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ABSTRACT

(O Aims. We examine whether ejection phenomena from accreting Ti $tars can be described by only one type of self-collimagediodel.
O Methods. We present analytical kinematic predictions valid sooarafie Alfvén surface for all types of steady magneticadlij-sonfined jets.
O Results. We show that extended disc winds, X-winds, and stellar wimttsupy distinct regions in the poloidal speed vs. specifigutar
O\l momentum plane. Comparisons with current observationsTaiuFi jets yield quantitative constraints on the range ofithing radii, magnetic
«_ lever arms, and specific energy input in disc and stellar svilrdplications on the origin of jet asymmetries and disc neig fields are outlined.
O Conclusions. We argue that ejection phenomena from accreting T Taurs stast likely include three dynamical components: (1) amiout
< self-collimated steady disc wind carrying most of the mihgsin the optical jet (when present), confining (2) a presstriven coronal stellar
wind and (3) a hot inner flow made of blobs sporadically ejgdtem the magnetopause. If the stellar magnetic momentrallphto the
disc magnetic field, then the highly variable inner flow rebls a "Reconnection X-wind”, that has been provenffiziently brake down
| an accreting and contracting young star. If the magnetic emris anti-parallel, then larger versions of the solar natanass ejections are
— likely to occur. The relative importance of these three congmts in the observed outflows and the range of radii ingbivehe disc wind are
expected to vary with time, from the stage of embedded sdorttee optically revealed T Tauri star phase.
c

O Key words. Accretion, accretion discs — Magnetohydrodynamics (MHBYars: pre-main sequence — ISM: jets and outflows

I'Sl

D 1. Introduction only physical process capable of producing such unidveeti

> . - o . supersonic flows on the required scales is magnetohydrody-
~Actively accreting "classical” T Tauri stars (TTS) ofterslay 5 mic (MHD) self-confinement. This is achieved by the hoop

supersonic collimated jets on scales of a few 10-100 AU in 055 due to a large scale open magnetic field anchored onto a

excitation optical forbidden lines of [@), [S n], and [N] (Solf ; ; : — —
— , _ rotating object (see reviews by Konigl & Pudfjtz 2D00; Feéng
(@\| & Boehm[199B{Hirth et 4 1994, 1997, Lavalley e} al. ﬂ997.). However, it remains to be established whether thi&MVH

With emission %zoperties ir_1di<_:ative_0f"shock-ex.cited @i launching occurs predominantly from the circumstellaraec
ing gas at= 10" K (BaCC'Ott_' & E'SIOﬁeI [L999; Lavalley- tion disc, the rotating star, or its magnetosphere (or a ¢aab
Fouquet et al[ 2000). These jet signatures are correlatéd Wi, of the above).

the infrared excess and accretion rate of the circumstaikar Interestingly, while T Tauri stars as a group have theirslisc

: bdf?britgtthéﬂlt%[géld; Har?gan et 15.95)' It ist_thﬁre{?]rd;ﬁ oriented randomly with respect to the local magnetic field,
clieved that the accretion process 1S essential to tNABISE 1, ,oq it bright optical jets tend to have their disc axealpa

JeftZ' ?)ItTOUQh the precise physical connexion remains mma_el to the ambient magnetic field directign (Ménard & Duché
© ordebate. o 200}).This trend suggests that magnetic flux through theeiglis
Over the last decade, new clues to the origin of the l0WFy ey harameter for thefficiency of collimated jets in TTS, as

excitation jets in TTS have been provided by sub-arcsecbnd §,q,1q be expected for if jets trace predominantly a disc wind
servations of their collimation and kinematic propertiesing Recently, it has been realized that T Tauri jet kinematics

HST or ground-based adaptive optics. A first important COBfrer a powerful way to constrain disc wind physics. Garcia

straint is set by the narrow opening angles of a few degregs, [200[1) showed that classical "cold” self-similarcigind

observed beyond 50 AU of the source|(Burrows etdl. 1996; - . : -
- splutions have excessive terminal speeds compared tadforbi
Ray et a][1996[ Dougados et] bI. 2p§0; Hartigan ii al. [2004). P P

Since TTS do not possess dense envelopes that could confiferhe term "disc wind” is sometimes used in the literature to re
the flow, the jets must be intrinsically collimated. To ddbe fer to a thermally-driven wind, namely an uncollimated sloutflow
evaporating from the disc surface. In this paper, disc wefdrs to a
Send g@print requests toJ. Ferreira magnetically driven jet launched from the disc.
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den line profiles in TTS jets, and are thus excluded, while tipessible magnetospheric star-disc interaction, namelipe: d
denser and slower "warm” disc winds are favored. Anderstar magnetic field aligned parallel (Fi§] 1-d) or anti-paeal
etal. ) further demonstrated that the launching saolia (Fig.ﬂ—e,f) to the disc magnetic field. We detail below theger
keplerian disc wind may be simply derived from the jet ratati erties and main physical ingredients of each ejection canfig
and poloidal speeds once the stellar mass is known, regardhation.
of the details of the MHD disc wind solution. Interpretingth
transverse velocity shifts measured by HST at the outersedge . . ;
of three T Tauri jets as pure rotation motions, launchingira -1. Accretion-powered disc winds
of 0.2 to 3 AU were inferred| (Bacciotti et jl. 2002; Andersofh such models a large scale magnetic field is assumed tatthrea
etal [200B{ Céey et al{2004), suggesting that at least the out@fe disc from its inner radiug ~ rm (the magnetopause) to
portions of TTS optical jets would originate from extended r some external radius, (smaller than the outer disc radius).
gions of the disc surface. The small jet rotation speedsnag@ihenr, > r; one gets a conventional "extended disc wind”
rule out "cold” disc winds and favor "warm” disc wind solu-as sketched in Fig] 1-a, for which various self-similar solu
tions (_Pesenti et gl. 20p4). These results raise severaltaTgt  tions have been computefl (Blandford & Payne 1982; Wardle
questions: & Konigl 1993; |Ferreira & Pelletigf 1993; Casse & Ferreira
_ ) _ . poook] Ferreira & Casde 2 04). Fg. 1-b shows the other ex-
- Coulql the samextendediisc winds also explain the hIgh'treme situation when, ~ r;, namely when ejection occurs only
veIoF:lty component (HVC) at _200'4,00 kmlsobse_rved N from one annulus. This gives rise to a wide-angle "X-wind”
forbidden lines closer to the jet axis (e[g. Bacciotti gt aShy et a[ 1994 Shang el Bl 2002).
[00), or is anotherl_lejection Process necessary ? For EXaM\ote that the only dference between these two cases is the
ple, jAnderson et ai{ (20p3) proposed that, while the rOtaatfnount of magnetic flux threading the disc. Actually, they co

ing outer portions of the DG Tau jet (with flow speeds respond to two distinct scenarii for the origin of the largals

1 . .
45 km S.).trace a disc wind Iaurlchec.i a'f,3 AU, the HVQ/erticaI magnetic field. In the "extended disc wind” paradig
would originate from a separate "X-wind” launched at thE;'é

o . . e field is assumed to have been either generated by dynamo or
disc Inner edge. Could these two types of disc winds rea vected along with the accreting material (first in thellinfg
coexist ? - . e stage, then in the disc stage), or both. In the X-wind paradig

B IS. the current precision on rotation vglomhes n Jetﬁis_,u the disc is assumed to be devoid of any large scale magnetic
cient to rule out a dominant contribution from an X-wind

: S field. It is further assumed that at some point in the past the
stellar wind, or magnetospheric wind to the observed op

liets 2 Are there further di tics that id all Utellar magnetospheric field, which is penetrating theriuise
cal Jets ¢ Are there further diagnostics that woulld aflow t|%gions, was flung open by outflowing disc material and that
distinguish between these various scenarii ?

this has led to the actual field topology where there is noalaus

The present paper is meant to address these issues’I_mllﬁanymore between the star and the disc. Despite tlflisreli

Section 2, we recall the main physical ingredients of MHBENce in the origin of the_ mag_netic field, the_ejeqtion proesss
ejection from the three sites that have been proposed to ceﬁt—ua”% computed are |d?ntlcal.| In both situations J_ei?ca |
tribute to optical jets (disc, star, magnetosphere), dis¢heir away the gxa(_:t amount o anguiar mom.entum require to al-
collimation properties, and possible coexistence. IniSe@Q, low accretllon In thg under!ylng disc poru?)rHowever,, since
we generalize the work ¢f Anderson ef &l. (2003) by presgntiH1e rangein Iaunc_hlng radii gnd the shgpe of the Alfveresiert
analytical expressions for the poloidal and rotation spaedid are diferent, predicted terminal velocities and angular momen-
for all classes of steady, self-colimated MHD jets. We pres tum fluxes are also fferent and can be tested against observa-

a diagnostic diagram in the poloidal speed vs. specific a{nguﬁ'ons (see Sectlo_n 3)- . _ _ .
momentum,1v,) plane, valid soon after the Alfvén surface, Ac_omn:on misconceptionin the I|teratg_re is that "extended
and show that stellar winds, X-winds and extended disc win@i§C Winds” would provide only low velocities and almost no
follow a distinct well-defined behavior. In Section 4, wegga Collimation. For example, the MHD model pf Wardle & Kopigl

in this theoretical diagram the current observations objoiil ([99%) matched a protostellar disc at 100 AU to a Blandford &
and rotation speeds in T Tauri jets, and discuss inferred c&yne [(1982) jet model, which provided a confinement operat-
straints on model parameters (launching radii, magnetierle ing iny atvery Iarg_e scales and low termlnal_speeds. Howeve
arm, specific heat input). Section 5 summarizes our corassi tiS iS not necessarily so. As shown[by Cabrit ¢t{al. (J.998) an

and their implications. Garcia et d).[(2031), full MHD solutions including the disc
wind transition [Ferreifd 19P7) reproduce very well the ob-

served collimation of TTS jets and give adequate — or even
2. MHD ejection from YSOs excessive — terminal speeds, provided their innermostlaun
_ ) . . _ ing radiusr; is ~ 0.07 AU (typical disc corotation radius).
F|gure|]. provides a synthetic illustration of the variousico Another issue is whether an extended disc wind and an X-
figurations possibly leading to ejection in young stars. T%nd may physically coexist. It has been proposed by Anderso

top row displays steady ejection processes occurring deg tal. |ZOOB) that an X-wind would be responsible for the HVC
less of the interaction between the star and its circunastel

disc: accretion-powered disc winds (Fiffs. 1-a,b) and pigle S 2 This property establishes a tight relation between massaihd
lar winds (Fig.[l].-c). The bottom row displays the simplesérminal speed, discussed in more detail in Section 3.2.
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(@) Extended disc-wind: gr >3 1 (b) X-wind: &> rj (c) Stellar wind

Y-type Interaction ® CME-like mass loss

Fig. 1. Top: Classes of published stationary MHD jets for YSOs. When thgmetic field is threading the disc on a large radial
extension (a: extended disc wind) or a small disc annuluX{Wind), jets are accretion-powered. They are mostly press
driven when the field lines are anchored onto a slowly rogasitar (c: stellar wind). The corresponding Alfvéen sura&
have been schematically drawn (thick lines). In the X-wiade; two extreme shapes have been drawn: convex (solichlirte)
concave (dashedBottom: Sketch of the two possible axisymmetric magnetospheridigorations: (d) X-type neutral line
driving unsteady Reconnection X-winds, when the stellagmegic moment is parallel to the disc field; (e) Y-type nelutree
(akin the terrestrial magnetospheric current sheet) wherstellar magnetic moment is anti-parallel (or when the @iedd is
negligible). (f) A CME-like ejection is produced whenevbeetmagnetic shear becomes too strong in a magnetically doeain
plasma. Such a violently relaxing event may occur with amdkdf anti-parallel magnetospheric interaction (even veith
inclined dipole). The thick lines mark the zones where re@mtions occur.

observed in the DG Tau jet whereas an extended disc wiyoung stars, such as T Tauri stars, stellar winds can hardly
settled at 2-3 AU, would provide the slower gas flowing at thap the protostellar rotational energy and must be thezefer
outer jet edges. This proposal raises the issue of the ¢aérti sentially driven by their pressure gradient (see Secti8rfd@.
magnetic field distribution within the disc. Indeed, it wdilh- more details). Such a gradient stems either from thermal ef-
ply that, say, from the inner disc edge-ab.07 AU (locus of fects (thermally-driven winds, e.g. Sauty & Tsinganos 1,994
the X-wind) to 2-3 AU no large scale magnetic field is presefauty et al[ 2042) or from turbulent Alfvén waves (wavereni
(otherwise it would drive a disc wind). It is unclear how suckinds, e.g.| Hartmann & MacGreg¢r 1980; DeCairpli 1981;
a "hole” in the magnetic flux distribution could be obtaineglartmann et dl. 1982).

and maintained. Besides, the collimation (hence accedejal |, T Tauri stars, accreting material is now believed to be
of the inner X-wind would be strongly influenced by the pregnannelled by the magnetospheric field and to release its me-
sure provided by the outer disc wind, thereby modifying th&,anical energy at a high latitude shock, seen mostly as bV ra
results based on the current published material. Thereforeyistion. Under certain circumstances, some post-shoclate-m
appears very unlikely that an X-wind could coexist with an €Xj5| might keep a high temperature and build up a large epghal
tended disc wind. However, either type of disc wind may cQaseryoir, allowing thereby for a thermally driven outfidine
exist with a stellar wind, anfdr with some type of magneto- nagnetospheric accretion shock is also fiigient way to gen-
spheric ejection (see below). erate turbulent Alfvén waves. Thus, both thermal and tiniu
pressures could well be present and help to launch MHD winds
from the stellar surface. This would be expected to produce a
correlation between accretion and ejection signaturasijmeg
Self-collimated stellar winds are produced from open atell®© "accretion-powered stellar wind{” (Matt & Pud{tz 2005)
magnetic field lines as sketched in FEb 1-c. Starsrotatemyn  There is indeed mounting evidence for accretion-related,
break-up can provide their rotational energy to magndgicahot stellar winds in T Tauri stars e.g. in the form of broad
accelerate stellar winds. But in the case of slowly rotatifjueshifted absorptions in high excitation lings (Edwaetial.

2.2. MHD stellar winds
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P003;[Dupree et 4. 2005), although their relation to the-lov2.3.2. Anti-parallel configuration: "CME-like ejecta”
excitation large scale jets is unclear (Beristain ét{al. 1300 _ . )

We thus make the conjecture that pressure-driven stellzasvi If, on th_e contrary, the stellar magnetic moment s a_ntabar
likely represent one (fast) component of observed jets)dilh to the dISC. f'elq then a m,ag”e“?pa!Jse IS formed _W'th no mag-
their innermost part. However, we will show in Section 4.4tth petlc X-point within the disc. This situation holds in padiar

such stellar winds are unlikely to carry most of the jet mas@—the ?(-wmd scenario, where.most of the field at the mnem.dls
flux, as it would require an extremelyfieient conversion of edge is of stellar origin. The interface between the two $ield

- P : dopts a Y shape above (and below) the disc, with a neuteal lin
h to kinet along the jet. adop P .
thermajwave energy into kinetic energy g j all the way at high altitudes (Fi. 1%)Such an interface does

not allow to drive steady self-collimated jets. But the jgrese
2.3. Unsteady magnetospheric winds of this neutral line is a formidable site for time dependerére
getic events, i.e reconnections, as illustrated inﬁig.lmd‘eed,

The magnetospheric interaction between the protostartand@ny loop of stellar magnetic field that threads the disc vell b
accretion disc provides several other possible drivinghaec sheared by the ferential rotation between the disc and the
nisms for outflows. However, in contrast to the previous sigfar. This increase of magnetic energy relaxes by provoking
uations] these Outﬂows are intrinsica”y unsteady evemm tinﬂation Of the IOOp. If the Cffel’entia| I’Ota'[ion ContinueS then

S|mp||f|ed axisymmetric dipo|ar magnetic topo'ogy consate the final Stage is a violent reconnection which leads to tbe-e]
here. tion of a plasmoid at roughly #§Hayashi et gl 1996; Goodson

et al.[199]| Matt et @[. 20D2). This process is somewhataelat

to coronal mass ejections (CMEs) from the Sun and is believed
2.3.1. Parallel configuration: "ReX-winds” to explain the release of giant X-ray flares in YSOs (Grosso

et al.[200h).
Let us assume that a large scale vertical magnetic field is One word of caution however. This physical process has
present in the disc, allowing to drive an extended disc windnly been analytically proven in the framework of forceefre
If the protostellar magnetic moment is parallel to the distfi fields, namely when plasma inertia has no dynamidcso
then a magnetic neutral line (i.e. a true magnetic X-point ). As observed by Romanova e{ dl. (4002), when
the meridional plane) forms at the disc midplane (Flg. 1-g@)asma inertia is important (full MHD equations), this \éat
and "Reconnection X-winds” (hereafter "ReX-winds”) can bepening of the field lines is not obtained. Instead, the mag-
produced above this reconnection site (Ferreira pf al.[200®etic configuration relaxes by modifying the rotation of thgc
Accreted mass is lifted vertically above the neutral linetiy thereby lowering the dierential rotation. According to these
strong Lorentz force and is loaded onto newly opened fieddithors, all previous numerical situations showing CME&:-li
lines. By this process, open field lines carried in by the @ccrejecta (eg[ Matt et #. 20p2) were in this magnetically domi-
tion flow reconnect with closed stellar field lines. Therefor nated limit. If this is true, then the mass flux carried by such
ejected disc material is loaded onto field lines that are now autflows becomes an issue if they were to explain all of the
chored to the rotating protostar. Ejection occurs whenther mass-loss observed in T Tauri jets. In that respect, it is-not
star rotates faster than the disc material, namely when #te mworthy that the mass-flux ejected through this process, @ mo
netic neutral line is located farther than the corotaticius. elled by[Matt et g.[(2042), does not seem to be correlatefd wit
Both energy and angular momentum are thereby extracted frigng disc density, unlike what would be needed to reproduge th
the rotating star and carried away in this outflpw. Ferreli@le accretion-ejection correlation in T Tauri stars.
(2009) showed that such a configuration provides a véiry € Another issue is collimation: 45is comparable to the
cient spin down of a contracting protostar, much more so thgpening angles of T Tauri jets very near their base (Hartigan
any of the other MHD ejection processes considered here. gt al. ), but much larger than the opening angles of a

Because of the intermittent nature of the mass loading pfgW_degrees measured beyond 360 AU of their source
cess, ReX-winds are best seen as a series of bullets than a @@Hrrows et al] 1996 Ray etfdl. 1996; Dougados ¢f al. R000).
inar flow. These bullets flow along (and push against) therind@trinsic collimation of CME-like ejecta cannot be invoked
magnetic surface of the disc wind. This is a very interessing Each ejected plasmoid is made of plasma carrying its own elec
uation for two reasons. First, the outer disc wind can previdfic currents. But because of Ohmic resistivity (ion-efeot
also some confinement to this inner ReX-wind. Second, thgllisions), these currents fade away and one gets evéntual
presence of a high variability will probably lead to disgipa Unmagnetized warm gas ejected into the interstellar medium
via shocks (thus heating) and provide an inner pressuréngtga?Vithout a proper global electric circuit there is no possibi
the outer disc wind). Numerical simulations are needed o ity for these plasmoids to develop a self-confining hoopsstr
\elfsz;[ll.gligegﬁcl\:iﬁertvéo-sﬂt%vr\; dcfggg; riﬂig (t?]?i(te Phoe\lvg\;e)‘(r-ﬁr?; 3 We do not consider the case with no large scale vertical niagne

. . “field in the disc. Indeed, in our opinion, it is unlikely thaetcentral
although ejected from nearly the same region as the X'W'Q&r has built up its own magnetic field from that of the pareatec-

(corotation), has very @ierent characteristics, namely: (i) anjar cloud without any field left in the circumstellar discotdever,
intrinsically unsteady character, (i) a strong brakiriet on  configurations (e) and (f) shown in F[g. 1 would also be otetdifiom
the accreting star, (iii) the need for a large magnetic fluth& a pure stellar field interacting with the inner disc (see Eig. 3 in
disc. Dstriker & Shif1995).




Ferreira et al.: Which jet launching mechanism(s) for T Tatars ? 5

Therefore, if CME-like ejecta were to explain HST jets, thegutlined in the previous section, we assume in the following

must be confined by an outer pressure operating on smalkscéhat the mass loss in CME-like ejecta is negligible with eetp

(< 30 AU). A rough estimate shows that such a confinemetat the steady flow components from the disc (extended or X-

cannot be provided by the thermal pressure of the intersteind) andgor the star. The remaining question is then: which of

lar medium: the medium is too cold and the density should ke latter components dominates the jet mass flux ?

about 16 times larger than that of the outflow. To search for possible kinematic diagnostics distinguish-
Alternatively, CME-like ejecta could be confined by an exhg among X-wind, extended disc wind, and stellar wind, we

ternal magnetic pressure. In this C@q;eJ? ~ BZ,/10o must hold present in this section analytical relations for the pab&hd

at the axial distance; where confinement occurs. Outflowingoroidal velocities valid for all types of super-Alfvénistation-

mass conservation can be writtenMs = Sjp;v; wherep; is  ary, axisymmetric, self-collimated MHD jets. This is anext

the density of mass ejected with velocitythrough a surface sion of the work of Anderson etjal. (2403). Since all avaitabl

of areaS;. Since CME-like outflows would be produced insidenodels are governed by the same set of ideal MHD equations,

a quite narrow solid angle, one expeSis<< 2nrj2. Gathering their differences arise only fromfiiérent boundary conditions.

this together, one gets the following estimate of the regglir

magnetic field at ,

Bext~ 25 M
Xt 10-9Mg /yr

3.1. Governing dynamical equations
1/2

Vj 1z The poloidal magnetic field writeB, = (Va x g;)/r, where
300km s? a(r,z = cstdescribes a surface of constant magnetic flux.
211/2 An MHD jet is made of nested magnetic surfaces with sev-

r: -1( 2nr€ . . ;
( i ) i mG (1) eral integrals of motion along each surface. Using the usual
30 AU 10S; definitions {/, poloidal velocity,Q angular velocity ang den-

. ) oo sity), these are: (1) the mass to magnetic flux ra@ with
This is far above the interstellar magnetic field value armhsh Vo = 1(2)Bp/uop; (2) the angular velocity of a magnetic sur-

that the poloidal magnetic field required to confine CME'”kf’aceQ (@) = Q — nBy/uopr and (3) the specific total angular
ejecta must have been amplified. This can only be done if it h’ﬂ%me*ntumL(a) _ g‘; rzo = Qr2 — rB,/y transported away.
= Qur2 = i

been advected along by the infalling material. t must tf@&e 016 1, is the Alfvén cylindrical radius where mass reaches
be anchored on the underlying keplerian ac_cretlon disc. T{p](-‘é Alfvén poloidal velocity. The angular velocity of a mag
possible presence of such a Iarge scale vgrnoal magnddg figatic surface, is roughly equal to the angular veloc®, of

as Wel_l as its influence on the disc dynamics (eg. Iaunchmqh% mass at the anchoring cylindrical radiysIf the magnetic
disc wind) have to be addressed, field is threading the disc one ge®g ~ /GM/r3 whereM is

the mase loss and collmation and i reméing t be proverkahal1e LS MaSs, Where — Qs it s anchored nto  str
P ith a rotating period” = 27/Qgtar. The following dimension-

cquld account, alone, fo.r pbserved jgts from T Tauri staeX-R less parameter
winds have more promising properties, but they are necessar

ily occurring concurrently with extended disc winds. Thals, L ri

though time-dependent magnetospheric ejection episodes (1 “or2 12 (@)
lated to reconnection events) are most likely present in, TTS oo °

they may not dominate the observed jet flow. is a measure of the magnetic lever arm braking the rotating

We also note that an interesting variability process coupject (star or disc). This parameter is an essential feastir
occur if young stars sustain dynamos with global polarinein  MHD jet models, and this is the reason wHjoets are made to
sion. In the presence of a large scale magnetic field thrgadf®nstrain through observations.
the disc, one would indeed observe cycles of an X-type inter- We are interested here in both accretion-powered jets and
action with d@ficient ReX-wind ejection and magnetic brakingstellar winds so we need to be able to describe flows that can be
alternating with a quiescent Y-type interaction and spioracsubstantially pressure-driven. Thus, we allow for the @nes
CME-like ejections. Timescales of 10-20 yrs (Lopez-Nrartof a heat fluxg = VH — VP/p, whereH is the usual enthalpy
et al.[200B) between jet knots might reflect such magnetic dgr a perfect gas. The specific heat input along any given mag-
cles. netic surface is thef (s a) = [ q - eds (Ferreira & Cas$e

P00%). This term depends on the curvilinear coordirsaed
therefore varies along the flovgyis the location where mass
3. Kinematics of stationary MHD jets has been loaded a} = Byg). The case of cold stellar winds

On small scales< 200 AU), spatially resolved jets fror.ndriven by MHD wave pressure gradients may be treated in a

T Tauri stars observed in forbidden lines may be considerﬁiénilar way, by adding to the heat inpfi(s, a) an extra term

as essentially steady. Indeed, even though knots are cohnm(gﬁee e.g. Eq. (38) i81)’ describing the transfe

observed, the derived time scales are longer than the dyna@ii€nergy from the turbulent Alfvén waves to the flow. We wil

cal time scales involved in the acceleration zone. Besides, dgg_o_t(f’l(s, a) this generahﬁed ”presslgre(;l’ term. '”ﬁ_'&*d'”g_th's
ferred shock velocities are much smaller than jet velogiti@dditional éfect, one gets the generalized Bernoulli invariant
(Av/v < 25%, |Lavalley-Fouquet et pl. 2000). Thus, steady- 2

, V
state models should catch their main features. For the msasB(@) + 7'(s. a) = >t H+ O —rQoBy/n (3
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where®g is the stellar gravitational potential arit{a) is the 3.2. Accretion-powered disc winds
total specific energy provided at the base of the jet (equall%othe case of extended disc winds and X-wirids= 1 and
the rhs of Eq.|]3) evaluated &at). Finally, the shape of each . : .

. T ro = Ry (6, = m/2). We thus obtain the following expressions
magnetic surface (therefore the whole jet) is given by thedSr bevond the Alfven surface wheig ~ L.:
Shafranov equation, butit is of no use for obtaining the je¢k y ’ g = Ay

matic properties. Vg = Qof2dy (7)
Once far away from the driving source its gravitational at-
traction can be neglected and the following general exfmess Vp = Qolo /24y -3+ (8)
apply The influence of pressure (thermal or waves) gradignits
Vg = GMR, 6o Sir? 64, (4) the poloidal velocity of jets from keplerian accretion dise
barely measurable and can be neglected. Indeed, a keplerian
Vp = /% \/53 sin? 0o(2p— 1) -2+ (5) rotation law requires a negligible radial pressure gradien

side the disc. As a consequence, enthalpy at the disc surface

' 2,2 2 H
where R, is the spherical radiusrd = Ro,sindo), 62 = always verifiedH,/Qgrs ~ (h/r)° < 1. Even models of highly

Q2R3/GM is the measure of the rotation of the magnetic suffamed up jets, which imply huge sub-Alfvenic temperasure

face with respect to gravitg, = 2(F"+Ho—H)/(GM/R,) varies of up to several _1@ K, were obtained withB of a few per-
along the flow and encompasses all pressfieets (both ther- CENtS only (Ferreira & Cagge 2004). In the case of X-winds,
mal and turbulent Alfvén waves) and where the models published so far also have a negligible heat input

(see e.g. Najita & Shu 1994). Thus, we can safelysset0 for

r2 all accretion-powered disc winds.
1 = (- g)@ We recall that, although thermafects have no measurable
1+g impact on the jet poloidal speeds, they have a tremendous one

Ap = dp—>— (6) on mass loading and therefore on the kinematics. An impor-

0 TP (2 tant relation derived from full solutions of the MHD accrati

g=1-—= —( - —A) ejection flow is

Qo m-1 r2 L

are signatures of magnetiffects. Hereg measures the drift 4 =1+ pY: whereMj o rf )

between the angular velocity of the matferand that of the ) .
magnetic fieldQ. =~ Q,, andm = v,/Va, is the poloidal which relates the magnetic lever arinto the ejected mass

Alfvénic Mach number. These expressions are valid for aifjrough the local ejectionfkciency ¢ (Eerreirh[1997). The
stationary MHD model of an axisymmetric, non-relativigt.  Physics are quite simple. The same torque will be applied on

The functiong is a measure of the conversion of magneti®€ underlying accretion disc either with a large mass4dzst
energy into kinetic energy. It increases from almost zero gl lever arm or a small mass loss and large lever arm. What
the footpoint to a maximum valug.,. Powerful MHD jets are dete_rmlnes exactly t.hg maximum mass Io§s_ is the constrint t
those wheray,, ~ 1 (maximum value allowed), meaning arPbtain super-Alfvénic jets, whereas the minimum mass i®ss
almost complete transfer of magnetic energy apd= 1. In imposed k_)y the_ dls_c vertical equilibrium. In vertl_cally iber-
addition, these jets reach high Alfvénic Mach numbers- 1 mal or apllabatlc discs (”cold" models), only a tiny mass flux
and large radir > ra so that eventuallyl, ~ r2/r2 = A, can be lifted from. a keplerlan accretion disc, W|t_h typigall
The latter equality means that all angular momentum has bf%g 0.01 or less, giving rise td ~ 50 or more 7;
transferred to the matter, and is what we define as the "asyrfasse & Ferreith 2000a). If there is some heat depositidreat t
totic regime”. resistive disc upper surfa_ce Ia_yers ("warm” models), moassn

At the distance from the source investigated by current b2 be loaded onto the field lines, ugtte 0.1 or more (Casse
servations$ 30 AU), we are likely to be in this asymptotic& Ferre_lrab). These dense solutions have much smaller
regime for jets originating close to the stellar surfacel{st Magnetic lever arms ~ 6 — 20.
lar winds and X-winds), whilg has become constant. In the ~Combining Eq[[7 anfl8 with = 0 we get
case of disc winds originating from a large radial extengioa  rv,v,
asymptotic regime is achieved further out for the outerssire  "Gpm A \j2’1¢ -3 (10)
lines. For instance, a fl_eld I|r?e anchored at 1 AU has not y. Qo = 2+ 3072 (11)
reached this asymptotic regime at~ 50 AU (see below).
However, solutions that propagate far away, as demandedEt[y. allows to observationally derive the valuelpfndepen-
observations, havg > 1/2 already satisfied at the Alfvén sur-dently ofr, from observed values o/, andv, (assuming the
face (see e.d. Ferrdifa 1997). This is enough to obtgiand stellar mass is known). Conversely, as first noted by Anderso
A, converging towards a common value, since-(@)/2 — 1 et al. (200B), Eql 11 is independentf and allows to derive
rapidly. This common value is smaller than the real magnetite launching radius,.
lever armA (until the asymptotic regime is reached), but it can It is interesting to note that Anderson ef al. (2003) derived
be observationally determined (see below). We will hesgaftthe Eq. under the assumption thigt< v,, while we only
useq, to refer to this value. assumed,, ~ 1, (i.e.g > 1/2). Therefore the two assumptions
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Fig. 2. Relations between specific angular momentum vs. poloidakitg for all types of stationary MHD jet models, valid
oncev, > V, (e.g. beyond the Alfvén surface). Plotted in solid linethisrelation betweerv, andv,, for fixed launching radius
ro (accretion-powered disc winds; E@ 11) or fixed pressuramaters (stellar winds; Eq. 5 with typical T Tauri parameters).
Dashed lines indicate curves of constagpt= rv,/(Qor2) in the disc wind case (Eq. [L0), constant r3/r2 in the stellar wind
case (Eq. 4). A thick segmentiat = 0.07 AU illustrates the locus of the X-winl (Shang ek[al. 1998% also show as a thick
curve a cut az = 50 AU of a self-similar disc wind solution with = 13 settled from 0.07 to 2 AU. It can be readily seen that
gives only a lower limit to the trug atz = 50 AU.

must be equivalent. Sinog < v, is indeed observationally converges asymptotically towardg = 1. However, an obser-
verified in T Tauri jets, we conclude th@j} Eq. applies and vation is actually a cut across the jet at some altitadee. it

(ii) the plasma probed by observations bas 1/2. Note that, samples the whole range of nested magnetic surfaces indte di
at the Alfvén point along any magnetic surfagg¢v, ~ 1 - ga  wind (if angular resolution is dficient).

wherega is the value of the functiog at this point. Thus, the g jllustrate the typical locus of an extended disc wind in
plasma is also likely super-Alfvénic. Moreoves =~ Ia/Isw,  this diagram, we plot in Figurg 2 a transverse cur at 50
with the poloidal current = 22rB,/uo. Namely,g evaluated Ay through a self-similar solution with = 13, made of sur-
at the Alfvén point measures the electrical current regin f5ces anchored from, = 0.07 to 2 AU (thick solid curve).
inside the MHD jet. Models witfga ~ 1 (most of the MHD Because of self-similarity, outer streamlines reach tlyengs
power is still available) are possible either for tiny massds (otic regime at larger distances than inner streamlinesaAs
or for warmed up jets{ (Casse & Ferréjra 2400b). This is a cagsnsequence, the discrepancy betwegand. at a given al-
straint for accretion-powered jet models. titude is larger for outer streamlines. It reaches a facttor2
The diagram in Figurd]2 displays the curves defined y > 2 AU atz = 50 AU for the solution considered here. This
Equationj0 anf 11 in they rv,) plane, ford, varying from 2 introduces a bias in the determination.bfand the locus of

to 50 (dashed curves), and an anchoring radjwarying from g self-similar disc wind deviates slightly from the theazat
0.07 to 2 AU (solid curves), illustrating the range expedtad Ay = Acurve.

extended atomic disc wintis

Note that as the plasma accelerates along one partici
magnetic surface, its position in the diagram moves to et ri ;
along the corresponding = cstcurve (oncev, > V), and

The locus of the X-wind is shown as a thick segment in
fﬁ. B This locus is a small fraction of that occupied by ex-
ended disc winds. As an X-wind is an accretion-powered jet
launched from a tiny interval of radii, near the inner disc

4 The 4, values span a range corresponding to the self-similgfjge' the angular momentum is at the low end of the acces-

"warm” disc wind solutions investigated y Casse & Ferldpaoop). SiPle range. The range in poloidal velocities is also naerow
Warm solutions have been found numerically o 6 but, since the (4 ~3-6, e_.g.98). There is another interesting
condition of a positive Bernoulli invariant requires only> 3/2, and characteristic dference: whatever the shape of the Alfvén sur-

s < 4, we plot curves fromi, = 2 for completeness. face for the X-wind, the curve drawn by measuring andv,
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at several transverse radiacross the jet (at a given altitude For a givena value, stellar winds are characterized by
will always fall on the same, = Cstcurve, and will thus have straight horizontal lines corresponding to the observapk

a positiveslope in the ¥p,rv,) plane. Note that the same willcific angular momentum:

be true of the ReX-wind component, since it is launched also

from near corotation. On the contrary, an extended disc wifith = 9o Si¥ 6ol VGMR. (12)

Issirgli(lzlrysti?uzzgﬁ \?vr;;gig\r/]igorfﬁlIll;]s;r;ezl?:i’uarzs =|n ;geAEelf Figurel]l shows that, for p_ublished stellar _Win_d models where

cut. In order to obtain a positive slope, the extended disrm:jwi/1 =2-50, no detectable signature of rotation is expected from

woijld need to have a markedly Iarger’magnetic lever auan slowly rotatmg young stars. For the same rangé,cﬁn_d con-
trary to accretion-powered disc winds, the asymptotic jolallo

smaller Iagnchlng ”?d"- This is very unlikely for it woule-r velocity of stellar winds almost entirely depends on thengsy
quire an ejectionféiciency decreasing towards the central St%tic value ofg(> 2) alone (cf Eq[|5) namely

(one usually expects the contrary).

1/2 -1/2

Therefore, the global amount of angular momentum, ang ~ 250 /8 — Z(Mﬂ) (3&) kms?t (13)

the slope of thev, vs. v, relation across the jet at a fixed al- © Ro

titude z, both dfer good discriminants between MHD windsaAs an example, model | ¢f Sauty & Tsingahbs (1994) ysed

from the corotation (X-wind and ReX-wind) and extended disg:64 giving a terminal speed of 543 km's Figure[} clearly

winds. shows that only a much larger value.b{> 200) introduces a
deviation from the simple expression given by E 13.

3.3. Stellar winds 4. Comparison with T Tauri microjets observations

. . . , . We now compare our kinematic predictions for stationarft sel
Th ical rotation peri f T Tauri rs i , : . ) .
e typical rotation period o auri stars is 8 days (Seceonflned jet models with recent high-angular observatidns o

Bouvier et a}{ 1997 and references therein) and corresgonds” - regions of T Tauri microjets, using the diagnodie
do = 0.1. Moreover, stellar winds are probably only Iaunchedrar_n ronosed in Fi urE 2 The resulting im Iicationswfsmcdi
at large latitudes (sif, < 1/2), higher anyway than those? prop 9 . gimp

where accreting material is flowing in. Thus, Eq. 5 shows th\évfnds and stellar winds are discussed below.

magneto-centrifugal acceleration would bgatent only if the
stellar field lines are wide open with a very large magnetiele 4.1. Rotation signatures

arm parameter, namely> 1/62sir? 6, ~ 200. Although it has . . . . .
P > 1/0 ° d &_tectlons of transverse velocity shifts suggestive cdtion

been recently proposed that such winds could solve the an i h b tlv derived f S A
lar momentum problem in T Tauri stafs (Matt & Pudffitz 2oos);'9natures have been recently derived from FEEITS spectra
at distances: 50 AU from the central source in 4 T Tauri micro-

there is no MHD calculation yet showing the feasibility otbu .~ [Bacciott et b
a flow for typical magnetic field strengths and jet mass—lo-%—jts' DG Tau, Th 28, Lkid 321, and RW Aur|(Bacciott et pl.

rates in T Tauri stars. 02;|Cdtey et af{ 2004; Woitas etdl. 2005). Tentative rotation
signatures were previously reported |py Davis ét[al. (2000) i

Instead, all self-similar models of MHD stellar winds comthe younger HH 212 jet at 2300 AU from the central infrared

puted so far have an Alfvéen surface located not very far fropurce (knot SK1), using the,t¥=1-0 S(1) line.

the stellar surface. Such winds have almost straight fielgsli ~ The rotation interpretation appears particularly conwigc

in the sub-Alfvénic zone so that=r2/r2 ~ R2/R2, whereR, N the case of the intermediate velocity component (IVChef t

is the stellar radius. For instance, model [ of Sauty & Tsngja DG Tau jet, as the rotation sense matches that of the dist (Tes

1993) displaydRa = 1.55R, (1 ~ 2.4), Whé@@m_et aI.) and transverse shift variations across and)aken

1997) obtained a solution wifRs = 7.1R, (1 ~ 50). As a con- J€t are in excellent agreement with detailed predictionsafo

sequence, published MHD stellar wind models are essantidill MHD solution of an extended disc wind_(Pesenti e} al.

pressure-driven winds where the ejected plasma gets mo @)-

its energy fromp. Note that magnetic fields do play a role in Care must however be exercised as currently detected ve-

collimating the outflow, but this collimation takes placeimiy locity shifts are close to the detection limit and are thus af
beyond the Alfvén surface. fected by large uncertainties. Additionafexcts, such as intrin-

sic asymmetric velocity structure in the flow dadcontamina-

Figure[i; illustrates the locus of MHD stellar winds frontion by entrained material, cannot be fully excluded. Ditec
T Tauri stars, using the conservative vatisin®6, = 0.04 velocity shifts may therefore correspond only to upper témi
and a stellar radiuR, = 3R, for 8 values varying from 2 to to the true jet azimuthal velocities. For example, tentatata-
6 (solid lines) andt from 2 to 200 (dashed lines) for the sakdion signatures reported By Woitas e} 4l. (2005) in the kipol
of completeness. Stellar winds occupy only a narrow regfonBW Aur jet appear to be in opposite sense to the disc rotation
the {p, rv,) plane of MHD models (note this is a log-log plot) (Cabrit et a][ 2006), and are thus likely only upper limits.
They are well separated from MHD disc winds, with only those In Figure|8, we plot the derived specific angular momen-
stellar winds with very larga > 100 approaching the X-wind tum versus poloidal velocities for all of the above jets (ex-
region. cept LkHx321, for which inclination is unknown), with distinct




Ferreira et al.: Which jet launching mechanism(s) for T Tatars ? 9

1000

500

DG T

7AU

RV, x (1.0 Mg/M.)"? (AU x km s7")

A=200

0 200 12 400_1 600
Vp x (1.0 Mp/M,) " (km s )

Fig. 3. Comparison of predicted specific angular momentum vs. gdalaielocities with observations of T Tauri microjets. Full
and dashed curves show expected theoretical relationsHtid Misc and stellar winds (same as Fﬁb 2, on alinear scalefted

in symbols are jet kinematics measured at distaneé&0 AU in the DG Tau, RW Aur, and Th 28 jets. The infrared HH 212 je
is also shown for comparison. See text for more details onthevdata points and their associated error bars are computed

symbols for redshifted and blueshifted lobes. In this gragh (Th 28, HH 212) uncertainty on the value of the central stella
consider only significant measurements obtained towartts oumass.

jet streamlines at transverse distandes 20 AU from the jet

axis, as detailed modelling shows that more axial jet regjion

are heavily &ected by projection and beam dilutioffexts, 4-2- Constraints on wind launching radii and magnetic
leading to severe underestimation of their azimuthal \usloc lever arms

(Pesenti et al. 2004As a consequence, current observations ,
are only probing the launching radius of the outer stream- Several general conclusions may be drawn from the compar-

lines of the optical jetFor the DG Tau microjet, we averagdSOn Of data points with model predictions in Figufe (8.

velocity shifts and radial velocities reported Dynamically cold Qisc winds (With_ magnetic Ieve_r arms> .
(@002) atd, = 30 AU for distances along the jet betweer?0) are excluded (in agreement with the conclusions of @arci
40 and 60 AU. For the RW Aur microjet, we adopt the vaft f’:l|.|200|]_;| Pesent.i etfgl. 2004), Sinqe they w?uld pr-edict ro
ues ofv, andv, published by[Woitas et hI[ (2005) (their tglation rates Iargely in excess of what is obsen{eéy X-winds

ble 1). However, given the discrepancy between jet and didRd stellar winds predict 10-100 t|mes_smaller gngu_lar neme
rotation sense, we take these values as upper limits. For @ than suggested by current tentative rotation signatre
Th 28 redshifted flow, we average velocity shifts and radéal v 1 1S jets.(iii) If these signatures indeed trace pure rotation in
locities observed by GEey et al. [2004) atl, = 34 AU in the jet material, then extended disc winds wighof ~ 0.2 to
the [01]6300 A and [S]6716,673L A lines. For the Th 283 AU and moderate magnetic lever arm paramelgrs 4-

blueshifted flow, we take the measurementd,at: 25 AU in 18 (corresponding to "warm” solutions) are needed. In parti
the [N1]6583 A line. ular, it is interesting to note that most of the current measu

ments, including the upper limits in the RW Aur jet, appear
roughly compatible with the extended MHD disc wind model

Table[} summarizes the adopted values of stellar mass il 4 = 13 that fits [Pesenti etgl. 2004) the DG Tau jet dataset
inclinationi, andv, andv, at transverse distanch together (thick curve in the figure).
with their error bars. To place observed data points in E,ig. 3 The values ofly andr. inferred from comparison with
we have taken into account a 10% (DG Tau, RW Aur) to 20%isc wind predictions using Equatio@ 10 @ 11 are listed in




10 Ferreira et al.: Which jet launching mechanism(s) for Triratars ?

Table 1.Kinematics of T Tauri jets with rotation estimates and dedidisc wind parameters.

Jet M, i V3P V2 d Refs® 4, e (M;/Ma)d s
(My) (km s?) (kms?t)  (AU) (AU)

DG Tau-Blue IVC 0.67 45+ 3 45+ 9 7.8+ 3.0 30. 1 4-8 1.5-45 0.3

RW Aur-Blue 1.3 46 +3° 260+ 17 <15 20. 2,3 <15 < 0.5 -

RW Aur-Red 1.3 46+3 130+12 <17 30. 23 <13 <17 -

Th 28-Blue 1: 80+3 3543 3.5+t 25 25. 4 4-16 0.03-0.2 0.06

Th 28-Red 1 80+ 3° SOﬁg 53+25 34. 4 3.5-9 0.5-2 0.3

HH 212 (SK1) 1: 85+ 3 46+%8 1.5+ 0.25 470. 5 7-17 2-12 0.2

#Velocitiesv, andv, were computed from the observed radial velocities and itglshifts at transverse distanesd, using the following
exXpressionsv, = Vrad/ c0sf) andvy, = Vshift/2 Sin(), wherei is the inclination of the jet axis to the line of sight.

POur quoted uncertainties o, take into account a typical 3incertainty on the inclination angle. This latter sourcewbr is particularly
important in the case of Th 28 and HH 212 where a high inclamatif 80°-85° is inferred.

‘References: [1] Bacciotti et al. (2002); [2] Woitas et aD@8); [3] this paper; [4] Cfiey et al. (2004); [5] Davis et al. (2000).

4 one-sided mass ejection to accretion ratio.

TabIeD.. Although derived only from the most reliable subsetowever, given the wide opening angle of the X-wind, it is un-
among available data (see previous section), they rem#iimwi clear whether this process could b@ent within 20-30 AU
the error bars of previously published estimates (Badaotl] of the jet axis, where the IVC is observed. In either casepa su
P00%;[Anderson et hl. 200B; @ey et al[2004} Woitas et hl. stantial modification of the current published solutionsuigo
P00%). be needed.

We recall that if detected velocity shifts include other ef- In contrast with X-winds, extended disc winds with= 10
fects than rotation, they give only upper limits to the tree jeasily reproduce the whole range of poloidal speeds obderve
azimuthal velocities. The derived launching radii and medign in T Tauri jets. As can be seen in F[d. 3, material ejected from
lever arms are then also upper limits to the true disc wind gaunching radii beyond 0.5 AU naturally explains the interm
rameters. Therefore, X-winds and stellar winds cannot lie deiate velocity components & < 100 km s* seen towards jet
initely ruled out on the basis of current rotation measunmsie edges, while material ejected close to the disc corotatidius
which sample only the outer jet. Determination of the fudits- ~ 0.07 AU reaches high speeds of up to 400-500 kinssffi-
verse jet rotation profile would be a crucial test, as demogient to explain the fastest jets observed in TTS. Hencéujinvit
strated in Section 3. This will require better angular raoh a given jet lobe, a disc wind will naturally provide a range in
(< 5 AU) and tracers of higher critical density (Pesenti gt gholoidal jet velocities because of the range of kepleriaresis
). in the launching zone. Assumingconstant throughout the ex-
tended disc wind, a factor 10 in launching radii will produce
a drop of a factor 3 in observed velocities, from jet axis to je
edge. This is roughly the magnitude of the decline in poloida

Independently of rotation measurements, the wide rangesged from axis to edge across the DG Tau and Th 28-red jets

poloidal velocities observed across T Tauri jets and sonesti (Lavalley-Fouquet et al. 20D0; Bacciotti e al. 2D00;fiey
within the same jet (50-400 knT also raises interesting is-€t al. 2004).

sues for the jet launching mechanism. Finally, in the case of stellar winds, Fiﬂ. 3 shows that the
X-wind models launched from the disc corotation radiu@nge of jet poloidal speeds can easily be reproduced with

reo produce, by construction, only a relatively narrow range &f = 2 — 4. To get an insight of the energy reservoir required

poloidal speeds. For the Alfvén surface calculated inghgng  Per particle, let us first assume tigais mostly provided by an

4.3. Poloidal velocities

et al. (T998), wher@ ~ 3 — 6, one obtains initial enthalpy. In this case, the initial jet temperatorast be
-1
Vp x (IMg/M,)®5 = 200— 340(0.07AU/1o)*® kms? (14) T, = 1510 (ﬁ) M R )" (15)
2/ \Mg /\3Ry

Althou_g_h this range agrees with a gpod fractio.n of KnOWQince,B > 2 (Eq.[1IB), this implies that ejected material must
T Tauri jets [H.artlgan et al. 1995), it fails to explain thQGn have coronal temperatures. Such a high temperature could be
mediate velocity component (IVC) & < 100 km s* which  provided either by a magnetic coronal activity or by the ac-
often dominates the emission towards optical jet edgesgas gretion shock onto the stellar surface. Indeed, the pastish

in the DG Tau, Th 28-red, and RW Aur-red jets (Lavalleyremperature of an adiabatic hydrodynamic shock is
Fouquet et all 200Q; Bacciotti et|al. 2000; &y et al.[ 2004;

2
oitas et a 5). Reproducing these observations witk-anT — §%v§ ~ 9310 (%) K (16)
wind would require a substantial change in the Alfvén stefa 9 ks 30kms

geometry, withd < 2 for equatorial streamlines. Alternativelyfor a fully ionized gas, wheres is the velocity of freely falling
the IVC could be attributed to entrainment of ambient gamsaterial onto the TTS. | is constructed by such a shock, then
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this could explain the accretion-ejection correlationté&wow-  [Gullbring et al.[1998). Furthermore, veiling varies on much
ever that the above equation is an optimistic estimate gsirghorter timescales (days) than those probed by currenbjet o
infalling material would certainly be cushioned by steliaag- servations{ 1 yr atz =50 AU), introducing an intrinsic scatter
netic fields, thus lowering the compression and the regultim the ejectioyaccretion ratio for TTS jets. Therefore, a sta-
temperature. Moreover, these shocks are radiating and ntatical comparison is probably more meaningful at thigeta
ter that becomes ultimately loaded onto open field lines mu3nh average, the observed ratio of (one-sided) jet massdlux t
not cool too rapidly while dfusing towards the higher latitudedisc accretion rate in TTS lies in the range 0.01-0.1, depend
open field lines. TTS with prominent coronal winds do showmg on the adopted accretion rates, with a scatter of a factor
reduced optical continuum emission from the accretion lshog-10 (Cabrif2002). This range is in excellent agreemertt wit
(Beristain et al| 2091), in line with this kind of scenarioutB the values listed in Table 1, indicating that indeed magrusic
the major problem with such a scenario is the unavoidable mwind models accounting for T Tauri jet kinematics are alde ab
diative losses from the densest partg.ii§ in the form of initial to sustain the observed jet mass-loss rates in these sources
enthalpy, then mass loss rates above’ My, /yr would radiate This is not so clear for stellar winds: The requirement that
more X-rays than observefd (DeCarf{pli 1081). all the ejected mass gains a large specific energy through pre
To circumvent this problem, one has to assume that there gradientsf) puts a severe energetic constraint. Indeed,
driving pressure féects modeled by3 are mostly provided the total power transferred to the two jets via either théiona
along the flow and not at the base. For instance, a sophaticatiave pressure gradients is simply
stellar wind model of Sauty & Tsingands (1994) has an initial , )
temperaturd, ~ 10* K which then raises extremely sharply tq NIB—GMMJ' ~,B_ ﬂ L (18)
10° K and levels & to several 16— 107 K thanks to the heating © ©~ R, '~ \M) °°
term¥ (see their Fig. 9). The computation of the X-ray emis- — ]
sion of such a wind remains to be done but it is expected to WBerep is the average value g@f through the jet and.acc =
much smaller in this case. The same conclusion holds for c&dMa/R. the accretion luminosity onto the star. Takjfig: 3

wave-driven winds wherg ~ 2 — 4 is provided by the transfer and a one-sided ejection to accretion mass ratio rangimg fro
of turbulent wave energy. 1% to 10% gives a total power that must be as high as 3% to

30% of the accretion luminosity. But this transferred poiger
itself a fraction of the total power that must be availabl¢ht®
4.4. Mass-loss rates ejected material. Since this power is presumably storedrites

As noted in Section 3.2, the magnetic lever arm in disc wing§¢retion-related turbulence, we can wilje= nlLun wherey
is intrinsically related to the local ejectiofffieiencyé by 4 ~ IS the gficiency of energy conversion. For mstampll

1+1/2¢ (Eq. 9). Furthermore, observationsgfandv, provide ) obtaﬁnet_j anfciency of gnly roughly 20% with a pre-
alower limit (1) on the magnetic lever arr therefore an up- scribed rgdlal field and assuming undamped waves. Th.IS is a
per limit oné. This information, combined with the knowledg conservative value considering that the ejected plasnialsd

of the maximum outer anchoring radias(Table 1), gives an tﬁofe entetr)gy tho_lu%rlw r?dla?()lr. Th.UZ’ the t(t)tsl nethpdx:{% 15%
upper limit on the (one-sided) mass ejection to accretitio ra at must be avallable 1or steflar winds must be as high as 0

that can be sustained by an extended disc wind in each objet(?t:lsoo/0 of the accretion luminosity! Clearly this is very un-
comfortable.

Mj 1 e Note that this poses an energetic problem only if one in-
S a0, -0 In—=. (17) sists on explaining all the jet mass loss with stellar wiridss

a ¢ ' probably implies that stellar winds only carry a small fiant
The last column in Tablf 1 lists the maximum ratios obtaingd the observed jet mass flux in T Tauri stars.
for each of the observed TTS jets, assuming a constant
throughout the disc and ~ 0.1 AU (corotation radius for a
typical T Tauri star).

In principle, these values could be checked for consisterdn intriguing property of T Tauri jets is the frequent occuce
against the observationally determined ejegtonretion ratio (in more than half the cases) of a strong asymmetry of up to
in the same objects. Conversely, a lower limit to the obskrva factor 2 in poloidal speed between the two jet lobes (Hirth
mass flux ratio could in principle be used to derive an uppetal.), as may be seen in Table 1 for RW Aur and Th 28.
limit on A (seg Woitas et al. 2005). However, such a compafdne might think it dificult to obtain such asymmetries within
son made on a star by star basis is not as constraining as BiD jet models. We argue below that, in fact, all models may
would hope, as both jet mass-loss rates and accretion nates it principle account for them, asymmetries representinyg on
rently sufer from large uncertainties: Fourfiérent methods another set of constraints.
existin the literature to derive jet mass-loss rates froseoted In the frame of stellar winds, such a velocity asymmetry
line fluxes and jet sizes, and they give results that typiaift  could be obtained with a fiference of a factor 2 in the pressure
fer by a factor 5-10 (sef Hartigan ef hI. 1085, Chbrit P00Z)arametep between the two stellar poles (see Hig. 3). Further
As for accretion rates, their derivation from optical vegiin- testing of this hypothesis requires to elucidate the orgitne
volves a series of complex steps, with discrepancies of uppessure gradients, which remains the major unsolved issue
a factor 10 between fierent authors| (Hartigan etl|dl. 1995stellar wind models for TTS.

4.5. The origin of jet asymmetries
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In the frame of MHD disc winds, jet asymmetries require
an asymmetry in magnetic lever arms, or launch radii, or both
between either sides of the disc. Such a situation may oettr n
urally in an asymmetric ambient medium. Indeed, an acaretio
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roughly 60-100 times smaller than current observational es
timategupper limits in TTS jets. Moreover, the jet poloidal
speeds can only be reproduced with a large specific energy
deposition, on the order of-2xGM/R.. Such a large input

ejection structure can be seen as a rotating wheel (the disc)of additional energy raises the question of the origin of thi

with two independent electric circuits (the jets). The eatr

energy reservoir if stellar winds were to carry all the ob-

that flows in each circuit depends on the power developed by served jet mass loss. On the other hand, there is mounting
the wheel (which is fixed) but also on the electric resistance evidence for the presence of a hot inner wind close to the
which may be dierent on each sid¢ (Ferreira & Pelldlier 1995; stellar surface in TTS| (Edwards et al. 2D03; Dupree gt al.

Ferreirb[2002). Thus, whenever the ambient medium leads to P00%). We propose that MHD stellar winds do contribute

an asymmetric interaction (i.e. dissipation) with the tépo
jets, then one should expect afdrent total current flowing

at each disc surface, namelyférent current densities (namely —

the toroidal magnetic field,fiecting1) andor different radial
extensions (fectingre).

Another but equivalent way to look at it is that one nec-
essary condition for jet production is the presence of aelarg
scale vertical magnetic field close to equipartition in tlecd
(Ferreira & Pelletigt 1995). But this is not afBaient condi-

as an axial flow inside T Tauri jets but carry only a small
fraction of the total mass loss.

Published wide-angle disc winds from the corotation ("X-
winds”) predict a moderate specific angular momentum
~ 50 AU km s, roughly 10 times smaller than current
observational estimategpper limits in TTS jets. Moreover,
the range in poloidal speeds is narrower than observed (50-
400 km s?), and the frequent steep decline in poloidal
speed towards jet edges is not explained. Solving these

tion, as mass must be able to escape from the turbulent accreproblems would require a strong modification in the Alfvén

tion disc. Now, the conditions for this escape cafiadifrom
one disc surface to the other, since they are strorfigygted by
heat deposition at the surface laydrs (Casse & Fdireirald000

surface angbr in the collimation of outer streamlines (to al-
low entrainment of slow ambient gas within 20-30 AU of
the jet axis).

For instance, if the ambient radiation field is stronger i on— Extended "warm” disc winds with moderate lever arms
side, then heating and ionization can be more importard:-lea 1 ~ 13 (Casse & Ferreirfi 2000b) predict a range in an-
ing to enhanced mass flux (smallgrandor a larger jet launch- gular momentum and poloidal speeds readily compatible
ing domain. Note also that heating of the disc surface layers with current observations of TTS jets, even when asym-
could be provided by dissipation of upstream waves, trigder  metric, provided they are launched from an inner radius
by the interaction between the jet and its environment. Any r; ~ 0.1 AU (corotation) out to an external radiasrang-
asymmetry of this medium may therefore also lead to an asym- ing from 0.2 to several AU. Such extended disc winds also
metric ejection. reproduce the observed ejection to accretion ratios, ds wel
as the jet collimation and line profile shapfs (Pesenti]et al.
P004). Accurate determination of the full transverse rota-
tion profile in the jet is however critically needed, as catre
estimates of rotation speeds and launching radii are other-

We have presented theoretical arguments demonstrating tha Wise only upper limits.
unsteady MHD ejections from the magnetospfdise inter- . . .
face alt)rqough prjobably present in T 'Igauri S)E)Sy;c:ms may not We therefore favor the extended disc wind scenario as the
contribute a dominant fraction of the mass-fluxin T TauriioptcurremIy smplest explanation for t_he main componen_t 8 je
cal jets. from T Tauri stars. Moreover, (1) it produces self-collilt

To further quantify constraints on the driving mechdStS able to (2) provide a pressure confining any plasmoid
nism for TTS jets, we have extended upon the work &jected at the magnetopause (either Reconnection X-winds o

Anderson et 41.[(2003), and presented predictions for daioi CME-like ejecta) and (3) is hollow, allowing the propagatio

and poloidal velocities in all types of stationary selfizohted 0:‘| ar? Inner pressure-dnvt()an S_tellz'lalr wind. IWe therefore et;pe
MHD jet models, namely accretion-driven disc winds anah these ctg)r_nponen_ts(;(z) eh3|r;1_u tan_?vzusy presel mlmh i 0 h
pressure-driven stellar winds, valid as soowvgs> v,. the mass being carried by the disc wivie note that althoug

We have found that the location in the(rv,) plane is a a stellar wind may be unable to carry a large fraction of the

general and powerful diagnostic to discriminate among MH{eCtéd mass, it allows to carry the returning electric ey

models and derive relevant parameters. Comparison of moﬁ%?de_d_ to confine the oute_r disc winwithin this framework,
predictions with recent observations of jet kinematicshimit variability phenomena on time scales smaller than or coerpar
~ 200 AU of their source yield several results: ble to the stellar rotational period should be interpretedig-

natures of the star-disc interaction. In particular, if gtellar

— Extended "cold” disc wind models are excluded in T(Ti% magnetic moment is parallel to the disc fieléhjaent braking

line with the conclusion df Garcia et]fl. 2001) as their larg@f the contracting star is possible through a ReX-wind (iear
magnetic lever armi(> 50) predicts excessive jet rotatiorft aI.)_

on observed scales. 5 The electric circuit envisioned is flowing on the axis towsatide

— Published stellar wind models for TT@redict a very star, enters the disc at its inner edge (the magnetopauddgaves it
small specific angular momentum 5(1/50) AU km s, at the disc surface (inside the jet).

5. Summary and implications for the ejection
mechanisms in young stars
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The hypothesis of extended MHD disc winds in T Tausupport through the Marie Curie Research Training Netw&kSET
stars has several important implications on accretion dislet Simulations, Experiments and Theory) under contrd®TNHCT-
physics. To obtain solutions with moderate lever arins (L0), 2004-005592.

a necessary condition is heat input at the upper disc surface

layers. Such an input in the resistive MHD disc region allo

more mass to be loaded onto the field linés~( 0.1, CasseV\ﬁeferences

& Ferreira[2000p). The origin of this heat deposition remsaimly, J. J. 1991, ApJ, 375, L61

an open question. It cannot be due solely to illumination tAnderson, J. M., Li, Z.-Y., Krasnopolsky, R., & Blandford,
stellar UV and X-ray radiation (Garcia et al., to be submit- R. D. 2003, ApJ, 590, L107

ted). Alternatively, the turbulent processes respondiinié¢he Bacciotti, F. & Eisldfel, J. 1999, A&A, 342, 717

required magnetic flusivity inside the disc might also lead toBacciotti, F., Mundt, R., Ray, T. P., et al. 2000, ApJ, 5379L4
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ulations of the magneto-rotational instability a magredtjcac- Beristain, G., Edwards, S., & Kwan, J. 2001, ApJ, 551, 1037
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way to constrain the disc magnetic field. The origin of thikifie X .
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