orders of
magnitude larger than that supplied by radiation pressure. Thus, powerful hydrodynamic (HD)
or magnetohydrodynamic (MHD) forces are required to accelerate the primary winds responsible
for entraining the observed molecules.

Visual and near-IR emission lines in the Balmer, Paschen, and Brackett series of hydrogen;
forbidden transitions of [Su], [O1], [Omn], [Om1], and [N11]; and the near emission lines of H, and
[Fen] trace the atomic and ionized components in outflows. Near-IR K-band emission in the
rovibrational transition of H; trace ~10 to 100 km s~! shocks propagating into molecular gas
(MHOs). The Hubble Space Telescope (HST) and ground-based adaptive optics provide subarcsec-
ond resolution at visual and near-IR wavelengths. During the past two decades, wide-field imaging
atvisual and near-IR wavelengths has shown that outflows can be very large. Chains of HH objects
with angular sizes of degrees in nearby clouds such as Taurus, Chamaeleon, and Orion indicate
that outflows can be many parsecs in extent, with a few exceeding 10 pc (Ogura 1995; Reipurth
et al. 1997a; Bally et al. 2006b, 2012a). The radio continuum can trace jets near their sources
and, in some outflows, acceleration of relativistic particles that produce synchrotron emission
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(Rodriguez-Kamenetzky et al. 2015). X-rays have been detected from a few outflows indicating
fast shocks and mega-Kelvin plasmas (Pravdo et al. 2001, 2004; Pravdo & T'suboi 2005). The
Infrared Space Observatory (ISO), the Spitzer Space Observatory (Spitzer), and the Herschel Space
Observatory (Herschel ) have extended outflow studies into the mid- and far-IR wavelength regime
where extinction is low and most of the luminosity of shocked gas emerges (Maret et al. 2009,
Neufeld et al. 2009, van Dishoeck et al. 2011, Kristensen et al. 2012). The submillimeter and
far-IR fine-structure lines such as [O1] trace the neutral atomic component (Nisini et al. 2015),
and lines such as [C11] and [N11] trace the ionized component. Stratospheric Observatory for In-
frared Astronomy (SOFIA) continues studies of mid- and far-IR emission lines. Millimeter- and
submillimeter-wavelength interferometers provide arcsecond angular resolution images and data
cubes (Arce et al. 2013). Thus, protostellar outflows can be probed using a very wide array of
tracers. No tracer is perfect. A complete characterization of the outflow phenomenon requires the
observation of many tracers.

Protostellar outflows are the lowest rung in a ladder of ever-stronger feedback impacts in the
self-regulation of star formation. For forming low-mass YSOs isolated from massive stars, outflows
may be the dominant source of feedback (Elmegreen & Scalo 2004, Scalo & Elmegreen 2004, De
Colle & Raga 2005, Matzner 2007). Combined with the dynamics of multibody systems, feedback
may help to determine final stellar masses and the shape of the initial mass function (Reipurth
& Mikkola 2012, Nakamura & Li 2014, Guszejnov et al. 2015). Feedback can disrupt the parent
clouds and terminate star formation, thereby determining the fraction of a cloud’s mass converted
into stars, i.e., the star-formation efficiency (Vizquez-Semadeni et al. 2010, Colin et al. 2013). In
this review, the phenomenology, physics, and impacts of outflows from young stars are discussed
with an emphasis on the developments during the past two decades.

2.1. A Low-Mass Example: HH 46/47

HH 46/47 in an ~8-Mg, cloud located at a distance of 450 pc is a prototypical mature outflow (van
Kempen et al. 2009). At visual wavelengths, the brightest part consists of an [S11] dominated, blue-
shifted jet (Figure 1) driven by an embedded ~15-30-L, Class I binary YSO toward two bow-
shocks (HH 47A and D in Figure 2). The AA6717/6731 A [Su] doublet requires shock speeds of tens
of km s~! to excite. However, the jet exhibits proper motions of ~300 km s~! and radial velocities
of approximately —150 km s~! (Hartigan et al. 2011). Thus, [Su] traces weak shocks produced
by low-amplitude velocity variations in a fast flow that excites the low-lying, few electronvolt
transitions in atoms, ions, or molecules (Raga et al. 1990). HH 47C traces the counterflow where it
emerges from the visually opaque globule. HH 46/47 is associated with an ~0.3 pc-long molecular
outflow with an H; mass M o, & 0.8-3.2 M, confined to the boundaries of the cloud and to radial
velocities less than +40 km s™! (van Kempen et al. 2009). The Atacama Large Millimeter Array
(ALMA) shows that most of the high-velocity CO traces a swept-up shell along the walls of the
red-shifted counterflow cavity (Figure 1; Arce et al. 2013). Shock-excited H, traces a prominent
counterjet invisible at visual wavelengths as well as the wide-angle outflow cavity coincident with
CO emission (Noriega-Crespo et al. 2004, Velusamy et al. 2007). Several CO knots along the
counterjet toward the southwest may indicate quasi-periodic mass ejections from the source.

Herschel observations of mid-IR CO lines indicate emission from rotational levels up to
Ju = 30, which is >2,500 K above the ground state. The CO spectral energy distribution can
be subdivided into a cool ~100-K component originating in the cloud and protostellar envelope
with emission peaking at J, ~3 and extending to J, ~ 10, an ~300-K UV-heated component
formed in the outflow cavity walls in the range of 4 < J, < 20, and an ~700-K component heated
by shocks that dominates J, > 20. Herschel also detected OH, [O1], and [C11] (van Kempen et al.
2010, Nisini et al. 2015).
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Figure 1

The inner part of the HH 46/47 system contains a small molecular outflow confined to the boundaries of the
ESO 216-6A globule. The background image shows 2.12-um Hj emission (fight green) observed with a
1%-bandwidth filter. Yellow contours show the location of the [S11] jet. The molecular outflow imaged with
ALMA in the J = 1-0 CO line is shown in cyan and red contours. Blue-shifted emission from Vjsg = —6.8
to —1.3 km s~ ! is shown in cyan, and emission from V1sr = +1.3 to +6.7 km s~! is shown in red. A small,
blue-shifted secondary outflow extends from the source region toward the southeast. A visual wavelength
image of this flow in [O11], He, and [S11] is shown in Reipurth & Bally (2001; see also Figure 2). The CO
data was adapted from Arce et al. (2013) with permission of the author; it was combined with a near-IR
image obtained by the author. The near-IR image was obtained with the National Optical Astronomy
Observatory’s (NOAQO’s) Extremely Wide-Field Infrared Imager (NEWFIRM) on the Blanco 4-m telescope
by the author.

Garcia Lopez et al. (2010) used near-IR spectroscopy of [Fell] and H, to measure physical
properties, finding radial velocities ranging from —230 to +100 km s~! in the ionized component
of the inner jet, electron densities 7, ~4,000 to 6,000 cm—3, and mass-loss rates M ~ 0.5 to
2 x 1077 Mg year™! in the high-velocity component within a few thousand astronomical units of
the source. The H, emission shows only one velocity component close to the source, but reaches
velocities up to 95 km s~! downstream. Analysis of the near-IR Hj lines indicates that this emission
originates from gas with 7Ty, = 2,000-2,800 K. These parameters are similar to other low-mass
Class I outflows.

The outflow has broken out of its natal cloud to power a pair of large bow shocks, HH 47NE
and HH 47SW, separated by over 2.6 pc and located more than 1.3 pc from the source (Figure 2).
Thus, this outflow joins the growing list of parsec-scale HH flows (Stanke et al. 1999, Reipurth
& Bally 2001).

2.2. Morphologies

Protostellar outflow morphologies range from jets to less-collimated bipolar lobes to quasi-
spherical winds (Reipurth & Bally 2001; Arce et al. 2011, 2013; Nakamura et al. 2012). The
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Figure 2

A continuum-subtracted, narrow-band He image showing the parsec-scale HH 46/47 outflow. The +
symbol marks the location of the driving source. Reprinted from Stanke et al. (1999) with permission.

primary winds and jets emerge from YSOs with velocities ranging from a few km s! to over
10° km s~!. The lowest velocities are observed in subparsec outflows from young brown dwarf
stars such as the 0.046-L, GM Tau (Phan-Bao et al. 2014a,b) and molecular jets from first hy-
drostatic cores (FHSCs) such as Barnard 1b in Perseus (Gerin et al. 2015), whose compositions
are mostly molecular with a low ionization fraction. Dunham et al. (2011) found a 0.06-pc-long,
bipolar outflow with a maximum velocity of only ~2.9 km s™! from a very low luminosity object,
the L ~ 0.01-L¢ Per-Bolo 58 thought to be an FHSC with a mass of only 0.11 & 0.04 M. Other
FHSC candidates have small outflows (Price et al. 2012, Takahashi et al. 2013, Tsitali et al. 2013,
Gerin et al. 2015).

Outflows from embedded Class 0 YSOs also tend to be much less than 1 pc in length and
predominantly molecular. Class 0 YSOs often drive powerful molecular outflows with mass-loss
rates up to M ~ 107°-Mg, year~! bright in CO, H,O, OH, and sometimes SiO. Their primary
jet or wind velocities range from 50 to 150 km s!. Shocks are most visible in the transitions of H,
as MHOs. HH objects, if present, are dim and obscured. The HH 211 outflow, which originates
from a 0.06-Mg YSO near IC 348 in Perseus, is a good example (Lee et al. 2000, 2009, 2014;
Tappe etal. 2012). The jet is bright in CO, SiO, and H; and is surrounded by a shell of swept-up
molecular gas that constitutes the standard high-velocity (SHV) line wings at low radial velocities
(AV adial ~ 2-10 km s71) with decreasing amounts at AV;,gi,1 ~ 10-50 km s~ It contains dim HH
objects confined to the end of the jet where it impacts the cloud. HH 212 in Orion is a slightly
more evolved flow from a 0.3-Mg, Class 0 source (Zinnecker et al. 1998; Lee et al. 2006, 2007,
2008; Codella et al. 2007). Podio et al. (2015) obtained ALMA observations of SO and SO,, and
Codella et al. (2014) measured the outflow properties in CO J = 3-2. Outflowing molecular gas
is only found at the base of the outflow with no molecules associated with the MHOs and dim
HH objects found at the ends of the H, flow. Recent wide-field surveys of H, emission have led
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Figure 3

A cartoon showing the main components of a protostellar outflow lobe. The sizes of the disk ( purple), the
poloidal component of the disk and stellar magnetic fields (red), and the biconical molecular outflow are
greatly exaggerated. The youngest outflows are compact, consisting of swept-up molecular shells powered by
jets containing molecules. As they break out from their parent cores and grow to parsec scales, outflows
become predominantly atomic or ionized and traced by Herbig-Haro (HH) objects. Molecules are usually
confined to the outflow cavity walls near the source young stellar object but can also trace jets in the youngest
flows. Thick, colored bands mark cavity shocks and UV-heated gas along the cavity walls, and spot-shocks
mark supersonic velocity variations in the jet. Forward shocks are in bright green, and reverse shocks in
magenta in both the terminal and internal working surfaces. Low-J CO is shown in blue, high-J CO in
green, and shock-heated H, in yellow. The dashed, yellow line shows the predominantly atomic or ionized
cavity wall. The underlying image shows a close-up of HH 34 and its driving jet in Ho (cyan) and [S11] (red).

to the discovery of hundreds of MHOs (Ioannidis & Froebrich 2012a,b; Lee et al. 2012, 2013;
Froebrich et al. 2015).

More evolved Class 0 and Class I YSOs exhibit extremely high-velocity (EHV) component jets
and bullets in the inner part of the outflow along with slower, wider-angle SHV molecular outflow
lobes whose extents are confined to the parent cloud. Chains of HH objects often extend parsecs
from their sources. Examples include the cluster of outflows emerging from the dark cloud Lynds
1448 located at the western end of the Perseus molecular cloud. The sources, L1448-mm, 1.1448
IRS2, and 1.1448 IRS3, each power molecular EHV jets surrounded by SHV lobes on subparsec
scales. Deep visual wavelength images trace these outflows to chains of HH objects located parsecs
away (Bally et al. 1997, Eisloffel 2000, Wolf-Chase et al. 2000).

Figure 3 shows a cartoon illustrating a typical outflow. Outflow shells, where most molecules
are seen, surround low-density cavities (or cocoons) filled by wide-angle winds and shocked jet
material. In the absence of winds, cavities can be formed by the sideways splash of shocked jet fluid
produced by ejection-velocity variations. Shocks excite atoms, and molecules if present, and ionize
some species. In the absence of external radiation, emission by the shocked medium renders jets
visible. The supersonic expansion of the swept-up shell into the medium can produce additional
low-velocity cavity-shocks that evaporate H,O from grains and excite transitions of H,, CO, and
other molecules. UV from the YSO can dissociate H,O to produce OH and excite high-J CO.
Shear flows along the cavity wall can produce a complex of vortices and localized spot-shocks
(Mottram et al. 2014).
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The leading edge of an outflow forms a terminal working surface (Figure 3) where the ambient
material is swept up into a shock-compressed layer in a process called prompt entrainment. Flow
velocity variability is responsible for chains of complex internal shock structures in which shock
speeds are generally much lower than the bulk motion of the flow. Shear between the jet and
cocoon, and along the cavity walls, can lead to Kelvin-Helmholtz instabilities and a turbulent
interface, transferring momentum from the outflow to the surrounding medium in a process
called steady entrainment.

Some outflows and jets are rendered visible by ionizing radiation from nearby massive stars
(Cernicharo et al. 1998, Bally & Reipurth 2001a, Bally et al. 2006a). Their properties can be
determined using photoionization models developed for the analysis of ionized nebulae. Visual
wavelength emission lines such as Ha are sensitive to small emission measures, enabling the
detection of faint jets with mass-loss rates less than 107 Mg, year™ (Reipurth et al. 2010). Faint
externally irradiated Ho jets originating from stars located parsecs from the closest molecular
cloud indicate that weak outflow phenomena can last for millions of years. The 3- to 4-Myr-old
o Orionis cluster contains at least five externally irradiated jets powered by low-mass stars in the
cluster (Reipurth et al. 1998a, Andrews et al. 2004, Riaz et al. 2015).

Many YSOs exhibit radio continuum emission (Tobin etal. 2015). Centimeter, millimeter, and
submillimeter interferometry with Jansky Very Large Array (JVLA), Submillimeter Array (SMA),
Combined Array for Research in Millimeter-wave Astronomy (CARMA), Northern Extended
Millimeter Array NOEMA), and ALMA provide arcsecond and subarcsecond continuum images
and data cubes of the line emission, matching or bettering the resolution of HST and ground-
based adaptive optics. A few outflows have been detected in the 21-cm line of HI such as NGC
2071 (Bally & Stark 1983), the SVS13 outflow in NGC 1333 (Rodriguéz et al. 1990), and DR21
(Russell et al. 1992). However, background emission from the Galaxy is too widespread to make
this line a generally usable tracer of outflows. UV lines such as Lyman-« have only been observed
from a few outflows (Devine et al. 2000, Grady et al. 2000) because they can only be observed
from space and in low-extinction environments.

2.3. Evolutionary Trends

Mass loss traced by molecular jets increases with accretion rate (Figure 4). Bug, as sources evolve
from Class 0 to I, outflow power declines and the primary winds tend to become faster as well as
increasingly atomic and less molecular (Figure 5). The momentum injection rate increases with
the source luminosity, envelope mass, and total outflow mass (Figure 6), but declines as sources
transition from Class 0 to I. As flows grow larger than the size of their parent core, clump, or
cloud, they blow out and dump momentum into the surrounding ISM. As YSOs evolve, the velocity
of their primary winds or jets tends to increase, transitioning from predominantly molecular to
mostly atomic and partially ionized plasma. The jets, the splash of material expanding orthogonal
to the flow from internal shocks, and slower, wider-angle winds inflate an ever-widening cavity in
the cloud, sweeping up, shocking, and accelerating shells of molecules that exhibit a wide range
of temperatures from tens to thousands of Kelvin. Swept-up shells traced by CO become less
prominent as they widen, sweep up more mass, and decelerate. As outflows break out of their
parent cloud cores, their internal shocks are best traced by chains of HH objects.

Outflow cavities also tend to become wider as flows age (Offner et al. 2011). The base of the
HH 366 flow from Barnard 5 is a good example (Yu et al. 1999, Zapata et al. 2014). The brightest
emission from material in the cavity is often confined to narrow jets or HH objects along the
cavity axis. The swept-back wings of high-excitation bow shocks extending orthogonal to the
low-excitation jet in systems such as HH 46/47 indicate the presence of a lower-density, slower-
moving fluid in the outflow cavity interior. The cavity interiors are filled with either lower-density,
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Figure 4

The relation between mass-loss rate in stellar jets, M jet, versus accretion rate onto the young stellar objects,
M ace. The dashed lines indicate ratios of M jet /M ace = 0.1 and 0.01. The mass-loss rates may be lower
bounds as discussed in the text. The data in this plot were taken from Ellerbroek et al. (2013).

less-collimated winds originating at larger disk radii than the highly collimated jets or gas that
has expanded orthogonal to the jet axis in side-splashing bow shocks formed where faster ejecta
catches up to older, but slower, matter in the jet.

By the early 2000s, over 1,000 HH objects were known (refer to http://vizier.u-strasbg.fr/
viz-bin/VizieR?-source=HH) (Reipurth & Bally 2001). Molecules in outflows from Class I
YSOs are generally only observed close to the source, whereas wide-field images show that HH
objects can often be found at distances of many parsecs (Ogura 1991, Bally & Devine 1994,
Devine et al. 1997, Eisloffel & Mundt 1997, Reipurth et al. 1997a). Near their sources, the radial
velocities and proper motions of HH objects are often an order of magnitude greater than the
velocities of the SHV molecular emission, suggesting that HH objects trace shocks in the primary
wind or jet, whereas molecules mostly trace swept-up gas. HH object radial velocities and proper
motions tend to decrease with distance from the source (Devine et al. 1997). The determination
of outflow parameters from shock radiation is limited to gas that just passed through a shock
within a cooling time and is complicated by the nonlinear physics.

The morphology of HH objects and MHOs indicates that outflows have large-amplitude
variability in mass-loss rate and ejection velocity, and some show evidence for changes in
the ejection direction and degree of collimation (Reipurth & Bally 2001). Most flows contain
multiple shocks along their axes with gaps whose lengths increase with increasing distance from
the source YSO. Within about 0.1 pc of their sources, a few percent of outflows exhibit highly
collimated jets in the radio continuum, as HH objects, or MHOs with chains of closely separated
low-excitation knots indicating shock velocities of a few tens of km s~! in a medium moving with
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Figure 5

A histogram of momentum injection rates for Class 0 and 1 low-mass young stellar objects. Adapted from
Mottram et al. (2016) with permission.

speeds of 100 to over 400 km s~!. In contrast to the low-excitation shocks close to the outflow
source, distant shocks tend to have higher excitation, indicating increasingly large differences
in the speeds of the colliding fluids. These features are best explained as variability in the mass-
ejection velocity (Reipurth etal. 2002a; Raga etal. 2002, 2011a). The distribution of shocks in most
flows indicates that low-amplitude velocity variations occur on short timescales, whereas large-
amplitude changes occur on long timescales. The modulation spectrum of the ejection velocity
may resemble 1/f frequency-flicker noise processes. These fluctuations may indicate episodic
accretion accompanied by variations in mass-loss rate and primary-wind ejection velocity.
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The momentum injection rates as functions of source bolometric luminosity, envelope mass, and outflow mass determined from CO
J =3-2 for Class 0 and 1 low-mass young stellar objects. Adapted from Mottram et al. (2016) with permission.
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Figure 7

A narrow-band He (cyan) and S1 (red) image showing the 2.7-pc-long HH 34 outflow complex in Orion A
stretching from upper left to lower right. Red and blue labels indicate red-shifted and blue-shifted
components, respectively. The giant HH 401 (top right) and HH 222 (bottom middle) bow shocks originate
from sources located toward the southeast (fower right). North is toward the left, east is toward the bottom.
Based on data from Reipurth et al. (2013).

Some outflows exhibit changes in the ejection direction and degree of collimation. Flow ori-
entation variability produces curved chains of shocks between the terminal working surface and
the source. When both sides of the flow are seen, slow orientation changes result in S-shaped
point symmetry (Masciadri et al. 2002). A subset of HH outflows and jets exhibit C-symmetric
bends, indicating that the source is moving through a medium (Bally & Reipurth 2001) or that
the medium is flowing past the source (e.g., HH 1045 in NGC 1977; Bally et al. 2012b). The
so-called LL Orionis objects in the Orion and Carina nebulae appear to be extreme examples of
jet deflection by side winds (Bally et al. 2006a, Smith et al. 2010).

The S-symmetric HH 34 system illustrates many general properties of outflows from low-mass
Class I YSOs. Figure 7 shows the 2.7-pc-long chain of HH objects associated with HH 34 in
the Orion A cloud (Bally & Devine 1994, Devine et al. 1997). As is the case with HH 46/47, the
source of HH 34, a Class I protostar, powers a 2 arcmin (0.3-parsec) molecular outflow (Chernin
& Masson 1995). A highly collimated, low-excitation, knotty jet with a mean radial velocity of
approximately —100 km s~! and proper motions of ~200 km s~! emerges from the source. Jet
proper motions decline to ~160 km s ! about 30 arcsec away, where the jet fades (Raga etal. 2012a).
A pair of higher-excitation bow shocks, HH 34 and HH 34N (Figure 7), are symmetrically located
~90 arcsec from the source on both sides. A chain of more widely spaced shocks with decreasing
velocities terminates in HH 33/40 to the north and HH 87/88 to the south, marking the ends
of a 2.7-pc-long flow. Deceleration of fragmented ejecta by the surrounding medium may be
responsible for the declining velocity with increasing distance from the source (Cabrit & Raga
2000). Multimode variations in the ejection velocity of the jet can explain the observed morphology
and proper motions (Raga & Noriega-Crespo 1998; Raga et al. 2002, 2012b). Point-symmetric
orientation changes are most likely an indication of forced precession of the stellar and/or disk
rotation axes. Possible causes of forced precession include accretion flows that change direction
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L1641N ..

Figure 8

(@) A BCO image of the Orion A giant molecular cloud showing the locations of the L1641N cluster
suspected to be the source of HH 131. Colors indicate radial velocities from V1 sg = 2 to 14 km s~1 (blue to
red). (b) A narrow-band He image of HH 131 obtained with the Mosaic CCD on the Mayall 4-m telescope
on Kitt Peak. The black grid indicates gaps in the CCD. The CO data is from Bally et al. (1987); the
unpublished He image was taken by the author in 2001 with the Blanco 4-m telescope at the Cerro Tololo
Inter-American Observatory.

with time or the torques generated by a binary companion whose orbital plane is tilted with respect
to the disk associated with the outflow source (Bally & Reipurth 2001).

Figure 7 also shows the giant HH 401 bow shock, which together with HH 402 forms the
~5-pc-long flow powered by HH 1 and 2 (Ogura 1995). HH 1/2 is also only associated with a
0.3-pc molecular flow (Chernin & Masson 1995). HH 222 is powered by the quadruple Herbig
Be star V380 Ori ~3 pc to the southeast (Reipurth et al. 2013). Another example of a giant HH
outflow from a YSO with subparsec molecular lobes includes HH 111 in the Orion B cloud, which
powers HH 113 and 311, which are separated by 7 pc (Reipurth et al. 1997a).

The largest outflows have lengths of tens of parsecs, comparable with the dimensions of giant
molecular clouds (GMCs). The giant HH 131 bow shock (Figure 8), located more than a degree
west and two degrees south of the L1641N cluster in the Orion A cloud, has a diameter of about
30 arcmin or about 4 pc at the assumed distance of ~400 pc to Orion (Ogura 1991). Deep Ha
and [Sn] images have identified a chain of HH objects, HH 61/62, HH 127, HH 479, and HH
480, between the L1641N cluster and HH 131, indicating a giant outflow with a blue-shifted
outflow lobe having a projected length of over 17 pc and extending south-southwest from the
cluster. North-facing bow shocks HH 403 to HH 406 located north-northeast of L1641N may
trace a counterflow, implying an overall outflow projected length greater than 20 pc (Reipurth
et al. 1998b). Figure 9 shows a comparison of outflow lengths in different tracers.

2.4. Shock Structure

Collimated flows tend to form bow shocks in places where they ram slower or stationary media.
As winds or jets slam into their surroundings, a forward shock accelerates, heats, and compresses
the medium. Between this forward shock and the source, a reverse shock decelerates, heats, and
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A comparison of the lengths of outflows traced by molecules such as CO, molecular hydrogen objects (MHOs), and Herbig-Haro (HH)
objects for a subset where all three tracers have been observed. Numbers above each colored bar indicate the luminosity in Lg. The
luminosity class is indicated above the horizontal bars. N/A indicates “not available.” The driving source of the giant outflow in the
L1641N cluster has not been directly identified, nor have any HH objects been found in DR21 owing to extinction. Abbreviations:
MYSO, massive young stellar object; VeLLO, very low luminosity object.

compresses the outflow. In the center-of-mass frame of this shock-sandwich, the ram pressure of
the colliding fluids is given by Py ~ p; V' ? + B? /87, where the subscripts refer to each preshock
fluid that enters the shock with velocity V7; and matter density p; = w;mpyn;(H). For reviews
of shocks, see McKee & Hollenbach (1980), Hollenbach & McKee (1989), McKee & Draine
(1991), and Draine & McKee (1993). The temperature immediately behind a shock is given
by Tps ~ 3umyuV ?/16k, where  is the mean molecular weight (~2.8 per H,, ~1.4 per atomic
hydrogen, or ~0.7, where H is ionized), 7z is the mass of hydrogen, and V; is the shock speed. For
20kms™!< V <10° kms~!, the immediate postshock temperatures are 10* < Ty < 10K, and H
will be ionized by collisions. In this temperature range, the cooling curve for Solar metallicityis A ~
0.3—4x 107 erg sec™! cm?. Given the interstellar cooling curve A, a postshock hydrogen number
density 7y, and a temperature T, the cooling time is approximately feoo1 ~ 1.5711kT s/ Anjy =
9um V4 /32 Any. Interpolation of the cooling curves for Solar metallicity (Draine 2011) gives
teool A 8V30/m100 years for 30 < V¢ < 100 km s7! and #,0 ~ 1.1 x 103 Vfo‘g/n]oo years for
10 < V, < 10° km s7L. Here V3 and V3¢ are the shock speeds in units of 30 and 300 km s~!,
respectively, and 71 is a typical postshock proton density in units of 100 cm—. The cooling length,
which is a measure of the separation of the shock and the radiating region, is given by Lo, ~
Vteool = Opamu V2 /32 Anyr. Thus, Leoo ~ 50V320n1_010 AU for 30 < V, < 100 km s~ and Leog ~
0.34V b4n g, pe for 10> < V< 10° km s™'. Objects such as HH 46/47 have ny; ~ 10° cm™>.
In dense gas, #.o01 is short and postshock gas tends to be far from local thermodynamic or ionization
equilibrium. However, in the low-density regions with 7 < 10 cm~*, where HH objects are often
found, fast shocks can lead to long postshock cooling times and parsec-scale cooling lengths.
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The cooling function depends nonlinearly and strongly on the fractional ionization, temper-
ature, and density. At temperatures below 10* K, cooling decreases by 2 to 4 orders of mag-
nitude. Recombining hydrogen can only emit ~14-eV photons once because at temperatures
below 10* K, collisions cannot reionize or excite the 7 = 2 or higher energy levels of H. Thus,
emission from most HH objects and HII regions is dominated by ~2-3-eV ground-state tran-
sitions of species with relatively low abundances compared to H such as [Su], [O1], [On], [Omi],
and [N1], which originate in the partially ionized recombination zone and cooling layer be-
hind shocks. For each recombining H-atom, the upper states of these ions can be excited thou-
sands of times by collisions before recombining to their neutral states. As the gas recombines
and cools, and the ionization fraction drops to below a few percent, cooling becomes domi-
nated by the mid-IR fine-structure lines of the most abundant species such as 63-um [O1] and
157-pum [C11].

If molecules survive the shock or are entrained or formed by chemical processes, they will
dominate cooling (Herczeg et al. 2012, Karska et al. 2013, Flower & Pineau des Foréts 2015).
Important molecular coolants include CO and H, O, which is liberated from ice mantles on grains
in moderate velocity shocks; OH, which is produced by photodissociation of H,O; and H,. At
T < 100 K, H,O freezes onto grains. In cold clouds below 7" < 10 K, CO, CO,, and NH;
also freeze. UV radiation can activate solid-phase chemical reactions in these ice mixtures and
produce complex organics such as CH;OH (van Dishoeck et al. 2013). The CO, CO,, and NH;
can re-enter the gas phase when grains pass through shocks with V; greater than a few km s~
Observations show that shock speeds of tens of km s~! are needed to desorb H,O ice, methanol,
and other complex organics (Bjerkeli et al. 2012, Busquet et al. 2014). Shocks with speeds of many
tens of km s™! can sputter refractory grains, increasing the gas-phase abundance of SiO by orders
of magnitude compared to quiescent clouds (Anderl et al. 2013).

The near-IR rovibrational transitions of H, and CO radiate at a characteristic temperature of
a few thousand Kelvin and trace shocks where primary winds transfer momentum to the swept-
up molecular gas. As temperatures drop, [O1] and the rotational states of H,O, CO, and OH
dominate cooling; below 100 K, CO dominates. Herschel detected high-J transitions of these
species in outflow gas with temperatures of a few hundred to a few thousand Kelvins (Goicoechea
et al. 2012; Karska et al. 2014a,b). These studies show that across the full range of outflows
from low- to high-mass YSOs, the CO rotational diagrams have remarkably similar temperature
components. CO rotational line intensities can be almost universally fit with three power-law fits
giving T'e, ~ 100 K for J, = 1-12, ~300 K for J, = 13-25, and ~700 K for J,, > 25 (Goicoechea
etal. 2012). The rotational diagrams are similar for low-mass Class 0 and I sources.

Cooling rates increase with density. Thus, density fluctuations in postshock gas tend to grow,
resulting in fragmentation into dense clumps. Such cooling instabilities may explain the complex
structure of objects such as HH 2 in which dense, fast-moving clumps run into a slower, tenuous
medium form forward-facing bows, and slower-moving clumps overtaken by a faster, lower-density
medium form backward-facing bows (Raga etal. 2011b, 2015; Hartigan etal. 2011). These clumps
may have formed a long time ago as the gas passed through shocks closer to the source.

Shocks with Ve > 60 km s™! propagating into mostly neutral gas produce a thin zone
radiating only in the H-recombination lines. A narrow, rest-velocity component forms where
hydrogen in the stationary medium is collisionally excited by the onrush of fast postshock protons.
A high-velocity tail of emission extending up to the shock speed is formed by these fast protons
exchanging electrons with the neutrals. Charge exchange tends to leave the resulting moving
atoms in excited states that radiate H-recombination lines. These Balmer filaments lack emission
by forbidden transitions and have dimensions of order 1/no ~ 0.1(7_‘115713‘1 AU, where o_j5 is a
typical cross section for ion-neutral collisions in units of 10~ cm~? and #; is the ambient medium
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density in units of 10> cm 3. Although Balmer filaments mark the location of the shock front, most
of the H-recombination line flux originates in the recombination zone behind the Balmer filament
where the forbidden line emission also originates. The separation between these zones can be used
to measure the cooling length and, with the aid of velocities, the cooling time.

Shocks with 77y > 100 km s~! emit UV radiation that propagates both up- and downstream,
ionizes low-excitation species, and maintains elevated temperatures in the pre- and postshock
zones. Shocks with 75 > 400 km s~! produce X-rays (Pravdo & Tsuboi 2005, Grosso et al. 2006,
Pravdo et al. 2009, Schneider et al. 2009).

In the presence of strong magnetic fields, Alfvén waves can preaccelerate the charged com-
ponent, allowing ion-neutral drag to produce enough heat to erase the discontinuities in den-
sity, temperature, and pressure that characterize HD shocks. When discontinuities exist in the
fluid, the shock is referred to as a jump or J-shock; when magnetic fields smooth out the dis-
continuities and the fluid variables change slowly, the supersonic disturbance is referred to as a
continuous or C-shock. Although there are no direct B-field measurements in protostellar out-
flows, equipartition suggests that field strengths in the postshock plasma could be as large as
B ~ 8rp)*? V ~ 2033 V190 mG, where n; is the hydrogen density in units of 10° em™ and Vg
is the shock speed in units of 100 km s~!'. Magnetic fields decrease the postshock temperature
dramatically as the field is compressed. Observations show that in most outflows, molecules such
as H, and CO can survive shocks up to speeds of 20 to over 80 km s~1.

2.5. Mid-IR to Submillimeter Diagnostics

Most of the luminosity of Class 0 and I YSOs and molecular outflows emerges in the mid-IR
to submillimeter wavelength range. ISO spectra measured the fluxes of pure rotational states
of H,; a variety of fine-structure cooling lines; high-lying transitions of common molecules,
such as CO and OH, and species unobservable from the ground, such as H, O, 63-um [O1], and
157-pm [C1]; and the mid-IR continuum emission where most of the luminosity from outflows
peaks (Smith et al. 1998, van den Ancker et al. 1999, Rosenthal et al. 2000, Gilfalk et al. 2004).
These observations led to more complete analyses of the large number of observable lines from
shocks. The penetrating power of the mid-IR enables the identification of flow components hidden
at shorter wavelengths (Henning et al. 2000, Molinari et al. 2000, Bourke 2001, Froebrich et al.
2002, Molinari & Noriega-Crespo 2002). ISO spectra of the OMC1 BN/KL region in the 44-
to 188-um wavelength range detected over 150 lines (Lerate et al. 2006, 2008). Mid-IR pure
rotational CO lines originate from states up to J, = 39, indicating that this emission traces hot,
T > 3,000 K, dense gas with n(H ) ~ 3 x 10* to 10° cm~3. The P Cygni line profiles confirmed
that most of this emission arose from high-velocity outflow. States with 18 < J, < 25 trace warm,
T ~ 200 K, gas from n(H;) ~ 107 cm~3 hot cores.

Spitzer imaging from 3.6 to 24 um of dozens of star-forming complexes detected tens of
thousands of YSOs by means of their IR-excess emission. Outflows with strong 2.2-um near-IR H,
lines (MHOs) were found to be also bright at 4.5 m. These images are frequently displayed with
the 3.6-pum band in blue, the 4.5-m band in green, and the 8.0-um band in red. Consequently,
shocks detected at the 4.5-um band are rendered green, and the term extended green object (EGO)
came into common use in describing Spitzer/IRAC-detected outflow candidates (Cyganowski et al.
2008). Spitzer’s InfraRed Spectrometer (IRS) observed the mid-IR v = 0-0 H, lines from many
outflows. Tappe et al. (2012) showed that the 4.5-um excess in EGOs may trace either high-J
pure-rotational transitions of H; or the 4.6-um v = 1-0 fundamental vibrational band of CO.

The 63-pm line of [O1] is one of the most important coolants of atomic gas. Herschel imaged
[O1] from the jetsin L1448, NGC 1333-IRAS 4, HH 46, BHR 71, and VLA 1623, finding velocities
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as high as 200 km s~! and [O1]-derived M e (O1)/M sec ~ 0.05-0.5 (Nisini et al. 2015). Herschel far-
IR spectroscopy measured the cooling rate of postshock gas at wavelengths at which most of the
energy injected by outflows emerges as radiation (Nisini et al. 2010a,b; Giannini et al. 2011). The
far-IR and submillimeter spectra show that in addition to the low-J transitions of molecules such
as CO, outflows contain warm and hot molecules with temperatures of several thousand Kelvins
that radiate in high-J transitions. These far-IR measurements identified emission by important
far-IR cooling lines, H, O, OH, and metal-hydrides (see Gerin et al. 2016, in this volume). Herschel
spectra show that hot CO and H,O are major coolants of postshock molecular gas in the inner,
molecular parts of outflows (Kristensen et al. 2010, 2011; Herczeg et al. 2012; Santangelo et al.
2013, 2014). The Herschel key program WISH (Water In Star-forming regions with Herschel;
Tafalla et al. 2013) showed that H,O emission has spatial structure and intensity distribution
similar to H, and appears to be associated with >10?-K gas in a high-pressure environment with
a typical value of P/k ~ 10°-10'° cm~* K. However, the gas phase H,O abundance with respect
to H is typically only about 3 x 107 (Karska et al. 2014b). The observed line profiles differ from
model predictions for planar shocks (Flower & Pineau des Foréts 2010). San José-Garcia et al.
(2013, 2015) presented Herschel/HIFI observations of high-J CO and H,O of 51 embedded YSOs
drawn from the WISH program, including 26 low-mass, 6 intermediate-mass, and 19 high-mass
objects. They find that the CO and H,O line luminosities correlate with source luminosity over
six orders of magnitude, and outflow properties increase smoothly over this entire range.

Goicoechea et al. (2015) presented Herschel spectra and maps of the BN/KL outflow and
detected over 100 lines of water, OH, HCN, and CO. Transitions of CO up to J, = 48 and
excited water emission indicate molecular gas with Tx ~ 2,500 K and high H, O abundances with
X(H,0)/X(CO) > 1 for shocks greater than ~25 km s~!. The total luminosity in CO is 0.5% of
the total far-IR luminosity, and most of the CO column density is in the warm component with
Tk ~ 200 to 500 K. The water abundance in this component is low with X(H,O)/X(CO) < 0.01.
SOFIA continues to provide access to high-resolution spectroscopy in the mid- and far-IR and
is starting to have a major impact (Eisloffel et al. 2012, Gémez-Ruiz et al. 2012, Gusdorf et al.
2015).

2.6. Determination of Physical Parameters

Measurements of masses, velocities, and momentum injection rates are fundamental for determin-
ing the roles of outflows in feedback, turbulence generation, and the disruption of the star-forming
environment. However, each tracer only probes a limited range of properties and parameters.
Although many observational techniques can be used to measure velocities, only a few allow re-
liable estimation of the density, column density, and mass of accelerated gas. Visual and near-IR
emission lines trace the current locations of shocks. However, only the rate at which matter is ac-
tively processed through these shocks can be measured. External UV radiation can provide better
constraints on masses because densities can be measured using the standard analysis applied to
Hi region plasmas. However, if the flow retains a neutral core, only lower bounds on mass can
be derived.

The low-J millimeter and submillimeter transitions of common molecules provide relatively
reliable estimates of column densities and masses in the cold component because these lines are
easily excited at typical cloud temperatures. However, the determination of excitation tempera-
tures, abundances, line opacities, and amounts of outflow gas hidden by the ambient cloud core
because it has the same radial velocity comes with uncertainties of at least a factor of two each.
Although high-velocity wings tend to be optically thin, at velocities within ~10 km s~! of the
line core, excitation temperatures and optical depths can be complex functions of location and
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velocity. Most early studies adopted excitation temperatures around 7, = 10-50 K. However,
the intensities of high-J lines with Herschel (van Kempen etal. 2010; Yildiz etal. 2013, 2015) show
that T, can be much greater and take on a range of values along each line of sight.

Dunham etal. (2014) argue that previous studies of outflows underestimated optical depths and
amounts of molecular mass and momentum in the low-radial-velocity parts of outflows hidden by
the ambient cloud. Additionally, significant high-velocity emission can hide below the sensitivity
limits of observations, and there are larger uncertainties in inclination angles. Dunham etal. (2014)
suggest that masses and dynamical parameters must be revised upward by at least a factor of two
for most sources, and possibly one to two orders of magnitude in a few cases. van der Marel et al.
(2013) present a critical analysis of various mass and momentum injection rate analysis methods
based on CO. They conclude that these parameters are uncertain by at least a factor of five.

Dunham et al. (2014) analyzed ?CO and CO transitions for both J = 2-1 and J = 3-2
emission of 17 outflows from low-mass YSOs and determined empirical fits to the ?CO/"CO
ratio. In the J = 2-1 lines, the ratio of main-beam antenna temperatures varies as 71,/ 7T13 =
(1.90 £0.09)(V — View)* + 3.724+0.48, and in the J = 3-2 lines the ratio varies as T,/ T3 =
(5.77£0.68)(V — View)?* + 1.73 £0.03, where the velocities are in km s~!. These ratios can be
used to derive the opacity of the CO lines by assuming a ?C/*C ratio (Dunham et al. 2014, Maud
etal. 2015b). The low-J >CO lines are opaque in the low-velocity components of the line wings,
where most of the swept-up mass resides, but are optically thin in the high-velocity and EHV
components. The high-J lines are often subthermally excited. For a descriptions of the methods
used for the determination of column densities, outflow, masses, momentum injection rates, and
mechanical luminosities, see Dunham et al. (2014), Yildiz et al. (2015), Maud et al. (2015b), and
van der Marel et al. (2013).

Downes & Downes (2007) present numerical models of the jet-driven molecular outflow mass-
velocity and intensity-velocity relations for low-J CO emission. The intensity-velocity relation
can be fit with a power law with an index of approximately —1.5 at low velocities and from ~4
to —6 at above 10 to 30 km s~!. The rapid fall-off with velocity is observed and may indicate
that molecules are subthermally excited or destroyed at high velocities. These effects can lead to
underestimation of the ages and momentum injection rates.

Outflow mass and momentum injection rate estimates must also account for faster atomic and
ionized components, especially in mature flows that have blown out of their parent clouds. Whereas
in the youngest flows from Class 0 sources, atoms and ions likely constitute only a few percent of
the mass, giant HH flows such as HH 34 (Figure 7), HH 46/47, or HH 111 tend to contain little
molecular gas and only do so close to their sources. Most outflow mass and momentum is in atoms
and ions. The ratio of the outflow mass-loss rate divided by the accretion rate, f = M oue/ M e,
which on the basis of low-J CO observations has often been taken to have a value of 0.01 to 0.3,
may be larger with values over 1 in some cases (Figure 4). Thus, the momentum injection rates
(Figures 5 and 6) may be lower bounds. A rough estimate of the mass in atoms and ions can be made
by assuming that a low-density, interclump medium with a density zicm has been swept up by the
observed shocks. The mass and momenta are then My ~ pumeg nicv L D? ~ 0.0372; Ly Dﬁc Mg)
and P ~ Vg Micm = 311 VigoLope DIZ,C (Mg kms™1), where  is the ICM density in units of 1 cm =3,
L, is outflow length, and D, is its width (in parsecs), assuming the source is in the middle and
the line-of-sight depth is the same as the projected width. The dynamic age is Tgyn ~ Lpc/2V 100 &
5,000 (years), where Vi is the mean ejecta velocity in units of 100 km s~!. The mean momentum
injection rate is given by P ~ P /tap ~ 6 x 102, D2 V) (Mg km s~" year™"). For flows such as
HH 34, HH 46, and the giant flow from L1641N with D ~0.2 to 2 pc, and #1cm ~ 1 and 10 em ™3,

this estimate for P gives values from 2 x 107° to 2 x 1072 Mg km s~! year™!.
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2.7. Launch and Collimation

The momentum injection rate of most outflows is orders of magnitude larger than the momentum
in the source radiation fields. Thus, their launch is generally believed to involve magnetocentrifugal
acceleration within a few astronomical units of a forming star by magnetic fields anchored in the
dense inner parts of an accretion disk, from the interaction zone of the stellar magnetosphere with
the disk gas and the disk field, or by open field lines in the stellar field. The small size of the launch
and collimation region makes observations difficult (see Frank et al. 2014 for a recent review).

Accretion disks are supported by differential rotation close to the Kepler speed at each radius.
Because YSOs accrete most of their mass from such disks and are convective, magnetic dynamos
are expected to generate strong stellar fields whose pressure disrupts the inner disk. The Keplerian
orbit period at the inner disk edge where the stellar magnetic field couples to the disk may regulate
stellar spin (Ko6nigl 1991, Zweibel et al. 2006). Closed magnetic field lines guide matter from the
inner edge of the disk to magnetic footprints on the stellar surface, usually at high latitudes.
Accretion along such funnel flows spins up the star, which may increase the efficiency of the stellar
dynamo, forcing the field to reach farther out into the disk. In X-wind models, matter picked
up by open stellar field lines threading the inner edge of the accretion disk (~0.05 to 0.5 AU)
is centrifugally accelerated as a wide-angle flow with speeds a few times the Kepler speed at the
launch point. The magnetic torque resulting from the anchor point moving to larger disk radii
and the torque of the X-wind tend to spin-down the star. For summaries of the theory of X-winds
and disk winds see Shu et al. (2000), Shang et al. (2007), Pudritz et al. (2007), Mohanty & Shu
(2008), Frank et al. (2014), and Li et al. (2014).

In disk wind models, open field lines inherited from the parent cloud are compressed by the
gravitational collapse of the core and twisted by rotation (Kénigl et al. 2010, 2011). The disk
field can be amplified by convection and shear in the disk, resulting in a twisted, pinched, helical
hourglass configuration with open field lines tending to bend away from the direction to the YSO.
Charged particles above or below the disk that end up on outward-bending field lines can be
accelerated by centripetal forces to several times the Kepler speed at the injection point. Given
that most YSO jets have speeds of ~10% km s™!, much of the material in this component must
originate within ~1 AU of the YSO. However, slower winds can be launched from larger radii.
The visual wavelength forbidden [O1] lines (Natta et al. 2014) and multiple absorption components
of Nal and Ca H and K toward some TTauri stars (Mundt 1984, Hartigan et al. 1995, Pascucci
et al. 2015) and Herbig AeBe stars (Waters & Waelkens 1998) provide evidence for a range of
ejection velocities. The densest gas associated with the collimated jets tends to have the highest
speeds, whereas the lower-density material may trace slower winds from a disk (Wardle & Koenigl
1993). Additionally, the swept-back appearance and increasing excitation conditions in the wings
of the jet-powered internal working surfaces associated with jet knots indicate the presence of a
lower-density, slower component surrounding the jets. HST images of HH 34 (Reipurth et al.
2002), HH 47 (Heathcote et al. 1996), and HH 111 (Reipurth et al. 1997b) provide examples.
Thus, both X-winds and disk winds may be present in YSOs.

Although the primary winds are accelerated within a few astronomical units of the source
stars, observations and theory suggest that collimation occurs on scales of tens to hundreds of
astronomical units from the acceleration site. Canté & Rodriguéz (1980) presented a purely HD
collimation mechanism in which density gradients in the envelope surrounding the forming star
created a nozzle-shaped cavity that redirects a diverging flow into a converging one. Crossing
shocks in the convergence zone dissipate and thermalize the converging component of the flow
but preserve the component away from the source, resulting in the formation of a downstream
jet. Although there may be few examples of Canté nozzles, such as HH 39 from R Mon in
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NGC 2261 (Cant6 et al. 1981), the outflow from XZ Tau in L1551, and HH 626 in Orion, most
research has concentrated on collimation produced by the hoop stress of toroidal magnetic fields.
The collimation region in some YSOs can be traced by stationary X-ray emission a few hundred
astronomical units from the source star (Schneider et al. 2011). Models show that X-ray emission
can be formed in wind-wind collisions, in which a slower wind, possibly from the disk, interacts
with a faster wind emerging from a region closer to the YSO (Giinther et al. 2014).

X-wind and disk-wind models predict that the mass ejection rate should be comparable with
the mass accretion rate (Shu et al. 1988, 1991). Ellerbroek et al. (2013) compiled measurements of
mass loss and accretion rates for a collection of YSOs in various evolutionary stages with different
masses. The results, shown in Figure 4, indicate that the mean mass-loss rate in protostellar jets
is given by M jee ~ 0. 1M ... However, the observations only trace the relatively dense component
in collimated jets that may be surrounded by wider-angle flows with lower density.

Both X-winds and disk winds are expected to launch rotating winds. However, because the
nearest jets are at distances of ~100 pc and the best angular resolution currently available is
about 0.1 arcsec, measurements of jet rotation are difficult. Interpretation of the data can be
complicated by interactions of the jet with the environment, which can produce velocity gradients.
Nevertheless, there are some convincing measurements of jet rotation with speeds of a few km s™!
(Cabrit 2007, Ray et al. 2007, Frank et al. 2014, Zapata et al. 2015).

3. OUTFLOWS FROM CLUSTERS AND MASSIVE STARS

Most stars form in compact, short-lived clusters or small groups of stars in nonhierarchical systems
(Lada & Lada 2003). Clusters of YSOs power clusters of outflows. The entire Perseus cloud has
been surveyed for HH objects (Walawender etal. 2005a,b, 2006) and molecular outflows (Hatchell
& Dunham 2009; Arce et al. 2010, 2011); major centers of outflow activity in decreasing order
of richness are NGC 1333, the southwest portion of the IC348 cluster containing HH 211, the
Barnard 1 region, L1448, and L1455, followed by a relatively distributed population of outflows.
Figure 10 shows NGC 1333 at visual to near-IR wavelengths. The cluster contains over
140 low-mass YSOs with the most massive member being spectral type B5 (Lada et al. 1996,
Hatchell et al. 2013). Several dozen outflows produce a profusion of HH objects (Bally et al. 1996),
MHOs, and overlapping molecular outflow lobes (Hatchell & Dunham 2009, Curtis et al. 2010,
Bieging et al. 2014). Only a few jets are visible; most of the shocks exhibit complex and chaotic
structure. Several outflows have HH extensions parsecs beyond the confines of the molecular
cloud (Walawender et al. 2005b). Figure 11 shows a CO map of the central 7-arcmin-by-7-
arcmin region (Plunkett et al. 2013). NGC 1333 is pockmarked with cavities that Quillen et al.
(2005) and Bieging et al. (2014) proposed were carved by a previous generation of outflows. Maret
et al. (2009) used Spitzer/IRS to map the S(0) to S(7) lines in the pure rotational spectrum of H,.
These lines originate in 12—53-km s~! C-type shock. The total H, luminosity is estimated to be
0.25 to 0.5 times the mechanical luminosity of the driving outflows. These authors found that
feedback can be the main mechanism for core disruption but may not disrupt the entire cloud.
The number of known flows in NGC 1333 is at least a factor of four less than the number of
identified YSOs. The duration of the prominent phase of outflow activity as traced by CO, MHOs,
or HH objects is linked to the duration of active accretion and is shorter than the duration of star
formation in the cluster, which is thought to be atleast 2 to 5 Myr from stellar age spreads. A main
outflow lifetime of 0.5 Myr is consistent with the estimated duration of the Class 0 and I phases
of YSO evolution (Evans et al. 2009). It is also possible that some stars do not power prominent
outflows. If the outflow is poorly collimated, has a wide-opening angle, or emerges as a wide-angle
wind, the density may fall off too rapidly to produce detectable shocks. It is also possible that the
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Figure 10

An Ha (blue), [S11] (green), and Hy (red ) image showing the core of the NGC 1333 cluster. The yellow box
shows the 8-arcmin-by-8-arcmin field of view shown in Figure 11. HH 7-11, HH 12, and the S-symmetric
outflow from IRAS 0325643055 are marked. The 138-Lg binary SVS3 (spectral type B5 + F2) illuminates
the NGC 1333 reflection nebulosity above the top edge of the image and dominates radiative feedback in
NGC 1333 (Hatchell et al. 2013). IRAS 03255-3103 near the right edge drives an S-symmetric outflow.
Small yellow circles mark radio sources identified by Tobin et al. (2015). The Her and [S11] images were
obtained by Bo Reipurth with Subaru (unpublished); the H; image was obtained by Josh Walawender with
WEFCAM on UKIRT (unpublished).

most powerful outflows require triggering by large accretion events. Reipurth (2000) proposed that
interactions with sibling stars in multiple systems and disintegrating nonhierarchical stellar groups
perturb disks and envelopes and trigger major accretion events that produce powerful outflows.
There are many other known clusters of outflows from forming stellar groups including IC
348SW (Arce etal. 2010), p-Oph (Nakamura etal. 2011), Serpens-Main and South (Plunkett et al.
2015), L1641N (Nakamura etal. 2012), L1551 (Stojimirovi¢ et al. 2006), B59 (Duarte-Cabral et al.
2012), IRAS 05358+3543 (Ginsburg et al. 2009), and the Gulf-of-Mexico region of the North
America and Pelican Nebula complex (Armond et al. 2011, Bally et al. 2014). The Orion B cloud
contains the NGC 2071 cluster (Stojimirovi¢ et al. 2008). Orion A is full of MHOs (Davis et al.
2009). The integral shaped filament in the Orion A cloud contains over 2,000 YSOs and dozens
of molecular outflows, irradiated jets inside the Orion Nebula, and parsec-scale flows blowing
clear of the molecular cloud (Yu et al. 1997, 2000; Williams et al. 2003; Takahashi et al. 2008).
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Figure 11

A CO J = 1-0 map showing multiple outflows in an 8-arcmin-by-8-arcmin (0.5 pc) field in NGC 1333 with
S-arcsec (1,000 AU) angular resolution. Red and blue contours show red-shifted and blue-shifted outflow
lobes superimposed on a Spitzer/IRAC 4.5 pum image ( green). The data taken with the Combined Array for
Research in Millimeter-wave Astronomy interferometer only covers the central 7-arcmin-by-7-arcmin field
of the 8-arcmin-by-8-arcmin field shown (Plunkett et al. 2013).

The Orion Nebula contains dozens of supersonic outflows traced by fully ionized shocks whose
proper motions reveal their presence (O’Dell et al. 2015). OMCI-S, located about 90 arcsec
south of OMCI, contains several dozen highly embedded YSOs that power over a half-dozen
outflows, some of which protrude into the Orion Nebula (Zapata et al. 2004a,b, 2005, 2006;
Henney et al. 2007).

3.1. Outflows from High-Mass Young Stellar Objects

In the 1980s and 1990s, research concentrated on the study of nearby outflows from low-mass
stars. With the advent of millimeterwave interferometers, IR arrays, and IR and submillimeter
space missions, the more distant, highly obscured, and relatively rare intermediate- and high-
mass YSOs and massive star clusters have received increased attention. Do massive stars form

www.annualreviews.org ¢ Protostellar Outflows

Low-mass stars: stars
in the range of 0.08 <
M <2 Mg

High-mass stars:
stars with M > 8 Mg
Intermediate-mass

stars: stars with 2 <
M < 8 Mg



THE BN/KL OUTFLOW FROM OMC1 BEHIND THE ORION NEBULA

The Orion Nebula (O’Dell 2001) and the molecular cloud located behind the Nebula played pivotal roles in our
understanding of outflow phenomena and their relation to star formation. Becklin & Neugebauer (1967) discovered
a luminous but obscured IR star, the BN object, ~1 arcmin from the Trapezium stars that ionize the Nebula.
Kleinmann & Low (1967) discovered an IR nebula about 10 arcsec south of BN. Thus, the complex containing
BN and this nebula is known as the BN/KL region. BN is a runaway star moving toward the northwest at about
24 km s~! in the rest-frame of the Nebula stars (Plambeck et al. 1995, Gémez et al. 2008). Chatterjee & Tan (2012)
suggest that BN was ejected from the Trapezium about 5,000 years ago. However, radio source I (Menten & Reid
1995), thought to be another massive star embedded in BN/KL, is moving with a speed of ~15 km s~! in a direction
opposite to BN. BN/KL has a luminosity of about 10° L, and is embedded in a ~100 M, dense and hot cloud core
known as Orion Molecular Core 1 (OMC1), the densest and most molecule-rich part of the 50,000 Mg, Orion A
molecular cloud that gave birth to the Nebula (Genzel & Stutzki 1989). The presence of an energetic outflow in
OMCI1 was recognized by Kwan & Scoville (1976) and Zuckerman et al. (1976). Observations of the Orion region
have continued to produce new discoveries and insights; De Buizer et al. (2012) recently found that IRc4, located
~6 arcsec southwest of source I, may also contain a 20,000 L, protostar.

like low-mass ones, or is there additional physics involved? The morphology of many outflows
from MYSOs appears to be similar to that from low-mass YSOs. Jets and EHV and SHV shells
are also seen in intermediate-mass YSOs such as IRAS 2005042720 (Bachiller et al. 1995) and
clusters containing MYSOs such as DR21 and G331.512—0.103 (Qiu & Zhang 2009; Zapata et al.
2009b, 2011, 2013b; Merello et al. 2013). Some luminous sources such as the 1.7 x 10*-Lg, IRAS
18162-2048 (HH 80/81) power fast jets and giant outflows. The most massive member of this
small cluster drives a >10°-km s7! radio jet (Marti et al. 1998) that energizes the high-excitation
shock complex HH 80/81 and powers giant outflow 18.4 pc in length (Masqué et al. 2012, 2015;

Fernindez-Lépez et al. 2013).

3.2. An Example: Orion BN/KL

Orion contains the nearest forming massive stars (see the sidebar The BN/KL Outflow from
OMCI Behind the Orion Nebula). The BN/KL region behind the Orion Nebula, located at a dis-
tance of ~414 pc (Menten et al. 2007), contains a powerful, wide opening-angle, arcminute-scale

outflow emerging from the OMCI1 cloud core traced by millimeter and submillimeter emission
lines of CO, CS, SO, SO,, and HCN that exhibit broad (>100 km s~!) emission line wings (Kwan
& Scoville 1976, Wiseman & Ho 1996, Furuya & Shinnaga 2009); high-velocity OH, H, O, and
SiO maser emission (Greenhill et al. 1998); and bright shock-excited “fingers” of H, and “fin-
gertips” of 1.64-pum [Fel] emission (Allen & Burton 1993; Lee & Burton 2000, Colgan et al.
2007; Nissen et al. 2007; Bally et al. 2011, 2015). The Orion OMC1 BN/KL outflow exhibits
hundreds of individual bow shocks in the near-IR lines of H, and [Fen], some of which exhibit
proper motions of over 300 km s~! (see Figure 12; Bally et al. 2011, 2015). The CO emission
exhibits a cluster of molecular streamers emerging from between the BN and source I: two mas-

sive protostars embedded in the Orion OMCI cloud core that were ejected in opposite directions

about 500 years ago (Zapata et al. 2009¢c, 2011; Peng et al. 2012).

The BN/KL outflow contains at least 8 M, of accelerated gas with a median velocity of
about 20 km s~!. Interferometric CO images, H,O and the 18-km s~! SiO masers, and dense-
gas tracers such as thermal SiO emission reveal a smaller, 8 arcsec (0.016 pc)-long and younger
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Figure 12

Image showing the OMCI outflow in the 2.122-pum H) line (orange) and 1.644-um [Feli] lines with locations of the BN object, source
I, and n indicated by red circles. The red vectors show the 21.6-km s~! proper motion of BN toward position angle (PA) = 331° (right)
and the 14.6-km s~! proper motion of source I toward PA = 142° (leff) measured by Gémez et al. 2008). Goddi et al. (2011) measured
slightly different proper motions of 26.4 km s~! toward PA = 341° for source I and 11.5 km s~! toward PA = 109°. BN has a redshift
of +11 km s~!, whereas source I has a blueshift of —4 km s~! with respect to the V' sr = 9-km s~ radial velocity of OMC]1. Recently,
Rodriguez and colleagues (in preparation) found that source n is also moving toward the PA = 192° with a velocity of about 45 km s~,
which is somewhat higher than the 26-km s~! motion toward PA = 180° found by Gémez et al. (2008). These motions are in the
Orion reference frame. The lengths of the vectors are equal to the motion in 2,000 years (e.g., 10 arcsec corresponds to a motion of
~10 km s~1). Adapted from J. Bally, Ginsburg A, Arce H, Eisner J, et al. (in preparation).

(<200-year-old) outflow along a northeast-southwest axis emerging from radio source I, orthog-
onal to the arcminute-sized CO outflow (Beuther & Nissen 2008, Plambeck et al. 2009). The
momentum and kinetic energy content of these flows is at least 160 Mg km s~! and 4 x 10* ergs
(Snell et al. 1984) to 4 x 10%7 ergs (Kwan & Scoville 1976). Zapata et al. (2009¢c) presented a
CO J = 2-1 interferometric study and found a dynamic age of ~500 years for the larger OMC1
outflow, implying a momentum injection rate P ~ 0.3 M, km s~! year~!. They noted its explo-
sive nature, which differs from jets and collimated bipolar outflows, and that it originated several
arcseconds north of the OMCI hot core. Figure 13 shows an ALMA image of the J = 2-1 CO
emission. Though early single-dish maps hinted at some bipolarity (Erickson et al. 1982), the
ALMA images show that the flow is nearly isotropic with over 100-arcsec-wide CO streamers ex-
hibiting linear velocity gradients with " o« D, where Dis the distance from the suspected explosion
center. These velocity gradients indicate a dynamic age of ~500 years.

The motion of BN and radio source I away from a region less than 500 AU in diameter from
which they were ejected about 500 years ago has been confirmed by a number of groups (Rodriguez
etal. 2005; Goémez et al. 2005, 2008; Goddi et al. 2011). The BN objectisa 12- to 15-M, MYSO
(Scoville et al. 1983, Rodriguez et al. 2009). Momentum conservation implies that source I, which
was ejected from OMCI1 with about half the velocity of BN, must have a mass of ~22 £3 M.

Bally & Zinnecker (2005) proposed that the BN/KL explosion may have been triggered by a
stellar merger or the dynamical rearrangement of a nonhierarchical system of massive stars into a

-
~
w
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Figure 13

200 arcsec

An ALMA 1.3-mm image showing the 230-GHz CO J = 2-1 emission from the explosive BN/KL outflow with 1 arcsec (~450 AU)
angular resolution. Blue-shifted emission from J'1sg = —110 to 0 km s~! is shown in blue, red-shifted emission from F1sg = 420 to
+130 km s~ ! in red, and the emission from Visg = 0 to 420 km s~! around the rest velocity of the OMCI core is shown in green.
Only the small-scale structure in the cloud is shown by the green channel because of the spatial filtering effect of the ALMA
interferometer. The yellow arrows show the motions of the BN object and source I as in Figure 12. This image is shown in Galactic
coordinates. Adapted from Bally et al. (2015) with permission.

hierarchical system that resulted in their ejection from the OMCI core as high-velocity, runaway
stars. In this model, the disruption and ejection of circumstellar disks and envelopes produced the
BN/KL outflow. The momentum and kinetic energy of the outflow and ejected stars came from
the release of gravitational binding energy of a compact binary formed by the dynamic interaction
of three or more stars.

Zapata et al. (2009¢), Bally et al. 2011), and Goddi et al. (2011) found supporting evidence
for the dynamical rearrangement model. In this scenario, the final N-body encounter would have
resulted in the formation of a compact, astronomical unit-scale binary, or possibly a protostellar
merger, most likely source I, and the ejection of source I and BN. However, it is still possible that
additional highly embedded IR sources will be found in dense cores such as the 1-mm source SMA1
(Beuther & Nissen 2008). De Buizer et al. (2012) found that the source IRc4, located 6 arcsec
southwest of source I, may harbor an MYSO with L ~ 2 x 10* L. Radio source I has not yet
been directly detected at any IR wavelength. However, source I illuminates an IR reflection nebula
about 10 arcsec to the east, and its spectrum indicates an effective photospheric temperature of
~4,000 K similar to a K or M supergiant (Morino et al. 1998, Testi et al. 2010).
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Hosokawa & Omukai (2009) and Hosokawa et al. (2010) show that MYSOs accreting at
high rates develop bloated photospheres and cool photospheric temperatures. For accretion rates
M > 1073 M, year~!, photospheric radii can exceed 1 AU. If the BN/KL dynamic interaction
resulted in a member of OMCI passing within ~1 AU of a rapidly accreting MYSO, it would have
entered the massive star’s photosphere, possibly triggering a stellar merger. The sudden release
of gravitational potential energy would have produced the explosion. The interaction of the ejecta
with the surrounding cloud core could have resulted in mass sorting of the ejecta, which upon
emergence from the core could produce the observed CO fingers, H, wakes, and [Fel] bullets.

Orion may not be unique. Spitzer detected 4.5-um emission from a wide-angle outflow hav-
ing a morphology similar to Orion emerging from a high-luminosity (~10°-Ly) hot core in
G34.25+0.16 in the inner Galaxy (Cyganowski et al. 2008). Unfortunately, this flow and its source
are at a distance of ~5 kpc and highly obscured. The HH 105 outflow in the NGC 7129 star-
forming region has a morphology suggestive of an explosive origin in the Spitzer 4.5-jum images
(Eisloffel 2000, Morris et al. 2004). This flow originates from a moderate luminosity (<10*-Lg)
protostar LkHw234. Source G in W49, the most luminous water maser outflow in the Milky
Way, may be another example (Smith et al. 2009). Sahai et al. (2008) found evidence for inter-
stellar bullets similar to the OMCI fingers in the outflow from the massive young protostar IRAS
05506+4-2414.

3.3. Outflows from Massive Young Stellar Objects

There has been intense debate within the star-formation community about massive star formation.
Do MYSOs form in a scaled-up version of low-mass star formation, or is there additional physics
such as interactions with sibling stars, radiation pressure, and ionization involved? Most massive
stars form in clusters and tend to have short pre-main-sequence phases; as they grow past 10 M,
some continue to accrete despite being on the main-sequence with high-UV luminosities (Keto
2003). Reipurth (2000) and Reipurth & Mikkola (2012) emphasized the role of N-body interactions
in determining the mass-spectrum of forming YSOs and in the production of outflows. Such
interactions may be even more important in massive star formation because MYSOs tend to form
in dense groups and clusters.

Massive stars drive faster and more powerful outflows than lower-mass stars. Yet they do not
appear to be larger or longer than flows from lower-mass YSOs. In part this may be because
of the higher density of massive star-forming environments, more rapid evolution of MYSOs,
the destruction of outflow signatures by feedback from other cluster members, or observational
selection effects related to their larger distance and higher extinction.

Although most outflows from high-mass YSOs appear to be collimated, many exhibit complex
structure. Some MYSOs power radio jets with high proper motions. Cepheus A (D ~ 700 pc,
L ~ 2 x 10* Ly) contains a pulsed, precessing jet and a complex CO outflow (Zapata et al.
2013a). Near the source, the radio jet exhibits ~500-km s~! proper motions (Curiel et al. 2006,
Jiménez-Serra etal. 2011, Torrelles et al. 2011). Cunningham et al. (2009) proposed that the disk
around the 15-M, primary experiences forced precession driven by a companion in an eccentric,
noncoplanar orbit. During periastron passages, the companion perturbs the disk and triggers
accretion and episodes of jet production. IRAS 16547-4247 (D ~ 2.9 kpc, L ~ 6 x 10* Ly) is
embedded in a 1,300-Mg, clump and powers an antisymmetric S-shaped thermal radio jet with
proper motions of ~490 km s~! (Rodriguez et al. 2005, 2008) that may power a molecular outflow
with M ~ 110 Mg and V' ~ 120 km s~! (Garay et al. 2003, 2007; Higuchi et al. 2015); it is
possibly powered by several sources in a forming cluster of stars. G35.20—0.74N (D ~ 2.2 kpc,
L ~ 1-10 x 10* Ly) contains a compact, 0.15 by 0.13 pc, ~130-M;, “necklace” of dense cores
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sounding the waist of a mid-IR bipolar nebula (Sinchez-Monge et al. 2014). A wide-angle bipolar
molecular outflow and a complex MHO may be powered by several MYSOs including a precessing
radio jet emerging from one of the cores. Klaassen & Wilson (2007, 2008) presented a survey of
SiO and HCO™ toward 23 massive star-forming regions containing ultra-compact HII regions
and detected SiO toward about half. The presence of powerful outflows and Hil regions indicates
ongoing accretion despite the presence of ionization feedback. However, line-of-sight confusion
may alter the interpretation. There may be older YSOs destroying their natal environment while,
nearby, embedded MYSOs are still accreting. The Orion Nebula and adjacent BN/KL region
present a similar situation.

The W51 complex (D ~ 5.5 kpc) is one of the most luminous in the Galaxy (Zapata etal. 2009a,
Ginsburg et al. 2015). Lacy et al. (2007) found a remarkable ionized jet near the 2-4 x10°-L, IR
source and nascent massive star cluster W51 IRS 2, which has a Lyman continuum luminosity of
nearly 10°° photons s7!, nearly 50 times the Orion Nebula. With a radial velocity of ~100 km s~!
in the 12.8-um [Nei1] and 10.5-um [Si1v] lines, the jet has an ionized mass of ~3 x 10~* Mg, and
amass-loss rate of M > 1.2 x 10~° M, year™; it is one of the few protostellar outflows bright in
radio recombination lines. Zapata et al. (2009a) found a ~200-M, bipolar molecular outflow in
the same region but emerging at nearly right angles to the [Ner] jet. The molecular outflow with
P ~ 3 Mg km s! year~! emerges from an ~60-Mg, proto-O star surrounded by an ~40-Mg,
9,000-AU-diameter, ring-shaped envelope.

Van Kempen et al. (2015) studied six intermediate-mass star-forming regions to evaluate rela-
tionships between the outflow momentum injection rate and the luminosity of massive stars and
found that the trends identified for low-mass YSOs extend smoothly through the intermediate
YSO regime into the MYSO regime. Caratti o Garatti et al. (2015) conducted a survey of near-IR
H, emission toward luminous, L > 5 x 10* Lg, star-forming complexes thought to be forming
MYSOs with M > 8 M, and identified as EGOs (Cyganowski et al. 2008; Chen et al. 2013a,b).
Caratti o Garatd et al. (2015) found a correlation between the total H, and bolometric lumi-
nosity of the source star or cluster, L(H,) ~ 0.03[&3 Lo. Duarte-Cabral et al. (2013) analyzed
the properties of outflows from highly embedded MYSOs in the Cygnus-X region. Maud et al.
(2015a) presented a comprehensive study of a distance-limited sample of 99 massive star-forming
clumps selected from the Red MSX Source survey with luminosities ranging from 10° to 10° L,
and clump masses ranging from 10 Mg, to nearly 10* M. Maud et al. (2015b) investigated the
molecular outflows from these sources. Figure 14 shows the estimated momentum injection rate
as a function of source luminosity for a collection of outflows from YSOs and MYSOs. Because
mass estimates are usually based on a single transition, which is insensitive to hot and nonmolec-
ular components, the mass momentum injection rates into the surrounding cloud are likely lower
limits. The most active outflows are associated with the main accretion phases of forming stars.
Fitting the dotted line in Figure 14 implies that the molecular outflow momentum injection rates
from low-mass Class 0 sources through massive accreting protostars scale as P ~2x 107500
M, km s~ year!, where L is the luminosity in L. Assuming that most pre-main-sequence lumi-
nosity comes from accretion on the birth-line and scales roughly as L oc M} with stellar mass M;
in units of 1 M, this can be recast as Po,e &~ 1.25 x 107*M !, where we use the mean luminosity
L ~ 20 Lg of a 1-Mj, star descending from the birth-line during its main accretion phase for the
normalization.

Forming massive stars and star clusters may power high-mass outflows by using the thermal
expansion of photoionized plasma as a drive. The massive, 3,000-Mg, parsec-scale, bipolar outflow
emerging from DR 21 in Cygnus (Russell et al. 1992, Zapata et al. 2013b) may be powered by
the acceleration of plasma confined by the surrounding dense cloud. The flow emerges at right
angles to a molecular filament that spawned a cluster of a dozen or so OB stars in the center of
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Figure 14

The momentum injection rate or force exerted by outflows from star-forming clumps as a function of the
clump luminosity for a distance-limited sample with D < 6 kpc based on CO J = 3-2 data. The filled and
open circles represent the massive young stellar object (MSYO) sample of Maud et al. (2015b) using two
methods for estimating the outflow age described in the text. The open and filled squares are low-mass Class
0 and Class I outflow sources from Bontemps et al. (1996); the filled diamonds are from van der Marel et al.
(2013); the open triangles are MYSOs from Duarte-Cabral et al. (2013). The solid black line shows the trend
for Class I sources from Bontemps et al. (1996). Taken from Maud et al. (2015b).

the flow. The DR 21 outflow is one of the few that has been imaged in the 21-cm Hi line. Russell
etal. (1992) proposed that photoionization of the dense molecular filament from which the O stars
formed drives a champagne flow that accelerates to several times the sound-speed in photoionized
gas and then recombines because of the ongoing resupply of plasma by the photoablation of the
dense gas. Such a model works only if the morphology of the dense gas can confine the thermal
expansion of the plasma. To demonstrate the physics, consider the plasma flows induced by a
source of ionization in a long, hollow cylinder or tube of dense gas much denser than Stromgren
density at the radius of the hollow region.

There is evidence for powerful bipolar ejections during the main-sequence evolution of some
massive stars. The giant ionized bipolar outflow Ou4 in the HiI region Sh-2-129 has a length
of ~15 pc, a kinetic energy of about 4 x 10% ergs, and a dynamic age of about 90,000 years
(Corradi et al. 2014). The bipolar flow is bright in [Om1], which exhibits radial velocities of order
100 km s~! with respect to the surrounding HIl region and is collisionally ionized. Ou4 was
apparently produced by the main-sequence triple system HR 8119 consisting of two BO V stars
and one B0.5 V star. A parsec-scale bubble of warm dust centered on HR 8119 may indicate a
recent cataclysmic event in this multiple-star system, such as a dynamic interaction or possibly
a stellar merger. However, it is possible that fast, ~2,000 km s™!, stellar winds with a combined
mass-loss rate of 4 x 1078 M, year™! could also power the bubble. The collimated nature of Ou4
is highly unusual for a stellar wind and requires the existence of a collimation mechanism.
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The transition from protostellar outflows during stellar birth to main-sequence stellar winds is
poorly understood. Although most MYSOs produce collimated outflows during their formation,
possibly punctuated by short-duration violent eruptive phenomena such as the Orion BN/KL
outflow, main-sequence stellar winds appear to be isotropic. Protostellar outflows are rendered
visible by interactions with their surroundings and by internal working surfaces formed in
velocity-variable flows. As the parent environment is dispersed, these interactions, combined with
declining outflow activity, become increasingly difficult to detect. Many MYSOs exhibit AV ~
100-500-km s~! wide near-IR hydrogen recombination lines indicating dense, ionized winds
(Simon etal. 1983, Jaffe & Martin-Pintado 1999, Lumsden etal. 2012). These signatures disappear
as stars reach the main sequence and develop faster winds. Emission in UV-resonance lines and
absorption from ground-state transitions are the main tools for their detection. Observations of
the transition from protostellar outflow to main-sequence stellar winds remain a challenge.

4. THE ROLE OF OUTFLOWS IN FEEDBACK AND SELF-REGULATION

Two scenarios have been proposed for the way feedback can impact clustered star formation:
rapid cloud dispersal in a few turbulent velocity crossing times following a burst of star formation
(Elmegreen 2007, Hartmann & Burkert 2007) and slow, quasi-equilibrium star formation reg-
ulated by the replenishment of turbulence by feedback (Tan et al. 2006, Nakamura & Li 2007,
2014). The injection of momentum and energy, by protostellar jets, bipolar outflows, and wide-
angle winds, and of soft-UV, from moderate-mass stars, ionizing radiation, stellar winds, and
explosions of massive stars, can drive shocks that dissociate and heat the gas, generate turbulence,
and disperse the material. Although cluster-forming clumps such as NGC 1333, Serpens South,
and Ophiuchus (all with M ~ 500 Mg, R ~ 0.5 pc) may have shorter lifetimes, the duration of
star formation in most GMCs such as Orion (M ~ 10° Mg, R ~ 50 pc) is comparable with the
main-sequence lifetimes of massive stars, ~5 to 15 Myr. Thus, feedback by all of these mechanisms
impacts the ecology of star-forming regions (Krumholz et al. 2011, Myers et al. 2014). As stars
gain mass from their host cores, protostellar outflows form the first rung of a feedback ladder of
ever more powerful energy and momentum injection mechanisms.

Outflow feedback in low-mass, weakly bound clouds that are only forming a few to a few dozen
stars can generate turbulence, limit the collapse rate, and disrupt the parent clouds (Matzner
2007, Matzner & Jumper 2015). In isolated small clouds, or filaments such as Taurus, outflows
tend to blow out of their parent cores, making feedback less efficient. Nevertheless, in small
clouds such as L1551, outflows from a half-dozen embedded YSOs have created swept-up CO
lobes and HH objects covering about 30% of the projected area of the cloud (Stojimirovi¢ et al.
20006). As flows age, their cavities widen, and a large portion of the host clump can be impacted
(Matzner & McKee 1999). In more massive cluster-forming clumps such as NGC 1333 and
L1641N, outflows appear capable of maintaining turbulence and therefore limiting the rate of star
formation (Arce etal. 2010, Nakamura etal. 2012, Bally etal. 2014). However, outflow activity has
not brought star formation to a halt. Drabek-Maunder et al. (2015) used CO J = 3-2 to analyze
the impact of outflow momentum and energy injection in the nearby Serpens Main, Ophiuchus,
and Perseus clouds, concluding that outflows account for at least 20% of the turbulent energy in
these clouds. Nakamura & Li (2007) and Federrath et al. (2014) modeled turbulence generation
in clouds by clusters of outflows; Nakamura & Li (2011) explored the role of magnetic fields in
such environments, finding that outflows are more important. In these clusters, shocks traced
by HH objects and MHOs cover a large fraction of the projected cloud surface area. Assuming
an area covering factor of shocks, fj (e.g., Figure 10), a random orientation of outflows, and
a mean shock velocity Vs, the timescale in which half of the cloud is reprocessed by shocks is
t~ tross/ fa = Raoud/ Vs fa ~ 10° years for Ryoua = 1 pc, Vs = 100 km s~!, and fj = 0.1.
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Carroll etal. (2009) predicted a change in the slope of outflow-driven turbulence on the scale of
a typical flow, adopting ~0.3 pc for this parameter. Padoan et al. (2009) used the power spectrum
of turbulence in the NGC 1333 region of the Perseus cloud to argue that outflows were unlikely
to drive turbulence because of the absence of a flattening in the turbulent energy spectrum above
the expected outflow injection scale. However, these studies failed to properly account for the
observed sizes of giant outflows that can inject momentum and drive turbulence on scales up to tens
of parsecs. There may not be a clear break in the scale of turbulence driving by outflow feedback.

Nakamura & Li (2014) presented an analytic model for outflow feedback, comparing momen-
tum and energy injection rates with turbulence dissipation rates. The analytic approximations
are compared with observations of eight cluster-forming clumps with masses ranging from 30 to
1,100 Mg, They found that the outflow momentum injection rate, P, of outflows resulting from
a star-formation rate of a few percent per free-fall time is sufficient to balance the turbulent dissi-
pation rate. For the lowest-mass clumps B59, L1551, and L1641N, P, is about ten times larger
than the turbulent dissipation rate, Pous. The outflows maintain turbulent motions with an ampli-
tude five to ten times the sound speed, which is sufficient to keep the clouds in approximate virial
equilibrium for many free-fall times. The virial parameter, «)-, defined as twice the clump kinetic
energy, 2E, divided by the clump gravitational potential energy, U, is larger than 1 for L1551,
implying that outflows can disrupt this clump. However, P,/ Pus, declines with increasing mass
and the virial parameter for most clumps is less than 1. Nakamura & Li (2014) define a parameter,
Nout = 2Eou/U, where Eg is the total outflow kinetic energy, finding that, except for L1551,
Nour < 1, implying that although outflows can maintain virial equilibrium, they can’t disrupt most
clumps. However, this analysis only takes into account the molecular component of outflows.

Several factors make outflow feedback potentially more important. Outflow masses and mo-
menta may be underestimated when based only on low-J CO (Dunham et al. 2014). ISO and
Herschel have shown the presence of warm and hot molecular gas (van Kempen et al. 2010).
Mid-IR studies show that high-J CO originates in hot, >2,000 K, subthermally excited »(H,) <
10 cm™* gas (Goicoechea et al. 2012, Herczeg et al. 2012, Manoj et al. 2013). Shocked H,
also implies gas with temperatures of 2,000-3,000 K. Depending on the magnetic field strength,
molecules tend to be destroyed at shock speeds ~10 to 100 km s!; mass and velocity measure-
ments based on molecules miss the faster atomic and ionized components. Although CO and
other molecules are effective in the determination of momentum injection rates in Class 0 and
early Class I phases, these tracers are less effective in evolved systems as their outflows blow out
of their parent cores. The decline in momentum injection rates from Class 0 to I may in part
reflect this observational selection effect. Declining accretion and consequent mass-loss rates can
be partially offset by increasing ejection velocity as stellar radii and outflow launch points shrink as
the YSOs approach the main sequence. Some YSOs may produce wide-angle winds whose densi-
ties decline faster than collimated flows, making direct detection difficult. Expanding parsec-scale
cavities in GMCs may be produced by such winds (Arce et al. 2011, Nakamura et al. 2012). Most
stars form in multiple-star systems and clusters in which stellar motion in the potential well and
N-body interactions can alter outflow orientations as evidenced by S-shaped point-symmetric
flows. Variations in degree of collimation and flow orientation, isotropic wide-angle flows, and
explosions similar to Orion can inject momentum into clouds over a large solid angle. Finally, hot,
mega-Kelvin, X-ray plasmas in outflow cocoons formed behind shocks with speeds greater than
400 km s~! have long cooling times, and their adiabatic expansion can conserve energy.

If outflow feedback fails to stop star formation and the clump continues to contract, star
formation can continue. As stellar mass grows past a few Solar masses, their pre-main-sequence
lifetimes shrink to less than 10° years (Zinnecker & Yorke 2007), and far-UV (FUV) radiation from
moderate-mass stars can provide additional feedback. These stars emit FUV radiation that heats
cloud surfaces to ~10° K, and the resulting pressure gradients can accelerate gas to a few km s~.
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Where the sound-speed is larger than the escape speed, the gas can become unbound. If FUV fails
to disrupt the cloud, massive stars with M, > 8 M, whose extreme-UV (EUV) radiation ionizes
hydrogen, raises the sound speed to ~10 km s~!. Clouds with lower escape speeds will lose the
plasma. In most Galactic star-forming regions, the emergence of OB stars stops star formation.
However, in extremely dense and massive clouds with escape speeds greater than ~10 to 20 km
5!, OB-star winds, radiation pressure, or supernovae may be needed to halt star formation. In
these extreme cases, the star-formation efficiency is likely to be greater than 30%, leading to the
formation of bound clusters. Failure of feedback in massive, compact GMCs may be the recipe
for the formation of tightly bound clusters such as globular clusters.

5. SUMMARY & FUTURE PROSPECTS

Protostellar outflows are multiphase, dynamic, evolving systems that provide fossil records of the
accretion histories of the source stars. A complete characterization of the protostellar outflows
requires molecular, atomic, and ionic tracers throughout the spectrum sensitive to a wide range in
temperatures, densities, and column densities. Outflow structure indicates that accretion is episodic
with interludes of quiescence. Low levels of outflow activity, and by inference accretion, persist
for millions of years. Outflow-orientation changes indicate that many stars form in dynamically
complex environments where sibling stars drive forced precession and accretion flow directions
vary over time. Although most outflows are collimated and bipolar, some, especially massive ones
such as those in OMCI, experience short-lived explosive behavior.

The youngest YSOs eject molecule-dominated jets that sweep up surrounding gas into shells.
As YSOs evolve and outflows age, molecular lobes tend to be confined to the parent core or
clump while atomic and ionic constituents grow to parsec-scale dimensions. Subarcsecond ALMA,
adaptive optics—assisted, space-based near-IR, and visual observations enable proper motion mea-
surements of jets, bullets, and other compact structures over time intervals of only a few years
in nearby sources. Combined with radial velocities, proper motions provide 3D velocity vectors.
Deep X-ray, visual, and IR imaging and spectroscopy of ionic and atomic species are required
to trace the fastest and hottest components in outflows. The Fames Webb Space Telescope (JWST)
will have the sensitivity to detect the low-emission components of outflows in tracers, such as the
4.05-pm Brackett-« line, and to detect absorption from low-density atomic and ionized compo-
nents against background sources using spectroscopy of the mid-IR pure rotational transitions of
H, as well as providing unprecedented sensitivity for [Fell] and rovibrational H, studies. JWST
and ALMA will investigate outflows in the Galaxy’s central molecular zone and in star-forming
regions in nearby galaxies. As analysis methods, understanding of abundances, and optical depths
improve, and as observations of the atomic and ionized components become more sensitive, the
momentum injection rates and impacts of outflows will become better constrained. Advanced
MHD and HD codes with larger dynamic ranges in parameters are needed to model the full range
of outflow phenomena from stellar-scales to parsec-scales, clustering, and interactions in multiples
and clusters.

FUTURE ISSUES

1. Large-scale, systematic surveys of outflows are still needed in multiple tracers using
identical data acquisition, reduction, and analysis methods to measure masses, momentum
injection rates, and other physical properties of outflows as functions of environment,
YSO age, mass, and evolutionary stage.
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2. More mid-IR surveys of the high-J transitions of CO, H,O, and OH as well as mid-IR
surveys of fine-structure cooling lines such as 63 um[O1] with platforms such as SOFIA,
balloons, or satellites are needed.

3. Narrow-band surveysin the near-IR of H,, [Feli], and hydrogen recombination lines from
space with facilities such as JWST will provide unprecedented sensitivity and resolution
for tracing the full extents of flows. Absorption line studies against suitable background
sources are needed to identify low-density outflow components.

4. Sensitive, narrow-band surveys of HH objects must be continued to identify shocks and
measure proper motions.

5. Multiobject and integral-field spectroscopic surveys are needed of HH objects and their
source stars to measure radial velocities, densities, and excitation conditions as well as to
identify variations.

6. Synoptic monitoring for flares from YSOs and MYSOs in the Galaxy and nearby galaxies
are needed to establish a clear link between accretion and outflow and to search for
luminous IR flares from Orion-like events.

7. The transition from protostellar to main-sequence outflows requires investigation, es-
pecially for moderate-mass and massive stars.
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