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1 Introduction

In Chap. V [Magnetohydrodynamics of Protostellar Disks] it was shown that a
sufficiently highly conducting Keplerian disk that is threaded by a weak mag-
netic field will be subject to the magnetorotational instability (MRI) and may
evolve into a turbulent state in which the field is strongly amplified and has
a small-scale, disordered configuration. This turbulence has been proposed as
the origin of the effective viscosity that enables matter to accrete by transfer-
ring angular momentum radially out along the disk plane. In this chapter we
focus on an alternative mode of angular momentum transport that can play
an important role in protostellar disks, namely, vertical transport through the
disk surfaces effected by the stresses of a large-scale, ordered magnetic field
that threads the disk.

The possible existence of a comparatively strong, “open” magnetic field
over much of the extent of at least some circumstellar disks around low- and
intermediate-mass protostars is indicated by far-IR and submillimeter polar-
ization measurements, which have discovered an ordered, hourglass-shaped
field morphology on sub-parsec scales in several molecular clouds (e.g., Schle-
uning 1998; Girart et al. 2006; Kirby 2009). The polarized radiation is at-
tributed to thermal emission by spinning dust grains whose short axes are
aligned along the magnetic field (e.g., Lazarian 2007). The detected hourglass
morphology arises naturally in molecular cloud cores in which a large-scale
magnetic field provides dynamical support against the core’s self-gravity (see
Sect. 2.1). In this picture the field is interstellar in origin and is part of the
Galactic magnetic field distribution. As discussed in Sect. 3, the inward grav-
itational force can become dominant and the core then undergoes dynamical
collapse to form a central protostar and a circumstellar disk. The magnetic
field is dragged in by the infalling matter and could in principle lead to a
large-scale “open” field configuration in the disk.
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An ordered magnetic field that threads a disk can exert a magnetic torque
that removes angular momentum from the interior gas. This angular mo-
mentum can be carried away along the field lines either by torsional Alfvén
waves in a process known as magnetic braking (see Sect. 2.2) or through a
rotating outflow in what is known as a centrifugally driven wind (CDW; see
Sect. 4.3). These mechanisms could supplement or even entirely supplant the
radial transport along the disk plane invoked in traditional disk models: by
turbulent stresses as in the MRI scenario mentioned above or through grav-
itational torques in a self-gravitating disk as described in Chap. IV [Disk
Hydrodynamics]. In the case of radial transport, the angular momentum re-
moved from the bulk of the matter is deposited into a small amount of gas
at the outer edge of the disk. In the case of vertical transport, this angular
momentum is deposited into a small fraction of the disk mass (the tenuous
surface layers of the disk) that is removed as a CDW or else (when mag-
netic braking operates) into the ambient medium through which the torsional
Alfvén waves propagate. The introduction of this new transport channel has
profound implications to the structure and properties of disks in which it is
a major contributor to the angular momentum budget and potentially also
to the strong connection that has been found between accretion and outflow
phenomena in young stellar objects. This is discussed in Sect. 4, where we
also consider how to determine which of the two possible angular momen-
tum transport modes (radial or vertical) operates at any given location in a
magnetically threaded disk and whether these two modes can coexist.

Of course, large-scale, ordered magnetic fields can also be produced in situ
by a dynamo process; we consider this alternative possibility for the origin
of the disk field in Sect. 4.2. In the case of the Sun, high-resolution observa-
tions made at extreme ultraviolet and soft X-ray wavelengths and transformed
into spectacular false-color images have revealed a complex web of organized
structures that appear as loops and prominences near the stellar surface but
simplify to a more uniform distribution further out (e.g., Balogh et al. 1995).
There is growing evidence that Sun-like stars are already magnetically active
in the protostellar phase and, in fact, generate fields that are a thousand times
stronger than that of the present-day Sun. The dynamical interaction between
such a field and a surrounding accretion disk through which mass is being fed
to the nascent star could have important evolutionary and observational con-
sequences. We consider this in Sect. 5. We conclude with a summary and a
discussion of future research directions in Sect. 6.

2 MHD of Magnetically Threaded Disks

Before getting into the specifics of the various topics outlined in Sect. 1, we
present a general discussion of the dynamical properties of ordered magnetic
fields in relation to protostellar disks and of the main methods that have been
applied to their study.
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2.1 Magnetic Forces

The magnetic force per unit volume on a magnetized fluid element is given by

JxB:_v<BQ>+B-VB (1)

c 87 dr 7

where J is the current density, B is the magnetic field vector, ¢ is the speed
of light, and we substituted

&
J=_VxB (2)

(neglecting the displacement current in Ampere’s Law on the assumption that
all speeds are < ¢) and used a vector identity to obtain the two terms on the
right-hand side of Eq. (1). As was already noted in Chap. V, the first term
represents the magnetic pressure force and the second one the force due to
magnetic tension. To build intuition it is useful to consider the magnetic field
lines. Because of the solenoidal (i.e., absence of monopoles) condition on the
magnetic field,

V-B=0, (3)

the fluz W of “open” field lines through the disk (the integral [ B -dS, where
dS is a disk surface-area element) is conserved. This is a noteworthy result: it
says that, even if the disk is resistive in its interior, the flux of magnetic field
lines that thread it (also referred to as the poloidal fluz) will not be destroyed
(although poloidal flux could be added to, or removed from, the disk through
its outer and inner boundaries). In the MHD picture, the field lines can be
thought of as rubber bands that exert tension of magnitude B? /47 directed
along the field and pressure of magnitude B2 /87 normalto their local direction
(e.g., Parker 1979).

The nonmagnetic forces acting on a cloud core or a disk are the force of
gravity (mostly self-gravity in the case of a core and central-mass gravity in
the case of a nearly Keplerian disk), —pV® (where g is the mass density and
@ is the gravitational potential), and the thermal pressure force —V P. There
may be an additional force, associated with the momentum flux of MHD
waves, in a turbulent system. Such turbulence could give rise to an effective
viscosity, but, as is generally the case in astrophysical systems, the effects
of microphysical shear viscosity would remain negligible (e.g., Frank et al.
2002). Protostellar disks typically have sufficiently low temperatures that the
dominant forces in the disk plane are gravity and magnetic tension, whereas in
the vertical direction the thermal pressure force is always important, balancing
the downward force of gravity or of the magnetic pressure gradient.

These notions can be illustrated by considering the equilibrium configu-
rations of cloud cores (e.g., Mouschovias 1976). Within the interstellar gas
that ultimately ends up in the core the magnetic field lines are initially nearly
parallel to each other and the field is well coupled to the matter (with the
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magnetic flux being, in the jargon of MHD, “frozen” into the matter). Since a
magnetic field exerts no force parallel to itself, matter can slide relatively eas-
ily along the field to form a flattened mass distribution. The oblate structure
predicted by this scenario is consistent with the observed shapes of starless
cores in the Orion giant molecular cloud (e.g., Tassis 2007). 3 It is convenient
to describe this configuration with the help of a cylindrical coordinate system
{r, ¢, 2z} centered on the forming star, with the 2 axis aligned with the ini-
tial magnetic field direction. A vertical hydrostatic equilibrium in which the
(upward) thermal (and possibly turbulent) pressure force balances the (down-
ward) gravitational force is established on a dynamical (free-fall) time scale
and is by and large maintained throughout the subsequent evolution of the
core, as verified by numerical simulations (e.g., Fiedler & Mouschovias 1993;
Galli & Shu 1993), including in cases of filamentary clouds that are initially
elongated in the field direction (e.g., Nakamura et al. 1995; Tomisaka 1996).
Self-gravity acting in the radial direction tends to pull the field lines inward.
The hourglass shape revealed by the polarization measurements is produced
because these field lines remain anchored in the cloud envelope. This results
in magnetic tension that is associated mainly with the term (B, /47)dB,/dz
in Eq. (1) and is in complete analogy with the force exerted by a stretched
rubber band. The field morphologies revealed by the polarization measure-
ments are interpreted as arising from the approximate balance between this
force and radial gravity. This interpretation is supported by H I and OH
Zeeman measurements of the line-of-sight field amplitude and by estimates
of the plane-of-sky field strength using the measured dispersion in the field
orientation (the Chandrasekhar-Fermi method), both of which typically im-
ply roughly virialized cores (with ordered and turbulent magnetic fields con-
tributing approximately equally to the overall support of the cloud against
self-gravity; e.g., Ward-Thompson et al. 2007).

In applying these ideas to the disks that form from the gravitational col-
lapse of cores, one should bear in mind the following two points. First, the
flux threading the disk is sufficiently strongly concentrated that the bending
of the field lines between the midplane (where B, = B, = 0 by reflection
symmetry) and the disk surface can be large enough to make B, ¢ (where the
subscript ‘s’ denotes the surface) comparable to B, (which, in turn, changes
little between the midplane and the surface if the disk is thin). Consequently,
magnetic squeezing by the z-gradient of the magnetic pressure associated with
the B, (and possibly also By) field components can become comparable to, or
even exceed, the downward force of gravity. This is indeed a key property of
the wind-driving disk models discussed in Sect. 4.4. Second, the density scale
height A in the disk typically satisfies h < r, implying a rapid decrease of the

3 Note, however, that many cores do not exhibit a clear oblate structure and that,
in fact, many of the cores in Taurus are apparently prolate and may have formed
from the fragmentation of the filamentary clouds in which they are embedded
(e.g., Di Francesco et al. 2007).
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density with z even as the magnetic field amplitude changes little for z < r.
Therefore, magnetic forces generally dominate all other forces on scales < r
above the disk surface, and the field there assumes a so-called “force-free”
field configuration (J x B ~ 0). According to Eq. (1), in this case the mag-
netic tension force has to balance the magnetic pressure force, which points
outward (as B? increases toward the center). This implies that the field lines
in ths region assume a vase-like, “concave in” morphology (i.e., bending to-
ward the vertical axis), in contradistinction to the hourglass-like, “convex out”
shape that they have inside the disk. This behavior accounts for the initial
collimation of disk-driven MHD winds (see Sect. 4.3).

2.2 Magnetic Braking

Plucked rubber bands (or strings) carry waves whose phase velocity is the
square root of the ratio of the tension to the mass density. Using again the
analogy to magnetic field lines, one immediately obtains the phase speed of
(transverse) Alfvén waves, vy, = B,/\/4mo (taking the background field to
point in the Z direction). When the transverse magnetic field of the wave
points in the azimuthal direction, the corresponding (torsional) Alfvén wave
carries angular momentum. A rotating molecular cloud core or disk will twist
the magnetic “rubber bands” that thread it. The degree of twisting fixes the
pitch |Bgs/B,| of the field lines and is determined, in turn, by the “load”
on the other end of the band (i.e., by the inertia of the external matter to
which the field lines are coupled). This twisting represents a transfer of angular
momentum from the core or disk to the external medium (subscript ‘ext’). One
can thus determine By by equating the torque per unit area (normal to 2)
exerted on each of the two surfaces of the flattened core or disk, rB, By /4, to
minus the rate per unit area of angular momentum carried by the waves from
each surface and deposited in the (initially nonrotating) ambient medium,
—Oext T2t §2BVAext, Where 25 is the angular velocity of the field line (which is
conserved along the field under ideal-MHD conditions; see Sect. 4.3). Poloidal
flux conservation along the field makes it possible to relate the radius r and
field B, in the core or disk to the corresponding quantities in the external
medium, B,rdr = B, extTextdText, Where the ambient field (assumed to be
uniform on large scales) can be expressed in terms of the poloidal flux ¥ by
B, ext = ¥/mr2,. One then obtains (cf. Basu & Mouschovias 1994)

ext-

v UB¢
ng,s = - 2 )
T UAext

(4)

where vy = rf2p. The general meaning of vpy is discussed in Sect. 2.4;
unless Ohm diffusivity dominates in the core/disk, it can be identified with
the midplane angular velocity of the particles into which the field lines are
frozen (see Eq. (65)).



6 Arieh Konigl and Raquel Salmeron

2.3 Centrifugal Wind Driving

As noted in Sect. 2.1, the dynamics just above the disk surface is magnet-
ically dominated, i.e., the magnetic energy density there is larger than the
thermal, gravitational, and kinetic energy densities of the gas. The compara-
tively large electrical conductivity in this region implies that the poloidal (r, z)
gas velocity is parallel to the poloidal magnetic field (see Sect. 4.3) and the
bulk particle motions can be approximated as those of beads along rotating,
rigid, massless wires (Henriksen & Rayburn 1971). This mechanical analogy
is useful for deriving the criterion for the centrifugal launching of disk winds
(Blandford & Payne 1982). We neglect thermal effects in this derivation and,
correspondingly, regard the disk as being infinitely thin. Since the field geom-
etry only varies on a scale ~ r in the force-free zone, very close to the disk
surface the field lines can be regarded as being nearly straight. Considering
thus a straight wire that intersects a Keplerian disk at a distance ry from the
center and makes an angle 6 to the disk normal, the balance of gravitational
and centrifugal forces along the wire implies that, in equilibrium, the effective
potential P (y) satisfies
0Pegr Yy + sinf

= .2 o
dy B (1+2ysin9+y2)3/2 —ysin“f —sinf =0, (5)

where the dimensionless variable y = s/ry measures the distance s along the
wire. The equilibrium is unstable when 9?@.g/dy? < 0 (corresponding to a
local maximum of @) , which at y = 0 occurs for 8 > 30°. Hence, centrifugal
driving sets in if

B, s 1

B. >ﬁ' (6)

This wind-launching criterion plays a key role in wind-driving disk models. It is
worth noting that, in contrast to typical stellar winds, in which the outflowing
gas must “climb out” of basically the entire gravitational potential well at the
stellar surface, in the case of outflows from a rotationally supported, infinitely
thin disk the depth of the (gravitational + centrifugal) potential well is lower
by a factor of 2 on account of the rotation, and gas can in principle “escape
to infinity” without any added thermal push if there is a sufficiently strongly
inclined, rigid channel (the magnetic field lines). Real disks, however, are not
completely cold and therefore have a finite thickness. When this is taken into
account, the effective potential attains a maximum at some height above the
disk surface, and thermal pressure forces are required to lift gas from the disk
up to that point (e.g., Ogilvie 1997). This and some other properties of CDWs
are considered in Sect. 4.3.

2.4 Nonideal MHD

Unlike the approach of classical electrodynamics, in which it is common to
consider the magnetic field as being generated by current flows according to
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the Biot-Savart law, in MHD practice it is often more illuminating to focus
on the magnetic field and to regard the current density as a subordinate
quantity that is determined, through Eq. (2), by how the field is shaped by
its interaction with matter (e.g., Parker 2007). The current, in turn, helps
to determine the neutral-fluid—frame (denoted by a prime) electric field E’
according to Ohm’s law

JZO"E,ZUOE,H+0'HBXE,J_+0'PE,J_ ; (7)

where the conductivity has been expressed as a tensor to take account of the
inherent anisotropy that an ordered magnetic field induces in the motions of
charged particles. Here the subscripts || and L denote vector components that
are, respectively, parallel and perpendicular to the unit vector B, whereas
00, ou, and op are, respectively, the Ohm, Hall, and Pedersen conductivity
terms.

Under ideal-MHD conditions, the conductivity is effectively infinite and
the comoving electric field vanishes. This is an adequate approximation for
describing the dynamics of a disk wind or of the medium surrounding the
core/disk. However, within the core or disk themselves the degree of ioniza-
tion is generally low, so finite conductivity effects must be taken into account
in the dynamical modeling. When the conductivity is low, each charged par-
ticle species (denoted by a subscript ‘j’) develops a drift velocity vq; = vj —v
with respect to the neutral fluid velocity (which we approximate by the aver-
age fluid velocity v, as appropriate for a weakly ionized medium). The drift
velocities can be calculated from the equations of motion of these species, each
of which is well approximated by a steady-state balance between the Lorentz
force and the drag force F'; exerted by collisions with the neutrals,

Zje (E, + % X B) = —Fnj = M;jv;00d,j , (8)
where Z; is the (signed) particle charge in units of the electronic charge e,
v =< ov >j /(my + m), and < ov >; is the rate coefficient for collisional
momentum transfer between particles of mass m; and neutrals (of mass m and
mass density o). This collisional interaction in turn exerts a force Fj,, = —F;
on the neutrals. The degree of coupling between a given charged species and
the magnetic field is measured by the Hall parameter, defined as the ratio
of the particle’s gyrofrequency to its collision frequency v5, = 7j0 with the
neutrals:

|Zj|eB 1

mic 70

J

9)

In this expression, B = |B|sgn{B.} is the signed magnetic field amplitude,
with the sign introduced to keep the dependence of the Hall conductivity on
the magnetic field polarity (see Eq. (13) below). When |§;j| > 1 the coupling is
good and the collision term can be neglected in comparison with the magnetic
term; in this case the Lorentz force is approximately zero, corresponding to
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the near vanishing of the electric field in the charged particle’s frame. On the
other hand, when |§;] < 1 the coupling is poor; in this case the magnetic term
in Eq. (8) can be neglected.

By summing up Eq. (8) over the particle species one obtains

J x B
Z?’Lijn = x . (10)
J

c

This shows explicitly that, in a weakly ionized medium, the Lorentz force
(which acts only on the charged particles) is transmitted to the bulk of the
matter only through a collisional drag, which involves a relative motion be-
tween the charged and neutral components. Therefore, if magnetic forces are
important in such a medium, its structure is inherently not static. This is ex-
emplified by the behavior of a magnetically supported molecular cloud core
(e.g., Shu et al. 1987). The magnetic field that threads the core is anchored
in the comparatively well-ionized cloud envelope, but in the core’s interior
the degree of ionization is low and the magnetic tension force is transmitted
to the predominantly neutral gas through ion-—neutral drag. Since the ions
(taken in what follows to constitute a single species denoted by the subscript
‘1") are well coupled to the magnetic field and thus remain nearly fixed in
space, the associated ambipolar diffusion drift entails an inward motion of
the neutral particles toward the center of mass. If the evolution lasts longer
than the ambipolar diffusion time (~ (R/va)?7i0i, which can be inferred from
Egs. (14) and (18) below), the central concentration will become large enough
to cause the core to become gravitationally unstable, and dynamical collapse
will ensue.
Expressing the current density in terms of the charged particles’ drifts,

J = Zeanjvd,j (11)

J

(where the charged particles have number densities n; and satisfy charge neu-
trality, Zj njZ; = 0), and using Eq. (8), one can solve for the conductivity
tensor components in Eq. (7):

ec
00=J > milZ15; (12)
J
ec nj| Z;|

= — 13
OH B ; 1 +6J2 ’ ( )

and 715

ec ’I’Lj iP5
= — —_ 14
op B ; 1+ﬂ]2 ( )

(e.g., Cowling 1976; Wardle & Ng 1999). Note that o (and correspondingly
the Hall term in Ohm’s law) depends on an odd power of the magnetic field
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amplitude and can therefore have either a positive or a negative sign (reflect-
ing the magnetic field polarity). This leads to qualitative differences in the
behavior of the disk solutions in the Hall regime for positive and negative
values of B,.

The conductivity tensor formalism is useful for constructing realistic disk
models in which the relative magnitudes of the different conductivities can
change as a function of height even at a single radial location as a result
of the variation in the density and in the dominant ionization mechanism
as one moves between the disk surface and the midplane (see Sect. 4.4). It
is nevertheless instructive to relate this formalism to the classical diffusivity
regimes considered in Chap. V. This is best done by solving for the fluid-frame
electric field,

cE' =noV x B4+mu(V x B) x B+n5(V xB),, (15)
where the Ohm, Hall, and ambipolar diffusivities are given, respectively, by

02

= 16
o drog ( )
02 OH
= —_—, 17
"H dro | o) (17)
and )

C op
na = 4 — —TNo, (18)

mOo | O]

with 0, = (0 + 02)'/? (e.g., Mitchner & Kruger 1973; Nakano et al. 2002).
The three distinct regimes are delineated by

oo & op > |og]| Ohm
00 > |ou| > op Hall (19)
oo > op > |oq] ambipolar .

When ions and electrons (subscript ‘e’) are the only charged species, one
has ng = Peno and na = B Peno, with the respective Hall parameters
given numerically by 5 = ¢B. ~ 0.46 (B/n13) (e.g., Draine et al. 1983;
where ¢ ~ 1.3 x 1073 T21/27 n1z = ng /(103 cm=3), B is measured in Gauss,
Ty, = T/(10*K), and the mean ion mass is m; = 30my). In this case the
three classical regimes correspond, respectively, to the Hall parameter ranges
18] < |Be] < 1 (Ohm), |Bi] < 1< |Be| (Hall), and 1 < |5i| < |Be| (ambipo-
lar).

Figure 1 shows the regions of ambipolar, Hall and Ohm dominance in the
log nyy — log B plane.* Molecular cloud cores and the outer regions (> 10 AU)
of protostellar disks typically correspond to the ambipolar regime, as do the

4 For a complementary figure in the logny — log T’ plane, see Fig. 2 of Chap. V.
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Fig. 1. Magnetic diffusivity regimes in the logng — log B plane for T' = 280 K.

disk surface regions at smaller radii; disk midplanes on scales ~ 1 — 10 AU
are often dominated by Hall diffusivity, whereas Ohm diffusivity characterizes
the midplanes of disks on scales ~ 0.1 — 1 AU. In the innermost (< 0.1 AU)
regions of the disk, where the temperature increases above ~ 103K and the
gas becomes collisionally ionized (e.g., Gammie 1996; Li 1996a), anomalous
Ohm diffusivity (the enhanced drag between positive and negative charge car-
riers due to scattering off electromagnetic waves generated by current-driven
plasma instabilities) might play a role. Note that the precise extent of the dif-
ferent regimes depends on the radial profile of the disk column density, since
the latter determines the degree of penetration of the ionizing radiation or
cosmic rays (see Sect. 4.4). For a given mass accretion rate, the column den-
sity depends on the nature of the angular momentum transport mechanism. In
particular, transport by a large-scale, ordered magnetic field is generally more
efficient than transport by a small-scale, disordered field,® resulting in higher
inflow speeds and correspondingly lower column densities and higher degrees
of ionization in CDW-mediated accretion than in MRI-based turbulent disks.
The behavior of the electric field is governed by Faraday’s Law,

5 This can be seen by representing the r¢ turbulent stress component as oP
(where the constant « is typically < 1; cf. Balbus & Papaloizou 1999), so the
ratio of the torques exerted by the ordered field and by the turbulent stress is
(=B:Bg,s/4m(P))(r/aH) (where () denotes vertical averaging over the disk half-
thickness H), which is typically > 1.
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aa—? =—-cVxFE, (20)
where E = E’ — v x B/c is the lab-frame electric field. In view of Eq. (15),
when the resistive term in the expression for E’ can be neglected and the only
charge carriers are ions and electrons, one can express the ambipolar and Hall
contributions to cF as (v—wv;) X B and (v; —ve) X B, respectively (see Konigl
1989 and Chap. V), yielding 0B/0t = V x (v, x B), which indicates that
in this case the field lines are frozen into the electrons (the particle species
with the highest mobility |Zj|e/m;). It is also seen that the ideal-MHD limit
E = —v x B/c is approached when the ion—neutral and ion—electron drift
speeds are small in comparison with the bulk speed. It further follows that,
in the ambipolar regime, the ions and electrons drift together relative to the
neutrals (i.e., |v; — vo| < |v; — v]), so the field is effectively frozen also into
the ions, whereas in the Hall regime the ions and neutrals essentially move
together and the electrons drift relative to them (|v; — ve| > |v; — v|). More
generally, one can define an effective velocity vg for the poloidal flux surfaces
that applies also in the Ohm regime, when these surfaces are no longer frozen
into any particle species (although, as noted in Sect. 2.1, they continue to
maintain their identity). Focusing on the midplane, where B = B,, this is
done through the relation cE = —vp x B (cf. Umebayashi & Nakano 1986).
As we just observed, in the absence of Ohm diffusivity (and still considering
only ion and electron charges) this relation is satisfied if one substitutes v, for
the velocity, which verifies that vg = v, in this case. However, in the Ohm
regime the azimuthal field-line velocity

vBg,0 = —cEr0/Bo (21)

can differ from that of the most mobile charged particle component, and
similarly for the radial flux-surface velocity

vBro = cEy0/Bo , (22)

where the subscript ‘0’ denotes the midplane.

A departure from ideal MHD may lead to energy dissipation at a rate
(per unit volume) J - E’. As can be inferred from Egs. (7) and (15), both
the Ohm and ambipolar terms in Ohm’s law contribute to Joule heating, but
not the Hall term. It may perhaps seem puzzling that energy is dissipated in
the ambipolar regime even though the field lines remain frozen to the charged
particles, but one can directly associate the heating in this case with the ion—
neutral collisional drag: J - E' &~ njvq,i - Fi, (assuming Z; > 1; see Egs. (8)
and (11)). Joule dissipation would be the main internal heating mechanism in
disk regions where angular momentum transport is dominated by a large-scale,
ordered field. Ambipolar heating, in particular, could also play an important
role in the thermal structure of disk-driven winds (see Sect. 4.3).

Just as we arrived at a combination of physical variables that measures the
degree of coupling between a charged particle and the magnetic field (namely,
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the Hall parameter; Eq. (9)), we will find it useful to identify an analogous
measure for the neutrals. It turns out that an appropriate parameter combina-
tion of this type for Keplerian disks, which plays a similar role in MRI-based
systems (where the neutrals couple to a small-scale, disorderd field) and in
wind-driving disks (where the coupling is to a large-scale, ordered field), is

the FElsasser number
v}

A= , 23
xn. (23)
where
¢ 24
L (24)

is the “perpendicular” magnetic diffusivity and {2k is the Keplerian angular
velocity. This parameter is > 1 and <« 1 for strong and weak neutral-field
coupling, respectively.® The Elsasser number is used in planetary dynamo
theory to measure the ratio of the Lorentz to Coriolis forces. Since both the
MRI mechanism and the field-mediated vertical angular momentum transport
involve magnetic coupling to Keplerian rotation, it is not surprising that this
parameter also arises in the disk context. In the three main conductivity
regimes it reduces to

}2‘—;"(‘ =7 ambipolar
A = 6T Hall (25)
Be /T Ohm,

where we again assumed, for simplicity, that the only charged particles are ions
and electrons. The ambipolar limit has a clear physical meaning: it represents
the ratio 7 of the Keplerian rotation time to the neutral-ion momentum-
exchange time. This parameter has emerged as the natural measure of the
field-matter coupling in the wind-driving disk models of Wardle & Konigl
(1993; see Sect. 4.4) as well as in studies of the linear (e.g., Blaes & Balbus
1994) and nonlinear (e.g., Mac Low et al. 1995; Brandenburg et al. 1995; Haw-
ley & Stone 1998) evolution of the MRI in such disks. Indeed, since the ions
are well coupled to the field in this limit (|3;] > 1), the neutrals will be well
coupled to the field if their momentum exchange with the charged particles
(which is dominated by their interaction with the comparatively massive ions)
occurs on a time scale that is short in comparison with the dynamical time
le (corresponding to 7" > 1). In the Hall regime A is equal to this ratio
of time scales multiplied by |5;]. This product has figured prominently in the

6 The parameter A is distinct from the Lundquist number S = vaL/no) and from
the magnetic Reynolds number Rem = VL/no (where V and L are characteristic
speed and length-scale, respectively), which have been used in similar contexts in
the literature. It was first introduced into the protostellar disk literature in this
form (but using a different symbol) by Wardle (1999).
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classification of wind-driving disk solutions (Konigl et al. 2010) as well as in
linear studies of disk MRI in this regime (e.g., Wardle 1999; Balbus & Terquem
2001). In this case, too, it has a clear physical meaning. In contradistinction
to the ambipolar regime, the ions are not well coupled to the field in the Hall
limit (|8i] < 1). In order for the neutrals to be well coupled to the field it
is, therefore, not sufficient for them to be well coupled to the ions (7" > 1);
rather, the product 5|7 must be > 1 in this case. In the Ohm regime, even
the electrons are not well coupled to the field (|G.] < 1), so now the product
Be3iT has to exceed 1 to ensure an adequate coupling of the neutrals to the
field. The condition A > 1 in fact characterizes both the linear (e.g., Jin 1996)
and the nonlinear (e.g., Sano et al. 2002) behavior of the MRI in this regime,
and the Elsasser number is again a natural parameter for classifying viable
wind-driving disk solutions in this case (with each sub-regime corresponding
to a distinct lower bound on A; see Konigl et al. 2010).

2.5 Similarity Solutions

Even the most simplified models of magnetically threaded protostellar disks
lead to systems of nonlinear partial differential equations (PDEs). In some
cases, such as the disk—star interaction considered in Sect. 5, it has proven nec-
essary to carry out full-fledged numerical simulations to get definitive answers
about the expected behavior. However, for other aspects of the problem, such
as the disk formation (Sect. 3) and the wind-driving disk structure (Sect. 4),
it has been possible to make analytic (or, rather, semianalytic) progress by
looking for similarity solutions, an approach that converts the PDEs into or-
dinary differential equations (ODEs; e.g., Landau & Lifshitz 1987). This type
of solution does not incorporate either inner or outer radial boundaries, so
it can be justified only at radii that are sufficiently far removed from the
disk’s actual edges. However, the basic properties revealed by these solutions
have invariably been confirmed by simulations, and the analytic approach
has the advantage of making the qualitative behavior more transparent and
of making it possible to better investigate the parameter dependence of the
solutions and to incorporate more physics and dynamic range than is yet
possible numerically. The semianalytic and numerical approaches have thus
played complementary roles in shedding light on these questions.

In the case of the disk-formation problem, the separate dependences on
the spatial scale r and the time t are subsumed into a single dependence
on the dimensionless combination r/Ct, taking advantage of the fact that
the isothermal sound speed C' is nearly uniform (on account of the efficient
cooling by dust grains) in cloud cores and in the outer regions of circumstellar
disks. The self-similarity of the derived solutions is expressed by the fact that
they depend solely on the ratio 7/t and not on the separate values of r and
t. In the case of the stationary, axisymmetric wind-driving disk models, the
separate dependences on the spatial coordinates z and r are subsumed into
a single dependence on the dimensionless combination z/r (or, equivalently,
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on z(r,r9)/ro, where z(r,r9) describes the shape of a magnetic field line that
intersects the midplane at (). In these radially self-similar models all physical
variables scale as power laws of the spherical radius R = (22 +r2)'/? and the
differential equations depend only on the polar angle § = arccot (z/r). Further
details are given in Secs. 3 and 4, respectively.

3 Disk Formation and Early Evolution

Rotationally supported circumstellar disks evidently originate in the collapse
of self-gravitating, rotating, molecular cloud cores. Molecular line observa-
tions (e.g., Goodman et al. 1993; Kane & Clemens 1997) have established
that a majority of dense (> 10*cm™2) cloud cores show evidence of rota-
tion, with angular velocities ~ 3x107'® — 10713 s~! that tend to be uni-
form on scales of ~ 0.1pc, and with specific angular momenta in the range
~ 4x10%° —3x10%2 cm?s~!. The cores can transfer angular momentum to the
ambient gas by magnetic braking (Sect. 2.2), and this mechanism also acts
to align their angular momentum vectors with the local large-scale magnetic
field (e.g., Machida et al. 2006). This alignment occurs on a dynamical time
scale and hence can be achieved even in cores whose lifetimes are not much
longer than that (as in certain models of the turbulent ISM; e.g., Elmegreen
2000). The dynamical collapse might occur as a result of mass rearrangement
in the core on the ambipolar diffusion time (e.g., Mouschovias et al. 2006; see
Sect. 2.4) or sooner if the core is close to the critical mass for collapse (the
effective Jeans mass) from the start (e.g., Elmegreen 2007). In this section we
consider the core collapse problem in the context of angular momentum trans-
port by a large-scale, ordered magnetic field; an alternative scenario involving
gravitational torques is discussed in Chap. I'V.

Once dynamical collapse is initiated and a core goes into a near-free-fall
state, the specific angular momentum is expected to be approximately con-
served, resulting in a progressive increase in the centrifugal force that eventu-
ally halts the collapse and gives rise to a rotationally supported disk on scales
~ 102 AU. These expectations are consistent with the results of molecular-
line interferometric observations of contracting cloud cores (e.g., Ohashi et
al. 1997; Belloche et al. 2002). In this picture, the disk rotation axis should
be aligned with the direction of the large-scale magnetic field that threads
the cloud. Observations have not yet yielded a clear-cut answer to whether
this is indeed the case in reality (e.g., Ménard & Duchéne 2004; Vink et al.
2005), and it is conceivable that the field in some cases is too weak to align
the core’s rotation axis or even control its contraction, or that additional pro-
cesses (such as fragmentation, disk warping, etc.) play a role. In what follows
we nevertheless continue to pursue the implications of the basic magnetically
supported cloud picture.
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3.1 Modeling Framework

Since the gravitational collapse time is much shorter than the local ambipolar
diffusion time in the core, the magnetic field lines at first move in with the
infalling matter. However, once the central mass begins to grow, ambipolar
diffusion becomes important within the gravitational “sphere of influence” of
the central mass (Ciolek & Konigl 1998; Contopoulos et al. 1998). When the
incoming matter enters this region, it decouples from the field and continues
moving inward. The decoupling front, in turn, moves outward and steepens
into an ambipolar diffusion shock. The existence of this C-type MHD shock
was first predicted by Li & McKee (1996). The transition from a nearly freely
falling, collapsing core to a quasi-stationary, rotationally supported disk in-
volves a strong deceleration in a centrifugal shock. This shock typically occurs
at a smaller radius than the ambipolar-diffusion shock and is hydrodynamic,
rather than hydromagnetic, in nature.

Based on the arguments presented in Sect. 2.1 it should be a good approx-
imation to assume that the gas rapidly establishes force equilibrium along the
field and therefore to consider only motions in the radial direction.” One can
obtain semianalytic solutions for this effectively 1D time-dependent problem
by postulating r — ¢ self-similarity, with a similarity variable

r
T = 5y (26)

(see Sect. 2.5). This modeling approach is motivated by the fact that core
collapse is a multiscale problem, which is expected to assume a self-similar
form away from the outer and inner boundaries and not too close to the onset
time (e.g., Penston 1969; Larson 1969; Hunter 1977; Shu 1977). This has been
verified by numerical and semianalytic treatments of restricted core-collapse
problems — with /without rotation and with/without magnetic fields. Although
the constancy of the isothermal sound speed C' that underlies the ansatz (26)
is not strictly maintained throughout the solution domain (in particular, C'
scales roughly as r—1/2 in large portions of the disk that forms around the
central star), this is of little consequence to the results since thermal stresses
do not play a major role in the dynamics of the collapsing core. For a typical
sound speed C = 0.19 kms™!, z = 1 & {400, 4000} AU at ¢ = {10, 10°} yr.
Krasnopolsky & Konigl (2002, hereafter KK02) constructed self-similar
solutions of rotating magnetic molecular cloud cores that are subject to am-
bipolar diffusion. These solutions reveal many of the basic features of star and
disk formation in the core-collapse scenario and are discussed in the remain-
der of this section. To incorporate ambipolar diffusion into the self-similarity

7 In reality, mass can also be added to the system from the polar directions. Numer-
ical simulations of axisymmetric collapse in which new mass is added only through
vertical infall have tended to produce disk-to-star mass ratios ~ 1, much higher
than typically observed. A better agreement with observations may, however, be
obtained when nonaxisymmetric density perturbations and resultant gravitational
torques are included in the calculations (e.g., Vorobyov & Basu 2007).
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formulation it is necessary to assume that the ion density scales as the square
root of the neutral density: o; = Ko'/2. As discussed in KK02, this should be
a good approximation for the core-collapse problem: it applies on both ends of
a density range spanning ~ 8 orders of magnitude, which corresponds roughly
to radial scales ~ 10— 10* AU, with K varying by only ~ 1 order of magnitude
across this interval.

To allow mass to accumulate at the center in a 1D rotational collapse,
an angular momentum transport mechanism must be present. KK02 assumed
that wvertical transport through magnetic braking continues to operate also
during the collapse phase of the core evolution. To incorporate this mecha-
nism into the self-similar model it is necessary to assume that vaext, the Alfvén
speed in the external medium, is a constant.® KKO02 verified that, in their
derived solutions, magnetic braking indeed dominates the most likely alter-
native angular-momentum transport mechanisms — MRI-induced turbulence
and gravitational torques. However, they also found that angular momentum
transport by a CDW arises naturally (and may dominate) in the Keplerian
disk that forms in their fiducial solution (see Sect. 3.4).

3.2 Basic Equations

The mass and momentum conservation relations in their differential form are

given by:
Mass
do 10 0
= 4= )= —— 2
ot " ror (rovr) 0z (ov) (27)
Radial Momentum
v, ov, 500 Ug B, 0B,
Qat tovr or =ogr—C 8r+gr + 4 Oz

o (B2 1 0 2 v,
‘m(sﬂ)‘sﬁraar(@) movg s (28)

Angular Momentum

o0 ov, O B,0By B, 0 0
ec = —zl0¢ = (rBy) — ovs— 2
r Ot (rvg) + r Or (rvg) 47 Oz + 47y Or (rBy) — ov- 0z (rvg) , (29)
Vertical Hydrostatic Equilibrium
do o (B B2 B, 8B
27¢ _ _ Y |2, Pr it
¢ 9z %997 5, <87T + 87 + dr Or '’ (30)

8 A nearly constant value vaext =~ 1 km st is, in fact, indicated in molecular clouds

in the density range ~ 10®> — 10" cm ™ (e.g., Crutcher 1999).
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where g, and g, are, respectively, the radial and vertical components of the
gravitational acceleration. We have not yet dropped the terms that involve
the vertical velocity component (except in the vertical momentum equation,
which we assume takes on its hydrostatic form).

We now integrate these equations over the core/disk thickness 2H. We use
the thin-disk approximation (H(r) < r) and assume that the density, radial
velocity, azimuthal velocity, and radial gravity are constant with height, and
that so is also B, (except when it is explicitly differentiated with respect to
2, in which case we substitute dB./0z = —r~%(d/0r)(rB,) from V - B =
0). We also assume B,.(r,z) = B, 4(r) [2/H(r)] (and similarly for By), and,
after deriving expressions that are valid to order (H/r)?, further simplify by
dropping all terms O(H/r) except in the combination [B,s — H(90B,/0r)]
(see KKO02 for details). We thus obtain the vertically integrated conservation
equations:

Mass

Y 19 1 OM,
o T ran P = T

(31)
Radial Momentum

ov, ov, C?2oxy B, 0B, J?
o T T T T e 2w2<BTS‘Har>+r3’ (32)

Angular Momentum

8J 8J o T‘BZB¢S

o T = ; 33
ot " rar T 2nx (33)
Vertical Hydrostatic Equilibrium
rc? GM, oH? 1 OB
=-GX*+——+— B, +B>,— B, H— 34
2H 2 s T < ds T Prs SHGm ) B

where X = 20H is the surface mass density, J = rvy is the specific angular
momentum of the matter, G is the gravitational constant, and M, is the mass
of the central protostar. In the integrated equations we have implemented
the 1D flow approximation by setting v, = 0, but we retained the term on
the right-hand side of Eq. (31) to allow for mass loss through a disk wind
(at a rate MW) Such a wind could carry angular momentum, but we did not
include vertical particle angular momentum transport in Eq. (33) since most
of a disk wind’s angular momentum initially resides in the magnetic field (see
Sect. 4.3). In any case, we proceed to solve the equations by assuming at first
that no wind is present and that the only mechanism of angular momentum
transport is magnetic braking.

The dominant charge carriers in the pre-collapse core are ions and elec-
trons. Adopting this composition, we approximate the ion equation of motion
in the ambipolar-diffusion limit by
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1
OVnivq = 4—(V x B) x B, (35)
T

where vy; is the neutral-ion collision frequency (see Egs. (8) and (10)). This
relation yields the components of the drift velocity:

BZB¢S
vd. 27TVniE ’ ( )
B, 0B,
= B.s — H .
vd, 2 X ( ’ or > (37)

Magnetic braking is incorporated via Eq. (4), in which we identify vy
with v; 4 (see Sect. 2.4). Expressing v; 4 in terms of vy and vq,¢ (Eq. (36)) and
imposing a cap (6 < 1) on |Bys/B.| (to account for the possible development
of a kink instability above the disk surface), one gets

v VB, -
Bys=—min | — 1 , 0B, 38
@ . lm“? UAext < * 27T2r2vni2vAext> (38)
The flux conservation relation 0¥/t = —2mrvg,.B, (obtained from

Egs. (20) and (22)), which describes the advection of poloidal flux by the
infalling matter, can be written in this limit as

o
ot
with vq , given by Eq. (37). The surface value of B, that appears in the latter

equation can be determined in the limit of a potential field (V x B = 0)
outside an infinitely thin disk from an r integral of the midplane value of B,:

= —27mrv B, = —27r (v, +va,) B, , (39)

B, :/0 dk Jl(kr)/o dr'r'[B,(1") — Bret]Jo(kr') (40)

(e.g., Ciolek & Mouschovias 1993), where Jy and J; are Bessel functions of
order 0 and 1, respectively, and Bier is the uniform ambient field at “infin-
ity” (which is henceforth neglected). Although the current-free limit of the
force-free medium outside the core/disk is not exact, as the presence of a By
component, which typically involves a distributed poloidal electric current, is
required for angular momentum transport above and below the core/disk sur-
faces, the magnitude of |By s/ B.| (as deduced from Eq. (38)) is typically small
at the start of the collapse (e.g., Basu & Mouschovias 1994). Furthermore, even
after this ratio increases to ~ 1 as matter and field become concentrated near
the center, the magnitude of the enclosed (poloidal) current (I = (¢/2)r|Byl)
increases relatively slowly with decreasing r (scaling as r~/* in the circum-
stellar disk; see Eq. (55) below), so overall we expect the expression (40) to
be a fair approximation. A similar integral (with X'(r) replacing B.) can be
written for g, (Toomre 1963). These integrals can be approximated by their
monopole terms
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)

Br,s* 2r2 (41)
GM(r,t

g = - SUD (42)

(cf. Li & Shu 1997), where M(r,t) is the mass enclosed within a radius r at
time t. When B,(r) (or X(r)) scales as r~9, one still obtains the monopole
expression for B, ¢ (or g,), but with a g-dependent coefficient O(1) (Ciolek &
Kénigl 1998).

3.3 Self-Similarity Formulation

The various physical quantities of the problem can be expressed as dimension-
less functions of the similarity variable z (Eq. (26)) in the following fashion:

H(r,t) = Cth(z), 2(rt)=(C/2rGt)o(x) (43)
44
45

46
47

vp(r,t) = Cu(z), wve(r,t) =Cw(x),
gr(r,t) = (C/t) g(x), J(r,t) = C*tj(x),
M(r,t) = (C3t/G)m(x), M,(r,t) = (C?/G)rm(z),
B(r,t) = (C/GY2t) b(x) , ¥ (r,t) = (20C3t/GY/?)y(x)

where Ma is the mass accretion rate.
The vertical force-balance relation (34) yields a quadratic equation for the
normalized disk half-thickness h,

(44)
(45)
(46)
(47)

oM db,
< el dx) R+ (b2 + b5, +0°)h—20=0, (48)
whose solution is
ba° 8\ /2
h= 21 -1+ <1+$35’2> ) (49)

where 7., = m. — 23b, (db. /dx) /o and 6 = o + (b}, + b3 ) /0.

The initial (¢ = 0) conditions, which in the self-similar model also represent
the outer asymptotic (r — o) values, correspond to a collapsing core just
before it forms a central point mass. Based on previous analytic and numerical
work, KKO02 adopted

A o
0= —, by = —, U= Usg, W— Weg S T — OO, (50)

z fhoo
with A = 3, oo = 2.9, use = —1. From the constituent equations one can
also derive the inner asymptotic behavior (corresponding to r — 0 at a fixed
t) in the Keplerian disk:
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m=m=m,, (51)
j=mi?a? (52)
—u = (m*/al):vl/2 , (53)

_ (20/36)(2m,)"? L—3/2

[1+ (27/35)2]1/2

=027, (54)
b = —bys/0 = [m./*/(20) /a5 (55)
brs = /2% = (4/3)b. , (56)
h = {2/[1+ (27/368)?|m., }}/223/2 | (57)

where 7 = (47G0)'/? /vp;.

The equations are solved as a boundary value problem using the above
asymptotic relations. A solution is determined by the values of the four model
parameters: 7, § = |Bgs/B.|, Woo = vp(t = 0)/C, and o = C/Vaext. The
scaling parameter m, for the central mass and the mass accretion rate is
obtained as an eigenvalue of the problem.

3.4 Self-Similar Collapse Solutions

Figure 2 shows a fiducial solution corresponding to the parameter combination
7=1,0=1,w(0) =0.73, and a = 0.8 (which yield m, = 4.7). In this case
the initial rotation is not very fast and the braking is moderate, leading to
the formation of a disk (with outer boundary at the centrifugal shock radius
z. = 1.3 x 1072) within the ambipolar-diffusion (AD) region (delimited by
the AD shock radius z, = 0.41 =~ 30z.). One can distinguish the following
main flow regimes:

Outer region (z > x,): ideal-MHD infall.
AD shock: resolved as a continuous transition (but may in some cases
contain a viscous subshock); KK02 estimated z, ~ v/27/fioo-

e Ambipolar diffusion-dominated infall (z, < & < x,): near free fall con-
trolled by the central star’s gravity.

e Centrifugal shock: its location depends sensitively on the diffusivity param-
eter 7, which affects the amount of magnetic braking for = < z,; KKO02
estimated 2. = (m,w2 JA?)exp{—(2%/?m, /o) /277323,

e Keplerian disk (z < z.): asymptotic behavior (Egs. (51)—(57)) is ap-
proached after a transition zone representing a massive ring (of width
~ 0.1z, and mass ~ 8% of the disk mass within x., which itself is < 5%
of my).

The inner asymptotic solution implies that, at any given time, the disk
satisfies M,(r) = const, X(r) o< r=3/2, B oc v=%/* and B, /B, = 4/3.° 1f

9 The surface density scaling is the same as that inferred for the “minimum mass”
solar nebula (e.g., Weidenschilling 1977). Note, however, that this scaling is also
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Fig. 2. Behavior of key normalized variables in the fiducial self-similar disk forma-
tion solution as a function of the similarity variable x (see Egs. (43)—(46)).

the derived power-law dependence of B, on r is used in Eq. (40) one obtains
B, /B, = 1.428, slightly less than the result found with the monopole ap-
proximation (41), but still representing a strong bending of the field lines (by
~ 55° from the normal) that is significantly larger than the minimum of 30°
required for launching a centrifugally driven wind from a “cold” Keplerian
disk (Eq. (6)). This implies that protostellar disks formed in this fashion are
likely to drive disk outflows over much of their radial extents, at least during
early times when they still accumulate mass from the collapsing core. Inter-
estingly, the steady-state, radially self-similar CDW solution of Blandford &
Payne (1982) also yields a radial magnetic field scaling o r=5/4. As discussed
by KKO02, this suggests that angular momentum transport by a CDW can be
formally incorporated into the disk-formation solution, modifying some of the
details (such as the mass accretion rate onto the star, which could be reduced
by up to a factor of ~ 3) although not its basic properties. When interpreted
as a wind-driving disk model, the asymptotic solution corresponds to a weakly
coupled disk configuration (using the nomenclature introduced in Sect. 4.4).

Despite being based on a number of simplifying assumptions, the fiducial
solution demonstrates that vertical angular momentum transport along inter-

predicted for a self-similar Keplerian disk with an “« viscosity” (Tsuribe 1999)
as well as in certain models in which gravitational torques dominate the angular
momentum transport (e.g., Lin & Pringle 1987; Voroboyov & Basu 2007).
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stellar magnetic field lines can be sufficiently efficient to allow most of the
mass of a collapsing molecular cloud core to end up (with effectively no angu-
lar momentum) at the center, with the central mass dominating the dynamics
well beyond the outer edge of the disk even as the inflow is still in progress.
The vertical transport is thus seen to resolve the so-called angular momen-
tum problem in star formation (although the exact value of the protostar’s
angular momentum is determined by processes near the stellar surface that
are not included in this model; see Sect. 5). To the extent that self-similarity
is a good approximation to the situation in such cores, it is conceivable that T
Tauri (Class II) protostellar systems, whose disk masses are typically inferred
to be < 10% of the central mass, have had a similarly low disk-to-star mass
ratio also during their earlier (Class 0 and Class I) evolutionary phases. This
possibility remains to be tested by observations.

The fiducial solution also reveals that the AD shock, even though it is
located well outside the region where the centrifugal force becomes impor-
tant, helps to enhance the efficiency of angular momentum transport through
the magnetic field amplification that it induces. The revitalization of ambipo-
lar diffusion behind the AD shock in turn goes a long way toward resolving
the magnetic flux problem in star formation (the several-orders-of-magnitude
discrepancy between the empirical upper limit on the magnetic flux of a pro-
tostar and the flux associated with the corresponding mass in the pre-collapse
core), although it is conceivable that Ohm diffusivity in the innermost regions
of the disk also plays an important role in this process (e.g., Shu et al. 2006;
Tassis & Mouschovias 2007). The details of the flux detachment outside the
Ohm regime can be modified if one takes account of the fact that the flux
is strictly frozen into the electrons but not necessarily into the ions (i.e., if
one includes also the Hall term in Ohm’s Law; see Sect. 2.4). In particular,
Tassis & Mouschovias (2005) found that a quasi-periodic series of outward-
propagating shocks may develop in this case.

The shocks that form in the collapsing core, and in particular the cen-
trifugal shock (which is the strongest), will process the incoming material and
may have implications to the composition of protoplanetary disks (e.g., the
annealing of silicate dust; see Harker & Desch 2002 and Chap. VIII [Dust
Processing and Mineralogy in Protoplanetary Accretion Disks]). Note in this
connection that the shock velocity vg, relative to the intercepted matter has
roughly the free-fall magnitude oc (M/r)'/2, which is constant for any given
value (including, in particular, z.) of the similarity variable. The postshock
temperature (which scales as 051}{2) will thus not vary with time if the inflow
remains self-similar; the postshock density, on the other hand, will decrease
with time as the shock moves to larger radii.

By modifying the model parameters, one can study the range of possible
behaviors in real systems. Figure 3 shows two limiting cases, which bracket
the fiducial solution (cf. Fig. 2).
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Fig. 3. Behavior of key normalized variables in representative fast-rotation (left)
and strong-braking (right) solutions of the collapse of a rotating, magnetic, molec-
ular cloud core as a function of the similarity variable x (see Eqgs. (43)—(47)).

The fast rotation case differs from the fiducial solution primarily in having a
large initial-rotation parameter (w(0) = 1.5). It has the following distinguish-
ing features:

e The centrifugal shock is located within the self-gravity—dominated (and
ideal-MHD) region; a back-flowing region is present just behind the shock.

e The central mass is comparatively small (m, = 0.5), giving rise to a non-
Keplerian outer disk region.

e The ideal-MHD /ambipolar-diffusion transition occurs behind the centrifu-
gal shock and is gradual rather than sharp.

The strong braking case (7 = 0.5, § = 10, w(0) = 1, @ = 10, yielding m, =
5.9) is characterized by large values of the braking parameters ¢ and . It is
distinguished by having

e no centrifugal shock (or circumstellar disk); essentially all the angular
momentum is removed well before the inflowing gas reaches the center, and
the z — 0 behavior resembles that of the nonrotating collapse solution of
Contopoulos et al. (1998).

This case may be relevant to the interpretation of slowly rotating young stars
that show no evidence of a circumstellar disk (e.g., Stassun et al. 1999, 2001),
which would seem puzzling if all protostars were born with significant rotation
that could only be reduced as a result of their interaction with a disk (see
Sect. 5). In the strong-braking interpretation, both the slow rotation and
the absence of a disk have the same cause. It is also worth noting in this
connection that the physical conditions that underlie the fiducial solution
presented above — namely, a highly flattened, magnetized core whose braking
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is controlled by the inertia of a comparatively low-density ambient gas — may
not be generally applicable. In particular, it has been argued (see Mellon &
Li 2009 and references therein) that magnetized molecular clouds may retain
a significant amount of mass outside the collapsing core that would dominate
the braking process and could place the core in the strong-braking regime
where disk formation would be suppressed. Although there may be ways to
alleviate or even circumvent this problem (e.g., Hennebelle & Ciardi 2009;
Duffin & Pudritz 2009), there is obviously a need for additional observational
and theoretical work to clarify the physical conditions that characterize core
collapse in real clouds.

While the semianalytic self-similarity model described in this section is
useful for identifying important features of disk formation from the collapse of
rotating cores, the intricacies of this process can only be studied numerically.
Newly developed 3D, nonideal-MHD), nested-grid codes (e.g., Machida et al.
2007) are already starting to provide new insights into this problem.

4 Wind-Driving Protostellar Disks

In this section we discuss wind-driving disk models. We begin by highlighting
the observational evidence for a close link between outflows and accretion disks
in protostellar systems and the interpretation of this connection in terms of a
large-scale magnetic field that mediates the accretion and outflow processes.
We next outline the theory of centrifugally driven winds, describe the incor-
poration of CDWs into equilibrium disk models, and conclude by addressing
the stability of such disk/wind configurations.

4.1 The Disk—Wind Connection

We give a brief survey of the observational findings on protostellar outflows
and their connection to accretion disks. Besides the explicit references cited,
the reader may consult some of the many review articles written on this topic
over the years (e.g., Cabrit 2007; Calvet et al. 2000; Dutrey et al. 2007; Konigl
& Pudritz 2000; Millan-Gabet et al. 2007; Najita et al. 2007; Ray et al. 2007;
Watson et al. 2007).

Bipolar Outflows and Jets

Bipolar molecular outflows and narrow atomic (but sometimes also molecu-
lar) jets are ubiquitous phenomena in protostars, with nearly 1000 collimated
outflows of all sorts already known (e.g., Bally et al. 2007). The bipolar lobes
are usually understood to represent ambient molecular material that has been
swept up by the much faster, highly supersonic jets and winds that emanate
from the central star/disk system (e.g., Arce et al. 2007). Jets associated with
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low-bolometric-luminosity (Ly, < 103Lg) protostars have velocities in the
range ~ 150 — 400kms™", large (> 20) Mach numbers, and inferred mass
outflow rates ~ 107 — 107 My yr~!. They are collimated on scales of a
few 10s of AU and exhibit opening angles as small as ~ 3 — 5° on scales of
103 — 10* AU. High-resolution observations of optically visible jets from clas-
sical T Tauri stars (CTTSs) reveal an onion-like morphology, with the regions
closer to the axis having higher velocities and excitations and appearing to
be more collimated. Detailed optical/near-IR spectral diagnostic techniques
have been developed and applied to classical (Herbig-Haro) protostellar jets,
making it possible to directly estimate the neutral densities in the forbidden-
line emission regions. Recent results (Podio et al. 2006) yield an average mass
outflow rate of 5 x 1078 Mg yr~!, markedly higher than previous estimates.
Outflows have also been detected by optical observations of intermediate-mass
(~2—10 Mg) Herbig Ae/Be stars and other high-luminosity sources. The jet
speeds and mass outflow rates in these protostars are larger by a factor ~ 2—3
and ~ 10 — 100, respectively, than in the low-L} objects.

The Link to Accretion Disks

Strong correlations are found between the presence of outflow signatures (P-
Cygni line profiles, forbidden line emission, thermal radio radiation, well-
developed molecular lobes) and accretion diagnostics (UV, IR, and millimeter
emission excesses, inverse P-Cygni line profiles) in T Tauri stars (e.g., Har-
tigan et al. 1995). Such correlations evidently extend smoothly to protostars
with masses of ~ 10 Mg. A related finding is that the apparent decline in
outflow activity with stellar age follows a similar trend exhibited by disk fre-
quency and inferred mass accretion rate. In addition, correlations of the type
M Lgol (with ¢ ~ 0.6 —0.7) have been found in both low- Ly and high-L,q
protostars for mass accretion rates and for mass outflow rates in ionized jets
as well as in bipolar molecular lobes. Furthermore, CTTS-like accretion and
outflow phenomena have now been detected also in very-low-mass stars and
brown dwarfs (e.g., Mohanty et al. 2005).

These findings strongly suggest that outflows are powered by accretion and
that the same basic physical mechanism operates in both low- (down to nearly
the planetary mass limit) and intermediate-mass protostars, and possibly also
in some higher-mass objects (e.g., Shepherd 2005). The accretion proceeds
through circumstellar disks, which can be directly probed by means of high
spectral- and spatial-resolution (in particular, interferometric) observations
at submillimeter, millimeter, mid-IR, near-IR, and optical wavelengths. The
disks appear to be rotationally supported (for r < 100 AU), and when the
rotation law can be determined, it is usually consistent with being Keplerian
(vp o 7;1/2). Recent data indicate that Mgk < M, at least up to M, ~
20 M.

Strong evidence for a disk origin for the observed outflows is available
for FU Orionis outbursts in rapidly accreting young protostars (e.g., Hart-



26 Arieh Konigl and Raquel Salmeron

mann & Kenyon 1996). It is inferred that the emission during an outburst (of
typical duration ~ 102 yr) originates in a rotating disk and that the outflow
represents a wind that accelerates from the disk surface (with M,/ M, ~ 0.1;
M, ~10~* Mg yr~1). It has been suggested (Hartmann 1997) that most of the
mass accumulation and ejection in low-mass protostars occurs during recur-
rent outbursts of this type. Interestingly, estimates in CTTSs (e.g., Kurosawa
et al. 2006; Ray et al. 2007) indicate that M, /M, has a similar value (i.c.,
~ 0.1) also during the quiescent phases of these protostars.

4.2 Magnetic Driving of Protostellar Outflows

The most widely accepted explanation of protostellar outflows is that they
tap the rotational kinetic energy of the disk (and/or central object) and are
accelerated centrifugally from the disk (or stellar) surface by the stress of a
large-scale, ordered magnetic field that threads the source. In this subsection
we review the arguments that have led to this picture and list a few alterna-
tives for the origin of the field.

Outflow Driving Forces

The momentum discharges inferred from observations of protostellar jets are
compatible with the values deduced for the bipolar molecular outflows but are
typically a factor ~ 102 — 103 higher than the radiation-pressure thrust Ly /c
produced by the stellar luminosity, ruling out radiative acceleration as a dom-
inant driving mechanism in low/intermediate-mass protostars (e.g., Richer et
al. 2000). Radiative effects could however be important in driving photoevap-
orative disk outflows, particularly in high-L;,. systems (e.g., Hollenbach et
al. 1994; see Chap. VII [The Dispersal of Disks around Young Stars]). Disk
heating by a luminous protostar (such as a Herbig Be star) could potentially
also induce a line-driven wind from the inner disk (Drew et al. 1998). An-
other effect is radiation pressure on the dusty outer regions of a disk wind,
which could act to decollimate the streamlines even in comparatively low- Ly,
systems (see Sect. 4.3 and cf. Konigl & Kartje 1994).

Thermal pressure acceleration is commonly discounted as a dominant
mechanism since the requisite high (effectively virial) temperatures are not
generally observed at the base of the flow. It has, however, been suggested
that, under suitable conditions, the thermal energy released in shocks at the
boundary layer between the disk and the star could be efficiently converted
into outflow kinetic energy (Torbett 1984; Soker & Regev 2003). Even if this
is not a dominant mechanism, thermal pressure effects are nevertheless im-
portant in the mass loading of hydromagnetic winds (see Sect. 4.3) and could
potentially also play a significant role in the initial acceleration of disk out-
flows of this type (e.g., Pesenti et al. 2004).

A general result for protostellar jets can be obtained by combining
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1. Mietvjer ~ 102 — 103 Ly /c
2. Ljet ~ %etvjzet
3. Vjer ~ 1073 ¢

4. Lyol ~ Lace (~ GM,M,/R,)

(where R, is the stellar radius), which implies that, on average, the jet kinetic
luminosity is related to the released accretion luminosity by Lj ~ 0.1 —
1 Lace.'? Such a high ejection efficiency is most naturally understood if the jets
are driven hydromagnetically (see Egs. (68) and (70) below). This mechanism
also provides a natural explanation of the strong collimation exhibited by
protostellar jets (see Sect. 4.3).

Origin of Large-Scale Disk Magnetic Field

Perhaps the most likely origin of a large-scale, open magnetic field that can
launch a CDW from a protostellar disk is the interstellar field that supports
the natal molecular cloud core. We have already considered the observational
evidence for such a core-threading field (Sect. 1), its dynamical effect on the
core (Sect. 2.1), and how it is advected inward by the inflowing matter during
gravitational collapse (Sect. 3). However, to complete the argument it is still
necessary to demonstrate that, once a rotationally supported disk is estab-
lished, magnetic flux that is brought in to its outer edge remains sufficiently
well coupled to the inflowing matter to be distributed along the disk plane.
A potential problem arises, however, in turbulent disks in which only radial
angular momentum transport is present. In particular, in a disk of charac-
teristic radius R and half-thickness H <« R in which angular momentum
transport is due to an effective turbulent viscosity viurn, inward dragging of
magnetic field lines is possible only if the effective turbulent magnetic diffu-
sivity neurb satisfies n < (H/R) v,'t which may not occur naturally in such a
system (Lubow et al. 1994a).12 The introduction of vertical angular momen-
tum transport along a large-scale magnetic field offers a straightforward way
out of this potential dilemma by decoupling these two processes: magnetic
diffusivity is determined by the ionization state and composition of the disk

10 Note that in protostars that are beyond the main accretion phase Lpol can be ex-
pected to exceed Lacc (e.g., Tilling et al. 2008), which would increase the inferred
value of Ljet/Lacc in these sources.

This follows from a comparison of the mass inflow speed, ~ viurb/R, as inferred
from the angular momentum conservation equation, with the field diffusion speed
relative to the gas, ~ Nyun/H, as inferred from the flux conservation equation.
Recent numerical simulations have indicated that the turbulent 7 is, in fact,
of the order of the turbulent v in disks where the turbulence derives from the
magnetorotational instability (Guan & Gammie 2009; Lesur & Longaretti 2009).
Note, however, that efficient inward advection of magnetic flux may nevertheless
be possible in this case on account of the expected suppression of the instability
near the disk surfaces (e.g., Rothstein & Lovelace 2008).

11

12
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(or else by the local turbulence, if one is present) and no longer has the same
underlying physical mechanism as the angular momentum transport. The disk
formation models presented in Sect. 3 provide concrete examples of how open
magnetic field lines can be self-consistently incorporated into a disk in which
they constitute the dominant angular momentum transport channel (see also
Spruit & Uzdensky 2005).

An alternative possibility is that the outflow is driven by the stellar
dynamo-generated field. This could happen either along field lines that have
been effectively severed after they penetrated the disk, as in the X-wind sce-
nario (e.g., Shu et al. 2000), or along field lines that are still attached to the
star. However, even in the latter case the outflow is envisioned to result from
an interaction between the stellar magnetic field and the disk (see Sect. 5). It
has also been proposed that a large-scale, open field could be generated by a
disk dynamo (e.g., Tout & Pringle 1996; von Rekowski et al. 2003; Blackman &
Tan 2004; Pudritz et al. 2007; Uzdensky & Goodman 2008). In this connection
it is worth noting that, even if the disk dynamo generates small-scale, closed
magnetic loops, it is conceivable, extrapolating from the situation on the Sun,
that some of these loops could be dynamically extended to sufficiently long
distances (in particular, beyond the respective Alfvén surfaces) for them to
become effectively open (Blandford & Payne 1982).

Direct evidence for the presence of magnetic fields in either the outflow
or the disk has been scant, but this may not be surprising in view of the
considerable observational challenges. Among the few actual measurements
are the strong circular polarization that was detected on scales of ~ 20 AU in
T Tau S (Ray et al. 1997), which was interpreted as a field of at least several
gauss that was advected from the origin by the associated outflow,!® and
the meteoritic evidence that points to the presence in the protosolar nebula
of a ~ 1G field at r ~ 3 AU (Levy & Sonett 1978). In view of the strong
indications for disk-launched outflows in FU Orionis systems, it is also worth
mentioning the Zeeman-signature least-square deconvolution measurement in
FU Ori (Donati et al. 2005), which was interpreted as a ~ 1kG field (with
|Bg| ~ B,/2) originating on scales of ~ 0.05 AU in the associated disk (with
the direction of By being consistent with its origin in shearing of the vertical
field by the disk differential rotation). Further support for a magnetic disk—
outflow connection has been inferred from measurements of apparent rotations
in a number of protostellar jets, although, as noted in Sect. 4.3 below, this
evidence is still controversial.

4.3 Centrifugally Driven Winds

Our focus here is on the role of CDWs as an angular momentum transport
mechanism. We survey their main characteristics and concentrate on those

13 Circular polarization on much larger physical scales was detected along the HH
135-136 outflow, where it was similarly interpreted as evidence for a helical mag-
netic field (Chrysostomou et al. 2008).
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aspects that are relevant to the construction of “combined” disk/wind models,
the topic of the next subsection.

Wind Equations

The qualitative basis for such outflows was considered in Sect. 2.3. In a formal
treatment, the winds are analyzed using the equations of time-independent,
ideal MHD.'* These equations are:

Mass conservation (continuity equation)

V- (ev) =0, (58)

Momentum conservation (force equation)
1
Qv~Vv:—VP—QV¢+4—(V><B)><B, (59)
™

where we take the thermal pressure to be given by the perfect gas law

- kBTp

pwmu

P (60)
(where T is the temperature, kg is Boltzmann’s constant, u is the molecular
weight and my is the hydrogen atom mass),

Induction equation (magnetic field evolution)

Vx(vxB)=0 (61)

(cf. Eq. (20)), and the solenoidal condition (Eq. (3)). In general, one also needs
to specify an entropy conservation equation (balance of heating and cooling).

For simplicity, however, we specialize to isothermal flows (spatially uniform
isothermal sound speed C' = \/P/o).

Generic Properties

Concentrating on azisymmetric flows, it is convenient to decompose the mag-
netic field into poloidal and azimuthal components, B = B, + By, with
B, = (VA x ¢)/r, where the poloidal flux function A(r,z) can be expressed
in terms of the poloidal magnetic flux by A = ¥/2x. The flux function is
constant along B (B - VA = 0) and thus can be used to label the field lines.
The solution of the induction equation is given by

vx B=Vy, (62)
14 The ideal- MHD assumption is justified by the fact that the charged particles’ drift

speeds rapidly become much lower than the bulk speed as the gas accelerates away
from the disk surface; see Sect. 2.4.
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which shows that the electric field E = —(v x B)/c is derivable from an
electrostatic potential (x). Since dx/d¢ = 0 on account of the axisymmetry,
it follows that vy, || By,. Equivalently,

ovp, = kB, , (63)

where k is a flux-surface constant (B - Vk = 0, using V - (pv) = 0 and
V - B = 0). Physically, & is the wind mass load function,

ovp, dMy

k= B, ~ v ’ (64)
whose value is determined by the physical conditions near the top of the disk
(more precisely, at the sonic, or slow-magnetosonic, critical surface; see discus-
sion below). By taking the vector dot product of B, with Eq. (62) and using
Eq. (63) one finds that the field-line angular velocity 25 = {2 — (kBgy/or),
where (2 is the matter angular velocity, is also a flux-surface constant. By
writing this relation as

or

B, =20~ 2p) (65)

it is seen that {25 can be identified with the angular velocity of the matter at

the point where By = 0 (the disk midplane, assuming reflection symmetry).!®

Using the ¢ component of the momentum conservation equation (59) and
applying Eq. (63) and the field-line constancy of k, one finds that

l=rvy— — (66)

is a flux-surface constant as well, representing the conserved total specific an-
gular momentum (matter + electromagnetic contributions) along a poloidal

field line (or streamline). In a CDW the magnetic component of [ dominates
_L_rlBpBy|

over the matter component near the disk surface, P
P

> rvg4 , whereas
at large distances this inequality is reversed. The transfer of angular momen-
tum from the field to the matter is the essence of the centrifugal acceleration
process. This transfer also embodies the capacity of such a wind to act as an
efficient angular momentum transport mechanism. In fact, as already noted
in Sect. 2.2, rB, s By s /47 represents the magnetic torque per unit area that is
exerted on each surface of the disk. As was also already discussed in connec-
tion with magnetic braking, the value of By s is determined by the conditions
outside the disk, essentially by the inertia of the matter that absorbs the trans-
ported angular momentum and exerts a back torque on the disk. In the case
of a CDW, By is effectively fixed by the regularity condition at the Alfvén

15 Eqgs. (62)—(65) also hold in a nonideal fluid so long as the field remains frozen
into a certain particle species (such as the electrons); in this case v and (2 are
replaced by the velocity and angular velocity, respectively, of that species (e.g.,
Konigl 1989).
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critical surface, which is the largest cylindrical radius from which informa-
tion (carried by Alfvén waves) can propagate back to the disk. This condition
yields the value of the “Alfvén lever arm” r, which satisfies

l=0pri. (67)

The rate of angular momentum transport by the wind is thus ~ Mwﬂori
(where we replaced {25 by the midplane value of {2), whereas the rate at which
angular momentum is advected inward by the accretion disk is ~ M,$2072.
Hence, wind transport can enable accretion at a rate

Ma ~ (TA/’I"Q)2 MW . (68)

CDW solutions can have rp /rg ~ 3 for reasonable parameters, indicating that
such outflows could transport the bulk of the disk angular momentum in pro-
tostellar systems if My, ~ 0.1 M,, which is consistent with the observationally
inferred mass outflow rates.

By taking the vector dot product of B, with Eq. (59), one finds that the
specific energy
- 102 TQBB¢BP

&
2 4w vy,

+w+ P, (69)
where w = C? In(o/0a) (with oo = 47k? being the density at the Alfvén
surface) is the specific enthalpy, is constant along flux surfaces. This is the
generalized Bernoulli equation, in which the magnetic term arises from the
poloidal component of the Poynting flux ¢ E x B /4. Using Egs. (66) and (67),
this term can be rewritten as {2 (2973 — 2r?), and by approximating £ ~
v2 /2 as 7 — oo and assuming that (ra/ro)® > 1, one can estimate the
value of the asymptotic poloidal speed as

Upoo = 22007 (70)

Or Upoo/VK R oL/2p /0. This shows that such outflows are capable of at-
taining speeds that exceed (by a factor of up to a few) the Keplerian speed
vg = 19d2y at their base and thus could in principle account for the measured
velocities of protostellar jets.

By combining &, 25, and [, one can form the field-line constant

HE(S—QBZ:%’U2—T2QBQ+@, (71)

where we omitted w from the explicit expression. Evaluating at rg gives H =
—3v% = —3(GM.2)*?, and when this is combined with the form of H at
large distances (r,) one gets

1

3
TooVs(Too ) 20 — §(GM*)2/3_Q§/3 -5 [02(reo) + 03 (reo)] = 0. (72)

If one could measure the poloidal and azimuthal speeds at a location 7., in
a protostellar jet and estimate the central mass M,, one would be able to
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use Eq. (72) (regarded as a cubic in _Qé/ %) to infer the jet launching radius
ro = (GM,/022)'/3 (Anderson et al. 2003). One could then also use Egs. (65)
and (67) to estimate |Bgoo/Bpoo| and 7a/rog, respectively, and verify that
they are significantly greater than 1, as required for self-consistency. This
has already been attempted in several instances, where it was claimed that
the results are consistent with a disk-driven outflow that originates on scales
> 1 AU and carries a significant fraction of the disk angular momentum (e.g.,
Ray et al. 2007; Coffey et al. 2007; Chrysostomou et al. 2008). However, the
interpretation of the measurements has been controversial (e.g., Soker 2005;
Cerqueira et al. 2006) and there have been some conflicting observational
results (e.g., Cabrit et al. 2006), so the issue is not yet fully settled.

Critical Points of the Outflow

The critical points occur in stationary flows at the locations where the fluid
velocity equals the speed of a backward-propagating disturbance. Since the
disturbances propagate along the characteristics of the time-dependent equa-
tions, the critical points can be regarded as relics of the initial conditions in
a time-dependent flow (Blandford & Payne 1982). If one takes the magnetic
field configuration as given and considers the poloidal flow along By, one can
derive the location of the critical points and the values of the critical speeds
(i.e., the values of v, at the critical points) by regarding the Bernoulli integral
as a function of the spatial coordinate along the field line and of the den-
sity (H = H(s, 0), where s is the arc-length of the streamline) and deriving
the extrema of H by setting OH/0p = 0 (which yields the critical speeds)
and 0H/0s = 0 (which, together with the other relation, yields the critical
point locations). The critical points obtained from the generalized Bernoulli
equation (69) correspond to v, becoming equal to either the slow- or the
fast-magnetosonic wave speeds (e.g., Sakurai 1985). In the full wind problem,
the shape of the field lines must be determined as part of the solution by
solving also the transfield (or Grad-Shafranov) equation, which involves the
force balance across the flux surfaces. This equation introduces a critical point
corresponding to v, = vap (Okamoto 1975). However, the critical points of
the combined Bernoulli and transfield equations are in general different from
those obtained when these two equations are solved separately. The modi-
fied slow, Alfvén, and fast points occur on surfaces that correspond to the
so-called limiting characteristics (or separatrices; e.g., Tsinganos et al. 1996;
Bogovalov 1997). The relevance of the modified critical points has been recog-
nized already in the original radially self-similar CDW model constructed by
Blandford & Payne (1982). The modified critical surfaces of the exact, semian-
alytic wind solutions obtained in this model are defined by the locations where
the component of the flow velocity that is perpendicular to the directions of
axisymmetry (i.e., ¢;) and self-similarity (i.e., the spherical radius vector R)
equals the MHD wave speed in that direction (the 0 direction, using spherical
coordinates {R, 0, ¢}). The significance of the modified fast surface, which in
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general is located beyond its classical counterpart, is that the poloidal acel-
eration of the wind continues all the way up to it: initially (roughly until the
flow reaches the Alfvén surface) the acceleration is primarily centrifugal, but
further out the pressure gradient of the azimuthal field component comes to
dominate.

Ezample: the slow-magnetosonic critical surface

This critical surface is relevant to the determination of the mass flux in a disk-
driven wind. There is some uncertainty about this case since the location of the
first critical point is typically very close to the disk surface (with |z| being <«
7), 80 a priori it is not obvious that ideal MHD is already a good approximation
there. Under nonideal MHD conditions, all magnetic terms in a disturbance
are formally wiped out by magnetic diffusivity on its backward propagation
from “spatial infinity,” and one is left with pure sound waves (e.g., Ferreira
& Pelletier 1995). Here we discuss the situation where the critical point is
encountered when the charged particles’ drift speeds are already small enough
in comparison with the bulk speed to justify employing ideal MHD. In this case
the poloidal flow is parallel to the poloidal magnetic field (see Eq. (63)) and
the relevant wave speed is the slow-magnetosonic (sms) one. We consider the
standard (rather than the modified) sms point, and our explicit derivation can
hopefully serve to correct inaccurate statements that have appeared in some
of the previous discussions of this topic in the literature.

In the magnetically dominated region above the disk surface the shape of
the field lines changes on the scale of the spherical radius R. Anticipating that
the height zgns of the sms point is <« R, we approximate the shape of the
field line just above the point {rs, 25} on the disk surface by a straight line
(cf. Sect. 2.3)