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Abstract. We present a linear analysis of the stability of accretion disks in which angular momentum is removed
by the magnetic torque exerted by a centrifugally driven wind. The effects of the dependence of the wind torque
on field strength and inclination, the sub-Keplerian rotation due to magnetic forces, and the compression of the
disk by the field are included. A WKB dispersion relation is derived for the stability problem. We find that the
disk is always unstable if the wind torque is strong. The growth time scale of the instability can be as short as
the orbital time scale. The instability is mainly the result of the sensitivity of the mass flux to changes in the
inclination of the field at the disk surface. Magnetic diffusion in the disk stabilizes if the wind torque is small.

Key words. accretion, accretion disks — ISM: jets and outflows — magnetohydrodynamics (MHD)

1. Introduction

Magnetically driven winds from accretion disks have been
considered as promising explanations for highly collimated
jets observed in many classes of astrophysical objects,
ranging from active galactic nuclei (AGNs) to young stel-
lar objects (YSOs) (see the reviews by Blandford 1993,
2000; Pringle 1993; Spruit 1996). Hydromagnetic winds
from accretion disks provide a mechanism to produce col-
limated jets as well as an efficient angular momentum loss
mechanism from accretion disks. The jets are powered by
the gravitational energy released by accretion of matter
through a magnetic field with an open configuration. If
the inclination angle of the magnetic field lines is sufficient
large with respect to the axis of the accretion disk, a mag-
netically controlled, centrifugally accelerated wind is nat-
urally driven from the disk surface. Open magnetic field
lines threading the accretion disks are a crucial ingredient
in this model (Blandford & Payne 1982). A global, ordered
magnetic field is usually assumed in investigations, though
the origin of the ordered magnetic field that is assumed
to thread the disk is still not clear. One possibility is that
the field is advected inwards by the accreting matter in
the disk (Blandford & Payne 1982). The other one is that
the field is generated locally by a dynamo (e.g. Tout &
Pringle 1996). A steady open magnetic field may be main-
tained if the inward dragging of field lines by the disk is
balanced everywhere by the outward motion of field lines
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due to magnetic diffusivity (Lubow et al. 1994a). Lubow
et al. (1994b, hereafter LPP) explored the stability prop-
erties of the disk-wind system on the assumption that the
angular momentum of accretion disk is removed by the
magnetic torque alone. They argue that such a disk wind
is unstable. Konigl & Wardle (1996) on the other hand
claim stability of their own disk-wind solutions (Wardle
& Konigl 1993), as done by Krasnopolski et al. (1999) on
the basis of numerical simulations. Instability of the type
proposed by LPP has been incorporated into a numerical
model by Agapitou & Papaloizou (in preparation).

2. Model

Magnetically driven winds can remove angular momentum
from the disk. The wind acceleration is sensitive to the in-
clination of magnetic field at the disk surface (Blandford &
Payne 1982). If the magnetic field is advected inwards by
the accreted matter, the field inclination at the disk sur-
face is mainly determined by radial velocity of the matter
in the disk. A small perturbation increasing the radial ve-
locity causes the poloidal field to be bent closer to the
disk surface, so that it gives rise to a higher mass loss. By
the increased angular momentum loss, the radial velocity
continues to increase. Thus an instability arises (LPP).
A number of factors have to be included in the analysis.
If the magnetic field strength increases inward in the disk,
it exerts an outward radial force providing partial support
against gravity, so that the rotation of accretion flow is
sub-Keplerian. The height of the disk is compressed by
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both the vertical component of gravitational force and the
vertical pressure of the radial magnetic field component.

In principle, one can numerically calculate the disk
structure and the magnetic field configuration in the disk
simultaneously (Ogilvie & Livio 1998). For simplicity, in
this work we use an approximate field configuration to es-
timate the scale-height of an isothermal disk compressed
by the field.

We assume that the accreting matter is corotating with
magnetic field lines in the disk. This is an appropriate
limit, if the field is sufficiently strong (e.g. Ogilvie & Livio
2001). The matter at the disk surface is centrifugally ac-
celerated along the magnetic field line anchored at the
disk surface. The matter corotates with the magnetic field
line roughly till it approaches Alfvén point. Beyond the
Alfvén radius, the magnetic field exerts no further torque
on the escaping wind matter. The magnetic torque can be
estimated if the mass loss rate in the wind and the Alfvén
radius are known. The mass loss rate in the wind is gov-
erned by the position of slow sonic point in the wind. The
slow sonic speed is close to the sound speed, if the Alfvén
radius ra > rs. To avoid solving the equation of radiative
transfer in vertical direction of the disk, we approximate
the temperature of the disk to be a constant along the
vertical direction. The sonic point occurs roughly at the
maximum of the effective potential, if the temperature is
not very high.

A fair assumption is that the pressure distribution in
z direction, as measured along a field line, is hydrostatic
between the footpoint and the sonic point. This provides
an estimate of the density at the sonic point, and hence
the mass loss rate.

For most of the stability analysis, a local approxima-
tion can be made involving the values of physical quanti-
ties near the foot point of a field line. The analysis, how-
ever, involves the magnetic torque in an essential way,
hence the value of the Alfvén radius ra for the field line
must be known. Since the Alfvén radius depends on the
global field configuration, not only on the field strength
at the base of the field line, it can be regarded as an ex-
ternal parameter for the stability analysis. To minimize
the number of additional parameters in the analysis, we
assume the field at the Alfvén surface to be roughly self-
similar, varying as a power of distance from the axis. The
value of ra can then be determined and we can evaluate
the torque exerted by the wind on the disk. It depends
on the mass flux along the field line, which depends on
the density at the sonic point. This in turn depends sen-
sitively on both the temperature of the disk and on the
inclination and strength of the field near the disk.

Changes in torque exterted cause the mass distribution
in the disk to change. This in turn causes changes in the
distribution of the field lines anchored in the disk. Since
the mass and angular momentum loss rate on a field line
depends sensitively on the field configuration (in partic-
ular the inclination), there is a strong intrinsic feedback,
and it is the purpose of our investigation to see under
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which conditions this feedback leads to instability of the
type proposed by LPP.

The stability problem is in principle global in nature,
but we have localized it by a WKB approximation in a
short wavelength limit, and the dispersion relation is then
derived for the stability problem.

A further simplification we make is that the magnetic
torque in a steady wind can also be applied in the per-
turbations. This assumption is valid if the time scale of
the instability is much longer than the disk-wind coupling
time scale. We discuss this further in the last section.

Since our focus is on the instability caused by the wind
torque, we leave out angular momentum transported by
the usual disk viscosity, so that viscous modes are also ab-
sent in stability analyses. The radial pressure gradient in
the momentum equation is neglected for similar reasons,
to avoid the presence of an acoustic mode. The circular
motion of the disk in equilibrium is given by the balance
between the gravity and radial magnetic force. We assume
the magnetic field above the disk to be a potential field.
The magnetic field configuration above the disk is deter-
mined from the values of the normal component of the
field at the disk surface.

For the distribution of mass with distance above the
midplane we assume the Gaussian distribution valid for an
isothermal disk, but also include the effect of vertical con-
finement by the magnetic pressure on the disk thickness.

We assume the magnetic field above the disk to be a
potential field. The magnetic field configuration above the
disk is determined from the values of the normal compo-
nent of the field at the disk surface. Strictly speaking,
the presence of a magnetic torque will lead to an az-
imuthal component of the field. However, the azimuthal
field component at the disk surface is always small com-
pared with the radial component for any wind models as
long as the Alfvén radius is far from the radius of the field
footpoint at the disk mid-plane (see further discussion in
Sect. 3.2). If the magnetic field strength inside the disk is
suffiently weak, differential rotation acting on the r- and
z-components will produce a time-dependent azimuthal
field. Such a nonstationary state will lead to magnetic
turbulence such as found in numerical simulations of an
initially weak field (Hawley et al. 1995). The field we con-
sider here, on the other hand, is a systematic poloidal field
(i.e. crossing the disk plane), and sufficiently strong that
Balbus-Hawley instability is suppressed. At this strength,
the field is also sufficiently strong to enforce “isorotation”:
constancy of the rotation rate along field lines. Though the
origin of such fields is not as clear as the turbulent fields
that evolve from initially weak seed fields, they are by far
the most logical configurations for producing systematic
outflows from accretion disks. Spruit et al. (1995), Stehle
(1997) and Stehle & Spruit (2001) have shown that even
surprisingly strong poloidal fields, approaching (a fraction
of) equipartition with orbital kinetic energy, can still be
stably anchored in a disk. These analyses did not include
instabilities associated with magnetically driven outflows
however, which are the subject of the present study.
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3. Magnetic torque

From standard magnetic wind theory, we know that the
angular momentum flux along a field line is given by
T = m€Q(r;)rd, where r is the cylindrical radial coordi-
nate, ra the Alfvén radius, 7 the mass loss rate, and 2
the rotation rate of the footpoint at radius r; on the disk.
This is the total angular momentum flux, including both
the magnetic torque and the flux carried by the mass it-
self. For the effect on the disk, only the magnetic torque
T, is consequential; evaluating it at the disk surface, and
counting both surfaces, we have

T = 20 (ry) (3 — 72),

i (1)
in the limit 74 > 7y, Ty ~ 2o (ri)7%.

The mass loss rate in the wind is governed by the
position of the sonic point:

. B. |
m~ | 5 Cs|z=z¢)
B, P .

where z; is the height of the sonic point above the mid-
plane of the disk.

As discussed in Sect. 2, the mass loss rate of wind from
an isothermal disk is estimated as

. B.
m ~ (B—) P0Cs eXp[*(\Iles - \Ilei)/cg]’
1%

(2)

(3)

where V., and ¥; are the effective potential at the sonic
point and the footpoint of the magnetic field line respec-
tively. The effective potential ¥, is given by

GM 1

We(r,z) = — (r2 +22)1/2 9

Q2 (ry)r2, (4)
where r; is radius of the magnetic field line footpoint at
mid-plane of the disk.

The position of the sonic point can be estimated, if we
know the shape of the magnetic field lines between the
footpoint and the sonic point. In principle, the field line
shape is computable by solving the radial and vertical mo-
mentum equations together with suitable boundary condi-
tions. Analytic solutions are available only for two extreme
cases, the weak and strong field extremes. We find that
the field line shapes are slightly different in these two ex-
treme cases. In the strong field case, the disk is compressed
mainly by the vertical component of magnetic force, and
the shape is similar to the Kippenhahn-Schliiter model
(KS) (Kippenhahn & Schliter 1957), valid for an isother-
mal sheet suspended against gravity by a magnetic field.
The exact shape of the field lines depends on the thermal
structure of the disk. For our purposes an isothermal layer
would be a sufficient model, and the KS model applicable.
Its analytic form is still a bit too cumbersome however, so
we have approximated it by the following expression:

0 ~ 0
s(A—n?+n?22H 22— — (1-n?)2,  (5)
07}; KoT);

where H is the scale height of the disk, n; = tanh(1).
The inclination of the field line x = B./B? is a function

r—=ri—
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Fig. 1. The magnetic torque as functions of the dimensionless
angular velocity of the disk and the magnetic inclination ko,
for a disk thickness H/r = 0.01. The angular velocity is also a
measure of the field strength (1 — (Q0/Qk)* ~ B?).

of z. By the index ¢ we denote the value kg measured
at the nominal disk surface z = H. High above the disk,
the inclination then becomes ko tanh(1). We find that this
expression reproduces the basic features of the KS model
well for both weak and strong field cases.

We approximate the position of the sonic point as the
maximum of the effective potential along the magnetic
field line. The height above the disk of the sonic point at
radius 7o of the disk is then from using the potential (4)
and the magnetic field line shape (5):

H
Zg Y —
T

L [ronro(1-08)+303H(1—2) 2
302H k22 H

2 1/2

which is valid for zs/rg < 1.

To complete the estimate, we need the value of the
scale height of the disk H, which can be calculated from
the vertical component of momentum equation

2dp(2)

. B,.(z) dB,(2)
S dz

47 dz (™)

= —p(2)Q%z -

The density distribution p(z) in z-direction can be ob-
tained by integrating Eq. (7) with the given field configu-
ration and the assumed disk temperature.

As a result of the magnetic forces the distribution is
not exactly the Gaussian distribution of an isothermal
disk. In this case, we define the disk scale height H as
p(H) = p(0) exp(—1/2), the disk scale height H can then
be evaluated numerically. From these numerical values, we
have constructed a fitting formula used in the rest of the
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Fig. 2. Same as Fig. 1, but for H/r = 0.001.

calculations to represent the parameter dependence of the
scale height H:

1[4 (@ -0 1V

2 19%  4(1—e 1225204

_ (Q% — Q)ro ) (8)
4(1 — e~ 1/2)ko Q%

H =

We find that the scale height H given by expression (8)
is accurate to about 1% compared with the numerical re-
sults in the range of the parameters adopted in this paper.
The actual density distribution deviates from a Gaussian
distribution, so the density at the sonic point still is only
approximate, but the fitting formula properly takes into
account the compression of the disk in the strong field
case. Note that Eq. (8) reduces to H = ¢/Qk in the
Keplerian case. Now, using Egs. (4)—(6), we obtain the ef-
fective potential difference AW, between the sonic point
and the magnetic footpoint in the mid-plane of the disk

(Q%{ — Qg)ToH
%077?
X [(U = 4 m2e2H12 — (1 - )2
5 o2
i <Q%< - 593) K

2
X [(1 — 2+ nP22H )Y (1 7712)1/2}

1
AV, = Vo — Uy = §Q%<z§ +

9)

Using Egs. (3)-(9), we can evaluate the mass loss rate
in wind. The magnetic field far from the disk surface is
assumed to be roughly self-similar as discussed in Sect. 2:

B~ B.00f (2) = 8.0 (2) as1 0

where B, (rg) is the z-component of the magnetic field at
the disk surface.
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At the Alfvén point, the Alfvén velocity is

BA

P

[ R 11
CINEE ()
As in all magnetic acceleration models, its value is of the
order vﬁ ~ ra€o, where B? and pp are the poloidal mag-
netic field strength and density of the outflow at Alfvén
point.

Mass and magnetic flux conservation along a magnetic
field line requires

v =

mop A”ﬁ. (12)
Bd By
Combining Eqgs. (10)—(12), the Alfvén radius is found:
1
2 a1
B: =4

~ ot 13

A 47T77.’LQ()(7"0) TO ( )

Now we can evaluate the magnetic torque Ty, by using
Egs. (3), (6) and (13).

We define dimensionless quantities by
~ T ~ Qo -~ H

T = —m - 14
AT (14)

The dimensionless magnetic torque T}y, is then given by

~ ~ o=l ~ 2 a-1 a—1
T = Q57 (1= Q)T kG ST (14 2)” oD
1-02 ot a—1 AV,
X | 1+———= exp | ———— .
2(1—e~Y2)koH a+l ¢2

(15)

The parameters of the model are now H , Qo, ko and the
self-similar index « of magnetic field shape. Here ks is the
inclination of the field line at the sonic point.

3.1. Dependence of the magnetic torque
on field strength and inclination

With increasing field strength, the rotation of the disk
becomes more sub-Keplerian. Though the increasing field
strength itself increases the torque through the increas-
ing Alfvén radius (second factor in Eq. (15)), the lower
rotation of the footpoints also increases the potential bar-
rier that the wind has to overcome (last factor). In many
cases of interest, an increasing field strength will reduce
the magnetic torque (e.g. Shu 1991; Ogilvie & Livio 1998,
2001). In the following, we use the rotation rate relative to
Keplerian, Qq, as measure of the field strength. Figures 1
and 2 show expression (15) for the cases H = 0.01 and
H =103

3.2. Azimuthal magnetic field component at the disk
surface

The magnetic torque Ty, exerted on the unit surface area
of the disk is given by
_ BZB(Sbr

m b
2

(16)
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where Bi is the azimuthal field component at the disk
surface. Let g, be the radial acceleration due to magnetic
tension, averaged over the surface mass density of the disk,
gm = B3B./(27X). The radial balance of forces is then
rQ2 = g — gm. Hence we have the relation

Bs _
BS

TmO
1-02

(17)

For the parameter values where our analysis will be valid,
the azimuthal field strength at the disk surface is small,
B < B? (see Figs. 1 and 2).

4. Disk equations

As discussed in Sect. 2, we neglect the usual disk viscos-
ity in the problem. Torques due to the magnetic wind are
therefore the only source of angular momentum loss of the
disk material, and in their absence the mass flux through
the disk vanishes. The mass conservation and angular mo-
mentum equations for the disk are then

0 0 ov,
and
o} 0 vV | Tm
<&+UTE)U¢+ —+ 5. =0 (19)

where Ty, is the torque contributed by the magnetically
driven wind per unit area of disk surface. The radial com-
ponent of the momentum equation is

d ) v}
(&—’—UTE)UT—FQ_T_QH’I_O (20)

where the gravitational and radial magnetic forces are
given by ¢ = GM/r? and g, = BSB./(27Y), and we
neglect the gas pressure gradient as discussed in Sect. 2.
The magnetic induction equation is

0 0 v, B, ov, n d
(&*“W)Bﬁ - By, +;5<T

aai’") =0 (21)

where 7 is magnetic diffusivity, H is the disk scale-height.
As discussed in Sect. 2, a potential field above the disk
is assumed, so that the stream function of the field satisfies

9?® 109 0%
o ror To2 (22)

4.1. Linearized equation in a local approximation

As discussed in Sect. 2, the problem can be localized by
a WKB approximation in a short wavelength limit. The
perturbed stream function is still given by Eq. (22):

050 1060 0% _
or? r Or 822

The strength B,(r) at the disk surface acts as bound-
ary condition for this potential problem. Its solution is

(23)
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in general a global one, the solution at any point (r, z)
depends on the entire field strength distribution B, (r).
In a short wavelength limit, however, the problem be-
comes local again. Our short wavelength limit is the mag-
netic equivalent of the so-called tight-winding limit in self-
gravitating disks.

Equation (23) has separable solutions d®(r,z) =
F(r) exp(—k|z|), where F(r) satisfies

J +k’F =0. (24)
r

Let y = k(r —ro). In the short-wave limit kr > 1, we have

d’F  dF
— . —e— 4+ F=0,

2

where € = 1/kr (e < 1).

Denote Eulerian perturbations of a quantity g by dq,
Lagrangian perturbations by an index 1, and the equilib-
rium state by an index .

The perturbed fraction of the stream function is:

0®(r,z) = Aexp (% :l:iyfk|z|> . (26)
2
The perturbed components of the magnetic field are
106®@ k
6BT(7',Z) = *;E = ;5@(7",2), (27)
and
106d 1 /ek .

Here we have taken the sign in Eq. (26) to be “+”. The
magnetic field components are related by
B, = 0B, (% n z) ~ i0B,. (29)
Let a dot be the Lagrangian time derivative, and £ be the
Lagrangian displacement. Neglecting the gradient of r in

the background and assuming H to be a constant along r,
the linearized equations of the disk are:

X1+ 2087“57“ =0, (30)

& + (2Q0 + 9)& + T Doy, (31)
¢ 0 " 207“ E%T 1

where the shear rate S = r(dQo/dr).

& — 200€p — g =0, (32)

where Q22 = g — g,

B, + B,90:¢ + —=B,1 = 0. (33)

H

As discussed in Sect. 2, we assume that the magnetic
torque as evaluated for steady conditions are also valid
for the perturbations. The magnetic torque Ty, is a func-
tion of the angular velocity of the flow 2 and the magnetic
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field inclination kg, ko = B,/ BE, at the disk surface. The
perturbed fraction of the magnetic torque 61y, is given by

~ O0Tw(k, Q) 0T (K, §2)
0T = o oKk + 20 1Y)
_ OTw(k,Q) (6B, |  B.odB. aTm(/ﬁ,Q)(SQ
- on By | B% o9
_ O0Tw(k, Q) .9 0B, O0Tm(k,Q)
= P (ko +m0)BZO 50 0

where Eq. (29) is used. The perturbed fraction of the
radial magnetic force is given by

0B, n 0B, 52)
By B X0
Neglecting the radial gradients of the equilibrium quanti-
ties (a local approximation) the Eulerian and Lagrangian

variations are equivalent, so that the perturbed torque and
magnetic acceleration are

_ 0Tw(K, Q)

6gm = Gmo ( (34)

Ba 0T (5, Q) &

Tom k2) ==
! or (o FiRo) B 9 )
and
.\ B.
Im1 = gmo |:(]- - ZHO)B ! + arfr:| ’ (36)
20

where Eq. (30) has been substituted. Combining
Egs. (30)—(33), we have
attfr =+ (207"2 6—(2 =+ E) atgr - Zﬁogmoarfr
nk  0Twm] -
20(2Q2 _—
+ [ 0(2920 +5) + SRET] 39}5’“
_ 2_90 0T (Ii + i/ﬁ?Q) _ 2Q0Tmo Z-grnO’iO 0Tm
Yor Ok 0 Yor Sor2 0N
Nkgmo . 20k :
B nkgmo aTm . QUkQOTmO .
(20T2H 6(2 EoTH argr =0 (37)

5. Dispersion relation

We write the perturbed quantities as

&~ expli(wt + kr)].

The dispersion relation follows from Eq. (37):

1 0T, nk
4 - Y m v 3
v (207«2 a0 © H)

nk  0Twm]| -
_ ok 4 200(20 = _Zm
{’“’9 ok +20(2% + 9) + 5 5y aﬂ}“’
2kQo OTm oy .9mokok 0T
[ Sor Ok (10 + i) +1 Yor2 00
2kQ0Tmo | 1k gmo | . 20kQo
_ 200
Yor T T (260 +5) |
2gmo OT, 2nk2Q0Tim
R gm0 0T 20k Q0Two _ (38)
EoTzH o0 EoTH
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We use some dimensionless quantities in addition to those
defined in Eq. (14):

- A ~ dQ)
=2, o= i’ g — T_O_O,
H QK QK dr
~ o gmo ~ n
9mo OQ%( 3 n= HQQK ) (39)
and the quantities p, ¢:
aTm P + aT'm q +
——= = ~_Tm07 - — —4mo,
Qo Qo Ok Ko

which measure the dependence of the wind torque on the
rotation rate and field inclination, respectively.
Equation (38) becomes

- 2mh 2 -
o i<£TmO+ﬂ) o { TR )

Qo A A
= 2mpiTm 4700 T
+ 200(20 + §) + Lm0 | g2 775\%[ 0
0
,2WpKOTm0 ~92 47Tq(20 ~
— (1 —-Q75) — me 1+1ik
N f ( 0) 3 of 0)
4727 ~ 4770 -
- —(1-02 — (200 + 9)| @
5o (1= 08) — == (20 + 5)
42 ipTm - 2700 T
_ AT gy ST e )
N2QoH NH

5.1. Restrictions on parameter values

The dispersion relation contains several small parameters,
since a number of conditions have to be satisfied for con-
sistence with the assumptions made. For a local approxi-
mation to be valid, we must have
AT < 1. (41)
On the other hand, since we have approximated the disk
as thin, the wavelength has to be large compared with the
scale height:
H <\ (42)
An unknown in the problem is the magnetic diffusivity,
hence we must explore the dependence of the results on 7.
In our assumptions, we have ignored viscosity in the disk.
If the magnetic diffusivity is due to the same small scale
process that causes the viscosity, it is then most consistent
to set 7 = 0 as well. On the other hand, it is instructive to
explore the consequences of allowing some diffusion, since
it is likely to damp instabilities. With our scalings (39), the
relevant value is then 77 ~ a ~ 1, where « is the viscosity
parameter. We report results for both cases, 7 < 1 and
7~ 1.
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5.2. Approximate analytic results

The nature of the unstable modes can be explored by look-
ing at limiting cases. We can look at the case where the
magnetic torque is weak, Tmo < 1. Assuming 1/ X and Tmo
to be the same order and ignoring quadratic and higher
terms, the last two terms in Eq. (40) containing Tio/X
can be omitted. The dispersion relation reduces to a third-
order equation. Let @ = @, 4+ i@j, it can then be separated
into two equations:

Two 277 27D T
@3 — (302 — o (Lame 4 2Ty STPTm0
Qo 2 Qo

~ ~ ~ 2K 9 47rq(~20 ~
+ 2Q0(2Q20 + S5) + 1-Q ——— T
0(280 +8) + (1 = %) | & + —=—Tmo
470 ~ 4727 ~
— ——Tho+=—=(01-95)=0 43
g ot g (H ) (43)
and
s To , 271 o2
Qo A
- s ox o 2TRg <o 21piiTmo | -
— 302 -200(200+5) — === (1-02) - —= )
[ 0(200+8)— === (1-4%) 0
4 pfmo n QLﬁ o7 — 47qroS T,
Qo A AH
2TpKo 5 47T7790
- =1 -Q}Tmo — 200 + 5) = 0. 44
SHaL 8T R0 +8)=0. (44)
52.1.7#0, Tmo=o
We now analyze the marginal stability, i.e., @; = 0. In
the absence of the magnetic torque (Tmo = 0), Egs. (43)
and (44) reduce to
. 47n ~ ~ ~
@8 — [3@? - %"w +200(26% + 5)
2TKo 47T277 =9
+ 1-Q —(1-9Q5)=0 45
01— )| 6+ T - ) (49
and
. 27 ~ ~ ~
G — 2052 1352 — 200(200 + S)
2 2 477
_ 2R g2y | gy 2 e AT 00 LGy .
AH A
(46)
Let wi =0 in Egs. (45) and (46), we have
- L q1/2
G =+ [290(290 + S)} : (47)
and
KoM
M= (48)

o1 Wr-
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Since n > 0, CIJY/S\ has the same sign as k. Since the
field strength will normally (but not necessarily) decrease
outward in the disk, the inclination of the field lines will be
away from the axis, i.e. £ > 0. In the absence of diffusion,
a transition from stability to instability then is possible
only for an inward traveling wave mode, i.e. (Dr/S\ > 0.
The nature of this stability boundary is explained further
in the following section.

Further progress can be made if we assume that the
diffusivity is small, and by looking at conditions near
marginal stability. Treating 7 it as a small quantity of
the same order as the other small quantities, i.e.

7~ @~ 1A,
the growth rate is then given by
Aq

o=, 49
AH (302 — w?) (49)
where
wg = 2@0(2@0 + S’) + 271'[%0(1 - Qg)/ﬂg, (50)
Ay = 2miHG? — 4mif HQ(2Q0 + S). (51)
The real parts of the roots of the equation are:
- &
Wyl & =————=, 52
YT OezE (52
where
Cy = 4n’7(1 — Q3), (53)
and
- - &
Wr2,3 = quJO — m (54)
The imaginary part of @ for these roots is
470(2Q20 + S
Qi ~ m (55)
A2
and
- koC1
Wy = —=—= " 56
22 ON G (56)

The modes 2, 3 have the same growth rate in the limit
taken here, where only the first order in 7 is kept. From
Egs. (55) and (56), we find that all three modes are stable
in low-n limit. It implies that the neutral wave and the
outward traveling wave are always stable.

The stability condition for the inward traveling wave
mode is
_ RO e o cn1l/2
1< 5~ [200(200 + S)]E (57)
Since the inclination k is of order unity, and 7,1/ \ are
small numbers, the stability condition is satisfied. Not sur-
prisingly, the disk is stable in the absence of a wind torque.
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5.2.2. 71 =0, Tmoo

We now include the magnetic torque. In this section we
treat it as a small quantity of same order as the other small
quantities in the problem. In the absence of the magnetic
diffusion (77 = 0), Egs. (43) and (44) reduce to

20T S
58— [3@? _ ZAPTm0 4 900 (260 + §)
Qo
2 - 47qQ - 4nQo -
+ 0002 o+ 2L TR0 =0 (58)
NH Vi Vi
and
T -2
o - Emog2 {?M —200(200+5)— 220 (1-02) | &
Q0 J7;
T 47qroQo ~ 2 -
g Pmoge  THAROYOp o ZTPRO () O2)T =0
Q A NH Qo

We analyze the situation close to marginal stability in the
case of low magnetic torque (Ty,0 — 0). The growth rate
is given by

As

U A (307 - @) (60)

where

Ag:j\ﬁpfmobf —47Tq/€OQ%T~m0—QWPHO(l—Qg)TmO (61)

The real parts of the roots of the equation are:

- Cy

Oy m, (62)

where

Cy = 4mqQTino — 47Q0Timo (63)

and

. - Cy

Wra3 =~ @y — 25\I~{®8. (64)

The imaginary part of @ for these roots is

i = [AmqroQ2 + 2mpro(1 — Q%)]# (65)
ANHQow}

and

Gins = A (20 + §) — 2mgroQo] =2 (66)

’ NHG?

The modes 2, 3 have the same growth rate in the limit
taken here, where only the first order in 1/ and Ty is
kept.
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5.3. Interpretation of the results

The first mode, wy, can be understood by setting the mag-
netic torque to zero. Equations (52) and (55) show that
the wave frequency and the damping rate are then pro-
portional to the diffusivity n. This mode is stabilized by
the magnetic diffusion.

In the limit of 7 = 0 and Ty = 0, the pair of
modes 2, 3 has the same frequency (cf. Egs. (54) & (64))

27TI€0 1/2

A

o3~ % 2Q0(2Q0 + 5) + (1 — Q2) (67)
[2Q0(2Q + S)]'/2 is the epicyclic frequency associated
with the stable angular momentum gradient. The second
term represents the restoring force due to the change of
inclination of the field lines by the perturbations (note
that 1 — Q% « B,-B.). On its own, this magnetic restoring
force would yield a wave with frequency w oc A™1/2 like a
surface wave. This is the result of the long-range nature of
the magnetic perturbations of the potential field outside
the disk. These magnetic waves have been analyzed before
(Spruit & Taam 1990; Tagger et al. 1990).

The growth rates of the three modes (65, 66) are all
proportional to the magnetic torque. Hence they all qual-
ify as instabilities caused by the coupling between the disk
and the outflow, if their w; are negative. The dependence
of the torque on the rotation rate is positive (p > 0), while
the quantity ¢ is negative (torque decreases as field incli-
nation with respect to the disk plane increases). If the
magnetic field strength in the disk is not strong enough
to signifiantly affect the rotation rate 2y, the second term
in (65) is small, and the sign of &;; is determined by the
first term, involving ¢. Since ¢ < 0, @;; > 0, so this mode
tends to be unstable except perhaps when magnetic sup-
port of the disk becomes significant. Its actual stability
depends on the values of the other parameters. In the fol-
lowing, we analyze this mode more quantitatively. The two
oscillatory modes @;2 3, which represent traveling waves,
are stable. These two modes are not specifically related to
the magnetic wind torque, and we will not discuss them
further.

6. Numerical results

We obtain growth rate of the instabilities by solving
Eq. (40) numerically. For the shear rate S we take the
Keplerian value S = —3/2.

The problem is described by the dimensionless disk
scale-height H, the angular velocity of accretion flow €2
which is a measure of the magnetic field strength, the incli-
nation of magnetic field kg = B,/B, at the disk surface,
and the dimensionless magnetic diffusivity 7. The mag-
netic torque is sensitive to the inclination of magnetic field
ko and the angular velocity of accretion flow Qg = Q /Qx,
which depends on the field strength through its contribu-
tion to support of the disk against gravity. We take the
self-similar index « of the magnetic field shape to be 4
in the following. In Figs. 1 and 2, the magnetic torque
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Fig. 3. The stability condition of the neutral wave mode, for
disk thickness H/r = 0.01 and wavelength A\/H = 10. The
dimensionless diffusivity is 77 = 0.75 (solid line), 0.25 (dotted)
and 0.01 (dashed).
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Fig. 4. Same as Fig. 3, but for H/r = 0.001.

as functions of ko and Qq is plotted for different values
of the dimensionless disk scale-height H. For small disk
scale-height, i.e., if the temperature of gas in accretion
disk is low, a magnetic torque is present only if the angu-
lar velocity is close to Keplerian velocity and the magnetic
field inclination angle to the disk surface is low (low ko, see
Fig. 2). The numerically determined stability boundaries
for the neutral wave mode are plotted in Figs. 3 and 4.
Examples of the growth rate of the neutral wave mode
for different parameter values are shown in Figs. 5-11.

7. Discussion of the results

We have presented a linear stability analysis of disks with
magnetically driven winds, and confirm the instability by
the mechanism proposed by LPP.

297

20 ¢

156

> Q-

N
Fig. 5. The growth rate of the instability as functions of mag-
netic field inclination k¢ and the dimensionless wavelength
M\/H. The dimensionless shearing rate S = —3/2, disk thick-
ness H/r = 0.01, magnetic diffusivity 7 = 0.75 and angular
velocity Qo/Qx = 0.995 are adopted.

12

Fig.6. Same as Fig. 5, but for different value of angular
velocity: Qo/Qx = 0.99.

In the presence of a strong magnetic field, the disk
is compressed by the vertical component of gravitational
force as well as vertical magnetic pressure, and the ver-
tical structure of the disk is significantly altered, which
affects the position of sonic point and the wind torque.
In this strong field case, the angular velocity of accretion
flow significantly deviates from the Keplerian velocity due
to the radial magnetic force, and the magnetic torque is
then negligible for any magnetic field inclination angle (see
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Fig. 8. Same as Fig. 5, but for Qy/Qx = 0.85.

Figs. 1 and 2, see also Ogilvie & Livio 1998). We have
taken these effects into account in present investigation.

The system of equations analyzed has four modes. In
the absence of a magnetic field, two are a neutral dis-
placements. One of these two is not specifically related to
the magnetic wind torque, and we have excluded it from
quantitative analysis. The other has a frequency propor-
tional to the magnetic torque (real and imaginary parts
of the frequency are of the same order of magnitude), it
can become unstable.

The final two modes represent an inward and an out-
ward traveling wave. The restoring force in the wave is a
combination of the coriolis force (epicyclic motion) and the

X. Cao and H. C. Spruit: Instability of an accretion disk with a magnetically driven wind

6 -

8

Fig. 10. Same as Fig. 6, but without magnetic diffusion, i.e.,
7 =0.

magnetic forces. Both inward and outward traveling waves
are stable in the range of validity of our assumptions.

In Fig. 5, the growth rate of the instability is plot-
ted for angular velocity very close to Keplerian velocity
(QO = 0.995), which may approximate the case considered
in LPP. The disk becomes more unstable if the angular ve-
locity of the flow is close to Keplerian (see Figs. 5-8). For
high inclination angles of magnetic field line with respect
to the surface of the disk (large xg), the magnetic torque
is very small. Instability is then suppressed by magnetic
diffusion.

The magnetic torque makes the disk unstable, while
magnetic diffusion has a stabilizing effect, suppressing
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Fig. 11. Same as Fig. 8, but without magnetic diffusion, 7 = 0.

instability at low Qo and/or high kg (see Figs. 3 and 4).
Comparing Figs. 6 and 9, we see that the disk is less un-
stable in low temperature case (H = 0.001) while the
instability occurs for lower values of k.

To see the effect of magnetic diffusion, Figs. 10 and 11
show the growth rates for the cases with 7 = 0. In the
absence of magnetic diffusion, the disk is always unstable,
though the growth rates can be very small.

The physical reason for the instability found here has
been described in LPP (see discussion in Sect. 2). A per-
turbation increasing v, causes the poloidal field to be bent
close to the disk plane, as the field is advected inwards
by the accreting matter. This tends to increase the mass
flow along the field. There is also an opposing effect, how-
ever. As the poloidal magnetic field is bent towards the
disk plane, the radial curvature force on the disk (oppo-
site to gravitational force increases). Due to this increased
support against gravity, the rotation rate of the field line
decreases. As a result, the “potential barrier” for mass
flowing along the field line is larger, decreasing the mass
flux and magnetic torque. The instability decreases with
increasing field strength through its effect on the rota-
tion rate, since the instability is driven by the magnetic
torques. We find that the inclination of the magnetic field
still has the strongest influence on the magnetic torque,
and dominates over the change in the potential barrier.

Since the instability is caused by the magnetic torque
by the centrifugally driven wind from the disk, the
instability disappears as the magnetic torque vanishes
(compare the instability growth rate with the magnetic
torque in Figs. 1 and 2). The disk is stable without a
magnetic torque. The modes are oscillations damped by
magnetic diffusion, if the magnetic torque is small. If
the magnetic torque is large, the instability time scale is
comparable with the dynamical time scale of the disk,
and the instability is not much affected by magnetic diffu-
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sion (compare Figs. 6 and 10). From the marginal stability
condition shown in Figs. 3 and 4, one sees that the disk
is generally stabilized by diffusion in the lower right cor-
ner of the xo-Q space, i.e. corresponding to low magnetic
torques. We find that the instability is insensitive to the
perturbation wavelength.

Associated with the perturbations in the disk are
changes of the field configuration above the disk. These
affect the acceleration of the wind, and hence the wind
torque. In our analysis, we have taken the response of the
wind torque to these changes to be instantaneous. This is
motivated by the fact that the magnetic torque acts on the
disk surface, and changes as soon as the azimuthal field
component at the surface changes. This is perhaps some-
what contrary to the impression that one might have based
on the steady wind model. In the steady wind model,
the torque is often pictured as “effectively acting” at the
Alfvén surface. In reality, the torque is constant along the
field line, hence acts equally at the disk surface. When
changes due to motions in the disk take place, changes in
the torque travel up at the Alfvén speed and are first felt
in disk itself.

The actual propagation of these torque changes has
not been considered here, since its time scale is short, of
the order of the Alfvén travel time over the disk thick-
ness. The time scale T7aq for an Alfvén wave to travel over
the scale-height is of the order 7aq &~ ¢s/ Va1, which
is short except for weak fields. The time scale for Alfvén
wave traveling from the disk surface to the Alfvén point
in the wind is in fact shorter than this, ~1/€. The disk-
wind coupling time scale is therefore of the order of the
disk dynamical time (Wardle & Konigl 1993; Konigl &
Wardle 1996). The present analyses are valid if the insta-
bility growth time scale is much longer than the disk-wind
coupling time scale. This is the case since for weak fields,
where the coupling time is long, the growth time of the
instability itself is also long.

In order to check on the effect of finite Alfvén travel
times in the disk-wind coupling process on the instability
properties of the disk, we have done a test calculation with
a simplified description of this effect. In this calculation,
we manually induce a time delay of the dynamical time
scale of the disk on the wind torque:

Tmo — T (t)

OTw(t)
ot N Tdelay ’ (68)

where Ty is given by Eq. (15), Tdelay is the assumed disk-
wind coupling time scale. We then add this equation to
the set of disk equations. We find the growth rate of the
instability becomes slightly lower than before, but the in-
stability properties have not been altered qualitatively.

The nonlinear evolution of the instability analyzed
gas to be studied by numerical simulations. Some such
simulations have already been reported by Agapitou &
Papaloizou (2001, in preparation).
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