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ABSTRACT 
We consider the problem of an MHD dynamo operating in a thin accretion disc vertically 
threaded by a uniform external magnetic field. Axisymmetric, two-dimensional models 
corresponding to the so-called standard a-disc and to the fiducial protoplanetary disc powered 
by turbulent viscous stress are calculated. The geometry of the total field lacks equatorial 
symmetry as the generated field, having a quadrupole symmetry, is superposed on an external 
field having a dipole symmetry. The degree of this asymmetry depends on the magnitude of the 
generated field relative to the externally imposed field. The existence of an external field 
makes it possible for some otherwise closed field lines to open. Owing to the intrinsic 
asymmetry of the solution, open field lines emerging from the top and the bottom surfaces of a 
disc are inclined in a different sense with respect to the vertical. This may be pertinent to the 
problem of asymmetric or one-sided jets seen among AGNs and protostars. 

Key words: accretion, accretion discs - magnetic fields - MHD - ISM: jets and outflows. 

1 INTRODUCTION 

It has become increasingly clear that magnetic fields play an 
important role in a number of phenomena associated with accretion 
discs surrounding young, pre-main-sequence stars, compact objects 
and supermassive black holes. In particular, bipolar outflows 
observed in young stars and active galaxies are thought to be 
driven by a magnetic field somehow linked to the accretion process 
(see the reviews by Blandford 1993, Konigl & Ruden 1993, and 
Pringle 1993). One popular viewpoint is that the field is captured 
from the environment of the disc and carried inward by the 
accretion flow. It is further envisioned that such an advection 
process leads to deformation and compression of the ambient 
field and creation of a magnetic field with the strength and geometry 
capable of launching collimated outflows. Another possibility is 
that a magnetic field governing the outflow is anchored in the disc, 
and can be produced locally by a dynamo process. As conditions in 
most accretion discs are favourable for a dynamo process to 
generate the field, and environments of most accretion discs are 
usually permeated by a magnetic field, it is most likely that the 
overall character of the magnetic field in and around a disc is set by 
the combination of the ambient field advection and internal gen
eration. Our goal is to compute this overall magnetic field and 
discuss its character. In particular, we focus attention on two steady
state models of geometrically thin, Keplerian accretion discs, both 
powered by turbulent viscous stress. The character of the turbulence 
is encapsulated into three constant parameters: the Shakura-
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Sunyaev dimensionless viscosity ass, the Rossby number for 
turbulent motions Ro, and the magnetic Prandtl number P. The 
typical temperatures of the first, so-called standard accretion disc 
model are high enough [see Frank, King & Raine (1985) for 
equations describing the structure of the standard disc] to ensure 
a very high degree of ionization. In such a disc magnetic field losses 
are due to anomalous, turbulent diffusion. This is a fiducial model 
pertinent to an accretion disc around a compact star. The second 
model is chosen to be relevant to protoplanetary discs. Extensive 
portions of those discs are relatively cool [see Stepinski, Reyes-Ruiz 
& Vanhala (1993) for equations describing the structure of a steady
state protoplanetary disc] and thus only partially ionized. Therefore, 
resistive magnetic field losses have to be taken into account. 

In all cases we have chosen the ambient field to be uniform and 
vertical, its magnitude being a free parameter. Can the accretion 
flow in the disc drag and distort the ambient field lines so the 
resulting magnetic field on the surface of the disc has the strength 
and the geometry to start the outflow? This problem was first 
considered by Lubow, Papaloizou & Pringle (1994a) and most 
recently by Reyes-Ruiz & Stepinski (1996), and the answer to the 
question posed above depends on the value of the magnetic Prandtl 
number, P = p/'TIt, the ratio of the kinematic turbulent viscosity, P, 

to the turbulent magnetic diffusivity, 'TIt. Generally, only discs 
characterized by large values of P are able to bend and amplify 
the ambient field. However, it is expected that turbulence in 
accretion discs is characterized by P = 1, and, as we cannot 
identify any turbulent process leading to large values of P, we 
are forced to conclude that accretion discs powered by turbulent 
viscosity are ineffective in deforming and compressing the ambient 
field. All results presented in this paper have been calculated 
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assuming P = 1. Thus, the contribution of advection to the 
amplification of a magnetic field is not significant and the total 
magnetic field is well approximated by the superposition of a 
dynamo-generated field with the ambient field. 

The motivation to consider a magnetic field produced internally 
within a turbulent disc is twofold. First, and foremost, turbulent 
accretion discs with non-uniform Keplerian rotation provide ideal 
conditions for the classic a-a dynamo action. Computing a 
magnetic field associated with such a disc is by itself an interesting 
problem. Secondly, in view of an apparent inability of a viscous 
accretion flow to drag and amplify the ambient field, the internally 
generated field, alone or in superposition with the ambient field, is 
what evidently supplies the field-launching bipolar outflows. At 
least this is the situation if wind-launching discs are indeed 
turbulent and their dynamics is dominated by turbulent viscous 
stress. Viscous discs are interesting inasmuch as they are, indubi
tably, the most frequently called-upon concept in accretion disc 
theory. This notwithstanding, non-viscous discs, with dynamics 
dominated by angular momentum removal via centrifugally driven 
winds, are conceivable, and models of such discs have been 
constructed (Konigl 1989; Lovelace, Romanova & Newman 
1994; Li 1995). At present, these models are not completely self
consistent and it remains to be seen whether a stable (see Lubow, 
Papaloizou & Pringle 1994b), self-consistent, non-viscous accre
tion disc model can be constructed. 

In addition to focusing on viscous discs we also chose to 
concentrate on the turbulent dynamo as the mechanism responsible 
for producing a large-scale magnetic field in and around the disc. 
There is now a growing body of evidence that well-ionized 
Keplerian discs may be unstable to magnetorotational instability 
(Balbus & Hawley 1991), which can lead to the rapid growth of a 
small-scale, fluctuating magnetic field. As such growth is faster 
than that obtained in the classic dynamo process, it is possible that 
this instability may set the character of a large-scale field. Because 
these issues are as yet unresolved we prefer to adhere to a standard 
dynamo theory. In addition, protoplanetary discs, one of two 
primary topics of our calculations, are probably stable against 
magnetorotational instability as a result of their poor ionization. 

It is helpful to enumerate the major assumptions underlying our 
approach to the problem of calculating a magnetic field in and 
around a disc. 

(1) All properties of the disc are calculated using steady-state, 
non-magnetized models and remain unchanged by the generated 
magnetic field. Disc models depend on only two parameters: 
dimensionless viscosity ass and accretion rate M. Inside the disc 
all quantities, except the calculated magnetic field and the degree of 
ionization, are vertically uniform. The turbulence is isotropic, but 
its source is unspecified. The character of turbulence is assumed to 
be unaltered by the magnetic field, with the exception of the helicity 
of turbulent eddies, which is quenched by the growing magnetic 
field. The Rossby number for turbulent motion is assumed to be 
constant and equal to 112. 

(2) The axisymmetric solution of the full hydromagnetic equa
tion is sought in the entire unbounded space. Currents located at 
infinity maintain the ambient field, which is vertical and uniform. 
The space is divided into two regions, the inside of the disc and the 
outside of the disc, by the disc's surface defined to coincide with its 
half-thickness. A vacuum is assumed to exist outside the disc. 

(3) The magnetic field is internally generated by the a-O 
dynamo process. The dynamo process is non-linear inasmuch as 
it includes a so-called a-quenching term, which is also responsible 

for setting the ultimate strength of the generated field. Magnetic 
losses are due to turbulent and resistive dissipation. Ambipolar 
diffusion and magnetic buoyancy losses are not considered. 

In Section 2 we describe in more detail our method of finding the 
magnetic field configuration, including a very brief description of 
our numerical technique, which differs from any previously 
employed for disc dynamo computations. In Sections 3 and 4 we 
apply our method to the standard disc model and protoplanetary 
disc model, respectively. The entire structure of the field for several 
strengths of the ambient field is calculated and presented. In Section 
5, we present discussion and conclusions with emphasis on the 
ability of computed magnetic field configurations to drive winds. 

2 FORMULATION 

We consider a turbulent, axisymmetric, thin accretion disc rotating 
with Keplerian angular velocity a, and having a half-thickness 
H(R). Cylindrical polar coordinates (R, cj>, Z) are used, with Z = 0 
corresponding to a disc mid-plane (equator) and R = 0 correspond
ing to the centre of the star. A magnetic field embedded in a 
turbulent, electrically conducting disc has a random, small-scale 
component, as well as a mean, large-scale component, with which 
we are concerned here. In the presence of turbulence, the evolution 
of a mean magnetic field B inside the disc is governed by the 
dynamo equation 

aB at = Vx(VxB) + Vx (aB) (1) 

- Vx ("IVxB), 

where V = (VR , Ra, 0) is the mean, large-scale gas velocity, a is 
the mean helicity parameter, 1 and "I = "Ir + "It is the total magnetic 
diffusivity, which includes contributions from resistive and turbu
lent losses. 

Coefficients a and l]t are determined by the mean velocity field 
and the mean statistical parameters of the fluctuating velocity 
having a characteristic speed vo' and a correlation length 10 • In 
equation (1) both a and "I are scalars, although, if the effects of a 
rotation on the turbulence are considered (Rudiger, Elstner & 
Stepinski 1995), they become tensors. Neglecting such rotational 
effects, a and "It can be expressed as 

a = ass iF(B)ZO (2) 

and 

(3) 

The function iF(B) represents the so-called a-quenching, the 
reduction of mean helicity due to the feedback of a magnetic field 
on turbulent motion. The general form of if is given by Rudiger & 
Kichatinov (1993). Here we will use the simPlified form 
iF(B) = (1 +B2IB~)-1, where Beq = yf4'ITpvo is magnetic field 
strength when its energy is in equipartition with the kinetic energy 
of the turbulent motions. We will henceforth refer to Beq as the 
equipartition value. 

Because we have assumed the outside of the disc to be a vacuum, 
electrical currents cannot be supported there and the evolution of a 
magnetic field outside the disc is governed by the expression 

VxB = o. (4) 

lIn dynamo theory the mean helicity parameter has been customarily 
denoted by the symbol a. We preserve this notation and denote dimensional 
viscosity by the symbol ass. 
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As the entire system is axisymmetric, we can express the 
magnetic field in the form B = BT;j, + V x A;j, with BT representing 
the toroidal field and A representing the toroidal part of the vector 
potential from which components of a poloidal field can be 
recovered, BR = -aA/aZ and Bz = (lIR)a(RA)/aR. Equation (1) 
separates into the following toroidal and poloidal components: 

aBT = _R(an) aA _~ ( aA) 
at aR az az a az 

_ ~ [.c:a(RA)] _ a(VRBT) 
aR R aR aR 
1 a1] a(RBT) ("<"72 BT) 

+----+1] v BT --
Rar aR R2 

(5) 

and 

aA = aBT _ VR a(RA) 
at R aR 

+ 1] ( V2 A - :2). (6) 

The symbol V2 denotes the differential operator 

2 a2 1 a a2 
V = aR2 + R aR + az2 . 

In the toroidal equation (5) the first three terms on the right-hand 
side provide coupling of the toroidal and poloidal fields. Of these 
three terms, the first, due to Keplerian shear, is the largest. The 
second is smaller by a factor of the order of ass 'l!(B), and the third is 
smaller by a factor of the order of ass 'l!(B)(HIR)2. Of the last three 
terms on the right-hand side of equation (5) the last, diffusive term is 
the largest. The advective term is smaller by a factor of the order of 
P(HIR)2, and the term associated with the derivative of 1] is smaller 
by a factor of the order of (HIR)2. Altogether, in a thin disc 
characterized by ass « 1, it is sufficient to keep only the first 
and the last terms on the right-hand side of equation (5). In the 
poloidal equation (6) the coupling to the toroidal field is provided by 
the first term on the right-hand side. The second, advective term is 
smaller than the last, diffusive term by a factor of the order of 
P(HlR)2 and can be neglected. 

Equation (4), controlling the behaviour of a magnetic field 
outside the disc has a vanishing toroidal component, and a poloidal 
component given by 

( V2 A - :2) = O. (7) 

On the surface of the disc, Z = ±H(R), the magnetic field is 
continuous. An externally imposed field, B=, maintained by cur
rents located at infinity, has only a poloidal component such that 
A= = RBj2. We solve equations (5)-(7) to obtain BT and A; we 
then add A to A=, thereby obtaining the total potential of the 
poloidal magnetic field from which components of poloidal field, 
BR and Bz , are calculated. 

2.1 Computational approach 

The basic challenge in solving our problem is that it is defined in an 
unbounded domain; therefore, certain simplifications are necessary 
to formulate it for numerical computations. First, we restrict our 
radial domain to the region between the inner radius Rin and the 
outer radius Rout. We introduce a new dimensionless radial coordi
nate r = R1Ro where Ro is an arbitrary unit of length. At the inner 
and outer radii we put BT = 0 and A = A=-

Secondly, we introduce a new vertical coordinate, z = ZIH(R) for 
equations (5)-(6) and z = H(R)/Z for equation (7). This transfor
mation, adopted from the method originally used by Jeeps (1975) in 
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the context of spherical dynamos, maps equations (5)-(7) on to a 
single, finite rectangular spatial domain r E [RinIRo,RoutIRo], 
z E [-1, 1]. The continuity of a magnetic field on the surfaces of 
the disc is taken care of by means of the appropriate boundary 
conditions at z = ± 1. The condition that A vanishes at Z = 00 (the 
total potential approaches A=) translates into AOU\z = 0) = O. We 
use an equispaced grid in z that gives values of the magnetic field 
within a disc at vertical locations spaced uniformly with respect to 
the local disc's thickness. Outside the disc magnetic field is defined 
at non-uniformly spaced vertical locations that are concentrated 
towards the surface of the disc. In an accretion disc, the desired 
radial spatial resolution varies with the radius. Thus, an equispaced 
radial grid is impractical, as it should be set by the smallest desired 
resolution. Instead, we introduce the new radial variable x, such that 
r = (RinIRo)1Cf. We use an equispaced grid in x over its entire 
domain x E [O,log(RoutIRin)]' which gives values of the magnetic 
field at non-uniform radial locations that are concentrated towards 
the star. 

The set of equations (5)-(7) is transformed through the map 
(R, Z) => (x, z) and discretized using finite differences that are 
second-order accurate in space and first-order accurate in time. 
The set of finite difference equations resulting from equations (5)
(6), which describe a magnetic field inside the disc, is solved by the 
Euler method, adopting the Courant condition to ensure numerical 
stability. Once the inside equations have been advanced one time
step, the outside field is calculated from the discretized form of 
equation (7) using a simple relaxation scheme and enforcing the 
boundary conditions at the disc's surfaces. 

3 DYNAMOS IN THE STANDARD ACCRETION 
DISC 

Accretion discs around compact stars are often modelled by a 
simple steady-state model referred to as the 'standard model'. We 
assume a disc surrounding a compact star with a mass M* = 1 Mo 
and a radius R* = 109 cm. The disc is supposed to extend from 
about the surface of the star up to a distance ~ 100R*. The time 
required for our numerical computation depends on the ratio 
RoutlRin, so we have chosen Rin = 3 X 109 cm and Rout = lO11 cm 
to keep calculations manageable. This gives RoutlRin = 33, smaller 
than expected in real discs, but much larger than RoutlRin = 2 used 
by Rudiger et al. (1995) in an earlier calculation aimed at obtaining 
the structure of a dynamo-generated magnetic field in the standard 
accretion disc. This improvement has been achieved because of the 
introduction of the non-uniform computational grid described in 
Section 2.1. The formulae for the physical quantities in the standard 
model are listed by Frank et al. (1985). The typical mid-plane 
temperatures are in the range 104 -1 03 K, so thermal ionization is 
sufficient to ensure that turbulent magnetic diffusion completely 
dominates resistive diffusion. Therefore, the only disc quantities 
that we need for our calculations are the disc half-thickness H given 
by 

H = 1.7 X 108 asJ/10 Mf~20 Mj3/8 Ri~8 cm, 

and Beq given by 

B - 634 x a 1120 M17/40M7I16R-21116 gauss 
eq - ss 16 1 10 . 

(8) 

(9) 

Here, the radial coordinate is measured in units of 1010 cm, the 
accretion rate is measured in units of 1016 g S -I, and the mass of the 
central star is measured in units of Mo. In our calculations we adopt 
ass = 0.1, Ml6 = 1, and MI = 1. Disc half-thickness is used in 
equation (3) to calculate 1]t, as well as to define disc surfaces on 
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2 4 6 8 10 
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Figure 1. Configuration of the magnetic field in the standard disc model. Meridional sections of the disc are shown, and the vertical axis corresponds to the axis of 
rotation. Dotted lines indicate the disc's surfaces. Panel (A) shows isolines of the toroidal field for the case of a vanishing ambient field. Panels (B)-(E) show lines of 
poloidal field for cases B~) = 0, Bf;) = 0.05 gauss, B~) = 0.1 gauss, and If.!,) = 0.5 gauss, respectively. Lower-case letters label selected lines of poloidal field. 

which boundary conditions are imposed. The value of Beq is used in equilibrium, can be found, in good approximation, from purely 
the a-quenching term. local consideration. Locally, the relative strength of dynamo 

The evolution of the magnetic field is calculated starting from an regeneration mechanisms (differential rotation and the a-effect), 
initial condition of a weak, uniform toroidal magnetic field of as compared with diffusion, is expressed by the local dynamo 
strength Bo = 10-2 x Beq(Rout). The magnetic field grows exponen- number V = (312)aillI3/"z. Substituting a from equation (2) and 
tially with a time-scale proportional to the dynamical time-scale at 7J = 7Jt from equation (3) we obtain V = (312)'I!(B)/ass. The local 
each radius. After -3 x 105 s the magnetic field equilibrates every- growth rate, "I, of a dynamo-generated field is well approximated by 
where due to the a-quenching effect. We consider four cases, the formula (Zeldovich, Ruzmaikin & Sokoloff 1983) 
corresponding to four different magnitudes of an ambient field: 
B£) = 0, B?;) = 0.05 gauss, B':!.) = 0.1 gauss, and B~) = 0.5 gauss. 
Note that in all cases an ambient field is weak inasmuch as 
B~) = 0.02 x Beq(Rout ). 

Fig. 1 shows the configuration of an equilibrated magnetic field. 
In all cases the toroidal field, restricted to the interior of the disc, 
dominates the total magnetic field. Panel (A) shows the isolines of 
the toroidal field for the case of B£) = O. It remains the same for all 
other cases because advection is ineffective. Note that, if advection 
were effective, it would give rise to the radial magnetic field, which, 
sheared by Keplerian differential rotation, would produce the 
toroidal field (see Reyes-Ruiz & Stepinski 1996). The local magni
tude of the equilibrated toroidal field is about 50 per cent of the local 
value of Beq, and thus decreases outwards _R-211l6. This behaviour 
follows from the assumed non-linearity in the form of the a
quenching, which tunes the magnitude of the magnetic field to 
the local equipartition value. It is interesting that, given such a form 
of non-linearity, the magnitude of the final field, as well as the time 
a magnetic field needs to evolve from an initial condition to its 

7J 'IT 112 
( 

2 ) 
'Y=H2 -4+ 0.71V . (10) 

A magnetic field would locally equilibrate when 'Y = O. Us~¥ 
equation (10), the expression for V and 'I!(B) = (1 + B2/B~) 
we obtain an estimate for the magnitude of the equilibrated 
magnetic field: 

(
0.12 )112 

B=Beq --1 , 
ass 

(11) 

which, upon substituting ass = 0.1, yields BlBeq = 0.5, very close 
to what we have obtained using our global numerical calculations. 

To estimate the time, teq\> a magnetic field needs to evolve to 
eqUilibrium, we assume that the field grows at a constant rate 'Y(R) 
until it reaches equilibrium. Under such an assumption the local 
evolution of the magnetic field is given by B = Bo exp('Yt) and 
teqJ = 'Y-I1n(B/Bo)' Using expression (10) for "I and defining 
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Figure 2. Zoom-out view of the poloidal magnetic field configuration in the standard disc model. Meridional sections of the disc are shown. Dotted lines indicate 
the disc's surfaces and solid lines are lines of poloidal field. Panels (A)-(D) correspond to cases B~) = 0, Br;;) = 0.05 gauss, Br;,) = 0.1 gauss, and B~) = 0.5 
gauss, respectively. 

PK = 211"/0 we have 

PK(R) 1 In B(R) . 
teqJ = 2m:yss (_~ + 0.711)112) Bo 

(12) 

Substituting R = Rout = 1011 cm into equation (12) we obtain 
teqJ = 22 X PK = 3.8 X 105 s as the estimate of the equilibrium 
time. Again, this is very close to the value obtained using global 
numerical calculations. 

Panels (B )-(E) in Fig. 1 show lines of poloidal force for cases 
with a progressively larger ambient field. The magnitude of the 
ambient field matters inasmuch as it changes the vertical component 
of the magnetic field. Because advection is unimportant, the radial 
component of the magnetic field remains dominated by the 
dynamo-generated field. Inside the disc, the poloidal field is 
dominated by its radial component, IBRIBzl - BIR. This is an 
expected result, as it can be deduced directly from \f·B = 0 under 
the thin disc approximation. Outside the disc, but close to its 
surfaces, radial and vertical components of the poloidal field are 
of the same order of magnitude. 

In the absence of an external field (Fig. 1, panel B) the generated 
magnetic field has a quadrupole symmetry with respect to an 
equator. This means that BT and B R are even functions of Z, whereas 
Bz is an odd function of Z and must vanish at an equator. Numerous 
studies of linear dynamos in discs surrounded by a vacuum revealed 
that a magnetic field of quadrupole symmetry is indeed the easiest 
to excite. Note, however, that solutions to a non-linear dynamo 
problem, as in our case, are not a priori known to have any particular 
symmetry with respect to an equator. Nevertheless, our results, as 
well as earlier results by Rudiger et al. (1995), show that a magnetic 
field generated by the thin disc dynamo with the a-quenching-type 
non-linearity exhibits practically (if not formally) a quadrupole 
symmetry. 

© 1997 RAS, MNRAS 285, 501-510 

It seems that a quadrupole symmetry of the generated field is not 
an artefact of our vacuum boundary condition. Rudiger et al. (1995) 
studied dynamos in discs surrounded by a highly conducting halo 
and found that the generated field has a quadrupole rather than a 
dipole symmetry. Mangalam & Subramanian (1994) considered 
dynamos in discs surrounded by a force-free medium. This is, 
arguably, the configuration most appropriate for discs emitting 
winds. Again, they found solutions to have a quadrupole symmetry. 
Perhaps the preference for the quadrupole symmetry of the disc 
dynamo can be understood in simple physical terms. A major part of 
the field generation results from azimuthal stretching of the radial 
component of the field by the Keplerian shear to produce a toroidal 
magnetic field. Effective generation of a toroidal field requires a 
strong radial field in a disc, which is guaranteed in a quadrupole-like 
configuration, but not in, say, a dipole-like configuration where the 
radial component must change sign at an equator and its height
average over disc thickness vanishes. 

In the presence of an ambient field (Fig. 1, panels C-E) the 
equatorial symmetry of a magnetic field is broken. A uniform, 
vertical, ambient field has a dipole symmetry (Bz is an even 
function of Z) and its superposition with a vertical component of 
a dynamo-generated field (which is an odd function of Z) creates a 
field that lacks any equatorial symmetry. Note, however, that 
because an ambient field is weak and advection of magnetic field 
is ineffective, asymmetry of the entire field is caused by asymmetry 
of its vertical component. The resultant configuration of the 
poloidal field has an unfamiliar character, especially as the strength 
of an ambient field increases. 

Fig. 2 presents a zoom-out view of lines of poloidal field for the 
same cases as shown in Fig. 1. The larger scale permits a better 
assessment of the character of a magnetic field outside the disc. As 
an external field increases from none (panel A) to about 2 per cent of 
Beq(Rout) (panel D), the asymmetry of the poloidal field becomes 
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Figure 3. Configuration of the magnetic field in the protoplanetary disc model in the absence of any external magnetic field. Panels (A) and (B) show meridional 
sections of the disc with isolines of the toroidal field and lines of poloidal field, respectively. Dotted lines in panels (A) and (B) indicate the disc's surfaces. Panel 
(C) shows the radial distribution of absolute magnitude of the separate components of the generated magnetic field. The solid line represents the magnitude of the 
toroidal component at Z = 0, the dash-dotted line the magnitude of the radial component at Z = 0, and the dashed line the magnitude of the vertical component at 
the surface of the disc. The lower dotted line indicates Beq, whereas the upper dotted line indicates the magnitude of the magnetic field in equilibrium with gas 
pressure. 

more pronounced. In the absence of any external field all field lines 
are closed loops, but in the presence of an external field some field 
lines become open, merging into a uniform, vertical field at infinity. 
However, as can be seen in panel (D) of Fig. 2, the open field lines 
leaving the upper surface of the disc are inclined outwards before 
they straighten into vertical, whereas open field lines leaving the 
lower surface of the disc are inclined inwards. (The sense of field 
line inclination would change if we flipped an external field.) Thus, 
the topology of a magnetic field in the immediate vicinity of a disc is 
intrinsically asymmetric. In Section 5 we discuss what such an 
asymmetry means for disc-driven winds. 

4 DYNAMOS IN THE PROTOPLANETARY 
ACCRETION DISC 

The observational qualities of protoplanetary discs surrounding T 
Tauri stars have been extensively discussed (for a recent review see 
Beckwith 1994). It appears that most of the observations can be at 
least qualitatively explained by a model involving a steady-state 
accretion disc surrounding a young, low-mass star. The differences 
between such a disc and a disc around a compact star follow from 
scale, protoplanetary discs being much bigger than a disc around, 
say, a typical white dwarf or a neutron star. Located farther away 
from a central gravitational well, protoplanetary discs experience 
less vigorous shear and are therefore cooler. At those low tempera
tures the opacity is dominated by dust grains and not by thermal 
bremsstrahlung as is assumed in a standard disc model. The 
different opacity law would produce a qualitatively different disc, 
so using the standard model for protoplanetary discs would be 

inappropriate. Furthermore, the low temperature in the extensive 
parts of a protoplanetary disc translates into the low-ionization 
regime, which is maintained by non-thermal ionization processes 
(Umebayashi & Nakano 1988; Stepinski 1992). Thus, in studying 
the MHD dynamo in protoplanetary discs we cannot make the usual 
perfect conductor approximation. 

For the purpose of our calculations we assume a protoplanetary 
disc surrounding a young star with a mass of M* = 1 Mo and 
extending from Rin = 0.6 au to Rout = 40 au. This choice represents 
a compromise between the physical realities and manageability of 
our computer calculations. The inner radius should coincide with 
the radius of the star, which for the 1-Mo protostar burning 
deuterium is about 8 Ro = 0.04 au (Shu, Adams & Lizano 1987). 
The outer radius should reflect the characteristic radial size of 
observed discs ~ 100 au. Adopting such values would yield 
Rou/Rin = 2500, requiring an unbearably long time to complete 
our numerical calculations. Instead, we opted for a disc of roughly 
the size of the present-day Solar system. We adopt ass = 0.01 and 
M = 10-6 Mo yr-l, fiducial values for this class of discs. The 
opacity law, needed to determine the structure of the steady-state 
disc, is taken from Ruden & Pollack (1991). The formulae for the 
physical quantities in such a disc are listed by Stepinski et al. 
(1993). 

The evolution of the magnetic field is calculated starting from an 
initial condition of a purely toroidal uniform field of magnitude 
equal to 1 per cent of Beq(Rout ). The evolution of the field to 
eqUilibrium takes about 4000 yr, a very short time in comparison 
with the viscous time-scale. We consider three cases, corresponding 
to different magnitudes of an ambient field: B~) = 0 gauss, 
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Figure 4. Poloidal magnetic field in the protoplanetary disc model in the 
absence of an external magnetic field. Dotted lines indicate the disc's 
surfaces and solid lines are lines of poloidal field. The upper panel shows 
a large-scale view and the lower panel shows a close-up view of the inner 
portion of the disc. 

B9;) = 8 X 10-5 gauss, and B£) = 8 X 10-4 gauss. Note that even 
the strongest ambient field considered has a magnitude equal to just 
a few per cent of Beq(Rout ). 

In the absence of an external field, the dynamo generates a field 
with a quadrupole symmetry as shown in Fig. 3. As in the case of the 
standard disc dynamo, the field inside the disc is dominated by its 
toroidal component. The most striking feature of the generated field 
is that it can be divided into two almost separate parts: the inner part, 
which is located within an inner 4 au, and the outer part, which is 
located from about 7 au outwards. The section of the disc between 4 
au and 7 au seems to be almost devoid of any magnetic field. This 
section of the disc coincides with the so-called magnetic gap 
(Stepinski et al. 1993), the radial segment of the disc where neither 
thermal nor non-thermal ionization processess are strong enough to 
provide coupling between the gas and the magnetic field. According 
to the local dynamo criterion (Stepinski et al. 1993) there should be 
no magnetic field there. However, as can be seen in panel (C) of Fig. 
3, the present, global calculations reveal that a magnetic field exists 
in the magnetic gap, although its magnitude there is up to 2 orders of 
magnitude smaller than could be expected if this region were well 
ionized. The existence of a weak field within the magnetic gap is 
due to the transport of the magnetic field from the neighbourhood 
regions by means of radial diffusion. 

Fig. 4 shows both the large-scale view of the poloidal field 
configuration and the zoom-in view on the inner segment of the 
disc. It is clear that in the absence of any external field the field lines 
are closed loops. The strongest magnetic field is in the innermost 
disc, close to the star. Its structure (lower panel) looks like a 
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Figure 5. Poloidal magnetic field in the protoplanetary disc model in the 
presence of an external magnetic field of magnitude Bf;) = 8 x 10-5 gauss. 
Dotted lines indicate the disc's surfaces and solid lines are lines of poloidal 
field. The upper panel shows a large-scale view and the lower panel shows a 
close-up view of the inner portion of the disc. 

miniature version of the overall poloidal field (upper panel). The 
region of the weak field, separating segments of the disc where 
thermal and non-thermal ionization processes are effective, is 
clearly identifiable in the lower panel of Fig. 4. 

As in the case of the standard disc, the presence of a weak 
ambient magnetic field has no practical effect on either the toroidal 
or the radial component of the generated field. However, it influ
ences the vertical component, making the entire field asymmetric 
and causing some field lines to become open instead of closed. Fig. 
5 shows the configuration of the poloidal field in the presence of an 
8 x 10-5 gauss external field. This is, comparatively speaking, a 
very weak field. However, it manages to open a few field lines. 
Among the field lines emerging from the upper surface of the disc, 
those located close to the inner edge of the disc are easiest to open 
up. Among the field lines emerging from the lower surface of the 
disc, those located close to the outer edge of the disc open first. On 
the large scale (Fig. 5, upper panel) this introduces asymmetry with 
respect to the equator, although on the smaller scale (Fig. 5, lower 
panel) this asymmetry is hardly noticeable. 

Fig. 6 shows the configuration of the poloidal field in the presence 
of an 8 x 10-4 gauss external field. Although still weak in compar
ison with the total field generated in the disc, such an external field 
is strong enough to alter the poloidal component of the generated 
magnetic field significantly. Its presence causes most of the field 
lines to become open. The overall structure of the poloidal field, as 
viewed on the large scale, is not unlike the structure of the poloidal 
field in the standard disc in the presence of an external field of 
percentagewise similar strength. Note that it is the strength of an 
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Figure 6. Poloidal magnetic field in the protoplanetary disc model in the 
presence of an external magnetic field of magnitude Br;;) = 8 x 10-4 gauss. 
Dotted lines indicate the disc's surfaces and solid lines are lines of poloidal 
field. The upper panel shows a large-scale view and the lower panel shows a 
close-up view of the inner portion of the disc. 

external field relative to the equilibrium strength of the dynamo
generated field that detennines the shape of the overall magnetic 
field. On the smaller scale, the structure of the poloidal field in 
protoplanetary and standard discs differs because of the existence of 
the magnetic gap region in the former. 

5 DISCUSSION 

In this paper we have studied the process of magnetic field generation 
in thin accretion discs via the MHD dynamo. The basic problem is that 
of the isolated disc immersed in the vacuum devoid of any externally 
maintained magnetic field. On that issue we have obtained a number 
of basic results that can be summarized as follows. 

(1) Thin accretion discs, including protoplanetary discs, char
acterized by fiducial values of ass, 'P, and M, can self-generate a 
global magnetic field by means of a turbulent MHD dynamo. The 
time required by a magnetic field to reach its global equilibrium 
configuration is about an order of magnitude longer than the Kepler 
time at the outer edge of the disc. However, a magnetic field in the 
inner portion of the disc equilibrates much faster. Generally, a 
magnetic field within a segment of the disc located between the 
inner edge and a radius R needs a time proportional to PK(R) to 
equilibrate. This time depends only weakly on the initial conditions, 
provided that the initial magnetic field has no reversals along the 
radial extent of the disc. A magnetic field growing from initial 
conditions with reversals needs about an order of magnitude longer 
time to achieve equilibrium. 

(2) The equilibrated structure of the magnetic field is such that 
locally the strength of the magnetic field is of the order of Beq. This 
means that, in absolute terms, the strongest field is concentrated 
towards the inner edge of the disc. The direct dynamical importance 
of this field is questionable inasmuch as the equilibrated field 
strength is such that the magnetic pressure If 18-rr is smaller than 
the gas pressure by a factor of about a¥l. Within the disc the field is 
mainly toroidal, with the poloidal component at least an order of 
magnitude smaller and dominated by its radial part. The calcula
tions always produce a field that has, within reasonable accuracy, a 
quadrupole symmetry, notwithstanding the lack of the formal 
symmetry requirement in the governing non-linear equation. 

(3) In protoplanetary discs there exists a 'magnetic gap', the 
segment of the disc where the magnitude of an equilibrated 
magnetic field is about two orders of magnitude lower than Beq. 
This region coincides with the part of the disc with the lowest 
degree of ionization. Owing to the existence of such a gap, the 
magnetic field structure is naturally divided into two parts: inner, 
where the strongest field is found, and the more extensive outer part, 
where a much weaker (in absolute terms) field is established. Apart 
from the existence of a magnetic gap, the features of a protoplane
tary disc dynamo-generated field are much like those of the standard 
disc dynamo-generated field. 

The realistic discs are immersed in environments that are likely to 
be magnetized by sources located far away from the disc, or at 
'infinity'. Because the sources of the ambient field are distant, the 
field close to the disc is weak compared with Beq inside the disc. 
Considering a thin accretion disc self-generating a magnetic field 
and surrounded by an environment permeated by a weak vertical 
magnetic field, we have obtained the following results. 

(1) Given a fiducial value of 'P, an external field cannot be 
significantly amplified by means of advection by the accretion flow. 
Therefore, the total magnetic field is, to a good approximation, a 
superposition of the internally generated field and an externally 
maintained field. Although this can be deduced a priori from the 
governing equation, we also have obtained this as a result, running 
cases with the advection term included. 

(2) Because an external field is assumed to be vertical it modifies 
only the vertical component of a dynamo-generated field. The 
superposition of a self-generated field having an even symmetry 
with an ambient field having an odd symmetry produces a magnetic 
field that is asymmetric with respect to the equator. On a large scale, 
this asymmetry is very pronounced even for an external field as 
weak as a few per cent of Beq(Rout). 

(3) In the absence of an external field the lines of poloidal field 
are closed loops. The vertical ambient field helps some of these 
lines to become open. The ambient field of -1 per cept Beq (Rout) 
strength causes most field lines leaving the surface of the disc to be 
open. 

(4) Because of the intrinsic asymmetry, open field lines leaving 
the upper and lower disc surfaces are inclined in different senses 
with respect to the vertical. 

Can a magnetic field produced by an accretion disc dynamo lead 
to centrifugally driven wind? The present work cannot give an 
unequivocal answer to this question. Without an external field, the 
topology of the field lines consists of closed loops, hardly a 
favourable configuration for launching a wind! On the other hand, 
the strength of the field decreases rapidly outside disc surfaces. If 
we pre-suppose that the base of the wind coincides with the disc 
surface, the accelerating wind can, in principle, open up field lines 
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Figure 7. The inclination angle, i, of the field lines as they emerge from the disc surfaces. The standard disc is assumed and panels (A)-(D) correspond to cases 
B~) = 0, B?;) = 0.05 gauss, B'!,) = 0.1 gauss, and B~) = 0.5 gauss, respectively. Solid lines refer to the top disc surface and dashed lines refer to the bottom 
surface. Dotted lines indicate i = ±30°, the inclination necessary to drive a cold wind centrifugally. 

and propagate to infinity. To see whether this is indeed a concei
vable scenario, a wind solution has to be found to supplement the 
dynamo solution that we have obtained in this paper. In the presence 
of an ambient field with reasonable strength, field lines leaving the 
disc surface become open, and the possibility of a magnetic field 
configuration to drive a wind is more readily visualizable. However, 
as we have shown, an external field leads to an asymmetry in 
magnetic field configuration, which may translate into an asym
metric appearance of a wind. This can be viewed as a disadvantage 
of the model, as most observed winds from protostellar or extra
galactic sources are symmetric (two-sided), or as a built-in advan
tage because such a model can naturally explain the phenomena of 
asymmetric (one-sided) jets. The hypothesis that the superposition 
of an even (internally generated) magnetic field with an odd 
(externally maintained) magnetic field may lead to a significant 
difference between the strengths of the poloidal field on the two 
sides of the disc, and consequently to differences in the power of the 
wind coming from the top and bottom disc surfaces, was originally 
forwarded by Blandford (1989). 

For the magnetic field to be able to launch a cold, centrifugally 
driven wind, the field lines emerging from the disc surface should 
make an angle, i, larger than 30° with the normal to the disc, 
(Blandford & Payne 1982). Sidestepping the problem of whether 
the closed lines can be opened by the wind itself, we calculated the 
angle i assuming the magnetic field configuration maintained by a 
dynamo operating in the standard disc. Fig. 7 shows that in the 
absence of an ambient field the lines emerging from both disc 
surfaces make i > 30° provided that they exit the disc at locations 
such that R:5 6.5 X 1010 cm. As the field lines must eventually 
return into the disc, they form a negative (leaning toward the central 
star with respect to the normal to the disc) angle i in the outer 
portion of the disc. It is interesting to notice that a cold wind can be 
accelerated along the field line leaning inward provided that 
Iii> 30°. However, in this case gravity, rather than centrifugal 
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force, is responsible for the acceleration. Consequently, the accel
eration diminishes with elevation from the equator and eventually 
vanishes altogether (unless the field line is modified and starts to 
lean outward). Therefore, a wind that originates from field lines that 
on the surface of the disc are inwardly inclined should probably be 
called a 'gravitationally launched wind'. An intriguing possibility 
that such a wind exists has to be, of course, checked by future 
calculations. Tentatively assuming that a wind launched either 
centrifugally (inner disc) or gravitationally (outer disc) is able 
eventually to open up field lines, we may conclude that the magnetic 
field resulting from the dynamo action in the absence of an ambient 
field could lead to a bipolar, symmetric wind. 

Panels (B)-(D) in Fig. 7 show what happens to an inclination 
angle of emerging field lines if an external field is present. An 
external field causes an inclination angle on the top surface to differ 
from an inclination angle on the bottom surface. This difference 
increases with the strength of an external field. AtB~ = 0.5 gauss, i 
is positive along the entire top disc surface but negative over most of 
the bottom disc surface. Additionally, an external field 'verticalizes' 
field lines as they emerge from disc surfaces. This is most visible in 
panel (D) of Fig. 7 with i < 30° over a significant portion of the top 
surface. Thus, on the one hand, the presence of an external field is 
preferable for wind launching inasmuch as it takes care of open field 
lines, but on the other hand it may also be detrimental because it 
straightens the field lines exiting the disc. In any case, winds leaving 
the top and bottom surfaces of the disc would have different 
characteristics, with at least the potential possibility that one 
could be much weaker than the other. 

We can speculate that most discs are immersed in an environment 
with an ambient magnetic field too weak to influence the symmetric 
configuration of an internally generated magnetic field. Such discs 
may produce bipolar winds. Sometimes discs happen to be located 
in a more magnetized environment; those discs may produce winds 
that appear one-sided. Finally, we should point out that, although a 
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dynamo-generated magnetic field may prove to have the proper 
configuration for wind launching, it may lack the strength to 
produce dynamically important winds. Pelletier & Pudritz (1992) 
showed that the ratio of the wind torque to the viscous torque on a 
fluid element of a disc located at a radius R is given by 
(B~/47rP)(RA/CXssH), where RA is the Alfven radius of flow begin
ning from the disc at radius R. A very rough estimate of this ratio 
yields about 0.1, suggesting the dynamical unimportance of the 
wind. This is because the dynamo field is concentrated in its toroidal 
component, and only a very small fraction of its total strength is 
available for a vertical component. Clearly, it has to be viewed as a 
major obstacle for inducing a dynamo-generated magnetic field as a 
launching pad of a meaningful, centrifugally driven wind. However, 
it is important to remember that many assumptions contributed to 
our final result. In particular, allowing for large values of the 
magnetic Prandtl number would result in advection becoming an 
important part of the magnetic field amplification process, and may 
lead to Bz having a magnitude comparable to the magnitude of the 
entire field. 
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