rT9O0RVMVA -0 37 SZ33C!

Magnetized Disk-Winds
and the Origin of Bipolar Outflows

M. Camenzind
Landessternwarte Konigstuhl, D-6900 Heidelberg, Fed. Rep. of Germany

Summary.-Interstellar magnetic fields play certainly a distinct role in star
formation and in galactic molecular disks. These magnetic fields are, how-
ever, also a key ingredient for accretion disks around young stellar objects
and in the nuclei of galaxies. In these objects we find a strong observational
link between accretion disks and bipolar outflows in the form of winds and
Jets.

In turbulent disks, the magnetic fields evolve according to the induction
equation of mean field electrodynamics. In case of axisymmetric configura-
tions, this leads to a coupled system of partial differential equations for the
poloidal magnetic flux and the toroidal magnetic field including the effects
of advection, spatial diffusion, differential rotation and helicity of the turbu-
lence. In geometrically thin accretion disks, the lowest axisymmetric dynamo
mode which can grow exponentially until equipartition with turbulence, is
the quadrupolar field. Dipolar fields are found to decay exponentially.

The magnetic fields exterior to the disk have the structure of a rotating
force-free magnetosphere. The shape of the poloidal field lines follows here
from the solution of the relativistic Grad-Schliiter-Shafranov equation. The
velocity and density in open magnetospheres is then essentially determined
by the structure of the magnetic flux tubes. The luminosity of the wind
is given by the magnetic luminosity of the disk surface. Magnetized winds
ejected from the surface of the disk will be collimated by magnetic effects on
scales typically larger than the light cylinder radius for these objects. The
VLBI-jets of Quasars have therefore a radius of a fraction of a light year and
reach a highly relativistic motion due to the extremely strong magnetization
in the corona of the accretion disk. Protostellar jets have moderate velocities

and jet radii of a few hundred AU.
1. Introduction

The various activities shown by young stellar objects (YSOs), some cata-
clysmic variables and LMXBs, and in particular by the nuclei of Quasars,
Seyfert galaxies and radio galaxies are commonly attributed to the presence
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of large accretion disks around the central mass condensations in these ob-
jects. There is a great similarity in the physics involved in these various
objects, since the structure of steady accretion disks has a deep scaling be-
haviour in the sense that temperature, density and pressure in the disk scale
appropriately with mass and accretion rate.

Magnetic fields play certainly some distinct role in star formation and
galactic disks. But the great majority of accretion disk theory is still gas
dynamical rather than magnetohydrodynamical. In contrast, our experience
with turbulent space plasmas suggests that magnetic fields are of primary
importance also for the theory of accretion disks. In this review talk, we
briefly summarize the observational link between the existence of accretion
disks and of bipolar outflows in the same type of objects. Large scale mag-
netic fields built up by the underlying accretion disk will launch a pair of
bipolar outflows (or jets) normal to the disk. This is a natural explanation
for the observed link between disks and bipolar outflows. The conditions for
a possible amplification of magnetic fields in a disk are therefore crucial for
the origin of bipolar outflows. We show in particular that dynamos acting
in the boundary layer between the accretion disk and the central object
are the most likely origin for these outflows and that the winds are driven
away by strong toroidal magnetic fields in the boundary layer. Magnetic
forces will collimate the outflows on scales much larger than the scale of the
boundary layers, disk-winds are collimated into disk-jets. We show at the
end that the optical jets observed in T Tauri stars are very similar to the
parsec-scale radio jets of Quasars observed on the VLBI-scale — except for
their velocities which only depend on the strength of the magnetization of
the jet-plasma. .

The importance of magnetic fields for accretion disks and the formation
of jets has been discussed in various reviews which include Blandford (1989),
Camenzind (1988, 1989a, b), Coroniti (1984), Konigl (1989), Pudritz (1989),
Zeldovich, Ruzmaikin and Sokoloff (1983). The simulations for axisymmetric
dynamo action shown in the following are results from our 2D dynamo code

'MAGDISK with details given in Camenzind and Lesch (1990).

2. Observational Link between Accretion Disk and
Bipolar Outflows

Accretion disks are present in various astrophysical systems: protostellar sy-
stems, cataclysmic variables, binary systems containing neutron stars and in
the centers of active galaxies (Seyfert galaxies, Quasars and Radio Galaxies).
A great fraction of these systems also show bipolar outflows with varying
wind velocities and mass-loss. In this talk we discuss a completely general
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scenario for the origin of accretion-driven outflows in protostellar systems
and AGNs. It turns out in fact that protostellar systems and the centers of
galaxies have many properties in common.

2.1 Protostellar Systems

There is now great evidence that low-mass YSOs (M. < 2 Mg) are sur-
rounded by circumstellar disks with masses Mp ~ 0.001 —1.0 Mg on scales
~ 10® — 10> AU (Beckwith et al., 1990). These disks extend in some sy-
stems even downward to the stellar surface (Bertout, 1989), but Beckwith
et al. (1990) found in general an emission gap between the stellar surface

"~ and the inner edge of the disk. Observations on YSOs provide evidence

for the simultaneous presence of accretion disks and energetic outflows in
these sources and they point to a relationship between the outflows and the
possible role of magnetic fields in disks and outflows (for many details see
Konigl, 1989). The relevant cornerstones of the observations can be summa-
rized as follows (Appenzeller and Mundt, 1989; Bertout, 1989). YSOs are
frequently found to drive energetic, bipolar outflows which sweep up the
ambient gas into expanding shells. These sources also show collimated high-
velocity (v; ~ 200 - 1000 km/s) ionized jets (see Mundt, 1988) with mass-
loss rates of 1077 — 1071% Mg yr~!. There are also neutral winds present
in these sources with higher mass-outflow rates, but with lower velocities,
vy =~ 10 — 50 km s~!. Since L, /c, where L, is the bolometric luminosity,
is typically much smaller than the estimated momentum discharge in the
wind, this indicates that the outflow is not driven by radiation pressure.
There is also direct evidence for a link between circumstellar disks and en-
ergetic outflows in YSOs. Naked T Tauri stars (WTTS) are very similar
to classical T Tauri stars (CTTSs) except they do not show any infrared
excess and UV-excess, which are signatures for efficient accretion from some
arcumstellar disks. They also lack the strong low-ionization and forbidden
emission lines as well as the P Cygni line profiles which are the indicator for
energetic outflows (Appenzeller and Mundt, 1989). This simultaneous ab-
sence of evidence for inner disk accretion and strong winds in WTTSs points
to a likely connection between inner disks and disk-winds. The properties of
CTTSs suggest therefore that the outflows are powered by accretion. There
is also evidence that this association between accretion disks and energetic
outflows extends to higher luminosities as well (Strom, Strom and Edwards,
1988; Poetzel et al., 1989; Hessman et al., 1990). Circumstellar disks also
affect the forbidden lines in T Tauri stars which often show a systematic
blue shift (Appenzeller, 1989; Edwards et al., 1989). These line shifts are
generally attributed to obscuration in the receding part of TT winds by the
disk and therefore to a predominance of emission from the blueshifted part
of the flow.
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The energetic winds emanating from young stellar objects manifest
themselves as high-velocity molecular flows, and in the form of strongly
collimated optical jets (Lada, 1985; Fukui, 1989; Mundt et al., 1989). The
mechanical luminosities in these flows are in the range of 0.002 - 0.1 of the
luminosity L, of the underlying star. The collimation of the molecular flows
may occur within 0.02 pc of the central source. On the other hand, the opti-
cal jets are highly collimated (with opening angles of 5° —10°) and appear to
be collimated at radii < 100 AU from the central star. Since the momentum
flux exceeds L. /c by factors of 100 - 1000, the flow is not driven by radiation
pressure. Nowadays, the idea is generally adopted that magnetic forces are
involved in the driving mechanism (Hartmann and McGregor, 1982; Draine,
1983; Pudritz and Norman, 1986; Shu et al., 1988). These magnetic fields
themselves can provide also collimation of the flow (Blandford and Payne,
1982).

That these outflows originate from magnetic effects in disks follows from
various observational facts. Polarization measurements revealed that the
axis of the optical jets as well as of the swept-up molecular lobes are aligned
within ~ 30° of the ambient field direction for bipolar outflow sources (Ap-
penzeller, 1989). This suggests that the magnetic field of molecular clouds
influences the orientation of the circumstellar disks. These fields can there-
fore not be neglected in the accretion process, since differential rotation and
advection will restructure and amplify the seed fields.

2.2 Accretion Disks in AGN

Direct evidence for the existence of accretion disks in AGN follows from the
presence of a strong optical-UVX excess in the continuum of these sources
(the so-called “Big Blue Bump”, Malkan, 1989; Sun and Malkan, 1989;
Ulrich, 1989). This bump cannot be fitted in terms of a single temperature
blackbody (Laor and Netzer, 1989). The innermost part of these disks is
somewhat hotter than the temperature expected from the boundary layer in
the protostellar systems, Tpax =~ 30'000 —100'000 K. Since the temperature
of standard disks scales as Tp(R) o« R™3/%, the temperature of disks in
AGN also drops below the ionization limit for about 100 inner radii. The
outer parts of the disks in AGN are then also relatively cool and consist of

"dusty matter similar to the disks in protostellar systems (Fig. 1).

Antonucci and Miller (1985) demonstrated that a torus of obscuring
material completely hides a type 1 Seyfert nucleus from direct view in the
case of the type 2 Seyfert NGC 1068. This model has been confirmed recently
by X-ray observations (Elvis and Lawrence, 1988; Koyama, 1989). The torus
of NGC 1068 is thick enough to block the 2 — 10 keV X-rays from direct view,
implying an absorbing column density of 102* atoms cm™2. These central
condensations of molecular gas are considered to be the source of accretion
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Fig. 1. Schematic view of the disk in AGN. The hot inner disk around a supermassive
black hole (BH) produces the “big blue bump” (UVX), the broad emission line clouds
(BLR) originate from the cooler middle part of the disk, and the infrared bump of radio-
quiet objects may be emitted by dust in the outer part of the molecular torus. This
molecular gas is also the fuel for the inner accretion disk.

fuel for the nucleus or for starburst activity (Fig. 1). It is still unclear how
this gas is assembled on the parsec-scale from the much larger kiloparsec-
scale (Krolik and Begelman, 1988). In this model, the classification of Seyfert
types is determined by the angle of the line of sight to the torus: type 1
Seyferts are those viewed face-on, type 2 Seyferts are those viewed edge-
on. A similar classification should hold for radio-weak quasars (Kawara et
al., 1990). Barthel (1989) has also proposed that the distinction between
radio galaxies and radio-loud quasars is based on the angle of the line of
sight to the torus: quasars are those sources seen face-on, radio-galaxies are
those viewed edge-on. In the torus models of Krolik and Begelman (1988)
and Sanders et al. (1989), molecular clouds are destroyed at ~ 1 pc from
the center, where the grains evaporate, producing in this way the famous
3.5 pm bump (the evaporation temperature of silicate grains is ~ 1500 K).
When the dust sublimates, the molecular gas loses its primary opacity and
cooling agent, the temperature rises above ~ 3000 K, and most molecules
are destroyed. The observed H, emission of type 1 Seyferts and Quasars
(Kawara et al., 1990) would come from the inner region of the molecular
torus, while CO emission has its origin in the outer parts of molecular gas
concentrations. The infrared bump of radio-quiet objects is then the result
of dust emission from the outer parts of the disk (Sanders et al., 1989).
Part of the infrared bump could however be due to non-thermal emission
from magnetized coronae around the inner accretion disk (see later on). The
angular sizes of these two emission regions differ by a factor of > 10%.
Apart from the continuum emission of the disks in AGN, there is also
direct kinematic evidence for rotation in a few objects. These objects show
the classical double-peaked, broad emission lines which are considered to
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be characteristic for Keplerian rotation. The prime candidates are 3C 390.3
(Oke, 1987; Perez et al., 1988) and Arp 102B (Halpern and Filippenko, 1988;
Chen et al., 1989). Double-peaked difference spectra were also found in the
Seyfert galaxy Akn 120 (Alloin et al., 1988) and in NGC 5548 (Stirpe et al.,
1988). Standard thin disks do, however, not release sufficient gravitational
energy locally at the radii where the Keplerian velocity corresponds to the
observed width of the emission lines (typically at ~ 1000 Schwarzschild
radii). Some extra source of energy is therefore needed (Collin-Souffrin,
1987).

Similar to protostellar systems, a subclass of AGN shows extremely ener-
getic outflows extending even to scales beyond the outer edge of the galaxy
in the form of strongly collimated radio jets (Bridle and Perley, 1984; Perley,
1989). The luminosities of these objects is an appreciable fraction of the lu-
minosity of the underlying central object, and the flow speeds in these jets
is at least semi-relativistic with a preponderance of extremely relativistic
flows in superluminal sources, Yjet > 2 — 20 (Porcas, 1988; Zensus, 1989).
As shown by VLBI observations, the collimation of these jets must occur
on scales in general less than a fraction of a light year from the central
source. It is generally accepted that magnetic forces are involved in the
driving mechanism (Blandford and Payne, 1982; Blandford, 1989; Camen-
zind, 1986a, 1988, 1989b), and that the magnetic fields will also provide the
collimation of the flow, since huge currents are in general involved in the
jet flows (Benford, 1978, 1987; Camenzind, 1987b, 1989b; Heyva.erts and
Norman, 1989; Lesch et al. 1989)

Magnetic fields are therefore very important for the understanding of
the origin of bipolar outflows from disk-systems. Concerning the structure
of these magnetic fields, there are two main questions. First, we would like
to understand the origin of the fields in accretion disks and to find out the
difference between sources with strong jets (such as Quasars) and sources
with weak jets (QSOs and Seyfert galaxies). Secondly, once we know the
structure of the magnetic fields in the disk, we have to elaborate the struc-
ture of the winds driven by these magnetic fields and to understand the
collimation and acceleration mechanism.

3. The Origin of Magnetic Fields in Accretion Disks

The interstellar matter which accretes onto protostellar objects and super-
massive objects in the centers of galaxies carries along magnetic fields. The
evolution and influence of these magnetic fields on the structure of the disk
are completely neglected in the theory of standard accretion disks. The evo-
lution of magnetic fields in the disk depends on the nature of the electrical
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Fig. 2. A meridional cross-section through the boundary layer of a rotating black hole.
The equipotential surfaces around a Kerr black hole show a cusp-like structure near the
marginal stable orbit. The self-crossing surface forms a kind of Roche lobe. If the accre-
tion disk overflows this Roche lobe, matter is accreted onto the horizon supersonically
(Abramowicz and Zurek, 1981). The frame-dragging effect requires the plasma to corotate
with the black hole near the horizon.

conductivity in the disk. At high temperatures Ohmic resistivity dominates
in the disk, while in weakly ionized molecular gas ambipolar diffusion is an
important process (the drift of ions and electrons, to which the magnetic
field is frozen, relative to the neutrals in a weakly ionized medium). In a
fully turbulent disk, the effective conductivity is however much lower due
to turbulent processes.

3.1 Boundary Layers

Consider a steady accretion disk with accretion rate M around a central
object of mass M and radius R,. Throughout most of the disk the angular
velocity of the disk material is Keplerian, §2 = 2x (R). Between the central
object and the disk we find in general a boundary layer (BL), in which the
angular velocity varies between 2k (R, ) and §2,. For a black hole, 2, = 2y
is the angular velocity of the black hole (2 = 0 for a Schwarzschild black
hole, 2y = a/(r% + @®) for a Kerr black hole with angular momentum
a). In purely hydrodynamical models, the width AR of the BL is small,
AR ~ H? /R, when H is the disk-thickness (Kley, 1989). For rotating black
holes, this width is much broader, extending to a few Schwarzschild radii
(Fig. 2), since there are no stable Keplerian orbits between the horizon and
the marginally stable orbit (Breuer, 1975). Relativity, however, requires the
accreting plasma to corotate with the black hole near the horizon, quite sim-
ilar to accretion onto a non-collapsed object. The only difference is that the
plasma flows supersonically through the horizon (Abramowicz and Zurek,
1981).
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The energy generated in a Newtonian boundary layer is
GM M 2.\?
Leu = =5 (1 - nK)

(1)

with Lpy, =~ Lp for the disk-luminosity when 2, < 2k (R.),

GM M
Lp ~ SR (2)
This is half of the available accretion luminosity L,
GM M
Loce = . 3
- ®)

The boundary layer around black holes must be treated relativistically. This
is a completely unsolved problem.

The discussion of BLs must be based on some assumption about the
viscosity. The standard picture of viscosity in disks relies on some kind
of turbulent viscosity with turbulent eddies of maximal size Ly ~ H and
turbulent speeds vy < cg, where cg is the local sound speed. This gives rise
to the Shakura and Sunyaev (1973) a-parametrization for the kinematic
viscosity -

vr ~acs H~afl H*(R) a=—:—H———-—<1. (4)

In the boundary layer itself the length scales become typically smaller.
Here one needs some formula for vr which takes the reduced length scales
into account (Tylenda, 1981). The a-formula also applies for magneto-
hydrodynamic turbulence, va4 < cg, when vy = 4/B?/4mwp is the Alfvén
speed in the disk. .

3.2 Axisymmetric Dynamos in Disks

Fully turbulent disks are ideal set-ups for magnetic dynamos, quite similar
to the dynamo action in the disks of spiral galaxies (Parker, 1971; Ruzmaikin
et al., 1988; Krause et al., 1990). The essential ingredients for af2-dynamos
are strong shear plus a density gradient perpendicular to the shear. Any
small seed field which is initially present will decay exponentially or will be
amplified by the dynamo until it reaches a maximum value with v4 ~ cg, i.e.
o ~ 1. This would indicate that the magnetic contribution to the viscosity
is dominant.

In turbulent disks, the magnetic fields evolve according to the induction
equation of mean field electrodynamics (Moffatt, 1978; Krause and Radler,
1980; Pudritz, 1981)

BtB+(u-V)B=(B-V)u—(V-u)B+V/\{£—-nTV/\B}. (5)
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Fig. 3. The general set-up of a fully turbulent accretion disk around some collapsed or
non-collapsed object. Strong differential rotation and turbulence in the disk will generate
large-scale magnetic fields which build up a rotating magnetosphere around the disk.
Plasma from the disk can flow into this magnetosphere and initiate strong outflows.

B is the mean magnetic field, and u the mean velocity field in the disk,
u = (ug,R812,0). nr is the total magnetic diffusivity including the micro-
scopic one and the turbulent diffusivity. £ = ap B represents the electromo-
tive force induced by correlations between turbulent motions and turbulent
magnetic fields. For axisymmetric fields, the above equation can be writ-
ten as a coupled system for the poloidal magnetic flux ¥(¢, R, z) and the
poloidal current flux T'(t, R, z) = R By(t, R, z) (Camenzind, 1990Db)

1 o 1 op
BR=—§‘3TZ' ’ z—'ﬁéﬁ’ (6)
ow ow 1
‘Bt“’i‘uRgE""nTRzV'{'R?VW}:aDT’ (7)
or 2 T RO(ur/R) .,
o Fur g — B VAT VT 47 2SLEE _ R2 B, . V0
ap
+sz.{-ﬁ2—vw}. (8)

These equations show the redistribution of the fluxes ¥ and T over the effect
of spatial diffusion and radial advection. The shear RV {2 will convert the
poloidal field into a toroidal one. The fluxes ¥ and T are regenerated by
helicity ap(R,z) in the turbulent fluid (Ruzmaikin et al., 1988; Riidiger,
1990)

ap = L% 2 a(z)/H(R). (9)
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Since differential rotation is extremely strong in boundary layers, where
the rotation is adjusted to the rotation of the central object, we expect
strong amplification of magnetic fields in such boundary layers. Then also
the Parker instability occurs which allows flux to escape from the disk and
reconnection to take place. If viscosity is of magnetic origin, the free shear
energy in the disk is converted into magnetic energy at the rate (per unit
disk area)
B2

Q+§VTZ'(R.Q')2:-8;1;A , va~alH. (10)
In equilibrium, this flux must be destroyed or removed from the disk in a
kind of magnetized wind.

The solutions of the dynamo equations are in general not stationary. For
this reason, we developed the time-dependent simulation code MAGDISK,
based on finite elements, for the solution of the coupled system (7) and (8)
(Camenzind, 1990b; Camenzind and Lesch, 1990) and for given structure
functions nr(R,2), 2(R,2), ap(R, z) and ug(R). When the dynamo equa-
tions are normalized for the inner edge of the accretion disk (R — R/Ri,,
z — z/Rin,t > t/tp,tp = R% /97n, UR = —tin u(R/Rin), ap = apin @p)

ov v 1

R,,.ugﬁ—ﬁTRZV-{ w'} =R,apT, (11)

ot R
orT or 2 T RB(U/R)_ 2 A
— —Rnuge —E V(L VT}——RmT—%———_—RnR B, Vi
ap
YR, R V. {-RTW} : (12)

the strength of the various terms in these dynamo equations are measured
by means of the corresponding dynamo numbers

- RO, R0 1 (H.\7

Ra = ~aPnERR)?  aPm \Bm/) (13)
in in H; L 2

R = et - ro (22) (2) (14)
in in 1 Hi 2

R"‘:R’Jﬁ' =, ~oFfa (R,-n> ~ (15)

a is the parameter of standard accretion disks (Eq. (4)) and P, the magnetic
Prandtl number, nr = P, vy, P, ~ 1. For geometrically thin accretion
disks, the dynamo numbers have the following relations (characteristic for
af2-dynamos)

Rm < Ro < Rq. (16)

In geometrically thick disks, differential rotation and helicity would be of
the same order of magnitude, Rg ~ Ry ~ Rp, /a (a?§2-dynamos).
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Fig. 4a. Poloidal field lines for stationary
solutions in geometrically thin accretion
disks without dynamo effect, Ry = 0,
Rn = 600, R,, = 200, Ry: horizon ra-
dius, ( = z/H (Khanna and Camenzind,
1990).
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Fig. 4b. The distribution of the poloidal
currents for the solutions, RBy = const
(in units of Gauss cm).
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Fig. 4c. Inner part of the poloidal field
structure shown in Fig. 4a (¥ in units of
Gauss cm?).

3.3 Stationary Solutions

Fig. 4d. The inner part of the poloidal
current structure of Fig. 4b (RBy in units
of Gauss cm).

When the a-effect is neglected in a disk, ap = 0 throughout the disk, the
strong differential rotation amplifies the toroidal field. The poloidal flux ¥
is however only redistributed in the disk by advection and diffusion (there
is no source term for ¥). In this case, stationary solutions are generic and
have been discussed by Lovelace et al. (1987) and Konigl (1989). In Fig. 4 we
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show solutions for R, = 0 in the thin disk approximation for a R-dependent
magnetic diffusivity n7(R) around supermassive black holes (Khanna and
Camenzind, 1990). In this case, accretion from the molecular torus advects
a total magnetic flux ¥, (= 5.7 x 103® Gauss cm?) inwards and builds up a
global quadrupolar field geometry which can also close to the horizon (Fig.
4c). The negative radial magnetic field near the equatorial plane produces
there a positive toroidal field (Fig. 4b), and the positive radial magnetic field
in the upper part of the disk is converted into a negative toroidal field (Fig.
4d). The maximum of By occures near 30 Ry. The total current driven by
differential rotation is ~ 10'” Ampere corresponding to a maximal toroidal
field of ~ 10 Gauss. |

This example of a thin disk solution of the stationary dynamo equations
shows that the magnetic field has not a self-similar structure (as assumed
a priori e.g. by Konigl (1989)). It also demonstrates that advection and
diffusion alone cannot produce a flux distribution which is highly peaked
near the inner edge of the disk (compare with the true dynamo solution
in Fig. 6). For R, = 0, one can also construct similar solutions for dipolar
configurations.

3.4 Disk-Corona Systems

The stationary solutions discussed in the previous section are in general not
stable against the inclusion of the dynamo effect (i.e. for a non-vanishing
ap). From the experience with spherical dynamos we know that in sy-
stems with strong differential rotation (R > R, ) axisymmetric quadrupole
modes have the highest probability to be excited, while for a?f2-dynamos
also axisymmetric dipolar modes can grow (Brandenburg et al., 1990). In
geometrically thin disks we expect therefore that dipolar modes would de-
cay, but quadrupolar modes to grow under certain conditions (Brandenburg
et al., 1990). The behaviour of the disk dynamo depends essentially on the
two dynamo numbers Ry and R, (Fig. 5). For each value of R; we find
a corresponding critical value for R,, where the system is stationary. For
values of R, higher than this critical value, the magnetic fields grow expo-
nentially, but they would decay exponentially for values smaller than the
critical one. The solid line in Fig. 5 represents this critical curve for axisym-
metric quadrupolar modes, the dahsed line for dipolar modes. The exact
shape of this critical line is not yet known for accretion disks.

Using our time-dependent solver MAGDISK for the system (11) and (12)
(Camenzind and Lesch, 1990), we found one critical point for aPn, = 1/3
and Hj, /Rin = 0.1 (R = 300, R, = 30 and R,, = 3) which is denoted as
a star in Fig. 5. Since for disks, R, = 1/Rg/aP,,, disk models with fixed
values of aP,, would move along the thin solid lines in Fig. 5, when H;, is
varied. Large scale magnetic fields would not exist in the region below the
critical line.
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Fig. 5. The dynamo number plane (R, Ra) for axisymmetric modes in accretion disks.
Ry > 0 means a negative shear, ROr 2 < 0. Axisymmetric modes can only grow above
the solid line for the corresponding mode. The exact critical dynamo numbers are not
yet known for turbulent accretion disks. The star marks one point we found in our
simulations. Quadrupolar modes grow exponentially above the solid line, dipolar modes
above the dashed line. Accretion disks move along the thin solid lines for given aPp,,
when the disk height H is varied.

In Fig. 6 we show the solutions of the dynamo equations for a disk-
corona system, where the turbulent diffusivity mr vanishes in the corona.
For R; = 300, R, = 30 and R,, = 3, the quadrupolar field is marginally
stationary and grows exponentially for higher dynamo numbers (Fig. 5),
but would decay exponentially for much lower dynamo numbers. Differential
rotation in the corona also excites a positive toroidal field there which grows
to the same strength as the negative toroidal field in the disk itself. We find
that the global behaviour of the magnetic fields depends largely on the
z-dependence of 7, quite similar to the behaviour we found for galactic
dynamos (Camenzind and Lesch, 1990). ‘

For supercritical dynamo numbers, seed fields in the disk are rapidly
amplified and grow in general exponentially, until equipartition with the
turbulence is reached. Realistic solutions of the dynamo equations must
include therefore the feedback of the magnetic fields on the evolution of the
turbulence in the disk and corona and the feedback on rotation and radial
motion (Heyvaerts and Priest, 1989). A configuration with By > B, is in
general unstable to magnetic buoyancy. The entire azimuthal flux tube is
lifted up above the disk and now forms a low-8 hot corona (8 = P, /Pr,) (see
also Shibata et al., 1989; Matsumoto et al., 1990). This interaction between
the disk-corona and the disk itself will saturate the exponential growth
of the disk-fields. For extremely high dynamo numbers, more complicated
magnetic field distributions with various nodes can be excited. As shown by
Eq. (13), this will occur for extremely thin disks or for low a-values.
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in

Z/R

Fig. 8a. Poloidal field distribution in ge- Fig. 6b. The toroidal field distribution
ometrically thin disks with parameters for Fig. 6a. The dashed line marks the
2. = 0.802 (R+) for the dynamo num- scale height of the disk as used in the
bers Rp = 300, Ry = 50, R,, = 3, simulation.

t = 1.5¢tp, Hin /Rin = 0.1.

4. The Structure of Axisymmetric Magnetized
Outflows

Dynamo action in the disk forms a rotating magnetosphere which will be
deformed by outflowing corona plasma. The poloidal plasma flow must,
therefore, be included in the description of the exterior solutions. Exterior
to the disk the magnetic structure has to be modeled as a wind magneto-
sphere. The rapid rotation of inner disks in AGN forces us to use general
relativistic MHD on a Kerr background (Camenzind, 1986a, b, 1987, 1989a,
b; Haehnelt and Camenzind, 1990). The following treatment of the problem,
however, neglects the influence of gravity. Since we are mainly interested in
the equilibrium configurations for these wind magnetospheres, we can use a
stationary approach. It is well known that in this case the plasma has to flow
parallel to the magnetic field, i.e. the poloidal velocity u, is proportional to
the poloidal magnetic field B,

_n ¢ — (71 F
uW=1B, , u _(nB¢+R.(2). (17)

n is the particle density in the flow and 7 is constant along the magnetic

flow lines (B - V7 = 0). This relation means that we know the flow direction,

once we know the structure of the magnetosphere. With these quantities we

define the special relativistic Mach number M (Camenzind, 1986a)
drpnul p+ P

M2___BT.P; I - ~ myc? (18)
P
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Fig. 7. The structure of relativistic magnetized winds. The wind ejected by rotating
objects consists of a nested family of magnetic surfaces. Due to the rotation, toroidal fields
are also produced. This rotation of the field lines provides an electric field perpendicular
to the magnetic surfaces. The wind plasma is flowing along these magnetic surfaces

which tells us, whether the flow is strongly magnetized (M? < 1) or weakly
magnetized (M? > 1). For low velocities near the disk surface, the magnetic
field controls the flow, but far away from the disk the flow becomes super-
Alfvénic.

4.1 The Concept of Magnetic Surfaces

The essential ingredient for the global structure of axisymmetric hydromag-
netic flows is the concept of magnetic surfaces. Due to axisymmetry, hydro-
magnetic flows consist of a family of nested magnetic surfaces ¥ = const,
where the quantity 2n¥ describes the magnetic flux enclosed by a cross sec-
tion, which cuts the corresponding magnetic surface and the rotational axis
(see Fig. 7). In the high conductivity limit, plasma is forced to flow along
these surfaces, and these surfaces are also electric potential surfaces, i.e. the
electric field E is orthogonal to the magnetic surface

ROF nr

E=-"—esAB, = —— V¥, (19)
C

Cc

The magnetic surfaces have an additional property: they rotate with the
angular frequency £2F (¥) which is constant along the surface, but varies
from surface to surface. Its value is given by the rotation of the magnetic
field at its foot point in the disk. This angular velocity defines a light cylinder
radius for each field line, Ry = ¢/N27F.
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The magnetosphere also carries poloidal currents j, which follow from
the toroidal magnetic field B¢

The toroidal field itself follows from conservation equations (z = R/Rp)

(P)E(¥) < — 22

Ui
RBy = —m ——op— 4,

(21)

where E(¥) represents the total energy per particle carried along the wind
R2F By B, .

4 nu,

(@) = py - (22)
The first term is the total mass-energy (y the Lorentz factor of the flow)
and the second term represents the magnetic energy in the flow, which
vanishes for non-rotating configurations. Similarly, L(¥) is the total angular
momentum carried in the wind

RB, B,

—F_ p2_
L(¥) = cz’yR s 4m nu,

(23)
From expression (21) for By we see that the Alfvén point of the flow

is in the relativistic case not at M? =1 as in Newtoman MHD (R = R4,
x = z4), but slightly changed by

M% =1-0F [(?)/E(P) < 1. (24)

When the flow is strongly magnetized, M4 < 1 and therefore 2F L/E — 1,
the Alfvén point moves towards the light cylinder, R4 — Rr, and RBy is
then only a function of the magnetic surface

2 v)E
By = -219) = —4x™2E) _ _yrpyne),  5)
i.e. in this case the angular momentum distribution determines the current
distribution I(¥) in the magnetosphere. As a consequence, we find j, || B,,

. dI
I = 2w d¥ B,

In summarizing, we find that magnetized coronae and winds consist of
a nested family of magnetic surfaces, the plasma must flow along these
surfaces and the poloidal currents also flow along the surfaces, when the
flow is strongly magnetized. The next question is therefore to find out the
form of these surfaces.

(26)
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4.2 The Grad-Schliiter-Shafranov Equation (GSS)

One of the essential points of the computation of self-consistent MHD disk-
winds is the particular form of the toroidal current jj, which determines
the structure of the wind-magnetosphere via Ampére’s equation

4 1
VABP=—7-r-J¢eT , Bp =5 (V¥ Aer). (27)

With the introduction of the magnetic flux function ¥, which we now use
as our stream function, this equation can be transformed into a divergence
equation of the form

1
R2

Plasma confinement in the laboratory and in solar filaments is based on this
equation, known as the Grad-Schliiter-Shafranov (GSS) equation. When
plasma is moving along the magnetic flux surfaces, the general form of the
current jg follows from a force balance perpendicular to the flux surfaces.
For this purpose one considers the relativistic Lorentz force

RV - { w} ~Z s (28)

n(u-V)(p.u)+VP=peE-|——i-(j/\B). (29)

The projection of this equation perpendicular to the magnetic flux surfaces
provides then the current j,s (a derivation is given in Camenzind, 1987a)

1_ . RB
~Bpis(1 - M* —2*) = —ﬁ Vo(RBg) + pas En
— pyn{Vay — @V} -V, P+;mBzV (n/n).

(30)
n is the normal unit vector of the magnetic surfaces. In the force-free limit,
where plasma inertia is neglected, V,P = 0 = V,v = V,l, we obtain

. RB
Bp]¢(1 - :cz) 4 Rz — V. (RB¢) + cpgiFEn, (31)

so that the current is given as (pgy is the Golreich-Julian density)

E,
B,

je(1 —2*) = ) I'(¥) + cpas o

4 7 (32)

It is then easy to show that the GSS-equation (28) can be written in the
suggestive form of

1— 4
RV-{ = V!P}_—RII, (33)
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which is the classical pulsar equation originally derived by Scharlemann and
Wagoner (1973). This equation shows that the poloidal current distribution
I(¥) also determines the effective source for the poloidal fields.

The general GSS equation is a highly non-linear equation, since all the
source terms have a complicated dependence on ¥ itself. In particular,
I(0) = 0 = I(¥qisk ), when the total current flowing in the magnetosphere
vanishes. Let us normalize the coordinates in units of light cylinder radii,
the flux ¥ in units of the total flux ¥p produced by the disk, and the current
in terms of its maximal value, I = I [. Then the general GSS equation
including inertia effects can be written in a dimensionless form

2

—— 2 — -—
zV - {l—M-——-— wf} 9 pp - 1 J‘““ (34)

where the quantity

2 /)
4mrmo mCR% B ZN wind MC R%

gp =

(35)

acts as the inverse of a coupling constant for the inertial current 7.

The source function 7'*¢™* contains all contributions to the toroidal current
density j4 due to pressure and inertial effects in the force-balance equation
(30). gr is the coupling constant for the effects of the poloidal currents

4I12nax R2 Lnax 2 R 2 ¥p 2
gr = —————2~— ~ 0.04 — .
¥ 1018 Amp 1015 cm 1033 Gem

(36)
When the plasma density is small in the magnetosphere, we find oy — oo,
M? — 0. In this case, the current distribution I(¥) alone determines the
form of the magnetic surfaces. This limit holds for AGN (M > 10° Mg),

where

‘TAGN ~ 10 s‘-'D 33 M_—l RL 151 (37)

for a mass flux Mwind ~ 0.1 Mg /yr in the wind and a disk magnetic flux
Up ~ 103 Gauss cm?. This term is, however, dominant for stellar winds

op ~ 1071 5pf?,'zs M;,l-a RL 15 (38)

The computation of wind magnetospheres for AGN can therefore be
handled in the force-free limit (33), while those for proto-stellar winds must
be done with the full GSS equation (34). In the past few years we developed
methods to solve the force-free GSS equation (Camenzind, 1987a)

T

—— 2 —
a:V-{l =z w}+i—"ﬂ'=o, (39)

including also the effects of the gravitational background of a rotating
Kerr geometry (Haehnelt and Camenzind, 1990). Unfortunately, there is

© Springer-Verlag ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990RvMA....3..234C

rT9O0RVMVA -0 37 SZ33C!

252

. 9.996-0)

9.21g-01 —
9.306-01 —|
9.52¢.05 —J
9.80£-05 —

9.83¢-01

Z/R,

Fig. 8. The structure of the poloidal magnetic flux surfaces of a rotating magnetosphere
produced by the accretion disk around a black hole. The outflow is collimated due to
the strong pressure in galactic centers and the pinching force of the current-carrying
magnetosphere.

not much known about analytic solutions of this equation, except for linear
I(¥) (Michel, 1982; Lovelace et al., 1987). We solved this equation by fixing
the form of I(¥), and increasing slowly the coupling constant gr. For low
coupling constant, gr < 1072, the magnetosphere has a universal form with
field lines perpendicularly crossing the light cylinder (Figs. 8, 9). The solu-
tion exterior to the light cylinder is then completely determined by the flux
distribution along the light cylinder and the boundary conditions at large
distances. In the core of a galaxy, the escaping wind plasma will encounter a
finite pressure Peyy ~ 1072 dyn cm™?, which enforces pressure equilibrium
of the wind with this ambient medium. The wind is therefore collimated in
the direction of the rotational axis outside the light cylinder with a radius
Rje; given by perpendicular pressure equilibrium (Fig. 8). The same holds
for disk-winds in molecular clouds, but here the collimation already starts
beyond the Alfvén radius R4 ~ 10 R;; ~ 1 AU (see Sec. 5.2).

4.3 Magnetized Winds
The terminal speed vy, of a cold MHD wind which flows along a given

magnetic surface can readily been derived from the energy equation (see

e.g. Michel, 1969)

2 g2\ /3 2 1/3
vw:Vm=<L) :(?‘_’*“22) . (40)
M. M, R

© Springer-Verlag ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990RvMA....3..234C

253

20 -
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X/M
Fig. 9. Distribution of the dipolar poloidal flux around a rotating black hole with angular
momentum a = 0.8 My (Haehnelt and Camenzind, 1990). This solution includes the
gravitational effects of a rotating Kerr black hole. M = GMy /c?, the dashed lines denote
the position of the inner and outer “light cylinder”.

¥, is the poloidal magnetic flux enclosed by the axisymmetric flux-tube
at its foot point on the disk, Mw the mass-flux in the wind and Ry the
corresponding light cylinder radius. In general, this relation will be scaled
by some factor because the exact value of the terminal speed will depend
on the particular form of the flux-tube.

In the relativistic case, the poloidal velocity of the plasma streaming
along a given flux tube in the rotating magnetosphere follows from the
normalisation of the 4-velocity, u® u, = 1. Since the Lorentz factor v and
the specific angular momentum [ are determined by the conservation laws
for the total energy and angular momentum, the solution of the poloidal
velocity defined as u? = —u4uy (4 = 1,2) follows from the expressions
discussed in the last section

w+1=+ (1-P/R?). (41)

The above equation for u, is still implicit, since the Mach number M also
contains the poloidal velocity. By using the definition of 7, 7/n = up /By,
B;‘; = —B4B,, ¢ = R/RL, we can, however, decompose this Mach number
in a suitable way as

2 _ 2 KT » P(R)
M* = 4rmnc s T Up® (D) (42)
with the following parameters
BPvDRzD
P$(R) = B (43)
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Bp,in B}

* V)=
o+(¥) 4rn(¥)mcR2

~op. (44)

With all these parameters, the above implicit equation for u, can be trans-
formed to a polynomial of degree 16 for a polytropic index I' = 5/3, when

the quantity 2, = 'u,,l,/ ? is used instead of up (Camenzind and Endler, 1990)

16

R B, %R
ZAn(R_,E,L, 2 (&)
~ L’ mnme

191,914, 96¢) 25 = 0. (45)

*

20 |

uP

RIR,

Fig. 10. The various solutions of the wind equation for a flux-tube of the accretion disk
(Fig. 8). A: Alfvén point, FM: fast magnetosonic point, up = vvp.

The solutions of this hot wind equation depend on the initial parameters
Rin, Rp, Bpin RZ, Upin, By/ninmc?, and the particle injection law n(¥) =
dN /d¥. Of central importance for the acceleration of the plasma is the form
of the flux tube function &, defined by equation (43). & is constant for a
monopole geometry, but has a complicated form for an open flux tube in
the rapidly rotating magnetosphere. The equation for the poloidal velocity
(or for the Lorentz factor) has two additional critical points, the slow and
fast magnetosonic points. The parameters L and E are now constrained by
the requirement that the physical wind solution passes through the Alfvén
point and the fast magnetosonic point.

In Fig. 10 we show the various branches of solutions of the hot wind
equation for a finite initial pressure in the background of a Kerr black hole
with a flux tube given by the solution shown in Fig. 8. The injection of
plasma occurs near the radius of maximum energy production in the disk.
The physical wind solution starts with finite velocity near the slow mag-
netosonic point (near the injection point), crosses an unphysical branch at
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the Alfvén point near the light cylinder and a second time at the fast mag-
netosonic point, and reaches finally a constant outflow velocity. Since the
inertia of the plasma is included in our treatment, the light cylinder is no
critical point of the wind equation. Without inclusion of gravity, the slow
magnetosonic point does not appear in the solutions.

4.4 Energetics of Outflows

Magnetized disk winds carry in general two forms of energies, on the one
hand kinetic energy from the acceleration and on the other hand also mag-
netic energy in form of the Poynting flux. The initial magnetic energy flow
can be estimated from the expression for the Poynting flux P,, which follows
from the expression for the total energy carried away, Eq. (22),

c R
Py =1 CBe) 5B (46)

If we integrate this flux over the entire disk surface, we obtain the initial
magnetic luminosity L,, of the flow

c in 1
L = (=Bp)p S22 By o = 0 I it ~ Lo Bk /Rp . (47)
2 Ry c
For protostellar objects we get then

Lm ~ 0.1 L@ (—B¢ )D SPD,25 3 (48)

when the toroidal field in the disk is in units of Gauss and the total magnetic
flux of the disk ¥p in units of 102° Gauss cm?. This magnetic luminosity will
be partly transformed into kinetic energy of the outflowing wind, so that
finally L,, < L,,. This estimate conforms nicely with the kinetic luminosities
derived for the ionized jets in protostellar objects (Mundt et al., 1987). This
magnetic luminosity has to be compared with the accretion luminosity Lacc
1 . GM - 3Rg

-M ~1.0Ls M_ .
2" R O R

Similarly, we can estimate the magnetic luminosity of supermassive ac-
cretion disks in AGNs. Here we find toroidal fields typically of the order of

a few kilo-Gauss and magnetic fluxes not exceeding 10%* Gauss cm?. This
corresponds to a total magnetic luminosity above the disk surface of

Lpce = (49)

Lm ~10*" ergs™ (—~Bg)p 4 ¥p,34 (50)

which is remarkably close to the accretion luminosity of strong Quasars.
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Fig. 11. The parsec-scale structure of magnetized jets in Quasars (Courvoisier and Ca-
menzind, 1989). The central accretion disk carries a rotating magnetosphere which is
strongly deformed by the presence of the light cylinder. The escaping disk-wind material
is collimated outside the light cylinder by pinching forces. Stationary synchrotron emis-
sion (IR) occurs either near the light cylinder or the outer edge of the jet. The hot wind
material can efficiently cool by Comptonization of the UV-flux from the inner disk and
produce the hard X-ray emission (X).

5. Quasar and Protostellar Jets

The ionized winds emanating from the central boundary layers in AGN and
protostars will be collimated on scales typically larger than the light cylinder
radius of these objects. Disk-winds are therefore accelerated to disk-jets.

5.1 Quasar Jets

The parsec-scale jets of Quasars such as 3C 120 (Walker et al., 1987), 3C
273 (Cohen et al., 1987), or 3C 345 (Biretta et al., 1986) are visible in
the synchrotron light in the GHz-range. At frequencies below 5 GHz, VLBI
images of 3C 273 show a slightly curved jet which is 50 mas long (for z
= 0.158 1 mas corresponds to 3.6 pc for Hy = 50 km s~ Mpc~?!) and
has a complex brightness distribution. In this jet, superluminal components
follow a common trajectory which is guided by the magnetic structure of the
underlying relativistic plasma jet. With the higher resolution of millimeter-
VLBI the motion of these superluminal knots can be traced even closer to
the core (Krichbaum et al., 1990).

Relativistic jets in Quasars are formed in the rapidly rotating magne-
tosphere of accretion disks (Blandford and Payne, 1982; Lovelace et al.,
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1987; Camenzind, 1986a, 1987b, 1988, 1989b). The accretion disk around a
supermassive black hole creates a strong magnetosphere with typical field
strengths of the order of a few kilo-Gauss at the surface of the disk (Figs. 9,
11). Normal plasma is then injected from the surface of the inner disk into
this magnetosphere and is accelerated along the open magnetic flux tubes
to final Lorentz factors 7jet ~ 0% ~ 10, where o, is Michel’s magnetization
parameter defined in Eq. (44). If the flux tubes contain an extremely thin
plasma, even higher Lorentz factors can be achieved. The collimation of the
flux tubes towards the rotational axis of the disk occurs outside the light
cylinder through the magnetic pinch effect and finite pressure effects in the
center of a galaxy. The resulting jet radius is ~ (10 — 100) Ry, and this inner
region of the escaping jet is the origin of the self-absorbed synchrotron core
emission (Krichbaum et al., 1990). The inner jet is also surrounded by a
kind of magnetic cocoon formed through the interaction of the magnetized
jet with the ambient hot interstellar matter. The expanding VLBI knots are
then most probably the result of resistive instabilities which occur near the
edge of the jet (for further discussion, see Courvoisier and Camenzind, 1989).
The stability of these relativistic magnetized jets will depend on the total
current carried along (Appl, 1990). There is also not much known about
the propagation of these jets through the interstellar medium of a galaxy.
Some numerical work has been done quite recently only on the propagation
of non-relativistic magnetized jets (Kossl et al., 1990; Lind et al., 1989).
Besides relativity, the essential unknown ingredient for such calculations is
the finite resistivity of the magnetized jet material.

5.2 Protostellar Jets

We have argued that the most likely site of the origin of a hydromagnetic
wind from an accreting protostar is the boundary layer between the inner
accretion disk and the protostar (see also Pringle, 1989). Observationally,
protostars are known to have rotation rates well below the break-up speed,
. /2x =~ 0.1; the jet-source DG Tau has v, sini ~ 22 km s, while
v (Ry ~ 3Rg) ~ 260 km s™1, ie. w = 2, /02 (R,) ~ 1/5 (Hartmann and
Stauffer, 1989). This indicates that despite the high mass accretion rate the
star has not been spun up to break-up rotation.

In the following we discuss a new model for the origin of the winds,
the ionized jets and the low rotation rates observed in young stellar objects
(Montmerle and André, 1988; Camenzind, 1990c). The essential assumption
relies on the existence of a magnetized protostar (with fields of the order of
a few hundred Gauss) and the existence of cool disks on the scale from 0.03
AU to > 100 AU. This is the range of a few stellar radii to thousands of
stellar radii. Provided the central protostar carries a magnetosphere with a
more or less dipolar structure, there will be an equilibrium surface between
this magnetosphere and the accretion disk, determined by pressure balance.
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The pressure in a standard accretion disk follows from the expression (see
e.g. Straumann, 1986)

1 M (GM N\ (H\T
P(R)—IN_H 47 o R? ( R > <—§> ' (51)

a is the viscosity parameter of standard accretion disks and H(R) the height
of the disk. Pressure equilibrium with a dipolar magnetosphere is then ob-
tained at the radius R;,

R -2an (0)” (22" (20" ()
(52)

Inyy is a structure parameter of order unity (Straumann, 1986). For ac-
cretion rates in the range of M ~ 1077 Mg yr~!, the inner edge of such
a disk is typically at a few stellar radii, provided the stellar magnetic field
B, ~ 10° Gauss. The value for this inner edge of the accretion disk is only
approximate, since the structure of the stellar magnetosphere is not exactly
dipolar and the pressure in the disk can deviate from the standard Kep-
lerian approximations. When the accretion rate increases considerably, the
disk is driven towards the stellar surface, and the magnetic gap between
stellar surface and the inner accretion disk completely disappears. When
the accretion rate decreases, the magnetic gap will grow.

This kind of interaction between magnetic fields and accretion disks is
extensively discussed in the case of accretion disks around magnetized neu-
tron stars (Lamb, 1989). Since the boundary layer is highly turbulent, the
magnetic field enters the disk on the diffusion time-scale tp = R2 /T, where
9y ~ Pp vr and vp is the turbulent kinematic viscosity in the boundary
layer

vr ~ a2 H(R)? ~ 10" @ cm®s™!. (53)

With these expressions we obtain a diffusion time scale given by the rotation
period P, ~ days at the inner edge of the disk

B, 1 (H\™ 10H\? 1
tp~=2— (=) ~30P, [—— ] —.
D= or aP, (R) 05 ( R ) a P (54)

This is the fundamental time-scale for the evolution of fluctuations in the
boundary layer. It essentially depends on the a-parameter and on the mag-
netic Prandtl number P,,.

The fast rotation in the disk generates electric radial fields in the disk,
which drive a poloidal current system in the magnetosphere. These currents
produce toroidal magnetic fields, which exert a momentum on the central
star. The magnetic structure of this star-disk-system must then be calcu-
lated self-consistently including all the currents driven by the rotation. In
a first approximation we neglect the influence of the plasma in the corona

© Springer-Verlag « Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990RvMA....3..234C

rTOO0RVMVA -1 37 S233C!

259

e

107 Mg /yr

3Re 12Rg 1A

Fig. 12. The interaction between the rotating magnetosphere of the central star and the
accretion disk in TTSs. The azimuthal motion of the plasma in the disk generates a radial
electric field in the disk that drives the field aligned currents within the magnetosphere
and cross-field currents in the disk and the corona of the star. The resulting magnetic
torque density RBy is then negative in the upper hemisphere and positive in the lower
hemisphere and acts to spin down the star. A strong wind is initiated along the open
field lines emanating from the disk.

of the disk and the star. This means we can treat the problem in the force-
free approximation. We can, however, not neglect the rapid rotation of the
magnetosphere, since the light cylinder Ry is not at infinity

c c 1 R. & 1/2 . 15
(55)

The light cylinder radius of T Tauri stars is typically at 100 AU, and the
open part of the stellar magnetosphere is then confined inside the light
cylinder radius. Since the outer part of the magnetosphere can only be
dosed outside the light cylinder, plasma flowing away along these field lines
will open up the field structure with the result that now fields enter from
the light cylinder and cross the disk (Fig. 12). Field lines emanating from
beyond the corotation radius

1/3 2/3 1/3 2/3
Reor = GM, = R, ciid GM, ~ 4.6 R. L
£22 R, 2 R, 10w
(56

will carry wind plasma driven outwards centrifugally. In this domain, the
force-free approximation is no longer correct and the plasma inertia should
be included. Apart from this effect, we obtain a plasma carrying magneto-

sphere along the surface of the disk which is closed beyond the light cylinder
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with field lines from inside the light cylinder. In this way, the field structure
is globally closed, though the disk-wind blows up a magnetic bubble into
the ambient medium. As is shown by Fig. 13, the disk-wind cannot be colli-
mated to a radius smaller than the light cylinder - in fact the light cylinder
is also here the natural scale for the jet-radius quite similar to the AGN
jets.

Mundt et al. (1987) report jet radii for the ionized flows in the range
of 10*® c¢m - 10'® cm. This is nicely in agreement with the jet radius being
upto a factor 10 larger than the light cylinder. In fact, the jet will try to
expand transversely until pressure equilibrium with the ambient molecular
cloud is reached (see later on).

These magnetospheres also carry a current system. T Tauri stars are
found to be in a kind of equilibrium state, where the angular momentum
gain by mass accretion, M /GM R;,, is balanced by angular momentum
loss through currents flowing from the star to the disk

dJ., 1 1 1
7 _—471- diSkRB(i,BP-dS———Z /I(!p)d!p—-—z-[max p . (57)

In the rotational equilibrium state, we need a current flow of the order of

2 . GM,
Imn.x == E; M-Rin 2 -Rin

~ 10" Amp M_, o=t [ T v 58
- P -7 D,25 5R* 9 ( )

corresponding to toroidal fields ~ 100 Gauss at the surface of the star, or
~ 10 Gauss at the inner edge of the disk. Such field strengths can be carried
by the inner part of the disk. From pressure equilibrium between magnetic
pressure and the disk pressure given by Eq. (51) we get the maximally
possible disk field strength

R ~5/4
By ~ 42 Gauss MME o1/ <—~——n—) . (59)
5R,
These fields are built up in the disk by differential rotation and dynamo
effects (as discussed in Sec. 3). This rotational equilibrium which enforces
R, ~ R, solves the long-standing problem why accreting T Tauri stars
are not rotating much faster. The observed slow rotation is especially sur-
prising in view of the evidence for accretion from circumstellar disks in the
pre-main sequence evolution. Accretion occurs at ~ 1077 Mg yr™' over a
typical age of 10° years. In the absence of angular momentum loss, this
would spin up a 1 Mg star to about half the break-up speed (Hartmann
and Stauffer, 1989). The magnetic coupling between star and disk provides
then a natural explanation for the observed rotational velocities. The above

model is also different from the one proposed by Shu et al. (1988), where
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cretion

1000AU

Fig. 13. The structure of magnetized T Tauri jets driven by the rapidly rotating mag-
netosphere. The magnetized disk-wind is collimated outside the light cylinder (~ 50 AU,
or less for younger objects) into bipolar jets with a typical radius of 500 AU. This is also
the site of the origin of the forbidden lines in TTSs. The entire jet consists of a family of
nested rotating magnetic surfaces which guide the plasma flow (arrows). Inside the light
cylinder, the magnetic surfaces are closed to the stellar surface. They carry the return
current

pre-main sequence stars rotate nearly at break-up because of high accretion
from the disk, and bipolar outflows are driven away by this rapid rotation.

The disk-winds driven away by the rapid rotation of the magnetosphere
are collimated outside the light cylinder of the central star into bipolar jets
with a typical radius of 500 AU. Mundt et al. (1987, 1990) find a jet radius of
a few 10'® cm in their sample, where the radius of the jet is estimated from
the diameter of the optical knots. These jets consist of a family of nested
magnetic surfaces, where the ionized wind flows between the surfaces (Fig.
13). The magnetic field is predominantly toroidal in this region with a field
strength of ~ 1 milli-Gauss, corresponding to a current of 10'* Ampére. The
terminal speed v, in the jet follows from Eq. (40)

Voo 2 Vi = 521 kms ™ @258 RPYE M3 (60)

This estimate is in nice agreement with the observed velocities in the optical
jets of TTSs, v; ~ 200 — 1000 km s~ (Mundt et al., 1990).

The mass flux in the jet, M;, and the kinetic luminosity L; can be

determined observationally, if the jet radius R;, jet velocity v, and density
nj in the jet are known (Mundt et al., 1987, 1990)

Mj =3.0x10"° M@ yr_l R§,15,5 75,2 Up,7.5 5 (61)

Li =8x107° Ly Mj, o v% 7.5 . (62)
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The thermal pressure in the jet is at least one order of magnitude lower
than the magnetic pressure (n; < 102 cm™3, the temperature T; < 10* K,
and therefore for the sound speed cg ~ 10 km/s). Since the sound speed in
the jet is smaller than the magnetosonic speed in the jet,

vMs = 4/ B /4dmmyn; o~ 220kms™* B_; n;;/z ) (63)

strong protostellar jets are magnetically dominated, and the characteristic
speed excited in the jet is the fast magnetosonic speed vpar, defined as

. 1/2
VFM = ((”12\45'*‘0?9)‘*‘\/(”12%5"'6?9)2 “‘40?‘5”124) = ces +uMs -

(64)
Plasma flows therefore in the jet with a magnetosonic Mach number of
Mppr ~1-5 given by

2 . .
drmpniv,  AMjv,  M; P,

2
Mem=—p  “ g ~ 1

~1.6M; _svprs L. (65)

max

Whether the outflows will always reach super-magnetosonic speeds depends
largely on the global topology of the magnetic surfaces.

The exact behaviour of the jet material only follows from self-consistent
solutions of the Grad-Shafranov equation. All existing calculations for the
stellar case have used quite strong simplifications in solving the transfield
equation. Chan and Henriksen (1980), Blandford and Payne (1982) and
Konigl (1989) assumed self-similarity, Pudritz and Norman (1983) some
special scaling with radius and Sakurai (1985, 1987) solved the transfield
equation numerically only for a simplified initial monopole type geometry.

6. Conclusions

In this review, a unified discussion of hydromagnetic aspects of accretion
disks in protostellar systems and the central region of galaxies has been
given. These systems have been associated with collimated outflows which
are most probably mediated by large scale poloidal magnetic fields that
thread the central part of the disks. Jet generation can then be seen as a
natural consequence of the magnetic activity of accretion disks. There are
some extremely important issues which should be solved within the next
years. The first is to investigate the dynamo problem for accretion disks in-
cluding the backreaction of the magnetic fields on the evolution of the disk.
Secondly, the large scale topology of the magnetic fields excited in accretion
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disks has to be elaborated — dipolar fields behave differently from quadrupo-
lar fields. Thirdly, stationary solutions of MHD wind magnetospheres should
be enlarged to include also time-dependent evolution of non-axisymmetric
flows. '
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