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Jets and outflows from young stars are an integral part of tdrefermation process. A
particular framework for explaining these phenomena isXhgind theory. Since PPIV, we
have made good progress in modeling the jet phenomena aimdadsmciated fundamental
physical processes, in both deeply embedded Class | oljedisnore revealed classical T
Tauri stars. In particular, we have improved the treatméth® atomic physics and chemistry
for modeling jet emission, including reaction rates aneériattion cross-sections, as well as
ambipolar diffusion between ions and neutrals. We havedenoad the original X-wind picture
to include the winds driven magnetocentrifugally from thedérmost disk regions. We have
carried numerical simulations that follow the wind evabmifrom the launching surface to
large, observable distances. The interaction between digmetocentrifugal wind and a realistic
ambient medium was also investigated. It allows us to gdimerthe shell model oShu et al.
(1991) to unify the the jet-driven and wind-driven scensifior molecular outflow production.
In addition, we review related theoretical works on jets antflows from young stars, and
make connection between theory and recent observatiorticyparly those from HST/STIS,
VLA and SMA.

1. INTRODUCTION radii for disk winds. The different outflow launching con-
. ditions envisioned in these scenarios cannot yet be probed

Jtetst andtOl:tfltow? havet_long_ll_:lr(]a en recogmzed da_s abn ;’Hi'rectly by observations. It is prudent to consider both-pos
portant part ot star formation. €y are reviewed in bo I%ibilities. An effort in this direction is numerical simula

PPlland PPIV, and by several groups in this volurBally tion of winds driven magnetocentrifugally from inner disk

et_ al, Arce et al, I?udntz etal, Ray etal). Our emphasis regions over a range in disk radii that is adjustable. The re-
V.V'” be on the X-yvmd theory and related.work, and CONNECLits of this effort are summarized in the second part of the
t|9n to recent high resolution observat|on§. Comparlsort?hapter(Section 6), which also includes a method for locat-
with other efforts are made where appropriate. ing the footpoints of wind-launching magnetic field lines on

Since PI.DIV’ progress has l_)een made n modellng_bo{ e disk based on measurements of rotation speed at large
the dynamics and radiative signatures of jets and WlndaIstances (Section 7)

There is increasing consensus that these outflows are dnvenRegardless of where a magnetocentrifugal wind is

by rotating magnetic fields, although many de}aﬂ_s rema'ariven, as long as its launching region is much smaller than
unresolvgd. The old debaFe between disk deprﬂgI the region of interest, its density structure asymptotes to
3\/?,[?] zgdnltJZItizn?acl)t?I ande—Wlnt(_jSS‘qhu ettatl;. 2000()1 'f S(tj'_" i characteristic distribution: nearly cylindrical stratdtion,

) Y, observations must be Used 1o disting, o oy byShu et al.(1995). An implication is that a

g_wsh these anq other p055|b|!|t|es. Pred|c.t|ng the ratiat magnetocentrifugal wind naturally has dual characters: a
signatures of different dynamical models is a key step to;

ward this goal. This effort is reviewed in the first part of the?ense axial jet, surrounded by a wide-angle wind. This in-
Chapter (Section 2 through Section 5). rinsic structure provides a basis for unifying the jetvdn

i . : and wind-driven scenarios of molecular outflows, which are
The X-winds and disk winds are not mutually exclu-

. ) ) ~~ thought to be mainly the ambient material set into motion
sive. Both are driven magnetocentrifugally from open fiel

i hored idlv rotai : rellar diskseiTh y the primary wind. We devote the last part of the review
ines anchiored on rapidly rotating circumstetiar disksel dxro recent theoretical and observational advances in this di

main d|st|nct-|on lies in where the.fleld lines are anchore. ection (Section 8 and Section 9). Concluding remarks are
near the radius of magnetospherical truncation on the di {/en in Section 10

— the X-point — for X-winds and over a wider range in disk



2. THERMAL-CHEMICAL MODELING OF X-WINDS be reasonably treated as atomic winds. Table 1 of SGSL
has a summary of processes mentioned above.

. . . The rate coefficients of most atomic processes were im-
Thermal-chemical modeling of the winds of young stel- b

. ) . ; roved in SGSL. For example, the rate coefficient of the
lar objects is an important step towards understanding th bactionH— + H+ — H(1) + H(n) was revised in light of
dynamics and 0ngmsRuQen, Qlassglold, a}nd 5@990; newer measurements. Photo-rates involving photodetach-
hereafter RGS) was the first to investigate in detail thethefnent of H- were computed with better approximations
gglgzr;c; 'i?;j:rt:;r:ﬁ;ug}f;ﬁa?f;z%?;ghﬁ:gaal‘V;"esi?gi?;"airhe electronic collisions and X-ray ionization affect the

) . . . ) I lati f atomic hyd t= 2. Th -
disk-wind (a model generalizing the solution Bfandford evel popliation of atomic hydrogen a € pres

ence of X-rays also causes an indirect contribution of heat-

and Payne1982).Shang et al(2002, SGSL) extended and in1g, in addition to the direct heating by elastic collisiafs

improved upon previous chemical and physical processesE atoms at ther — 2 level with X-rays. These enter when

RGS o establish a package_ of diagnostic tools based on't Stailed processes involving the levels= 1 and2, and the
X-wind. Concurrently,Garcia et al, (2001a,b) extended continuum are considered.

the work ofSafier(1993a,b) by computing the thermal and
ionization structure of the self-similar disk-winds Bér- 5 5 Effects of X-Rays
reira (1997). The advances in thermal-chemical modeling

since PPIV, particularly SGSL, are reviewed below. The effects of X-rays on the disk Surrounding a young
_ _ star have been reviewed @lassgold et al (2000, 2005b),
2.1 Basic Formulation and the chapter biajita at al. in PPV. Before reaching

. _ o the outer part of the disk, the X-rays may first intercept and
Many processes are involved in determining the thermahteract with a wind. SGSL considered the effects of X-rays

and ionization structure ofjets. SGSL considered both Préym an X-wind using an approach similar to that deve|oped
cesses that take place locally in the wind, and external cofyr X-ray irradiated disks.

tributions from mechanical disturbances and radiation on |n an X-wind environment, a useful estimate for the X-

top of the background smooth flow, including new ingreray ionization ratex at a distance = R, (the distance of

dients such as UV radiation and photo-ionization from th&-point to the star, effectively the base of the X-wind) from
accretion hot spots where the funnel flows strike the stel source of X-ray luminositf.x can be expressed as

lar surfaces, and ionization and heating by X-rays from the

secor!dary electrons. We begin by describing the basic fo& = Lx0ope(kTx) — 113 x 10851 ( Lx )

mulation of the problem. 4r R2kTx 1030ergs—1
The temperatur& and electron fraction, of a steady kTx =~ 10126\ 2

flow are governed by the rate equations that balance heat- (W) ( R > (1)

ing and cooling and ionization production and destruction.
The ionization is primarily destroyed by radiative recomfor a thermal spectrum of temperatufg for the X-rays,
bination. Recombination and adiabatic cooling set the twavhereo, is the energy-smoothed cosmic photoelectric ab-
basic timescales in the flow. The former is long comparesorption cross section per H nucleus. The ionization rate
to flow time and the latter is only tens of seconds near th¢ at a distance from the X-ray source can be further ex-
base. Adiabatic expansion cooling has been recognized messed with respect to the rate at the X-point as

a “severe constraint” on potential heat sources indepénden )
of details of wind models (RGS). The balance of heating ¢~ lx (&) (ka) L (. &), @
and cooling due to adiabatic expansion provides a rough r

estimate for- the. asymptotic temlperature profile. In RG.%Vhereeion is the energy to make an ion pair, and the func-
glgts);llg_)olat\rr]dlffusmr? was lthe dto_rtr)nrt]_ant helat source, wh|Ite "Bon I,(7x, &) describes the attenuation of the X-rays in the
» OIner mechanical contributions piay more impor ansturrounding medium, which is a sensitive function of the X-

roles (Section 2.4). r%y optical depth calculated from the low-energy cutoff

The hydrogen-based radiative and collisional process : .
that take place locally in a fluid element form the back—%O expressed in temperature units (see &ssgold et al.

4 network of " h ionizati |D1997; SGSL).
ground network of reactions. ese are lonization by X-rays are capable of lightly ionizing the innermost jet
Balmer continuum, H detachment, and collisional ion-

o X . o . proper and the base of the wind for typical X-ray luminosi-
ization; heating by ambipolar diffusion, Balmer photoion-; . o
ization of H, H-+H- neutralization, and H photodetach- ties observed in young stars throughandra(e.g.,Feigel

" ina by - radiati ttach i binati son et al, 2002, 2005, chapter in this volume) and earlier
ment, cooling by H radiative attachment, recombiNaliong.q|jite missionASCAand ROSAT(e.g., Feigelson and
of HT, Lyq, collisional ionization, and line cooling from

Montmerle 1999). Together with UV photons from accre-

the heavy elements. The chemistry that form gnd d|ss_,ocu_aﬁ n hot spots, they can quantitatively account for the ma-
hydrogen molecules may enter the network if the wind %

dominantl lecular- h briaht ontical iet ority of the ionization at the base of the flow. The recom-
predominantly molecuiar, however, bright optical JelS Cai;ation time scale for an X-wind is long compared to the

€ion



flow time for the bulk of the flow volume. Hence ionizationrate of ambipolar diffusion. The rate is given approximatel
created locally (in a Lagrangian frame) could be preserveay (SGSL, eq.[4.1] and [4.2]):
and carried by the flow to large distances. Because of the 1
1/r? drop-off in the ionization parametér(Eqn.[2]), and Fap=—F—5,fL = —(
the peculiarl /=2 profile of the density (wherev is hori- 7Pi(pn + pi) An
zontal distance to the axis), the ionization rate is a sl@atdly wherep,, andp; are the mass densities of the neutrals and
tenuated function in winds that are not very optically thickthe ions, respectively, and; the Lorentz force. When
Within the X-wind framework, X-rays can effectively ion- p; < p,, equation (3) reduces to the usual one for low-
ize the inner jet throughout a hollow cone that is supporteidnization situations, e.g., Eq. (27.19)$hu(1992). It has
by an axially opened stellar magnetic field. At an elevatethe important property that whes), vanishes the heating
angle geometrically over the base of the X-wind, the ionizrateI"Ap goes to zero.
ing X-rays would be less absorbed when the paths of rays The ion-neutral momentum transfer coefficientplays
go through the diverging portion of the flow. the central role of determining the numerical values of
The effective ionizing power scales approximately asmbipolar diffusion heating in different regimes. SGSL
Lx /M, since the ionization rate enters the rate equatiooombined previous approximations Byaine (1980), and
as(/nu (Whereny is the volumetric density of hydrogen adopted updated calculations and experiments on the colli-
nuclei), when no other competitive processes are presesion of H" ions with atomic and molecular hydrogen and
The ratio Lx /M, can be interpreted as ttaverageeffi-  with helium. The exchange scattering irf H H collisions
ciency for converting accretion power into X-rays at radiugrom Krsti¢ and Schult£1998) was included as the sum of
Ry: LX/MW = exGM./fRx (Shuetal.1997). The small contributions from power-laws from both the high- and low-
factor ex measures the efficiency of converting accretioenergy regimes. It agrees with Draine’s prescription (3980
energy into X-rays, if the energetic events of X-ray producenly for cold clouds.
tion are ultimately powered by accretion throughthe tvdste  Glassgold et al.(2005a) re-investigated the adopted
field lines between the star and the disk. For models wheferms ofy and numerical values in different energy regimes
X-rays are capable of maintaining ionization fractions of @ahrough quantum mechanical calculations of ktattering
few to several percent at physical distances of interegito oby H. They fit the coefficient down to very low energy
tical forbidden lines, the level afx needed may go up to (10~ ev), and did not find the traditional behavior Ifv
1031 — 1033 erg/s. Although on the high end of the distribu-expected from a constant Langevin cross section. They
tion of flare luminosity for typical Class I-1l sources, sueh showed that the early fit ddraine (1980) remains accurate
level of X-ray luminosity has been seen in giant flares fromvithin 15%-25%, whereas the approximation adopted by
protostars (chapter bleigelson et al.e.g., Tsuboi et al. SGSL (their Eqn. [4.3]) is too big by a factor of 2. The
2000; Grosso et al. 1997). For lower luminosity objects, overestimate came from the assumption that the rate coef-
additional sources of ionization must be sought (see Sefieient tends to the Langevin rate at low velocities adopted
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tion 2.4 below). by astrophysicists (e.gQsterbrock 1961). After dropping
the contribution from the assumed Langevin behavior, the
2.3 Ambipolar Diffusion revised formula thaGlassgold et al. (2005a) suggested

SGSL should have adopted can be used to a good approxi-

RGS was the first to consider wind heating due to anmation (Eqn. [3.20] irGlassgold et al.2005a).
bipolar diffusion carefully. The authors adopted a spher- SGSL concluded that ambipolar diffusion cannot heat
ically symmetric wind model, with profiles of density, ve-an X-wind in an extended volume up to the temperature
locity and Lorentz forces chosen such that the neutrals weoé ~ 10* K and ionization fraction:, ~ 0.01 or higher in-
accelerated to escape velocity by the ion-neutral dragy Théerred from forbidden optical lines. Even with a better wind
concluded that the ambipolar diffusion associated with theonfiguration and magnetic field geometry, their conclusion
magnetic acceleration was the dominant heating process) ambipolar diffusion agrees with the earlier RGS find-
and adiabatic expansion the dominant cooling process. Thegys. Adopting the revised value ofsuggested bflass-
wind plasma was lightly ionized( 10~*) and cooled be- gold et al.(2005a) does not change this conclusiGarcia
low 100 K at a distance beyori®* times the stellar radius. et al. (2001a), on the other hand, reached the same con-
Such conditions were unfavorable for optical emission irlusion asSafier(1993a) that ambipolar diffusion is able
the predominantly atomic winds. Based on similar chemto heat a self-similar disk wind to a temperature plateau
istry and atomic processelafier(1993a) found on the con- ~ 10*K. However, they obtained a very different profile of
trary that ambipolar diffusion was in fact capable of hegtinionization fraction, a factor of 10 down from Safier (1993a).
a self-similar disk wind easily ta0*K, with an electron The difference was attributed to the omission of thermal ve-
fraction as high as- 0.1 — 1 at distances of- 102 — 10  locity in the ion-neutral momentum-exchange rates adopted
AU from the central star. The discrepancy is not completelpy Safier(1993a), which overproduced the electron fraction
resolved with an improved treatment of ambipolar diffusior{Garcia et al, 2001a) while making no obvious change in
(see below). temperature. The systematic disagreement in the heating of

There are some uncertainties in computing the heatirgglf-similar disk winds and non-heating of X-winds may be



related to the difference in the the exact configurations dfmages, position-velocity diagrams, and diagnostic lae r
the magnetic field throughout the wind, although detailetlos (Section 3.1 and Section 3.2) are most useful to in-
comparative studies are needed to quantify this possibilifer emission properties from comparison with observations

(Garcia et al, 2001aGlassgold et al.2005a). of bright jets of young stars. For young active Class I-
Il sources, red forbidden lines [SlI], [Ol], and [NII] are
2.4 Mechanical Heating and lonization most commonly observed. The modeling of their proper-

ties based on physical conditions arising in the X-wind is
To mimic the effects of time-variabilities often seen indescribed here.
knotty jets, we adopt here a phenomenological expression The ionizations created by X-rays and UV photons and
for the volumetric rate of mechanical heating (Eqn. [5-2] otemperature raised by mechanical heating set the overall ex
SGSL): citation profiles of X-winds. The general pattern of ioniza-
r _ U_S tion along the length of jets produced in SGSL resembles a
mech = & p—. (4) . . . . . .
s trend seen in optical jets from high resolution observation
wherep andv are the local gas density and flow velocity in(e.g.,Bacciotti and Eisbffel, 1999, hereafter BEBBacciott
an inertial frame at rest with respect to the central sta, ar2002): the electron fraction first rises, then decays albeg t
s is the distance that the fluid element has traveled alorigngth of jets following roughly the behavior determined by
a streamline in the flow. Thglobal coefficienta > 0 recombination. The highest values of ionization fraction
phenomenologically characterizes theeragemagnitude inferred from the bases of jets are closet@0-60% (e.g.,
of disturbances, possibly magnetic in origins. A choice okavalley-Fouquet et al.2000; Bacciotti 2002). Overall,
a < 1indicates that only a small fraction of the mechanicathe ranges obtained from model calculations are within the
energy contained in the shock waves and turbulent cascaddsservational findings of 1-60% throughout the lengths of
is dissipated into heat when integrated over the flow volets (e.g.,Ray and Bacciotti2003). To excite optical for-
umes of interest at the characteristic distanc&mall val- bidden lines to the observed level of fluxes and spatial ex-
ues ofa are self-consistent for a cold flow. In the regime oftents, enough emitting volume (and area) of gas needs to be
weak disturbances, the variabilities can be treated ad smheated to temperature gf 8,000 — 10, 000 K. This poses a
perturbations on top of a more steady background flow. constraint for the minimal average value of the parameter
An averaged estimate of is simply adopted for model- for specific X-wind parameters. (For a review on the units
ing purposes. In real systems, the local efficiency of dissip of scaling adopted within X-wind models, readers can refer
tion may determine an for each fluid element. For strong to Shu et al.2000)
disturbancesq should be very localized in nature. This Synthetic images best deliver the direct visual effects of
approach is partly motivated by the knotty appearance @mission predicted from models. The local excitation con-
jets, which indicates time-variabilities in the systemsr F dition expressed in the electron fractiop and tempera-
example, anx ~ 0.002 adopted in SGSL for a slightly re- tureT and cylindrically stratified density distribution of the
vealed source suggests a variation in velocity of less thamnd determines the radiative properties that charaeeriz
5%. Given a typical jet velocity of 300 km/s, this impliesthe source. Fig. 1(a) shows the distributions of electron
a weak shock of 15 km/s decaying over the jet length.  fractional abundance. and temperaturé in a represen-
The thermal profiles generated by all the physical processtaive X-wind solution calculated in SGSL for an active re-
included are consistent with the underlying dynamical propvealed source. Fig. 1(b) shows the synthetic images made
erties, stellar parameters, chemistry, heating and iogizi in [Sll] and [Ol] lines. Note that the emission fans out near
sources in the framework of star-disk interacting systems.the base of the jet, giving an impression of a conic opening
The shock waves represented in equation (4) can alse@ar the base. The appearance differs substantially from
produce UV radiation in the Balmer and Lyman continudhat of isodensity contours, which is strictly cylindridal
that ionize as well as heat the gas. In the same spirit, we ctire model (Figs. 1 and 2 iBhang et al.1998). This ex-
express a phenomenological ionization rate per unit volurample illustrates the importance of computing the excita-

(Shang et aJ.2004; hereafter SLGS): tion conditions self-consistently. They play a crucialerol
in determining how a jet is perceived. The main effect of
P. = Bngv/s, (5)  heating is to change the excitation conditions of the back-

ground flow, which could be roughly modeled by steady-
state solutions. The synthetic images of X-winds obtained
with detailed treatment of excitation conditions strermgth
the notion, put forth originally irShu et al. (1995), that
a5hserved jets are merely “optical illusion”.

where g is the shock-ionization parameter. If the local
medium is optically thin to UV radiation, the simplest way
to ionize locally is to convert mechanical input into UV
photons. This perhaps can help explain some local incre
in ionization fraction, in addition to collisional ionizat.

3. FORBIDDEN EMISSION LINES 3.1 Optical Diagnostics

Thermal-chemical modeling helps to bring theoretical Bright optical emission lines are the best candidates
wind models to confront observations. Predictions of théo diagnose conditions arising in real jets and wind mod-
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Fig. 1.— (a),Left Temperature (upper) and ionization (lower) contours @xth- z plane calculated in SGSL for a fiducial
case characterizing an active but revealed source. Thelosassate adopted Bx 10~3M/yr, andLx /M,, = 2 x 103
erg/g for a X-ray luminosity.x = 4 x 103! erg/s. The parameteris 0.002 with no inclusion of in the case shown. The
units for the spatial scales are AU. (b) Synthetic imagesef811]\6731 (left) and [OIA6300 (right) brightness for the
same model as in (a) adapting the methodSluding et al.(1998). The log, of integrated intensity is plotted in units of
ergs ! cm 2 ster .



els. Important constraints can be extracted from the rek-wind jet of mass loss raté x 10~8 M /yr, using model
ative strengths of the optical forbidden lines, with knowl-data points from the images shown in Fig. (1b). Observa-
edge of their individual atomic structures, and physicalpr tional data for the HH objects studiedRaga et al.(1996),
cesses of excitation and de-excitation. BE developed and DG Tau (from Fig. 3 ofavalley-Fouquet et a/2000)
semi-experimental approach that has been widely appliede plotted on the same diagram for comparison. AO data
to available HST and Adaptive Optics data. The so-callefbr RW Aur (Dougados et a).2002) would also be located
BE technique is based on some simple assumptions. The yethin the coverage of the model points. The model points
emitting region is optically thin. The electron fractiopis encompass most of the observational data. With only a few
determined solely by charge exchange with N and O. Cosources, which are known to be strong shock excited objects
lisional ionization and photo-ionization (via shocks) dit n (in knots or bow shocks), lying outside of the loci traced
contribute until shock velocity exceeds 100 km/s. Sulfur iy the shape of potential curves, the distribution of physi-
singly ionized because of its low first ionization potential cal and excitation conditions reached in an X-wind jet for a
The ratio of [SII] doublets\6717 and A6731 can be used slightly revealed source indeed captures the averagecondi
as a density indicator of. up to2 x 10* cm=3, if the two  tions inferred from optical jets.
sulfur doublets are treated as a two-level system. The ra- From the comparison of theoretical and observational
tio of [OI](A6300 + A6363) and [NII](A6548 + \6583) and  data, SGSL concluded that the treatment of weak shocks on
that of [SIIJ(\6717 + A6731) and [OI] (A6300 + A6363) top of a steady-state background flow appears to recover the
are tracers of the electron fraction and temperaturé,, excitation conditions inferred from a large set of optieds;j
respectively. The background abundances of each of tlaed HH objects. The dynamical properties in fact remain
atomic species are assumed to be solar: N/Hx 10~%, close to the cold steady state solution of the underlying X-
O/H=6.0 x 10~%, and S/H4.6 x 10~°. There was no wind model. The wide range in shock conditions inferred
implicit assumption made for the excitation mechanismsn the jets may not be a coincidence. Most optical emission,
although some uncertainties exist in the atomic and ioniexcited by a network of weak shocks, may be the tell-tale
physics used in BE. Applying BE to bright jet sources typiraces of vastly varying density structures that cannotbe o
ically yields0.01 < z. < 0.6, and7000 < T, < 2 x 10*  servationally resolved with the current instrumentatiaut,
(see the chapter iyay et al.for more detailed discussions). whose presence can be inferred from detailed modeling.
The total hydrogen nucleiy is derived using the upper
limit of n, = 2 x 10* cm™3 for the sulfur doublets and 3.2 Infrared Diagnostics
the inferred electron fractiom, (Bacciotti 2002). Similar
analyses extended to IR or semi-permitted UV lines from Compared to optical emission, the near-IR lines have
the same or different species, could provide independettite obvious advantage of being less affected by extinction
checks on the derived parametens,(x.,T.,ng) and the (Reipurth et al, 2000). However, their radiative properties
mass loss rates. have not been theoretically explored as thoroughly. Strong
Cross-correlation of different lines can reveal interestrear-IR lines of the abundant ion [Fell] are frequently as-
ing trends in the underlying physical conditions of jetssociated with Class | sources or revealed T-Tauri sources
Dougados et al(2000, 2002) used diagrams of relative lineof relatively high mass accretion ratd3gvis et al, 2003).
strengths to infer physical conditions in strong micrajet Sources showing strong [Fell] and optical forbidden lines
DG Tau and RW Aur (e.g., Fig. 4 &ougados et a).2002). such as L1551-IRS3yo et al, 2002, 2005a) and DG Tau
They found that the line ratio [NII]/[Ol] increases with, (Pyo et al, 2003) have been well studied observationally
[SII)/[Ol] decreases with increasing electron temperaturat both wavelengths. RW Aur and HL Tau have recently
and electron density fat. > n.,, the critical density. The been studied by the Subaru telescope with spectroscopy and
observational data were compared with the predictions aefdaptive opticsRyo et al, 2005b), adding to the list of
a few models. Planar shockiddrtigan et al, 1994) trace sources available for multi-line modeling.
a family of curves in the [SIIK6717A6731)-[SII]/[OI] di- The [Fell] ion has hundreds of fine structure levels.
agram. Shock curves for different pre-shock densities afhe large number of possible transitions between the levels
distinctly separated out on the [NI])/[OI]-[SI)/[O]] dia makes the calculation of level populations a daunting task.
gram. Curves from viscous mixing layers with neutraMost atomic data and radiative coefficients of [Fell] were
boundariesBinette et al, 1999) and a version of the cold not available until after the mid-90’'szhang and Pradhan
disk-wind model heated by ambipolar diffusio@drcia et (1995) included 142 fine-structure levels for transitioms i
al., 2001a,b) follow trajectories on the diagrams that are di$R, optical, and UV, and 10011 transitions were calculated.
tinct from those of shock models. On the same diagramsblartigan et al.(2004) included 159 energy levels and 1488
Herbig-Haro objects obtained by ground-based telescopt&ansitions for coverage of wavelengths longer than #000
(Ragaet al.1996) follow closely shock curves of pre-shockFor the purpose of modeling only cooler regions of jets and
density10%2 — 102 cm—3 [Fell] in the near-IR, a simplified non-LTE model for the
Line ratio diagrams have been used to constrain the Xewest 16 levels under the optically thin assumption may
wind model. SGSL constructed a line ratio diagram oprovide a reasonable approximation, as showPdsenti et
[SIIA6716/[SIINN6731 and [SIIAN6731/[OI]A6300 for an al. (2003). The level populations are computed under sta-



tistical equilibrium with electron collisional excitaticand (e.g.,Evans et al.1987;Anglada 1996). They show good
spontaneous radiative emission processes. The lowest lalignment with large-scale optical jets and outflows, usu-
els of the [Fell] ion may remain collisionally dominated asally identifiable with the youngest deeply embedded stel-
suggested byerner et al. (2000) as in the case of Orion lar objects, and have partial association with optical gets
Nebula. For the brightest lines whose ratios are to be takeidgrbig-Haro objects. In a few YSO sources such as L1551-
results fromPesenti et al.(2003) andPradhan and Zhang IRS5, DG Tau B, and HL Tau, the optical jets trace material
(1993) agree well fon,, ranging from 10 tal0® cm=3 and  on scales of several hundred AU and larger, while small ra-
temperature from 3000 @ x 10*K. dio jets from ionized material are only present very close
Critical densities derived from the forbidden lines are ofto the (projected) bases of the optical jgRofliiguez et al.
ten used to infer densities from which the radiation origi1998;Rodiiguez et al.2003). The emission from low-mass
nates. The [Fell] near-IR lines have critical densitieshia t radio jet sources is weak, typically at few mJy level.
range of~ 10* — 10° cm~2 for temperature up ta0* K The production of mJy radio emission has long been a
(Table 1 inPesenti et a].2003), sitting between the critical problem for the theory of jets and winds in low-mass YSOs
densities of [SII] & 102 cm~3 from 16 levels) and [Ol]£  (Anglada 1996). Previous workers agreed that stellar radi-
10% cm™3). The ratio of the two brightest lines, [Fell]1.644 ation produced too little ionization to account for the abse
pm and 1.533:m can be a diagnostic fot. in the range vations (e.g.Rodfiguez et al.1989).Rodfiguez and Caidt
~ 10% — 10° cm3. This may be combined with bright (1983) andTorrelles et al. (1985) pointed out that ther-
transitions in the red (0.8617 and 0.889%) to derive an malization of a small fraction of kinetic energy of a neutral
estimate on temperaturligini et al, 2002a).Pesenti et al. flow might provide the ionization rates inferred from early
(2003) proposed a line-ratio diagram based on the correadio observations. The role of shock-produced UV radi-
lation between 1.644m/1.533:m and 0.8614Zm/1.257um  ation has also been investigated (etggrtmann and Ray-
(Fig. 3 inPesenti et a].2003).Nisini et al. (2005) adopted mond 1984; Curiel et al, 1987; Ghavamian and Harti-
1.644:m/1.533:m and 1.644m/0.862:m as their diagnos- gan 1998). Ghavamian and Hartigai§1998) investigated
tic diagram (Fig. 6 inNisini et al, 2005). (Note: the no- free-free emission from postshock regions that are opyical
tation of lines in this section Section 3.2 is changed fronthick at radio frequencies. They computed radio spectra un-
the optical diagnostics in Section 3.1 to follow the standarder a variety of shock conditions@ < n < 10° cm=3
practice of the infrared diagnostics for easier identifaat and30 < V < 300 km/s). Gon&lez and Card (2002)
with literature.) obtained thermal radio emission at the mJy level by model-
Multiline analysis across accessible wavelengths, iring periodically-driven internal shocks in a spherical @in
cluding the optical forbidden lines, of [Fell], [Ol], [SI]] The radio free-free emission comes from the working sur-
[NII], and even H lines together, may sample the paramfaces produced by time-varying ejections. In this model,
eters space more completely than individual bands. Suthe emission is variable and optical thickness changes with
analysis provides a check on diagnostic tools derived frotime. At times, emission may completely disappear. SLGS
individual wavebands. It also serves as a more reliable appplied the thermal-chemical model of SGSL to radio jets,
proach to infer the physical conditions from emission linesvith wind parameters suitable for Class | sources. They
of jets. Nisini et al. (2005) was the first to demonstrateconcluded that UV radiation from the same shocks that heat
such an approach through spectra collected for HH1. Usirtge X-wind may play a role in the ionization structure of ra-
line ratios from [SII], near-IR and optical [Fell], and [l dio jets.
they found evidence for density stratification. The derived Compared with optical and IR emission, the radio emis-
temperature also varied from 8000—-11000 K using [Fell] tgion suffers the least from dust extinction. This makes the
11000-20000K using [OI] and [NII]. This result suggestgadio free-free emission a powerful diagnostic tool forpro
that different lines originate from distinct regioridigini et ing close to sources that are under active accretion (e.g.,
al, 2005). The results may be a reflection of the fact thaReipurth et al. 2002, 2004;Torrelles et al, 2003). The
different diagnostics are sensitive to different physemal- archetype L1551-IRS5 is by far the best studied example.
ditions. The electron densities derived are higher than tHe shows jets in both forbidden lines and radio continua.
values obtained by applying the BE technique, while th®odiiguez et al. (2003) obtained VLA observations with
temperature follows an opposite trend. The combined apn angular resolution of 01 (14 AU), and found two ra-
proach has been applied to only a few cases to date. It méio jets from the now-identified binary (e.qRodiiguez et
become increasingly more useful as more IR observatioas, 1998) at the origins of the larger scale jets observed
are become available, particularly from VLTI/AMBER.  in both optical and NIR wavelengthBr{dlund and Liseau
1998;ltoh et al, 2000). For comparison with the best avail-
able observation, SLGS made an intensity map at 3.6 cm
4. RADIO CONTINUUM based on a profile like Fig. 1 for an X-wind jet of mass loss
ratel x 10~5Mglyr, similar to that inferred from HI mea-

Radio jets are elongated, jet-like structures seen on Su%grements of neutral wind&ovanardi et _al, 2900)' The
gated contours show clearly the collimation due to the

arcsecond scales near stars of low and intermediate masggF ) . . ) .
cylindrically stratified density profiles of electrons whic



the free-free emission is sensitive of. The apparent colldisk region, perhaps close to the disk truncation or corota-
mation can be traced down to below 10 AU level, beyontion radii. The dynamics of inner disk-driven winds will be
which radio observations become unresolved. Contour-byeviewed in the Section 5 (see also the chaptdpbgritz et
contour comparisons are possible when the theoretical iat.). Here, we concentrate on the effort in modeling emis-
tensity maps are convolved with the real beams to praion from inner disk-winds, which parallels that described
duce synthetic radio images. Direct comparison with obabove for X-winds.
served radio maps, such as the ones shown in Figure 1 of To date, emission modeling of disk winds has been
Rodiguez et al.(2003), can yield important constraints oncarried out using self-similar solutions.Garcia et al.
detailed physical processes such as heating and ionizati¢d001a,b), for example, adopted a self-similar solutionfr
To produce radio emission at the mJy level through theFerreira (1997). They concluded that ambipolar-diffusion
mal bremsstrahlung, enough mass loss rate is needed. hAating was able to createwaarm temperature plateau of
lightly ionized jet in a light wind would produce a radio 10* K as in Safier(1993a). However, the electron frac-
emission that is well below the sensitivity of current teletion was an order of magnitude below the typical ranges
scopes and too small to be resolved even with interferometferred from observation&arcia et al, 2001aDougados
ric arrays. The preferential detection of radio jets at mJgt al, 2003). Even for a relatively large wind mass loss
level and sub-arcsec scales may be an observational seleate of 10~5M/yr, the average densities are lower than
tion effect. Radio continuum observations, particulatly athe inferred values of0° to > 10° cm~3 by one order of
the highest possible resolution, can probe the jet stractumagnitude at projected distancesl 00 AU as in the micro-
near the base in a way that complements the optical afets Dougados et a).2004). Overall, these so-calledld
near IR observations. disk wind models were unable to reproduce integrated line
The fluxes of radio jets are characterized by a small noriluxes in a large sample of classical T-Tauri stars unless a
negative spectral indeX§,, o« v? andp > —0.1, consis- large amount of additional mechanical heating is included.
tent with a thermal origin in ionized winds. The classicThat heating may produce, however, too high an ioniza-
example of an unresolved, constant-velocity, fully-i@az tion fraction to be consistent with observatio@sBrien et
isothermal, spherical wind has= 0.6. Reynold1986) al., 2003;Dougados et a).2004). A mechanism is needed
showed thaip < 0.6 occurs for an unresolved, partially to heat the wind efficiently without overproducing ioniza-
opaque flow whose cross section grows more slowly thaion. A clue for such a mechanism may come from the line
its length. The index can vary from= 2 for totally opaque ratios. In the inner regions of the DG Tau and RW Aur
emission tgp = —0.1 for totally transparent emission. Ob- micro-jets, curves of moderate shock velocities produced
servers have usually interpreted radio data with Reynoldby planar shock models seem to fit the excitation condition
model, obtaining the spectral index from total flux measuresest (avalley-Fouquet et al2000;Dougados et a).2002).
ments at several wavelengths (elgqdiiguez 1998). A This leads to a conclusion similar to that of SGSL (see Sec-
more detailed analysis is now possible employing the apion 2.4): mild internal shocks due to time variability ireth
proaches developed in Section 2. A relationSgfv per- ejection process may play a role in generating the required
formed on X-wind models with self-consistent heating andjently varying excitation conditions.
ionization can best illustrate the behavior at various mass Driven from a range of disk radii, a disk wind is ex-
loss rates. For mass loss rates lower thari0~"Myr—!, pected to have a range of flow speeds. The variation in
S, o« v~ %1 indicating transparent emission. The spectrapeed may account for the coexistence of a high-velocity
turn over around 8.3 GHz as the mass loss rate increasesctimponent (HVC) and low-velocity component (LVC) ob-
M, ~ 3 x 107" Mgyr~', suggesting at this mass loss rateserved in many source€4brit et al, 1999;Garcia et al,
emission from optically thick region starts to appear. FoR001b). In particular, the self-similar disk wind model ap-
mass loss rates higher than the “cross-over’ massifate pears capable of producing the two emission peaks in the
the index is approximately 0.3—which is very close to whaposition-velocity diagrams (PV) of DG Tau and L1551-IRS.
has been inferred for L1551. The value also matches th@ihe spatial extents of the LVC emissions exceed, however,
predicted for a collimating partially optically-thin witlat  the model prediction (e.gResenti et al.2003;Pyo et al,
is lightly ionized. 2002, 2003, 2005a). The LVC may have a more compli-
cated origin. The observed kinematics were best fit with
self-similar solutions in which mass-loaded streamlirmes a
5. EMISSION FROM INNER DISK WINDS coming out from disk radii of 0.07-1 AUGarcia et al,
2001Db); these are inner disk winds. For the HVC, the over-

On general energetic grounds, the fast-moving jets ar?dl observec_i V_EIOCiW Widths. seem 10 be narrower than the
winds observed in YSOs, if driven magnetocentrifugall;/,“.OOIeI predictions. Some d'Sk'Wm.d models ShO\.N deceler-
are expected to come from a disk region close to the cefition of the HVC (due to refocusing of streamlines) that
tral object. X-winds automatically satisfy this requireme Is rarely observedl_:(esenu et al. 2003; Dougados et aJ
For disk-winds to reach a typical speed of a few hundreaOO4)‘ It would be interesting to see whether these discrep-

km/s, they would most likely be launched from the innerancies can be removed when the self-similarity assumption
’ is relaxed.



The X-wind is an intrinsically HVC-dominated wind outer radiusR,. As the axis is approached, the magnetic
with a strongly density-collimated jet. The velocity prefil field lines are forced to become more and more vertical by
extends smoothly to the lower velocity range without apsymmetry and less and less capable of magnetocentrifugal
parently distinct peaks of emission in a steady-state modelind-launching. Thus, a fast, light outflow is injected from
The detailed shapes and locations of the emission peatke disk surface insid&;, which may represent either the
may be further affected by local excitation conditions in{coronal) stellar wind or the magnetosphere of the star en-
side the winds. The general features of the HVC can bésioned in the X-wind theory. Two representative wind so-
modeled in a steady-state X-wind. Some well observeldtions, both withR; = 0.1 AU and R, = 1.0 AU, are
sources such as RW Aur and HL Tau, have a predominasthown in Fig. 3, after a steady state has been reached. Note
HVC (e.g.,Bacciotti et al, 1996;Pyo et al, 2005b). Their that the isodensity contours become nearly parallel to the
observed position-velocity diagrams and images in variowxis in the polar region at large distances. The wind solu-
lines closely resemble model predictions (Figs. 2 and 3 ition in the lower panels of Fig. 3 has a mass loading that
Shang et al.1998; Fig. 4 in SGSL). The much weaker LVCis more concentrated near the inner edge of the Keplerian
may come from the slight extension into the lower velocitieslisk. It resembles the X-wind solution shown in Fig. 1 of
due to the natural broadening in the x-region in real systen&hang et al.(1998). This cylindrical density stratification
(Shu et al.1994), or may originate in a weaker (and slowerjs in agreement with the asymptotic analysisStfu et al.
disk wind. The much broader, stronger and extended LV(1995; see alsMatzner and McKeel999), which predicts
emissions from L1551 and DG Tau may come from a sepihat the dense, axial “jet” is always surrounded by a more
arate strong disk-wind surrounding the faster X-wind jettenuous, wide-angle component.

Possible interaction between a disk-wind and X-wind is a Anderson et al(2005a) carried out a parameter study of
topic that deserves future attention. the large-scale structure of axisymmetric magnetocentrif

We note that the X-wind is an integral part of the disk-gal winds launched from inner disks, focusing on the effects
magnetosphere interaction, which also includes funnelf mass loading. They found that, despite different degrees
flows onto the stellar surface. Possible connections bef flow collimation, the terminal speed and magnetic level
tween the disk-winds and funnel flows, if any, remain to barm scale with the amount of mass loading roughly as pre-
elucidated. dicted analytically for a radial windSpruit 1996). As the

mass loading increases, the wind of a given magnetic field

distribution changes from a “light” regime, where the field
6. INNER DISK WINDS: SIMULATIONS lines remain relatively untwisted up to the Alfvén surface

to a “heavy” regime, where the field is toroidally domi-

Since PPIV, MHD wind launching and early propaga-nated from large distances all the way to the launching sur-

tion has risen to the main focus of a number of numerica{?f:e' _The existence of such heavily Igaded wmd.s has_, im-
simulations. These simulations generally fall into tweeeat plications for mass loss from magnetized accretion disks.

gories, depending on how the disk is treated. Some workeyghether they are stable in 3D is an open guestion.
include the disk as part of the wind simulation (eJu- It has been argued that magnetocentrifugal winds may
doh et al, 2003; von Rekowski and Brandenbyrg004) be intrinsically unstable, at least outside the Alfvérface,

- ; - here the magnetic field is toroidally dominategidchler,
an approach pioneered bichida and Shibat#1985). The w . -
disk-wind system generally evolves quickly, and the Ionglg%)' Lucek and Bel(1996) studied the 3D stability of

term outcome of the simulation is uncertain, at least iR (non-rotating) jet accelerated and pinched by a purely

the ideal MHD limit. In the presence of magnetic dif-_torOiOIaI magnetic field. They found that the m=1 (kink)

fusion, steady state solutions can be obtained numerically tability can grow to the point of causing the tip of the

(Casse and Keppen2002). These solutions extended thd t:_o fo.ld l;ack upon |tielfa_ﬁThe|rtr:ech?r?lsm of ]ett for-
semi-analytic self-similar disk-wind solutiong/ardle and mation 1S, however, quite ditierent from the magnetocen-

Konigl, 1993;Li, 1995;Ferreira and Cassg2004) into the tr_ifugal_mechanism._Ouyed et al. (2003) ca_lrried out 3[? .
non-self-similar regime. Other workers have chosen to fo§|mulatlons OT colgl jets launched m_agne_tlcally along ini-
cus on the wind properties exclusively, treating the disk astlally vert_|cal field lines from a Keplerian disk. Th,ey found

boundary Krasnopolsky et aJ.1999, 2003Bogovalov and that the jets become unstable beyond the Alfvén surface,

Tsinganos 1999: Fendt andéemelji: 2002: Anderson et but the instability is prevented from disrupting the jet by a
" - ' : self-regulatory process that keeps the Alfvén Mach num-
al., 2005a), following the original formulation d€oldoba ber close to unity. Anderson et al. (2005b) adopted as

rWeir base models steady axisymmetric winds driven mag-
netocentrifugally along open field lines inclined more than
30° away from the rotation axis. They increased the mass
doading on one half of the launching surface by a factor of
]6{)1/2 and decreased that on the other half by the same fac-
tor. The strongly perturbed winds settle into a new, non-
axisymmetric steady state. There is no evidence for the

the launching surface to large, observable distances.
The simulation setup dkrasnopolsky et al.(2003) is
closest to that envisioned in the X-wind theory. The win
is assumed to be launched magnetocentrifugally from
Keplerian disk extending from an inner radilg to an



growth of any instability, even in cases where the mag-
netic field is toroidally dominated all the way to the launch-
i I ‘ ‘ ‘ 1 ing surface. One possibility is that their magnetocentrifu
| \ gal winds are stabilized by the strong axial magnetic field
2o - enclosed by the wind, as envisionedShu et al. (1995),
| \ although this possibility remains to be firmly established.
Lo More discussion of outflow simulations is given in the chap-

| \ ter by Pudritz et al.
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7. SIGNATURE OF WIND ROTATION

gl

In the ballistic wind region well outside the fast mag-

L=
P

ol N | netosonic surface, an approximate relation exists between
{ 2 \ the poloidal velocity component in the meridian plape.
\ ‘ ‘ ‘ ‘ J and toroidal componeni, . at a given location (of dis-
-30 -20 -10 10 20 30

tancew,, from the axis) and the angular spe@g at the
foot point of the magnetic field line passing through that
Fig. 2.— Free-free intensity contours (in units ergcis~ ! location by Anderson et a).2003)
str-!) for the X-wind model using parameters scaled up )
from the SGSL ratioLx /M, = 2 x 10" ergg™': M, = 0 = Vp, 00/ 2 _ (6)
107SMeyr!, Lx = 1.3 x 10*3 erg s}, a = 0.005, and Vg, 00Woo0
p=0. This relation follows from the fact that both the energy
and angular momentum in the wind are extracted by the
same agent, the magnetic field, from the underlying disk.
The angular momentum is extracted by a magnetic torque,
which brakes the disk rotation. The energy extracted is sim-
ply the work done by the rotating disk against the braking
torque Spruit 1996). To extract more energy out by a given
torque, the field lines must rotate faster, which in turn nsean
that they must be anchored closer to the star. At large dis-
tances well outside the fast surface, most of the magnetic
energy is converted into the kinetic energy of the wind, and
most of the angular momentum extracted magnetically will
also be carried by fluid rotation. Therefore, the fluid en-
ergy and angular momentum at large distances are related
through the angular speed at the foot point. Note that all
guantities on the right hand side of equation (6) are in prin-
ciple measurable.

From these measurements, one can deduce the rotation
rate at the foot point, and thus the wind launching radius
approximately from

Too \23 [ Voo \2/3
- 07 ( ) ’ )
“o 10 AU (10 kms—!
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. . . . . . Up,oo —4/3 M* 1/3
Fig. 3.— Streamlines (light solid) and isodensity contours (m) (1 Y ) AU, (7)
(heavy solid lines and shades) of two representative steady ©
wind solutions on thel0 AU (left panels) andl0> AU  provided that the stellar madd, is known independently.
(right) scale. The dashed line is the fast magnetosonic sur- The above technique for locating wind-launching re-
face, and the arrows for poloidal velocity vectors. The wingjion was applied to the low velocity component of the
solution in the lower panels appears better collimated iDG Tau wind, for which detailed velocity field is available
density. It has a mass loading that is more concentraté®m HST/STIS observation8gacciotti et al, 2000, 2002).
near the inner edge of the Keplerian disk. These observations allow one to derive not only the line of
sight (radial) velocity component but also the rotatioral v
locity. Since the inclination of the flow axis is known for
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this source, one can make corrections for the projection eé#004). Although a small fraction of such cores can have
fects to obtain the true poloidal and toroidal velocitieeeT subsonic infall motions, the majority expand transonicall
result is shown in Fig. 4. The straight lines connect an obar even supersonically. The rapid contraction may be dif-
serving location where data are available and the locatiditult to reconcile with the observational results that caly
on the disk where we infer the flow in that region originatesfraction of dense cores show clear evidence for infall and
One can think of these lines loosely as “streamlines”. the contraction speeds inferred for the best infall cartd&la
The LVC of the DG Tau wind appears to be launchedre typically half the sound speellyers 1999). Subsonic
from a region on the disk extending from 0.3 to 4 AU  contraction, on the other hand, is the hallmark of the stan-
from the central star (the exact range depends somewhatdard scenario of core formation in magnetically subcriti-
the distribution of emissivity inside the jet; s@esenti et cal clouds through ambipolar diffusioNékang 1984;Shu
al., 2004). That is, the spatially extended, relatively lowet al, 1987; Mouschovias and Ciolekl999). Predomi-
velocity flow appears to be a disk wind, as has been susantly quiescent cores are formed in subcritical clouds eve
pected for some timekfvan and Tademarul988).Ander- in the presence of strong turbulendgakamura and Li
son et al.(2003) have also estimated the so-called “Alfvér2005). The magnetically-regulated core formation is con-
radius” along each streamline, which is simply the squargistent with Zeeman measurements and molecular line ob-
root of the specific angular momentum divided by the roservations of L1544Ciolek and Basu2000), arguably the
tation ratecwy = (v¢,oowoo/ﬂo)1/2- It turns out that the best observed starless cofi@afalla et al, 1998).
Alfvén radius is a factor of 2-3 times the foot point radius Dynamically important magnetic fields introduce anisoyrop
(the Alfvén points are indicated by the filled triangleshet to the mass distribution of the core. This anisotropy is il-
figure). This implies that the mass loss rate in the wind iBistrated inLi and Shu(1996b), who considered the self-
about 10-25% of the mass accretion rate through the diskimilar equilibrium configurations support partly by ther-
if the disk angular momentum removal is dominated by thenal pressure and partly by static magnetic field. These

magnetocentrifugal wind. configurations are described by
There is a high velocity component of more than 200 km 9 A
s~ ! in the DG Tau system. It is not spatially resolved in the p(r,0) = 2(1?}{(9); O(r,0) = %gﬁ(a)’ (8)
TGr

lateral direction, and is likely originated within 0.3 AU of
the star. It could be an X-wind confined by the disk windwhere R(0) and¢(6) are dimensionless angular functions
One can in principle use the same technique to infer whe# mass density and magnetic flux, respectively. They are
the high velocity component originates if its emission casolved from the equations of force balance along and across
be spatially resolved. This may be achieved through optic#ie field direction. The solutions turn out to be a linear
interferometers in the future. A potential difficulty is tha sequence of singular isothermal toroids, characterizeal by
the highly collimated HVC may be surrounded (and eveparameteiH,, the fractional over-density supported by the
confined) by an outer outflow (perhaps the LVC), whichmagnetic field above that of supported by thermal pressure.
could mask its rotation signature along the line of sightAs H, increases, the toroid becomes more flattened. These
The projection effect can create a false impression that theroids provide plausible initial conditions for protolie
toroidal velocity in a rotating wind increases with the dis-collapse calculations.
tance from the axisHesenti et al.2004). Also, both the Allen et al. (2003a,b) carried out protostellar collapse
LVC and HVC could be intrinsically asymmetric with re- calculations starting from magnetized singular isothérma
spect to the axis, which could create velocity gradients th#oroids, with or without rotation. Examples of non-rotafin
mimic rotation. This possibility is strengthened by the obeollapse are shown in Fig. 5 in self-similar coordinates.
servation that the disk in RW Aur appears to rotate in th&he dynamical collapse of magnetized toroids proceedsin a
opposite sense to the purported rotation measured in tkelf-similar fashion as in the classical non-magneti&dy(
wind (Cabrit et al, 2005; see also chapter [Ray et al). 1977) or strongly magnetized.i(and Shy 1997) limit.
The apparent rotation signatures should be interpretdd wiProminent in all collapse solutions of non-zeitky is the
caution (for more discussion, sBay et al). dense flattened structure in the equatorial region. It is the

pseudodisk first discussed @alli and Shu(1993a,b).

For rotating toroidsAllen et al. (2003b) concluded that

8. DENSE CORE ENVIRONMENT for magnetic fields of reasonable strength, the rotation is

braked so efficiently during the protostellar accretionggha

As a wind driven from close to the central stellar Ob_that the formation of rotationally supported disks is sup-

ject propagates outward, it interacts with the dense Co'cgessed_ in the_ldee_ll MHD limit. _Non—ldeal effects, such
: : as ambipolar diffusion or magnetic reconnection, must be

tion properly, one needs to determine the core structur‘é?ns'qered for the all-important p_rotostellar disks to ap-
ar in the problem of star formation. Most of the angu-

which depends on how the cores are formed. One schodf ¢ £ th I d material i db

of thought is that the cores are produced by shocks in s O—\rlvrzg;neznv\lljirr? doMagn(;ct)icat?rzla(ingn?jr?\:lean \I;inrg;nr?;\?e beye?\
ically turbulent clouds (e. L d KI ) ' )

personically turbulent clouds (e.gdac Low and Klessen obtained in the 2D simulations domisaka(1998, 2002)
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and 3D simulations oMachida et al.(2004) andBanerjee
and Pudritz(2005). It is tempting to identify these winds
with bipolar molecular outflows. They move, however, too
slowly (with a typical speed of a few times the sound speed)
to be identified as such. Nevertheless, the slow wind can
modify the ambient environment for the fast jet/wind driven
from close to the central stellar object, and should be in-
cluded in a complete theory of molecular outflows. It would
be interesting to look for observational signatures of mag-
netic braking-driven (slow) outflows, perhaps around the
youngest protostars.
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9. MOLECULAR OUTFLOWS

Cylindrical radius (AU)

9.1. Unified Wind-Driven Shell Model

Fig. 4.— Calculated “streamlines” for DG Tau. The left
panel shows the observation points from Region Il (soligal

"ggg)z’ i (dashf?j)}aTS v (ltjaTh{d(;)t]ctedg Ba_c:(iiottic (tart] alfl tor et al). The properties of outflows driven by winds were
( ) connected to the calculated foot points of the Wirst quantified inShu, Ruden, Lada, and Lizar{®991,

The right IS a blow-up of the Inner region, shoyvmg Wherehereafter SRLL). It is often stated that the shell model of
the flow originates from the disk. Also shown is the locax

i fthe Alfvé ¢ | h “st line” as fil dSRLL is applicable to the class of broad, “classical” CO
tlrci)ar]ncg:)jlese ven surtace along each “streamiine” as fille outflows, but not to the newer class of highly collimated

sources Bachiller and Tafalla 1999). Recent calculations
have shown that this need not be the caShahg et al.
2005, 2006, in preparation). Here, we focus on the advances
on the wind-driven shell model since PPIV, starting with a
quick overview of the SRLL model.

The SRLL model is characterized by two dimensionless

Models for molecular outflows generally fall into two
tegories: jet-driven and wind-blown (see chapteHlyg-
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‘ N7 functions,P and@, that specify the angular distributions of
3 O wind momentum per steradian and ambient density
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S eSS whereaq is the isothermal sound sped@ the gravitational
1 constant, and/,, andv,, represent the mass loss rate and
velocity of the wind. If the ambient medium is swept
into a thin shell by the wind in a momentum conserving
fashion, the angular distribution of the speed, and thus the
shape, of the shell is determined by a bipolarity function
B (P/Q)Y2.
Current observations are unable to provide detailed in-
4 2 T ] formation on the function$(6) andQ(#). They can be
B determined theoretically in idealized situations. Formexa
_ ) ) ple, one can use as the angular distributig@) the func-
F|g: 5'__ Collapse S,OIUt'OnS for different degrees of magg,,, R(0) in equation (8), which describes the density dis-
netization characterized WO = 0, 0'12,5’ 0.25,0.5. The tribution of a magnetized singular isothermal toroid. This
contours of constant self-similar density Gt?p are plot- was first done irLi and Shu(1996a), who also adopted an
ted as dashed lines, with the shades highlighting the high.jized angular distribution for wind momentur(6) o

(jensity_regions. The magneticfielt_j lines are plotted ad solil/ sin? 0 that is motivated by an asymptotic theory of mag-
lines, with contours of constapt(ratio of thermal and mag- netocentrifugal windsghu et al, 1995). For a toroid of

netic pressures; dash-dot-dashed) superposed. Remese&t/er-density parametei, — 0.5 (which gives an aspect

tive velocity vectors are shown as arrows, and dotted "nerﬁtio of column density contours of about 2:1, as typically
are contours of constant speed. observed in low-mass corelslyers et al, 1991), the bipo-
larity functionB corresponds to a shell of hour-glass shape,
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with a relatively wide opening near the base. This simpleally view the sequence of models with increasing degrees
analytic model can explain several features commonly olwf toroid flattening in Fig. 6 as an evolutionary sequence in
served in molecular outflows, including mass-velocity retime: as the collapse empties out an increasingly larger re-
lation and Hubble-type expansion. The fact that the sheflion near the star, the outflow cavity becomes wider near
in the model does not close on itself raises the question tie base in time.

its applicability to relatively young sources whose shefls Another improvement would be in treating the wind-
outflowing material are often observed to be closed. ambient interface, where mixing is expected due to Kelvin-

Shang et al. (2005) reconsidered the above model oHelmholtz instability. Cunningham et al.(2005) treated
molecular outflow formation through numerical simula-the interface using Adaptive Mesh Refinement (AMR) tech-
tions. The simulations, carried out using ZeusZRohe niques, extending the work dBardiner et al. (2003)
and Norman 1992), allowed them to relax some of theby including molecular, ionic and atomic species, cool-
simplifying assumptions made in the analytic models. Exing functions and molecule recombination and dissociation
amples of the numerically computed shells are shown ifihey were able to partially resolve the strongly cooling,
Fig. 6. These are obtained by running a cylindrically stratishocked layers around the outflow lobes. They found that
fied, toroidally magnetized wind of Alfvén Mach numiger the shocked wind and ambient medium are not completely
into toroids of different degrees of flattening, charaaiedi mixed along the walls of the wind-blown cavity, but noted
by the over-density parametéfy = 0.25,0.5,1.0,and1.5.  that this result might be affected by their limited resauti
Common to all cases is the apparent two-component dedespite the fact that AMR was used.
sity structure: a dense axial jet, which is part of the priynar
wind, and a dense, closed, shell, which encases the jet. Be-9.2. HH211 and SiO Emission
tween the jet and shell lies the wide-angle wind.

Note that the same density-stratified wind produces As mentioned earlier, the wind-driven shell model
shells of varying degrees of collimation, some of whichwas thought to be unable to explain the class of highly-
are jet-like. The jet-like shells are produced in relatvel collimated molecular outflows. It turns out, however, that
weakly magnetized toroids (with values éf, less than the prototype of the class, HH211, may have structures that
unity), which have a relatively narrow low-density polarmost closely correspond to the predictions of the unified
funnel through which the primary wind escapes. Even ishell model.
more strongly magnetized toroids, the shells are still sig- The HH211 outflow in the IC 348 molecular cloud com-
nificantly elongated, despite the fact that the density digplex (D~315 pc) was discovered in the NIR;Hemis-
tribution in the ambient toroids is strongly flattened. Thesion (McCaughrean et aJ.1994). It is driven by a low-
elongation is due, to a large extent, to the anisotropy in tHaminosity (3.6L) Class 0 protostar and is considered to
momentum distribution intrinsic to the shell-driving pri- be extremely young, with a dynamical age of onaly50
mary wind. In this picture, both the dense, axial “jet” partyr. The high-resolution (1§ CO .J=2-1 observations by
of the wind and the more tenuous “wide-angle” componerbueth and Guillotea{1999) revealed a remarkable struc-
participate in shaping the shell structure: the jet costioé  ture: the low-velocity CO delineates a pair of shells whose
length of the shell and the wide-angle component (togethéips are associated with NIRJHemission, while the high-
with the lateral ambient density distribution) the widttheT  velocity CO traces a narrower feature whose velocity in-
jet-driven and wind-blown scenarios are thus unified in thereases linearly with distance from the star. PV diagrams
single framework of SRLL, which appears capable of proef the CO emission show parabolic shapes characteristic of
ducing both classical and jet-like molecular outflows. Inwind-driven shellsi(ee et al, 2000). It is plausible that the
particular, the fast SiO jets observed in the prototype o£O emission traces a shell of ambient material swept up by
jet-like outflows, HH211, find a natural explanation in thisa (wide-angle) primary wind.
unified model (see Section 9). The flattened Nedre, Bisecting the CO lobe is a narrow jet of thermal SiO
elongated CO shell, and highly collimated ¢t observed emission. The thermal emission from SiO is considered to
in HH212 (Lee et al, 2006) also strongly resemble thetrace the dense shocked gas because its extremely low gas-
prominent features shown in Fig. 5. phase abundance:(10~'2) in quiescent regionZfurys et

Dynamical collapse is expected to modify the ambienal., 1989; Martin-Pintado et al. 1992) can be enhanced
environment through which the primary wind propagatedyy several orders of magnitude by means of shocks. The
particularly near the central star (see Fig. 5). A future reSiO emission is detected ii=1-0 Chandler and Richer
finement of the shell model of SRLL would be to include2001),/=5-4 Gibb et al, 2004), 8-7 and 11-1Wfsini et
the collapse-induced modification to the ambient densitgl., 2002b). Since some of these lines have critical densi-
distribution, which is expected to broaden the base of thiges higher than-10° cm~3 and the energy level af=11is
wind-driven cavity, especially at late times, when the colhigher than 100 K, their detection means that the SiO jet is
lapsing region has expanded to large distances. The evouch denser and warmer than the lower-velocity shell com-
lution of the collapsing envelope may be a key factor irponent. High resolution (122 observations of SiQ’=8-7
controlling the outflow evolution from Class 0 to Class | to(Palau et al, 2006), 5-4 Kirano et al, 2006a), and 3-2
Class Il described ir\rce et al. Indeed, one may heuristi- (Hirano et al, 2006b, in preparation) have been done using
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SMA and NMA. As shown in Fig. 7, the SiO jet is resolvedwhen detailed excitation conditions and radiative proggss
into a chain of knots separated by ¢-1000 AU). The SiO are modeled, X-winds are capable of explaining the gross
knots have their K counterparts except the ones in closeharacteristics of many observations, ranging from optica
vicinity of the central source where the extinction is largeforbidden lines to thermal radio emission. To make model
The knotty structure is more prominent in the higher Si(predictions match observational data, a mechanical tgeatin
transition. The innermost knots located-82” from the is required to keep the wind warm enough to emit in op-
source are prominent in thé=8—7 and 5-4 maps, while tical and radio. The heating is prescribed phenomenologi-
barely seen in the J=1-0 maplirano et al. (2006a) es- cally, and may be related to wind variabilities, which pro-
timated that these knots have a temperatuB90-500 K duce shocks of varying strengths. How the variabilities are
and density (0.5-®10” cm™3. These densities and tem- generated remains little explored, and should be a focus of
peratures are much higher than those inferred for the Cfdture investigation.
shell component, indicating that the SiO jet has a different Dynamical models of jets and winds in YSOs have
origin. The most likely possibility is that the SiO jet trace shown some convergence. The magnetocentrifugal mech-
the densest part of the primary wind. This identification inism remains the leading candidate for outflow produc-
strengthened by the PV diagrams of Si@8-7 and 5-4 tion. The modeling effort is hampered, however, by our
emission (Fig. 8), which show a large (projected) velocityimited knowledge of the physical conditions near the wind-
dispersion £ 30 km s!) close to the star. This velocity disk interface. These include both the thermal and ioniza-
feature, absent from the CO emission, is reminiscent of th&ibn structure of the region, as well as the magnetic field
predicted in the X-wind theory for optical forbidden linesdistribution. Detailed calculations that treat the congli
(Shang et al. 1998). It may be indicative of a (perhapsbetween the wind, the disk, and perhaps the stellar magne-
unsteady) wide-angle wind that is stratified in density, aksphere self-consistently may unify the disk-wind and X-
envisioned in our unified model of molecular outflows.  wind picture. An improved model of the jets and winds will
The spectacular SiO jet of HH211 is not unique. It isalso deepen our understanding of the molecular outflows
seen in at least one other young Class 0 source, L1448nihat they drive.
(Bachiller et al, 1991; Guilloteau et al, 1992; Dutrey et
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Fig. 6.— Snapshots of density structures at 100 (top)
and 1000 (bottom) years for a wind of mass loss rate
(1 x 10~%Mg/yr) and Alfvén Mach number 6. The toroids
are shown in the order dffy = 0.25, 0.5, 1, and 1.5 (from
left to right). The color bar shows density variation in lega
rithmic (log10) scale.
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