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Abstract. We review the theory of the formation and gravitational collapse of magnetized
molecular cloud cores, leading to the birth of T Tauri stars surrounded by quasi-Keplerian disks
whose accretion is driven by the magnetorotational instability (MRI). Some loss of magnetic
ux during the collapse results typically in a dimensionlessmass-to- ux ratio for the star plus
disk of o 4. Most of the mass ends up in the star, while almost all of the ux and the
angular momentum ends up in the disk; therefore, a known mass for the central star implies
a computable ux in the surrounding disk. A self-cortained theory of the MRI that drivesthe
viscous/resistive spreading in such circumstances then yields the disk radius neededto contain
the ux trapped in the disk as a function of the aget. This theory yields analytic predictions
of the distributions with distance $ from the central star of the surface density ( $), the
vertical magnetic eld B;($), and the (sub-Keplerian) angular rotation rate ( $). We discuss
the implications of this picture for disk-winds, X-winds, and funnel o ws, and we summarize the
global situation by giving the energy and angular-momentum budget for the overall problem.
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1. Intro duction

Contemporary star formation occurs in densecoresfound in giant molecular clouds
(Shu et al. 1987; Evans 1999). Two viable but divergert opinions hold concerning the
medanism that producessucd cores.The rst relies on the leakage of magnetic support
by the action of ambipolar di usion (e.g., Mestel & Spitzer 1956;Nakano 1979;Lizano &
Shu 1989;Basu & Mouschovias 1994). The secondinvokestransient compressionby con-
vergingturbulent o ws (e.g., EImegreen1993;Padoan1995;Klessen,Heitsch, & MacLow
2001; Vazquez-SemadenR005). Recert obsenations show that early-stage, loosely ag-
gregated, coresin the Pipe Nebula (Lada et al. 2007) and late-stage, tightly aggregated,
coresin the Rho Oph region (Andr e et al. 2007) are both internally quiet and have little
core-to-corerelative motion. Thesefacts demonstrate that hypersonicturbulence of the
variety embraced by the early enthusiastsplays little role in the ewvolution of densecores
into stars and planetary systems.Turbulence may yet enter in initiating core formation
through its decay or in triggering the formation of the most massiwe stars under very
crowded conditions, but these possibilities are not of interest in the presert review.

Many studies, conducted under a variety of assumptions and boundary conditions,
show that the end product of the leakage of magnetic elds from a slowly condensing,
lightly ionized, densepocket of gasand dust by ambipolar di usion is a gravomagneto
catastrophe, whereby the certral regions of the condensingcore formally tries to reach
in nite density in nite time. A useful convertion is to dene t = 0 asthe momern of
catastrophe,with t < 0 beingthe condensationphasedriving starlesscorestoward gravo-
magneto catastrophe, and t > 0 being the subsequel inside-out, dynamical collapseto
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form a star plus disk. In a spherical coordinate system (r; ;') with origin at the core
certer, a nonlinear attractor involving magnetizedisothermal support against self-gravity
apparertly existsthat producessolutions in which the density and magnetic ux func-
tion at the critical instant t = 0 approach the form of a singular isothermal toroid (Li
& Shu 1996):

a? 4 acr

b oo grzRO)S (i)t &= O (1.1)

where a is the isothermal sound speedand R( ) and ( ) are well-de ned functions of
the polar angle oncethe dimensionlessmass-to- ux ratio along ux tubesachievesa
critical constart value ¢ for the inner regions of the core. The likely value of ¢ varies
from 2 to 1 for regions of averageto high ionization-fraction (perhaps characteristic of
regions of low- and high-massstar formation; seeCrutcher & Troland 2006).

The subsequeh ewolution for t > 0 yields a massinfall-rate onto a growing certral
protostar plus disk that hasthe form,

mo( 1=2a)3.
1 ()G’
wheremg is a dimensionlesscoe cien t of order unity and > 1is afactor accourting for
the enhancemen of the e ectiv e isothermal sound speed a squared assaiated with the
e ects of magnetic pressureand possibly turbulence. The natural dewelopmert of head-
start velocities (seelLee et al. 2001;Harvey et al. 2002) and over-densities(compared to
the static singular isothermal sphere;seeHarvey et al. 2001) from the previous epoch of
ambipolar di usion yield typical valuesof mg that are a factor of 2 or 3 larger than the
classicalvalue mg = 0:975 (Shu 1977, Adams & Shu 2007). For conditions measuredin
densemolecular cloud cores, M- might vary from a few times 10 ® M yr ! (low-mass
star formation) to 10 4-10 *M yr ! (high-massstar formation).

M. = (1.2)

2. Catastrophic magnetic braking if eld freezing applies

Becausethe dynamical collapse occurs quickly compared with ambipolar di usion,
eld freezingholds asa rough approximation for the epoch t > 0. Numerical calculations
of the collapse phaseusing the ZEUS-2D code (Stone & Norman 1992) reveals di cul-
ties, however, somethat were anticipated, and others, not (Allen, Li & Shu 2003). An
anticipated di cult vy is that if gravitational collapseoccursto a virtual point becauseof
the absenceof rotation, then the certral star would end with a mass-to- ux ratio given
approximately by 2 G'¥°M = o 2. For astar with massM IM and radius
R 3R , this would imply a surface eld B = R? 10’ G, about four orders of
magnitude larger than measured elds on the surfacesof T Tauri stars. Instead of being
draggedin from the interstellar medium, the obsened kG elds in these stars probably
result from dynamo action.

The abovedi cult y wasalready known to Mestel & Spitzer (1956) and prompted them
to proposethat ambipolar di usion would prevent the discrepancy:the interstellar ux
would be left behind in the interstellar medium during the collapseto form a star. The
modern situation reviewed above shows that ¢ at the end of the ambipolar di usion
epoch typically amournts to only 2, and not 10* times larger.

From obsenations we now know that stars of all massesform via the intermediary of
an accretion disk (for recert evidenceconcerninghigh-massstars, seeRodr guez,Zapata
& Ho 2007). Accretion disks have cross-sectionalareasthat are much larger than stars,
sothey can easily contain the same ux without having absurdly high levels of magnetic
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eld. However, an unexpected surprise in the simulations of Allen, Li & Shu (2003) was
that accretion disks do not form if ¢ is anything like 2 and eld freezingwereto apply.
Galli et al. (2006) give an analytical demonstration that the magnetic braking assaiated
with the collapseto a certral point, which producesa magnetic con guration that is a
so-called\split monopole," transfers angular momertum away from the certral regions
soe cien tly by the radiation of torsional Alfv enwavesthat Keplerian disks cannot form.
High-resolution numerical simulations conducted by Fromang et al. (2006) and Price &
Bate (2007) have con rmed theseresults.

Fortunately, a little bit of ux slippage, perhaps due to electrical resistivity rather
than ambipolar di usion, can go along way toward promoting disk formation (Shu et al.
2006). From a combination of theory and obsenations (seeGirart et al. 2006), Shu et al.
(2007) argue that an additional lossof ux by a factor of 2 on the way down to forming
a star plus disk is plausible, yielding the estimate ¢ 4 for the value appropriate
for such con gurations. Using di erent starting con gurations, Hennelelle & Fromang
(2007) nd that disk formation is possibleeven with eld freezingif ¢ = 20, but not if

o = 5. Below, we adopt a value o = 4to computethe ux trappedin the circumstellar
disks of YSOs, but an uncertainty of a factor of a few exists in this estimate.

3. Mean-eld MHD of accretion disks

A net magnetization of the circumstellar disks surrounding YSOs makes the MRI
(Hawley & Balbus 1991;Balbus & Hawley 1998) a natural candidate for the mecanism
of inward transport of matter and outward transport of angular momertum. Such a
processis neededto explain why objects like the mature solar system have almost all
the massin the certral stars and almost all the angular momertum in the companions
(planets) that supposedly formed out of their nebular disks. Unfortunately, no previous
MRI simulation is both global and has nonzero net ux threading the disk, perhaps
explaining why most MRI simulations givetoo low an e ectiv e viscosity comparedto the
requiremerts of real systems(King, Pringle & Livio 2007;Fromang & Papaloizou 2007).

3.1. Turbulent viscosity

In the absenceof relevant numerical simulations, we usemixing length theory to estimate
the transport coe cien ts assaiated with the turbulence induced by the MRI. Consider
the schematic diagram in Figure 1, adapted from Shu et al. (2007). We imagine that
accretion in the cylindrically radial direction $ stretchesthe eld lines that would oth-
erwise stick vertically through the disk so that the poloidal B has not only a vertical
componert B, but alsoa radial componert that reversessign from By < 0 at the lower
surfaceto Bg > 0 at the upper surface. We then supposethat turbulent uctuations
occur that occasionally create a loop that pinchesand disconnectsfrom its parent eld
line (seesteps2 and 3 of top panel). Becausea detached loop is easyto shear,di eren tial
rotation would stretch the radial uctuation Bg into a toroidal eld B:, where the
two elds are related (including the proper sign) by the order of magnitude estimate,
@ ..

uB Bs $ @ $: (3.2)
For the uctuations most e ectiv e in transport, the velocity perturbation u is related
to the mixing length $ by the natural inversecorrelation time, ,

u $: (3.2
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Figure 1. Schematic diagram of scenariosby which eld loops are created and destroyed by
magnetohydrodynamic turbulence when the mean eld is strong: (top) in 2-D by stretch, pinch,
disconnect and (bottom) in 3-D by stretch, pinch, disconnect and twist, reconnect, relax. The
depiction is the meridional plane ($ ; z), except for the twist assaiated with di eren tial rotation
indicated by the block arrow, which occurs out of the plane of the page. The twist in the bottom
diagram gets the elds oriented in opposite directions at the target reconnection point, which
results in the \y es" sign to proceedto steps4 and 5. (adapted from Shu et al. 2007)

Solving for B: , we get

B =g Bs: (3.3)

Using Bg asthe natural scalefor Bg , we estimate the assaiated Maxwell stressas
Bs B (B§)’$ @ .
4 4 @

The above expressionshould be comparedwith the tangential momertum-transp ort term
usually modeled as a viscousstress:

(3.4)

e @
@ 2z @
where s the coe cien t of (turbulent) kinematic viscosity, isthe surfacedensity of the

disk (gas plus dust), and z; is its e ectiv e half-height. Comparing the two expressions,
we may identify

$ (3.5)

(Bs )%z

> ;
where F is a dimensionless\form factor" of order unity (or somewhat smaller) that
correctsfor the uncertainties in the twiddlesand an e ectiv eintegration over the thickness
of the disk.

In a steady accretion disk where F is a spatial constart, the radial componert of the
eld at the upper surface of the disk is related to the vertical componert B, in the

=F (3.6)
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mid-plane by the equation (Shu et al. 2007):
B = I'B,; (3.7)

where |- is an integral that has a well-determined, order-unity, value oncethe disk are
is speci ed (i.e., the power-law dependenceof zg on $, which is related to the index °).
The substitution of equation (3.7) into equation (3.6) yields the form:

BZz .
> ;
where D = |2F is an adjustable dimensionlessparameter of order unity if the MRI is

fully deweloped. Reassuringly equation (3.8) is the viscosity expressionof Shakura &
Sunyaev (1973) if we substitute magnetic pressurein the mid-plane for gaspressure.

=D (3.8)

3.2. Turbulent resistivity

In order for accretion to occur, not only must outward angular-momertum transport
occur di usiv ely at an enhancedrate relativeto friction at a molecular level, but so must
inward transport of matter occur by crossingstationary mean- eld lines faster than the
resistive di usion assaiated with knocking ionsand electronso eld lines by atomic and
molecular collisions. Inward matter transport doesnot happen if loop dynamics involve
only the stepsindicated in the top seriesof picturessin Figure 1. The reasonfollows.

Consider the matter trapped inside the magnetic loop as the latter tries to move
radially inward from the position where it disconnectedfrom the upstream mean eld
line. If only the 2D degreesof freedom are considered, this loop cannot attach onto
the downstream mean eld line becauseits eld orientation is parallel to the target
reconnectionpoint. Magnetic reconnectionwill not occur under such circumstances.The
eld loop in the sequenceof the top panel is thus doomed to bounce (random-walk
di use) betweenthe mean eld lines sandwiching it, until it accidertally, sooner or later,
reattaches to its original parent (upstream) eld line. Although the stretching of the
eld line in the azimuthal direction can di usiv ely transport someangular momertum
by the afore-computed Maxwell stresses,no transport of matter across eld lines will
occur above and beyond what collisions at a microscopiclevel allow.

Consider the situation, however, if an extra 3D step of twisting the eld loop occurs
out of the (meridional) plane of the page, asindicated by the block arrow in panel 3 of
the bottom sequenceof pictures in Figure 1. Sud a vortical twist reversesthe inner and
outer eld directions of the original loop, allowing the loop to attach onto the downstream
mean eld line by magnetic reconnection.In the process,the enclosedmatter will have
moved from the upstream eld line to the downstream eld line at a rate that potentially
much exceedsmolecular di usion. We may estimate the assaiated turbulent di usion
coe cien t (turbulent resistivity) by the following product of terms:

BiB.2s 2@
2 @

The term in the rst parenthesisis the sameasits bracketed counterpart in equation
(3.6) exceptthat onefactor of B§ hasbeenreplacedby B,. Viscoustransport depends
only on there being a (B§ )?, whereasresistive transport via the formation of loops re-
quiresthe poloidal eld to have meancurvature B¢ B,. As discussedoreviously, however,
the creation of eld loops by itself is not enoughto give resistive di usion. The created
eld loops must also be able to reattach to downstream eld lines, and this requires an
added step. For loops of typical vertical size zp, the fraction of all formed loops that
will have the right orientation for the downstream reconnection can be estimated to be

= F (3.9)
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the ratio of zo to the radial length assaiated with the angular shear ( @ =@ ) 1.
This ratio is the term inside the secondparenthesis. Finally, a dimensionlesscoe cien t
of order unity exists in front, which must be taken to equal the sameF as appearsin
equation (3.6) if steady disk accretion is to be possible(Shu et al. 2007).
When equation (3.7) holds and when the rotation law of the disk is quasi-Keplerian,
($ =) @ =@ ) = 3=2, the turbulent resistivity is smaller than the turbulent viscosity,

_ 329
S 2%
by afactor the aspectratio zp=$  1for athin disk. First found by Lubow, Papaloizou
& Pringle (1994) via a set of argumerts motivated by the desireto drive disk winds, this

result is surprising if we use a naive picture of turbulent mixing, but it is a natural
outcome when viewed via the model of \lo op dynamics" depicted in Figure 1.

(3.10)

4. Steady-state solution

When substituted into the governing equations for a steady-state, magnetized, disk
with accretion rate My, the viscosity and resistivity expressionsyield the following solu-
tions for the rotation rate , surfacedensity , and vertical componernt of the magnetic
eld B, asfunctions of radial position $ in a disk surrounding a star of massM :

. GM
($)=1 Zg— (4.1)
__f I Mg .
($)= 177 3Da (GM $)1=2" 4-2)
|
1=2 , 1=4
B.S)= oy g (4.3)

wheref 6 1isaconstart accourting for the partial support againststellar gravity by the
magnetic tension and A is the disk aspectratio, A zp=%. The above results are derived
in an approximation that ignoresthe self-gravity of the disk relative to the gravity of the
star, and that assumesthe e ects of gas pressureand magnetic pressureare negligible
comparedwith magnetic tension force in modifying the certrifugal balance of the disk.
The disk aspect ratio is computed from the equation for vertical hydrostatic equi-
librium, which yields a relationship between A and the square of the thermal speed
a2 kTyn=m in the mid-plane of the disk of the form (see Appendix C of Shu et al.
2007):
2 G%: (4.4)
In principle, we should compute the mid-plane temperature T, for a thin disk from the
condition that radiativ e conduction and thermal cornvection (if any) carry the energy of
viscous and resistive dissipation to the disk's upper and lower surfaceswhere this heat
is radiated away per unit area at somee ectiv e black-body rate Tg. In practice, for
quick modeling purposes,we shall assumeA($ ) to be given typically and empirically as
a power-law, which we will take hereto be (see,e.g.,D'Alessio et al. 1999):

$ 1=4
100AU
With 1=4 asthe power-law exponert, Shu et al. (2007) compute the self-consisten value

a?ﬁ% (1 f2A+A

A($) = 01 (4.5)
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for |- to be 1.742.They alsoarguethat the plausible theoretical domain for this exponert
rangesfrom 1=8 to 1=2, implying that the power-law for variesfrom / $ 5% to
/$ 1, in agreemen with the empirical ndings of Andrews & Williams (2007).
In addition, we supposethat we can ascribe a ducial agetage to a disk basedon the
time it would take to completely drain the disk massM g4 at the accretion rate My:
z R
. ($)2 $d% Ma(R ) = Mgtage: (4.6)
In the above we have taken the outer radius of the disk to equalthe value R neededto
contain the ux g,
Zr
B,2 $d$ = 4=2 G¥2M = ; (4.7)
0
where g is the dimensionlessmass-to- ux ratio brought into the systemby the gravita-
tional collapsefrom a molecular cloud core. When the indicated integrals are performed
with the integrands given by the steady-state solutions for ( $) and B,($), we are
implicitly assuminga de nite value for the total angular momertum of the system,
Zg
Jg = $2 2 $d$: (4.8)
0
This value will generally not equal the actual amourt. At late times, the actual system
will not have enoughangular momertum to maintain the systemin steady state all the
way out to the ux radius R , and the disk will experiencetime-dependert spreading.
Other problems may also arise, such as dead zonesbecauseof insu cien t ionization
in the certral layers (Gammie 1996). Disregarding such di culties, in steady state, we
canwrite the requiremert of certrifugal balanceagainstthe joint attraction of the stellar
gravity and the magnetic repulsion (due to tension) acting inside the disk as

»_GM  B§B,
$? 2

Using equations (3.7), (4.1), (4.2), (4.3), (4.6), and (4.7), we now transform the above

requiremert to the following formula for the departure from Keplerian rotation:

05444 M
& Mg(R)’

where we have specializedthe numerical coe cien t to the value applicable to the aring
law (4.5). Becausethe star's massM increasesas the disk accretion proceeds,whereas
the disk's massM4(R ) decreasesgquation (4.10) states that the departure from Ke-
plerian rotation, 1 f 2, increaseswith time. With a xed total massand ux for the
system, the disk becomesincreasingly magnetized with time, leading to a growing role
for magnetic repulsion relative to gravitational attraction of the disk.

$

: (4.9

1 f?=

(4.10)

4.1. Four astronomical models

The four columns following the object in Table 1 givesthe input parameters when we
assumethat ¢ = 4in the modelsfor a T Tauri star, alow-massprotostar, an FU Orionis
star, and a high-massprotostar. Notice that the input valuesare ordinary exceptfor the
choiceD = 10 2 for the T Tauri model, which is to be contrasted with the more natural
selectionD = 1 for the other three models. The small value for D is made sothat the T
Tauri disk would not have spreadto ridiculously large radii R , and it can be partially
justi ed physically on the groundsthat T Tauri stars may have dead zones.
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Table 1. Parameters of four model systems

Object M My tage D f R  Mg(R) Ja(R )
(M ) (M iyr)  (yn) (AU) (M ) (M AU kmis)

T Tauri star 05 1 10°% 3 10° 10 %% 0.658 298 0.0300 5.12

Low-massProtostar 05 2 10°® 1 10° 1 0.957 318 0.200 51.4

FU Ori 05 2 1041 10° 1 0.386 16,5 0.0200 0.473

High-mass Protostar 25 1 10 41 10 1 0.957 1,520 10.0 39,700

The last four columnsin Table 1 yield the output parametersof the analytic theory. A
detailed discussionof theseresults can be found in Shu et al. (2007). For here, we merely
note that the predicted sub-Keplerianity f = 0:658 of T Tauri disks is surprising and
extreme. If we wereto make a lessextreme choicefor ¢, say, o = 8, the quantity 1 f?2
in equation (4.10) would decreaseby a factor of 4, and f would equal (a perhaps more
acceptable)0.926,with magnetic elds a factor of 2 lower than discussedbelow.

4.2. Expected magnetic elds

Figure 2 shows the magnetic eld distribution from equation (4.3) when we adopt the
parameter choices of Table 1. The solid line appliesto the M = 0:5M models and
the dashedline to the M = 25M model, with f chosento be 0.386 for the former
(appropriate to FU Ori) and 0.957for the latter (appropriate to the high-massprotostar).
The disk accretionrate My and stellar massM have beenscaledaccordingto the formula
that labelsthe vertical axis. The data points comefrom Donati et al.[2005) for FU Ori,
Winnberg et al.{1981) for V1057 Cyg, Hutawarakorn & Cohen (1999) for G35.2-0.74N,
Hutawarakorn et al.{2002) for W75N, and Edris et al.{2005) for IRAS 20126.

In general, the theoretical expectations are in line with the empirical measuremets.
The agreemen is impressive when we realize that the magnetic elds measuredfrom
spectropolarimetry and the Zeemane ect in maseremissionlines spanalmost six orders
of magnitude in eld strength and over four magnitudes in spatial scale. From Figure
2, however, we seethat a vast obsenational desert exists in the measuremeis made at
the extremes of this range. In this desert, there exists empirically only the meteoritic
measuremenm of roughly 1 G from chondritic materials that cometo us presumably from
about 3 AU in the asteroid belt (Levy & Sonett 1978). Fortunately or fortuitously, this
measuremen alsolies on the theoretical line (seethe discussionin Shu et al. 2007). Much
work awaits obsenersin the ALMA erato Il in the gapsof Figure 2.

5. Implications for disk winds

The expectation that strong magnetization makes the inner parts of accretion disks
sub-Keplerian in their rotation rates has important consequencegor the feasibility of
disk winds. It is well-known that one criterion for a cold, magnetocertrifugally driven,
disk wind to ariseis that the B eld should emergefrom the disk surfaceat an outward
angle of more than 30 with respect to the vertical direcaign (Blandford & Payne 1982).
Translated to our language,this requires Bg =B, > 1= 3, which is amply satis ed by
equation (3.7) whereBg =B, = |- = 1:742

Magnetocertrifugally driven disk winds need to satisfy a second criterion, namely,
that the acousticspeedat the surfaceas must make up for any departure from Keplerian
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Figure 2. Scaledmagnetic eld B, plotted against radial distance $ in the accretion disk
from the certral star.

rotation at the launch point $, a condition that Shu et al. (2007) expressas
1 GM
2> 21 f3)—: A
al> Z(1 £9)7¢ (5.1)

If the departure from Keplerian rotation is zero,1 f? = 0, then even cold winds with
as = Ocanbe magnet?pgrtrifugally launched from the disk surfaceprovided that the rst
criterion B =B, > 1= 3is satis ed. However, if 1 f2 > 0, then thermal help is needed
to overcomethe gravitational potential GM =$. The necessarycoe cien t is estimated
as 1=4, becauseParker's (1963) theory for the unmagnetized, non-rotating, solar wind
producesonefactor of 1/2, and another 1/2 canbe justied on the groundsthat rotation
at Kepler speedsbrings the gaswithin a factor of 1/2 of having enoughenergyto escaye.
Comparison with equation (4.4) now revealsthe potential problem. The rst term in
that equation is smaller than the term on the right-hand side of equation (5.1) by the
factor 2I- A, which is a small number in the inner regionsof the disk where A hasa value
of only a few percert. The rst term in equation (4.4) dominatesin the caseof strongly
magnetized disks where the vertical thicknessof the disk is compressedmore by the
gradient of the magnetic pressureassaiated with B than it is by the vertical componert
of the stellar gravity (e ect of the secondterm). But the sound speedin the surface
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Figure 3. Interaction of a magnetized accretion disk with a strongly magnetized certral star.

layers cannot exceedthe sound speedin the mid-plane, unlessthe disk surfaceis heated
externally, for example, by high-energy photons (X-rays, UV) coming from the certral

star. Without external heating, the criterion of equation (5.1) is in cortradiction with

equation (4.4). Thus, disk winds can be magnetocertrifugally drivenin the magnetically
dominant regimeonly if they are warm (cf. the presertation of Cabrit at this conference).
In this casethe rate-limiting factor in determining the wind mass-losgrate is the stellar
photons reaching the disk surface,a condition that would make disk winds closelyrelated
to the processof photo-evaporation (e.g., Font et al. 2004). Conversely if the secondterm

in equation (4.4) dominates, then the magnetization of the disk hasto be weakto make
1 f?< 2A2, sewrely hampering the ability of the disk to drive powerful, fast, cold jets.

6. Implications for X-winds

Fast stellar jets almost certainly require an X-wind (Shu et al. 1994),and only X-winds
can make senseof the peculiar interpretation given to the He | obsenations by Suzan
Edwards in her presenation at this conference.The obsenational results reviewed by
Chris Johns-Krull at this conferencesimilarly have no plausible explanation other than
X-wind theory. However, why doesnot sub-Keplerianrotation of the disk have the equally
ominous implication for X-winds that it doesfor disk winds?

6.1. In uenc e of disk elds

Equation (4.9) combined with Figure 3 suppliesthe answer to the last question. Equation
(4.9) states that sub-Keplerian rotation is expected only as long as the product B¢ B,
is positive, i.e., only when the disk eld makesan outward bend. But the senseof the
bend must reverse as we come to the inner edge of the disk and the accretion ow
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attachesonto the stellar magnetospherein a funnel ow onto the certral star (Fig. 3).
The reversalin sign of B¢ B, as this happens makes the disk rotation rate transition
from sub-Keplerian values(in the disk proper), to Keplerian values(in the X-region), to
super-Keplerian values (in the forbidden region interior to the inner disk edge). Before
the latter happens,the disk (dark shade)is truncated and the matter o ws onto the star
via a magnetosphericfunnel (Shu et al. 1994; seealso the simulations of Romanova at
this conference).The reversedpressuregradients at a sharp inner edgehelp with making
the transition from sub-Keplerian to super-Keplerian values.

Tovisualizewhat is goingon in Figure 3, imagine the inward pressof the disk eld to be
resisted by the outward pressof the squeezednagnetosphere(assumedto have a dipole
momert in the picture that is anti-aligned with the disk eld; for a more generalmultip ole
treatment, seeMohanty & Shu 2007). The squeezingpops open someof the previously
closedstellar elds, and theseopen elds becomeavailable to form the regionsthat are
dead or alive to the magnetocertrifugal ow (eld anglesat the surfaceof the disk less
than or greaterthan 30 from the vertical). The inward presson the stellar magnetosphere
alsoincreaseghe disk rotation rate near the inner edgeof the disk. Becauseof the added
presenceof the disk elds (with comparable strengths as the compressedstellar eld in
the X-region), X-winds will be better focusedthan the casewith no disk eld. Moreover,
the fraction f,, of the disk accretionrate My in Figure 3 that endsup in out o w (lightly
shaded X-wind) rather than inow (lightly shaded funnel-ow) will be lessthan 1/3
becauseof the pushing up of the trapped stellar ux toward a more vertical direction.
The lighter loading of eld lines will make the terminal speedsof X{winds faster than
computed under the assumptionthat the disk is itself unmagnetized.

6.2. X-winds in action

The basic equationsfor steady, axisymmetric, X-winds were written down by Shu et al.
(1988){ all that haschangedin the interim are the boundary conditions that are attached
to the two governing partial-di eren tial equations. For a cold o w, the Grad-Shafranov
equation (Grad & Rubin 1958; Shafranos 1966) for the stream function ($ ;z) reads:

13 30 2 oy _
whereVe = ($2+ 2% %2 $2=2+ 3=2is the dimensionlesse ectiv e potential in the
corotating frame. Bernoulli's equation for the Alfv endiscriminant A ( 2 1)=$? is
o, 1 Z2 282y,
2 € — 0N
iroi +ﬁ 52 +m-0. (6.2)

In the above J( ) and ( ) are functions of assaiated, respectively, with the con-
senation of angular momertum carried in matter and eld and with the freezing of gas
loaded onto the eld at the baseof the ow from the surfaceof the disk.

The di cult y with the above formulation is that equation (6.2) substituted into equa-
tion (6.1) yields a partial-di eren tial of mixed type, changing from elliptic to hyperbolic
asthe ow velocity crossescertain signal speeds(Heinemann & Olbert 1978).In the cold
limit, the relevant signal speedis the fast MHD speed, with the Alfv en surface where
A = 0 being only an apparert singularity where J( ) = $ 2. These equations have been
attackedin various guisesby Najita & Shu (1994, X-wind in the sub-Alfvenicregion), Os-
trik er & Shu (1995, funnel ow), Shu et al. (1995, X-wind far asymptotics), and Shang
et al. (1998, full X-wind solution by interpolation of near and far asymptotics). This
piece-mealtreatment has been criticized by other workers (cf. Ferreira et al. 2006), but
it hasproducedglobal solutions of adequateaccuracyfor most astronomical applications.
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Nevertheless,a more systematic approacd is desirable. Such an approach has been
found and implemented by Cai et al. (2007). It beginsby de ning an action integral:
#

zz"
A, 1 3 12 Ve

S PLER T ¥ * o g7A

5 2 $d$ dz: (6.3)

The action S givesequation (6.1) when extremizedwith respectto variations of , while it
givesequation (6.2) when extremized with respectto variations of A. Instead of attacking
the two relations as partial di erential equations, we may then reduce the problem to
looking for trial functions in a variational approac. Details are givenin Cai et al. (2007).
For here, we merely note that the solutions so obtained are in good agreemen with the
earlier onesobtained by lesssophisticated means.

7. Budget for energy and angular momen tum
7.1. Photon Luminosity

To summarize the outlook of this paper, let us examine the global budget for energy
and angular momertum as the gas spirals from large distancesin the disk to land in
hot-spots at the end of the funnel ow (seealso Shu 1995). The hot-spot luminosity is
given dimensionally by

GM My 1+ R3sin> , 3R

Lhete = (1 f ;
hot ( w) R 2R>3( ZRX )

(7.1)
where 1 is the mean co-latitude of the hot-spot. The term inside the parenthesis is
R =Ry times the dimensionlessspeci ¢ kinetic energy of gasfalling freely from rest at
the X-point in the corotating frame,

1, 1. 1., 3

U= —+ = — Ve ; 7.2
2 3 ¢ (7.2
evaluated at the position of the hot-spot on the surface of the star, r = R =Ry and
$ = rsin . To get the system photon-luminosity, Lsys, the amount from the hot spot
is to be addedto the amourt L liberated by the star and the disk-accretion luminosity:

1 GM My
Lg= T+ ——; 7.3
’ 3 R (7.3)
where T is the dimensionlessviscoustorque just outside Rx . Thus,
Lsys =L + Lpot + Lg: (7.4)

7.2. Flow and Field Luminosity

In a cold gas,evenin the presenceof a magnetic eld, the dimensionlessspeci c energy
of the gasin the corotating frame, H  juj’=2+ V, = 0 is a constart of motion. In an
inertial frame, H is the Jacobiconstart, H = E® J9, whereE? and J¢ are the specic
energy and speci ¢ angular momertum of the gas measuredin an inertial frame, with
E? = 1= J9 at the X-point whereV, = 0 by de nition. Thus, the time rate of change
of the dimensionlessspeci ¢ energy E9 of a parcel of gasaswe follow its motion is given
by the time rate of changeJ? along a streamline. There is alsoa Poynting ux per unit
mass ux given by the analogousquantity JB. Thus, in a corvertion wherewe de ne the
gravitational potential energyin an inertial frame to be zero at in nit y, the medanical
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luminosity o wing out of the systemin the form of an X-wind is given by

3 GM My

Ly = fw Jw é T, (75)

where J,, is the dimensionlessspeci ¢ angular-momertum carried on averagein wind gas

and eld. The constart streamline-averagedquantity J,, = Jg + J& is the sum of two

variables where the gaseouscortribution J$ starts at 1 at Rx and becomesd,, > 3=2

at in nit y, whereasthe eld cortribution JE starts at J,, 1 at Rx and goesto zeroat
in nit y. Similarly, the medcanical luminosity contained in the funnel ow equals

3 GM My

Ln =21 fw) J - ——

> R (7.6)

The constart streamline-averagedquantity J = J9 + JB is the sum of two variables
where the gaseouscortribution J9 starts at 1 at Rx and becomesJ at the hot-spot,
whereasthe eld cortribution JB startsatJ 1at Ry and goesto zeroat the hot spot
(if the hot-spot eld is very strong).

If we add the two mechanical luminosities to the power dissipatedin the disk to accrete
the gasfrom innit y to Ry, we get

_ GM My
- oM

which must equal zero sincethe gasand eld in the star formation processstarts with
zerospeci ¢ energyat in nit y and energyis consened. This requiresthe expressionin the
squarebracket to vanish, which is equivalent to the consenation of angular momertum
becausewhat leavesthe X-region in the X-wind, f,,J, andin the funnel ow, (1 fy)J ,
must come from what was originally there, 1, minus any angular momertum per unit
mass removed by the viscous torque, T. The consenation of energy is equivalent to
the consenation of angular momertum because,by the argumert involving the Jacobi
integral, the only way to transfer energy (in the inertial frame) is to exert torque. In any
case,the consenation of angular momertum/energy in the X-region requires

Lw+ Ln + Lg fudw+ (1 fu)d 1+ T ; (7.7)

1 7T 3
fo = —— 7.8
v Jo J (7.8)

The fact that the sum of the three luminosities,
Lun + Lw+ La=0; (7.9)

vanishesmeansthat L¢,, must be negativeif L,, and L4 are positive. Mechanical power
o ws out of the star becauseit givesup its right to rotate faster and faster if it becomes
locked to the rotation rate of the inner edgeof the disk. Although this happensformally

for arbitrary T andJ aslongasJ < 3=2andT <1 J;in fact weexpectd and T

to be small comparedto unity if the squareof the stellar radius is small in comparison
to RZ and if the MRI torque just outside Rx cannot compete with wind or funnel o ws
that remove or add angular momertum at dynamical rates.

The physical signi cance of Ly, being negative cannot be overstated. Angular mo-
mentum is transferred by the funnel o w to the inner edgeof the disk, exceptfor a small
part that is neededto keepthe star locked to the disk. Otherwise, the star would begin
to rotate faster and faster, becominghighly attened asa result. Disk truncation occurs
not by ram pressuree ects (Ghosh & Lamb 1978), but by considerations of angular-
momertum transport. Funnel o ws are the reasonwhy stars are spheresand not disks.
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This fact is the ultimate tribute to the proposal made by Claude Bertout and Gibor
Basri many yearsagothat magnetosphericinfall underliesthe accretion luminosity of T
Tauri stars, not boundary-layer emission.
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