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ABSTRACT
In this paper we investigate the e†ects of a large-scale magnetic Ðeld (with open Ðeld lines) on the

structure of an advective accretion disk. We Ðnd self-similar solutions to the MHD equations describing
the disk/magnetic Ðeld system; these equations reduce to the case studied by Narayan & Yi (1994) in the
absence of an external, macroscopic magnetic Ðeld. Our main assumptions are the existence of a hot,
tenuous corona above and below the disk, and the presence of a wind starting from the base of the
corona and centrifugally accelerated along the Ðeld lines up to the Alfve� n surface. The wind appears to
be the most efficient mechanism for extracting angular momentum from the inÑowing gas, even when the
mass lost in the wind is negligible with respect to the mass accreted ; other notable e†ects of the interplay
between the disk structure and the magnetic Ðeld with its associated wind include a bending of the Ðeld
lines toward the surface of the disk (dragging of the Ðeld by the accreting matter), a squeezing e†ect (the
disk scale height is reduced because of a magnetic pressure gradient), an increased radial infall velocity
(consequence of the quicker loss of angular momentum), and a decrease of the gas temperature in the
disk. We can equivalently describe the loss of angular momentum in the wind by introducing an e†ective
viscosity parameter which can become greater than 1 regardless of the true viscosity parameter a.aeff,
Subject headings : accretion, accretion disks È black hole physics È magnetic Ðelds È MHD

1. INTRODUCTION

The standard model for accretion disks has been for
many years the one developed by & SunyaevShakura

& Thorne and &(1973), Novikov (1973), Lynden-Bell
Pringle Its usefulness as a Ðrst approximation is well(1974).
established, and the model is based on the simple assump-
tion that at each radius the thermal energy generated by
shear viscosity is immediately radiated away vertically :
cooling processes can exactly balance the heating sources.
As a consequence, the disk is geometrically thin, and the
thermal energy of the gas much less than its orbital kinetic
energy. Shear viscosity is also responsible for removing
angular momentum from the gas during its infall, that is to
say, for transferring angular momentum outward in the
disk.

The natural improvement over the Shakura-Sunyaev (SS)
model was to consider the case when cooling is less efficient
than viscous heating. This may happen in two cases : either
when the disk is extremely optically thick and the radiation
is trapped for a timescale longer than the accretion time-
scale (see et al. or when it is extremelyAbramowicz 1988) ;
optically thin, a regime in which cooling processes are ineffi-
cient & Yi A simple, general model of(Narayan 1995b).
““ advective disk ÏÏ was put forward by & YiNarayan (1994,
hereafter & Yi they parameterizedNY94; Narayan 1995a) :
the degree of advection with one parameter f, deÐned as the
ratio between the thermal energy ““ stored ÏÏ in the disk and
advected toward the central object (i.e., not reradiated), and
the total thermal energy generated by viscosity, at each
radius. The general result, obtained both from self-similar
solutions and numerical calculations, is that high advection
( f D 1) produces a hotter, thicker disk, with a larger infall
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radial velocity and, conversely, a sub-Keplerian circular
velocity.

Advective disks have sparked interest in the Ðeld, particu-
larly since it appears that advective models can better Ðt the
observational data of binary black hole candidates (see

McClintock, & Yi and low-Narayan, 1996 ; Narayan 1996)
luminosity active galactic nuclei Yi, & Mahade-(Narayan,
van et al. An alternative model Ðtting1995 ; Lasota 1996).
the observations of BH candidates has been advocated by

Titarchuk, & Chakrabarti based on di†er-Ebisawa, (1996),
ent physical processes, such as shocks and bulk-motion
Comptonization & Titarchuk(Chakrabarti 1995).

In this paper we investigate the e†ect on the disk struc-
ture of a large-scale magnetic Ðeld threading the disk. The
idea of an open magnetic Ðeld crossing the disk, and being
dragged in by the inÑow, was suggested by &Blandford
Payne and it can explain the presence of winds and(1982),
outÑows from the disk surface : if the Ðeld lines are inclined
at a sufficiently small angle from the disk plane, the gas can
be centrifugally accelerated up to Alfve� n speed and escape
to inÐnity. A mechanism for launching, accelerating, and
collimating gas outÑows is invoked to justify the close link
between winds or jets and accretion disks in astrophysics,
necessary to explain the features of a variety of systems,
from AGNs (e.g., & Malkan to CVsSun 1989 ; Livio 1997)
(e.g., & Chiang The main e†ect of a magneti-Murray 1996).
cally driven wind will be to provide another mechanism for
removing angular momentum from the accreting matter, in
addition to viscous stress. Models accounting for this e†ect
have been proposed by Lubow, Papaloizou, & Pringle

hereafter with an emphasis on the(1994a, 1994b, LPP94),
relation between angular momentum and mass losses in the
outÑow, and velocity of infall of the gas ; and by &Wardle
Ko� nigl in the case of weakly ionized protostellar(1993)
accretion disks. In both cases, the disk is assumed to be
nearly Keplerian and geometrically thin. A self-consistent
set of self-similar solutions for a disk-wind system was
derived by again in the thin disk approximation.Li (1995),
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Following the example of these papers, we try here to
apply a large-scale magnetic Ðeld with wind to advective
disk models. We note that & Yi do notNarayan (1995b)
consider this case : they only allow for an isotropically
tangled magnetic Ðeld within the disk, behaving like radi-
ation, i.e., contributing to the pressure and the internal
energy with terms DB2D o4@3. We assume in our model
that the wind originates from a hot, tenuous corona above
the disk. As far as the disk structure is concerned, we still
use vertically integrated quantities, but we have to consider
the case of geometrically thick, sub-Keplerian disks. In this
paper we limit our treatment to self-similar solutions (all
physical quantities scaling as powers of R according to their
dimensions), similarly to despite some limitations,NY94;
they can give a physically intuitive picture of the magnetic
e†ects ; more sophisticated numerical three-dimensional cal-
culations are left to further work.

2. MAGNETIC DISK EQUATIONS

We assume a steady-state, axisymmetric Ñow; the funda-
mental equations that determine the disk structure are the
continuity, momentum and induction equations (e.g.,
Campbell in Gaussian units with c\ 1 :1992a, 1992b),

$ Æ (o¿) \ 0 , (1)

(¿ Æ $)¿ \ [ $P
o

[ $/] 1
o

Æ ( j Â B ] Fvis) , (2)

$ Â E \ 0 , (3)

$ Æ B \ 0 . (4)

where / is the gravitational potential and is the viscousFvisforce per unit volume; o, and P have the usual meaning of¿
density, velocity and total pressure. By inserting into

the electric Ðeld derived from OhmÏs law:equation (3)

j \ 1
g

(E ] ¿ Â B) , (5)

and the current density deÐned by AmpèreÏs law (neglecting
the displacement current) :

$ Â B \ 4nj , (6)

we can reformulate the induction equation as

$ Â (¿ Â B) [ $ Â (g$ Â B) \ 0 . (7)

From symmetry considerations, the magnetic Ðeld in the
midplane must be

B(z\ 0) \ (0, 0, B
z
0) , (8)

and for the same reason (even symmetry with respect to the
midplane) we deÐne the magnetic Ðeld on the disk surface as

B(z\ H) 4 (B
r
S, BrS , B

z
S) , (9)

B(z\ [ H)4 ([B
r
S, [BrS , B

z
S) . (10)

For our present purpose we do not require the detailed
behavior of the magnetic Ðeld within the disk ; we therefore
assume as a reasonable approximation for the height-
averaged value above the midplane :

SBT
`z

\ (12B
r
S, 12BrS , B

z
S) . (11)

We also approximate

(LB
r
/Lz)^ B

r
S/H , (12)

(LBr/Lz) ^ BrS/H , (13)

(LB
z
/Lz)^ 0 . (14)

It can be shown that valid to Ðrst order inequation (14),
H/R, follows from the solenoidal condition (4) on the mag-
netic Ðeld. We also assume that the upward mass Ñux ov

zwithin the disk is negligible, that is,

v
z
(z) ^ 0 , o z o¹ H , (15)

although becomes important in the wind region abovev
zand below the disk. Consistently, we assume that the

density and the mass-loss rate in the wind are negligible
compared to the density and the accretion rate in the disk.
Finally, we introduce a somewhat similar notation to NY94
for an easy comparison, deÐning and using v and oR4 r/r

g
,

as dimensionless, height-averaged radial velocity and
density.

We can now rewrite the height-averaged continuity,
radial momentum and azimuthal momentum equations in
the form

d
dR

M0 \ d
dR

([4noRHv) \ 0 , (16)

v
dv
dR

\ ()2[ )
K
2)R[ 1

o
d

dR
(oc

s
2) [ 1

oR2
d

dR

]
CR2(BrS)2

32n
D

] B
z
jr

o
, (17)

v
d

dR
()R2)\ 1

oRH
d

dR
A
R2loHR

d)
dR
B

] B
r
S

16no
d

dR
(RBrS) ]

B
z
BrS

4no
R
H

. (18)

The vertical momentum equation is, with and thev
z
\ 0

choice of a Newtonian potential justiÐed by the fact that
our simple self-similar solutions will in any case be valid
only sufficiently far away from the horizon :

L
Lz
C
[ GM

(R2 ] z2)1@2
D

\[ 1
o(z)

L
Lz
C
P(z) ] Br2(z)

8n
D

[ B
r
(z) jr(z)
o(z)

. (19)

We assume that only the gas pressure contributes to P,
thus neglecting radiation pressure and a further magnetic
pressure term produced by microscopic, isotropically
tangled Ðelds conÐned to the disk (see & YiNarayan 1995b
for a treatment of these terms) :

P\ P
g
\ oc

s
2 , (20)

where is the isothermal sound speedc
s

(c
s
2P T ).

Finally, the cylindrical components of the current density
are deÐned by (see eq. [6])

jr\ 1
4n
ALB

r
Lz

[ LB
z

LR
B

^
1
4n
AB

r
S

H
[ dB

z
dR
B

, (21)

j
r
\ 1

4n
LBr
Lz

^
BrS
H

, (22)
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j
z
\ 1

4nr
L
Lr

(rBr) , (23)

and from the toroidal component of the induction equation
we have

jr^ [ vB
z

4ng
. (24)

Using, as usual, Shakura-SunyaevÏs a parameter, we take
the kinematic coefficient of shear viscosity andl\ ac

s
H,

we assume the existence of a uniform turbulence (see, e.g.,
Romanova, & Bisnovatyi-Kogan so thatLovelace, 1995),

for the magnetic di†usivity

g \ l (25)

Notice that, in the absence of the large-scale magnetic Ðeld,
equations and coincide with equa-(16), (17), (18) NY94Ïs
tions (1), (2), and (3), and is reduced toequation (19)

if it is vertically averaged inH \ c
s
Æ (GM/R3)~1@2\ c

s
/)

Kthe usual sense. The corresponding expression for the scale
height H in presence of the magnetic Ðeld will be derived at
the end of ° 3.

Given a model for B, we can Ðnd self-similar solutions for
H, o, v, ), and by solving equations andc

s
2 (16), (17), (18),

together with the energy equation (see again eq.(19) NY94,
[4]) :

2oHvT
ds
dR

\
A3 ] 3v

2
B
2oHv

d(c
s
2)

dR
[ 2c

s
2Hv

do
dR

\ Qvis` ] Q
m
`[ Q~

\ f (R)Q`

\ fl
C
2oHR2

Ad)
dR
B2] 2H Æ 4n o j o2

D
, (26)

where, in accordance to the deÐnitions in s is theNY94:
speciÐc entropy ; is the thermal power generated perQvis`
unit area of the disk by viscous dissipation ; is the powerQ

m
`

dissipated by electric currents induced in the disk (Ohmic
dissipation), not included in the model ; Q~ is theNY94
total energy reemitted per unit time and area ; v\ (5/3 [ c)/
(c[ 1), where c is the ratio of speciÐc heats ; f measures the
degree of advection (0\ f \ 1). We will use v@4 v/f to
parameterize the models, following NY94.

3. A MODEL FOR THE MAGNETIC FIELD

As shown in the Appendix, we look for a self-similar
solution of the form

vP R~1@2 , )P R~3@2 , c
s
2P R~1 , o P R~3@2 ,

H P R , B
r
P R~5@4 , B

z
P R~5@4 , BrP R~5@4 .

(27)

We expect H \ R and we drop from the equations all
terms of order (H/R)2, but, unlike the thin-disk approx-
imation, we shall include terms DH/R. We shall later check
this assumption by plotting the angle s 4 arctan (H/R)
(dotted line in below). For the parameter range con-Fig. 2
sidered here, that is,s [ 20¡, H/R[ 1/3.

In the wind region, we assume (see that the poloi-LPP94)
dal component of the Ðeld decreases along the Ðeld lines as

B
p
(R) 4 (B

r
2] B

z
2)1@2D R~d , (28)

with d º 1. The matter will leave the surface of the disk with
negligible poloidal velocity and a density much lower than
the value at midplane. It will then travel along the poloidal
Ðeld line emerging from the point where the gas leaves the
disk, and it will be centrifugally accelerated (slingshot e†ect)
until it reaches the Alfve� n speed at the cylindrical radius RA(Alfve� nic point), with a density and a poloidal velocityoA

v
p
(RA) \ B

p
(RA)

(4noA)1@2 4 vA . (29)

We also assume that the results derived by & SpruitMestel
in the case of a centrifugal wind from a rotating star(1987)

are applicable to our problem, because of the similar
(centrifugal) nature of the wind. Therefore, the poloidal
velocity of the escaping wind material is, on the Alfve� n
surface,

v
p
(RA) ^

2J6
9

)(R)RA , (30)

where )(R) is the angular velocity the same element of gas
had when it left the disk at cylindrical radius R. It can be
assumed that beyond the Alfve� n surface the gas e†ectively
conserves its angular momentum to inÐnity (see Mestel

& Davis1968 ; Weber 1967).
Moreover, the mass loss in the wind per unit magnetic

Ñux tube, deÐned as

g
w

4
o
w

v
p,w S

B
p
S

\ o
w

v
p,w

B
p

, (31)

is a constant along each Ñux tube (S represents here the
cross section of a given Ñux tube ; and are densityo

w
v
p,wand poloidal velocity of the wind). If s \ arctan (H/R) is

the angle between the disk surface and the plane z\ 0, and
if the Ðeld lines are inclined at an angle t from the z-axis
(see the mass-loss rate per unit area from one surfaceFig. 1),
of the disk at radius R is

m5
w
(R) \ o

w
(¡)v

p,w(¡) cos (t] s) , (32)

where and are the initial density and poloidal veloc-o
w
(¡) v

p,w(¡)
ity of the wind at the base of the corona They are(o

w
(¡)> o).

FIG. 1.ÈSchematic geometry of the accretion disk and of the magnetic
Ðeld lines in our self-similar model.
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related to the same quantities at the Alfve� nic point by virtue
of equations and(28), (31), (32) :

o
w
(¡) v

p,w(¡) Rd4
m5

w
(R)

cos (t] s)
Rd \ oA vA RAd . (33)

In the spirit of self-similar approximations, we shall take the
angle t to be the same at all radii. We now need to insert
the value of the magnetic Ðeld. From dimensional consider-
ations, we have already shown (see Appendix) that self-
similar solutions exist if B2D R~5@2 in the disk ; this scaling
is compatible with the behavior along the Ðeld lines given in

We choose to parameterize the magneticequation (28).
energy density on the disk surface as a fraction of the
thermal energy density :

o BS o2\ (B
p
S)2] (BrS)24 8nboc

s
2 . (34)

If b \ 1 the magnetic pressure on the surface of the disk is
equal to the height-averaged thermal pressure. Numerical
simulations Gammie, & Balbus(Hawley, 1995 ;

et al. suggest that the equipartitionBrandenburg 1995)
assumption (b ^ 1) may be justiÐed for a magnetic Ðeld
created by a dynamo process in the disk.

From the induction equation, applied on the surface of
the disk,

vB
z
\ [l

AB
r
S

H
[ dB

z
dR
B

(35)

(see eqs. and and given the inclination[21], [24], [25]) ;
angle t,

B
r
S \ B

p
S sin t (36)

B
z
S \ B

p
S cos t . (37)

Finally, we assume so that the toroidal com-RA2 ?R2,
ponent of the magnetic Ðeld is given by (see Mestel 1968 ; Li
1992 ; LPP94)

BrS(R) ^ [ 4n
R

g)(R)RA2 \ [ 4n
R

o
w

v
p,w

B
p

)(R)RA2

\ [ 4n
R

m5
w

B
p
S cos (t] s)

)(R)RA2 , (38)

where has been used for the last equality.equation (33)
Summing up, from equations and(28), (29), (30), (31), (33)

we obtain the following system of equations :

g
w

\B
p
(RA)

4nvA
, (39)

RA \ 9

2J6

vA
)(R)

, (40)

B
p
(RA) \

A R
RA

Bd
B
p
S , (41)

oA \ m5
w
(R)

vA cos (t] s)
A R
RA

Bd
. (42)

Equations and allow us to express(39), (40), (41), (42) RA,
and as a function of four quantities : theoA, vA, B

p
(RA)

poloidal Ðeld on the disk surface, the mass-loss rate,B
p
S ; m5

w
;

the inclination angle of the Ðeld line, t ; the angular velocity
of the disk at the footpoint of the Ðeld line, ). Making use of

equations and we can recast in(39), (40), (41) equation (38)
the useful form:

BrS(R) \ [
A3
2
B3@2

B
p
S
A R
RA

Bd~1
. (43)

Then, the system of four independent equations (34), (35),
and gives the inclination angle and the three com-(36), (43)

ponents of the magnetic Ðeld on the disk surface, at each
radius, as a function of and of the Ðve self-similar quan-m5

w
,

tities v, ), o, H. These latter Ðve unknowns are thec
s
,

solutions of the Ðve equations and(16), (17), (18), (19), (26).
At this point our model contains four free parameters (v, f, d,
and b) and a physical quantity, namely the mass-loss rate

that we have not yet expressed in terms of the otherm5
w
,

variables.
Before proceeding, we need to derive a few general

results. tells us that the speciÐc angularEquation (18)
momentum of the infalling matter is changed because of
three e†ects : shear viscosity (Ðrst term on the right-hand
side), which transports angular momentum outward within
the disk ; the centrifugal wind (third term on the right-hand
side), which extracts angular momentum from the disk ; and
a contribution from a negative magnetic stress D(B

r
Br/4n)

(middle term), which tends to convey angular momentum
toward the inner disk, but it can be shown to be numerically
less important than the term responsible for the wind loss.
Making use of equations and we see that for t [ s(37) (38),
the third term on the right-hand side in the angular momen-
tum (i.e., the magnetic torque per unit massequation (18)
due to the wind) can be rewritten in the equivalent form:

B
z
BrS

4no
R
H

\ [ m5
w

oH
cos t

cos (t] s)
)RA2 . (44)

With a generic value for the parameter d (an index of how
much the poloidal component of the Ðeld lines is bent
outside the disk), we obtain the following expressions for
the Alfve� n (cylindrical) radius, the magnetic Ðeld on the disk
surface, and the dominant term of the magnetic torque per
unit volume:

RA \
A3
2
B3@*2(d`1)+Ccos (t] s)

4nm5
w

)
D1@(d`1)

(B
p
S)2@(d`1)Rd@(d`1) ,

(45)

7
BrS \ [

A3
2
B3@(d`1)C 4nm5

w
)R

cos (t]s)
D(d~1)@(d`1)

(B
p
S)(3~d)@(d`1),

(BrS)2] (B
p
S)2\ 8nboc

s
2 ,

(46)

T
m

\ [
A3
2
B3@(d`1) 1

H
A 1
4n
B2@(d`1)

] cos t[cos (t] s)](1~d)@(d`1)
] (m5

w
))(d~1)@(d`1)(B

p
S)4@(d`1)R2d@(d`1) . (47)

The value of Ñowing out in the wind is probably them5
wmost uncertain quantity : if we follow the assumption of a

locally isothermal disk [o(z)D o(z\ 0) exp ([z/H)2], as in
extending up to the region where the wind orig-LPP94,

inates, the mass-loss rate would be either zero (no wind at
all) for or, fort[ 30¡, tZ 30¡ :

m5
w

D o(z\ H)c
s
D oc

s
. (48)
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The latter is too large a value, clearly unphysical, as the
authors point out, because the mass lost in the outÑow
would be larger than the mass accreted : if a disk existed, it
would totally evaporate on a timescale D1/). In the case of

inviscid, thin, quasi-Keplerian disk, with d [ 1,LPP94Ïs
there appears to be no stable solution allowing for a reason-
ably small but Ðnite value of becausem5

w
, dm5

w
/d o v

r
o[ 0,

and In other words, if one startedd o v
r
o/dt[ 0 dt/dm5

w
[ 0.

with a low mass-loss rate, and with a Ðeld angle t^ 30¡ (for
which we expect the mass loss to be very small), one would
end up either with the upper limit for given bym5

w
equation

and with the Ðeld bent parallel to the disk surface(48)
(t^ 90¡), or with the Ðeld close to the vertical axis and no
wind at all being launched.

In fact, as we have assumed, it is more likely that the wind
starts from a corona, not from the upper layer of an isother-
mal disk. Therefore, we assume that the mass-loss rate is
proportional to the density at the base of the corona, which
is likely to be a few orders of magnitude smaller than the
density near the upper surface of the disk (the density drops
sharply at the disk-corona interface, whereas the tem-
perature increases, so that is approximately a con-o(z)c

s
2(z)

tinuous function). The density and the sound speed in the
corona may be related to the corresponding quantities near
the disk surface, for example through nonthermal processes
such as mechanic heating, but it is not our purpose here to
investigate this relation. In our model, which includes vis-
cosity and advection, the stability of the solutions is not
obvious at Ðrst sight, given the number of terms that con-
tribute to the radial and angular momentum equations. A
more comprehensive analysis of this aspect of the problem
is left to further work, but we stress that the mass-loss rate
would in any case be negligible compared to the accretion
rate, as shown by the following simple order-of-magnitude
calculation. The accretion rate is given by

M0 \ [4nRHovD [4nR2oc
s

v
v
K

, (49)

and the total mass-loss rate in the wind by

2nR2m5
w

D 2nR2o
w
(¡) v

w
(¡)\ 4nR2oc

s
v
w
(¡)
c
s

o
w
(¡)

2o
. (50)

It is reasonable to assume with denotingv
w
(¡)\ c

s,w(¡) D c
s
, c

s,w(¡)
the sound speed of the wind at the base of the corona, and

so thato
w
(¡)> o,

v
w
(¡)
c
s

o
w
(¡)

2o
>
K v
v
K

K
, (51)

especially if we drop the hypothesis of a locally isothermal
disk and allow for the temperature in the midplane to be
higher than that on the disk surface (for the range of param-
eters we are dealing with in the case of advective disks,

This justiÐes our assumption ofo v/v
K

oD 10~3È10~1).
2nR2m5

w
> M0 .

Furthermore, unlike we assume d \ 1 as a rea-LPP94,
sonable approximation for inclination angles larger than
30¡ along each Ðeld line) in the context of self-(B

p
D R~1

similar solutions ; each Ðeld line is in this limiting case a
conical helix (outside the disk). We can justify this approx-
imation by noting that the magnetic pressure generated by
the poloidal magnetic Ðeld is assumed to be stronger than
the thermal pressure in the lower layer of the corona, where

the wind starts (where and we shallB2D oc
s
2? o

w
c
s,w2 ),

verify that the Alfve� n point for a given Ðeld line is located at
a much larger radius than the footpoint of that line on the
disk surface This suggests that the poloidal Ðeld(RA2 ? R2).
can be considered approximately rigid near the disk surface,
almost up to the Alfve� n surface. Further away from the
disk, toward the Alfve� n point, wind e†ects tend to lift the
poloidal Ðeld perpendicularly to the disk, Ðnally collimating
the Ðeld lines toward the z-axis (e.g., Ostriker 1997).

An important consequence of our choice of d \ 1 is that
the loss of angular momentum, the radial velocity of the
accretion Ñow and all the disk equations are then indepen-
dent of the mass-loss rate in the wind ; the magnetic torque
per unit volume is simply

T
m

^ [
A3
2
B3@2 1

H
Acos t

4n
B
(B

p
S)2R . (52)

Physically, a more tenuous wind (smaller will reach them5
w
)

Alfve� n point at a larger cylindrical radius, i.e., with a larger
lever arm and will carry away a larger amount ofRA,
angular momentum per unit mass, so that these two e†ects
balance each other. Our simple model breaks down when
the wind and therefore also the magnetic torque drop alto-
gether, for t[ 30¡.3

In the limits of validity of our assumption we can derive
the three components of the magnetic Ðeld, from equations

and(36), (38), (39), (45) :

BrS \ [(32)3@2Bp
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S cos t . (53)

(BrS)2 \ 2735(8nb)oc
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S)2 \ 835(8nb sin2 t)oc

s
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(B
z
S)2 \ 835(8nb cos2 t)oc

s
2 . (54)

For simplicity of notation, we will drop the superscript S
henceforth, when referring to the Ðeld at the disk-wind
interface.

We can now insert these values for the magnetic Ðeld into
equations and and take a height average. The scale(19) (34),
height of the disk and the inclination angle from the z-axis
of the Ðeld lines outside the disk are given (in implicit form)
by

H
R

^
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v
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1 [

A27
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35

v
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s
sin t cos t

B
b
D1@2

, (55)

tan t\ [ v
ac

s
[ 5

4
H
R

. (56)

Finally, we check that our assumption of isRA2 ? R2
correct, as long as the mass-loss rate in the wind is negligi-
ble compared to from equations and we see thatM0 ; (45) (50)
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c
s
v

R2? R2 , (57)

provided the Ðeld (b) is not too weak.

3 The value as the minimum angle to launch a wind is calcu-t[ 30¡
lated by balancing the gravitational and centrifugal forces along a poloidal
Ðeld line above the disk (see, e.g., & Payne This value mayBlandford 1982).
be di†erent in advective disk models, where the rotation of the disk surface
can be sub-Keplerian and the thermal pressure can become important.
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4. RESULTS AND DISCUSSION

The set of MHD equations in self-similar form deÐned in
and explicitly written in the Appendix can be solved° 3

numerically with NewtonÏs method. In the limit of b ] 0
they admit an analytical solution derived by TheNY94.
Ðrst signiÐcant e†ect of the magnetic Ðeld on the disk struc-
ture is what we can call a squeezing e†ect : the toroidal
magnetic pressure gradient in the disk counterbalances the
thermal pressure gradient. As a consequence, the scale
height H is reduced compared to the nonmagnetic case (see

et al. In the self-similar approximation theLovelace 1995).
thickness of the disk is simply modeled by the angle
s \ arctan (H/R) (see At the same time, the mag-Fig. 1).
netic Ðeld lines form an angle t with the vertical axis, deter-
mined by the dragging of the Ðeld in the disk by the
accreting matter. Qualitatively speaking, the stronger the
magnetic Ðeld, the higher the radial velocity of the inÑowing
matter and, as a consequence, the larger t, in accordance
with the result obtained by Lubow et al. in(1994a, 1994b)
the case of a thin, inviscid disk. In order for the wind to
exist, we require namely, our model30¡ [ t\ (90[ s),
breaks down when the dragging is so strong that the Ðeld
plunges into the disk. This may happen when the magnetic
pressure on the surface is more less in equipartition with the
height-averaged gas pressure We note that(B2^ 8noc

s
2).

the disk is possibly disrupted at that point. It may also
happen for much lower values of the magnetic Ðeld (b [ 0.1)
in two physical regimes : for highly advective (therefore
thick and with high radial velocity) disks, characterized by

and for low values of a, implying (for the uniformv@[ 1 ;
turbulence approximation) low di†usivity g, meaning that
the Ðeld is easily dragged by the inÑow. Some numerical
calculations of the inclination angle and of the thickness of
the disk as a function of b for di†erent values of a and v@ are
shown in Notice that we Ðnd no reason to imposeFigure 2.
a maximum inclination angle, apart from the requirement
that the Ðeld be emerging from the disk, unlike the assump-
tion made in This is mainly due to the fact weLi (1995).
assume a much lower value of the di†usivity g (a factor of
D1/a smaller), and as a consequence the Ðeld lines in our
model are more easily bent toward the disk surface.

The behavior of some height-averaged disk quantities is
plotted in Figures and we see as particularly signiÐcant3 4 ;
the increase in the inward radial velocity of the accreting
matter (for b \ 0 we reobtain of course the analytical
expressions calculated in The relation betweenNY94).
increased loss of angular momentum (via the magnetized
wind) and increased radial velocity (in absolute value) is
consistent with the results of and with what we canLPP94
qualitatively expect from simple physical considerations :
the faster the accreting matter can get rid of its angular
momentum, the faster it can Ñow inward. On the one hand,
the squeezing e†ect of the large-scale magnetic Ðeld
counterbalances the thickening of the disk generated by
advection. On the other hand, the magnetized wind rein-
forces their high radial velocity, a feature of advective disks.
The height-averaged sound speed tends to decrease in our
self-similar model. This may be related to the limited role
played by the viscous shear in transporting angular
momentum outward and it corresponds to a decrease of the
coefficient of kinematic viscosity l, leading to a lower
viscous heating. We also notice that the gas pressure isoc

s
2

almost independent of the degree of advection for higher

values of b. Moreover, for the gas pressure is alsob Z 0.2
approximately independent of the magnetic Ðeld. This
happens because the density o is increased by the squeezing
e†ect, while the temperature is correspondinglyT P c

s
2

lower, in solutions with a larger magnetic parameter b. This
is consistent with the fact that the magnetic Ðeld is doing
work to accelerate the wind. Ultimately, the only source of
energy is the drop in the gravitational potential of the acc-
reting matter, and we can expect that the work done by the
magnetic Ðeld is at the expense of the fraction of energy
heating the gas.

The e†ectiveness of the centrifugal wind in removing
angular momentum, compared with the viscous shear, is
shown in again for high, intermediate and lowFigure 5,
degrees of advection, and high and low viscosity. The total
speciÐc angular momentum lost in unit time by an element
of gas can increase by a factor 2 to 4 with respect to the rate
in the absence of a centrifugal wind, but the fraction of
angular momentum transported outward by the viscous
torque becomes immediately (already for b D a few times
10~2) negligible compared to the fraction lost in the wind. It
appears that a centrifugal wind is a much more efficient way
to remove angular momentum from the accreting matter, to
the point that we can almost neglect the viscous torque in
the angular momentum equation. For a given value of the
magnetic Ðeld, we can include the loss of angular momen-
tum due to the wind in an e†ective viscosity parameter aeffdeÐned by

v
d

dR
()R2) \ aeff

oRH
d

dR
A
R3c

s
oH2 d)

dR
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, (58)
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s
oH2 d)

dR
BD~1

. (59)

As shown in the onset of a magnetically drivenFigure 6,
wind produces a dramatic increase of the e†ective viscosity
parameter, which can be very high, up to D1 for a large
degree of advection or even for a small degree ofZ10
advection. This is in good agreement with the results
obtained by for a thin, nonadvective disk, forLi (1995)
which he Ðnds Notice also that depends veryaeff D 30. aefflittle on the value of the ““ true ÏÏ viscosity parameter a, which
can be very small.

Although investigating the behavior of the magnetic Ðeld
and associated currents within the disk was not the main
purpose of our work, we also notice that in the energy
equation, the heating term due to viscous dissipation seems
to dominate over the term from Ohmic dissipation for low
and intermediate values of the magnetic Ðeld. The Ohmic
dissipation gives a larger contribution for b ] 1 (Fig. 7).

A feature of self-similar solutions scaling as powers of R is
that the only way to obtain a steeper gradient of the speciÐc
angular momentum )R2, as required when we increase the
removal of angular momentum from the infalling matter, is
to increase the angular velocity ). We note that in our
self-similar treatment the angular velocity ) increases with
the magnetic Ðeld As a consequence, if a is kept()] )

K
).

constant, increasing the magnetized wind leads to a larger
extraction of angular momentum from the disk at a certain
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FIG. 2.ÈIn each plot, the solid line represents the angle 90¡ [ t between the Ðeld lines and the disk midplane ; the dotted line represents the angle
s \ arctan (H/R) (thickness of the disk). Our model of magnetic Ðeld is physical only when the Ðeld is above the disk, for (90¡[ t)[s, and a centrifugal wind
can only be launched for The parameter b is deÐned as The two upper plots refer to a low value of viscosity, whereas the lower(90¡ [ t) [ 60¡. B

tot
2 /(8noc

s
2).

plots are drawn for high viscosity. The parameter v@ indicates the degree of advection in the disk : v@\ 1 characterizes a predominantly advective disk, while
v@\ 10 indicates a low degree of advection. Highly advective and highly viscous disks tend to be thicker ; on the other hand, disks with low viscosity drag the
magnetic Ðeld inward more easily, and the Ðeld lines are in fact more bent toward the disk surface.

radius. The self-similar behavior of the angular momentum
gradient is shown in As to the radial velocity,Figure 7.
using a self-similar approximation scaling as vD R~1@2 cor-
responds to Ðxing the radial velocity on the outer boundary
as and changing the value on the inner boundaryv

out
^ 0

according to the physical conditions encountered in the
disk.

5. CONCLUSIONS

The main purpose of this paper was to show the e†ect of
a large-scale magnetic Ðeld (with open Ðeld lines) threading

an accretion disk, and the importance of a magnetized, cen-
trifugally driven wind as a way to transport angular
momentum outward. We solved the magnetohydrodynamic
equations self-consistently for the disk and the magnetic
Ðeld structure, using height-averaged quantities in describ-
ing the disk structure, and a self-similar approximation,
which can provide us with at least a qualitative indication
of the behavior of the system not too close to the bound-
aries ; these equations reduce to the advective disk equa-
tions extensively studied by Narayan & Yi (1994, 1995a,

in the case of vanishing magnetic Ðeld, and to the1995b)
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FIG. 3.ÈSome height-averaged physical quantities for the disk, as a function of the magnetic parameter b, for a \ 0.01 (low viscosity). In each plot, the
solid line refers to v@ \ 10 (low degree of advection), the dashed line to v@\ 2 (moderate degree of advection), and the dotted line to v@\ 10 (high degree of
advection). A classical Shakura-Sunyaev disk would have v@] O. The plots are drawn only in the range of values for b where our model can be physical. The
four quantities plotted are radial velocity v, density o, sound speed and gas pressure all in dimensionless form. For b ] 0 the values calculated byc

s
oc

s
2,

are recovered.NY94

problem discussed by for a thin, nonadvective andLPP94
nonviscous disk. We assumed the existence of a tenuous
corona from which the wind is launched (therefore the
mass-loss rate in the wind is negligible compared to the
accretion rate), and we observed that assuming straight Ðeld
lines for the poloidal Ðeld outside the disk is probably a
valid approximation to the real case, and the most conve-
nient, because the angular momentum loss rate and the
toroidal magnetic Ðeld turn out to be independent of the
mass-loss rate, whose value is very uncertain.

The disk structure and the Ðeld geometry are closely

linked, because the accreting matter tends to drag the Ðeld
inward : radial velocity of the inÑow and kinematic viscosity
(equal to magnetic di†usivity in the uniform turbulence
approximation) determine the inclination angle of the Ðeld
lines from the vertical. Conversely, the magnetic Ðeld tends
to squeeze the disk and to increase the radial velocity by
removing angular momentum. A centrifugal wind seems to
be a much more efficient way to transport angular momen-
tum outward than shear viscosity. The onset of a wind
extracting angular momentum from the disk can be seen as
a dramatic increase of an ““ e†ective ÏÏ viscosity parameter
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FIG. 4.ÈSame as but in the case of a \ 0.1 (high viscosity). Solid, dashed, and dotted lines refer to v@\ 10, v@\ 2, and v@\ 1, respectively, as before.Fig. 3,

Further study will require a more detailed modeling ofaeff.the vertical structure of the disk and of the corona, and a
more careful treatment of boundary conditions, for which
self-similar solutions may not be suitable.

APPENDIX

SELF-SIMILAR EQUATIONS

For simplicity, we are looking for self-similar solutions (valid at all radii) in which all the unknown quantities scale as
powers of R in the disk :

v4 ARa , )4 uRb , c
s
4 CRc , o 4 .Rd , H 4 hRv , B

r
4 b

r
Rg1 , Br4 brRg2 , B

z
4 b

z
Rg3 . (A1)

By inserting these deÐnitions into equations and and by equating the exponents of R in the various terms, we(16), (17), (18),
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FIG. 5.ÈRate of loss of the speciÐc angular momentum of the accreting matter. The upper plots show the relative importance of the centrifugal wind and
of the viscous shear for removing angular momentum: the former is much more efficient already at low values of the magnetic Ðeld, even for relatively high
values of a ; solid, dashed, and dotted lines refer to v@\ 10, v@\ 2, and v@\ 1, respectively, as usual. The lower plots show the total loss rate (wind plus shear)
compared to the rate at b \ 0 when only the viscous shear is present ; the inÑowing gas loses angular momentum at a rate a few times faster when the wind is
present.

obtain

7d ] 1 ] v] a \ 0 ,
2a [ 1 \ 2b ] 1 \ [2 \ c[ 1 \ 2g2[ d [ 1 \ g3[ d ] g1[ v\ 2g3[ d [ 1 ,
a ] b ] 1 \ v] c] b \ g1] g2 [ d \ g2] g3] 1 [ v[ d .

(A2)

By solving the system of one can verify that a self-similar solution exists ifequation (A2),

v\ AR~1@2 , )\ uR~3@2 , c
s
\ CR~1@2 , o \ .R~3@2 , H 4 tan sR , B

i
\ b

i
R~5@4 . (A3)
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FIG. 6.ÈE†ective value of the viscosity parameter as a function of the magnetic Ðeld, for two values of v@ (v@\ 2 on the left and v@\ 10 on the right).aeffThe solid, dashed, and dotted lines, almost coincident, correspond to 10~3, and 10~2, respectively. Regardless of the true viscosityavis 4 a \ l/(Hc
s
) \ 10~4,

of the disk, the loss of angular momentum in the wind can be described as being caused by a high value of higher for nonadvective disks, for which isaeff, Hc
ssmaller.

From the continuity we can also derive the useful relationequation (16)

o \ [ M0
4nA tan s

R~3@2 . (A4)

An analogous set of self-similar solutions scaling as powers of R has been adopted by et al. and by in theSpruit (1987) NY94,
absence of magnetic Ðeld.

By inserting the self-similar variables deÐned in equations and and the magnetic Ðeld given by equations and(A3) (A4), (53)
into the system of MHD equations and we obtain the following system of dimensionless(54), (17), (18), (26), (55), (56),

equations, to be solved for A, u, C, and s \ arctan (H/R) :t\ arctan (B
r
/B

z
)
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tan s . (A9)

If we assume b \ 0 (no magnetic Ðeld), cannot be deÐned, and the other four equations can be solvedequation (A9)
analytically. The results discussed in are recovered in this limiting case :NY94

A\ [(5 ] 2v@)
g(a, v@)

3a
^ [ 3a

(5 ] 2v@)
, (A10)
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C2v@(5] 2v@)g(a, v@)
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5 ] 2v@

B1@2
, (A11)

C2\ 2(5] 2v@)g(a, v@)
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2
5 ] 2v@

, (A12)

tan s \ C , (A13)
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FIG. 7.ÈIn the upper plots the speciÐc angular momentum gradient is shown (loss of speciÐc angular momentum per unit ““ ring ÏÏ as the gas Ñows down).
Again, the presence of a wind makes the gradient steeper (angular momentum is lost more quickly, as expected). The lower plots show the relative
contribution of viscous and Ohmic dissipation to the heating rate within the disk. The same conventions for v@ are used as before.

where the second relation in equations and is approximately true for a > 1, and(A10), (A11), (A12)

g(a, v@) 4
C
1 ] 18a2

(5 ] 2v@)2
D1@2[ 1 . (A14)
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