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ABSTRACT

We present numerical magnetohydrodynamic (MHD) simulations of a magnetized accretion disk
launching trans-Alfvénic jets. These simulations, performed in a 2.5-dimensional time-dependent polytropic
resistive MHD framework, model a resistive accretion disk threaded by an initial vertical magnetic field. The
resistivity is only important inside the disk and is prescribed as � ¼ �mVAH expð�2Z2=H2Þ, whereVA stands
for Alfvén speed, H is the disk scale height, and the coefficient �m is smaller than unity. By performing the
simulations over several tens of dynamical disk timescales, we show that the launching of a collimated out-
flow occurs self-consistently and the ejection of matter is continuous and quasi-stationary. These are the first
ever simulations of resistive accretion disks launching nontransient idealMHD jets. Roughly 15% of accreted
mass is persistently ejected. This outflow is safely characterized as a jet since the flow becomes superfast mag-
netosonic, well collimated, and reaches a quasi-stationary state. We present a complete illustration and
explanation of the ‘‘ accretion-ejection ’’ mechanism that leads to jet formation from a magnetized accretion
disk. In particular, the magnetic torque inside the disk brakes the matter azimuthally and allows for accre-
tion, while it is responsible for an effective magnetocentrifugal acceleration in the jet. As such, the magnetic
field channels the disk angular momentum and powers the jet acceleration and collimation. The jet originates
from the inner disk region where equipartition between thermal and magnetic forces is achieved. A hollow,
superfast magnetosonic shell of dense material is the natural outcome of the inward advection of a primordial
field.

Subject headings: accretion, accretion disks — galaxies: jets — ISM: jets and outflows — MHD

1. INTRODUCTION

1.1. Observational Data

Jets are ubiquitous phenomena in astrophysics since they
are observed around young stellar objects (YSOs), galactic
compact objects (neutron stars, X-ray binaries), and in
some active galactic nuclei (AGNs; Livio 1997). These out-
flows are called jets because they display a very good colli-
mation far from the central object and reach high velocities.
Indeed, jets have terminal velocities of roughly 400 km�1

around YSOs (e.g., Garcia et al. 2001 and references
therein) or reach a fraction of the light speed for X-ray
binaries (Mirabel & Rodrı́guez 1999) and Fanaroff-Riley
(FR) class I jets. Relativistic motions are also detected in
FR II jets launched from AGNs (Vermeulen & Cohen
1994). Any model to explain the creation of such outflows
must provide a mass source for the jets, achieve their colli-
mation, and contain a mechanism to accelerate mass within
the jet.

All astrophysical systems mentioned have accretion disks
associated with them. Observed correlations between emis-
sion from the accretion disk and from the jet provide
evidence that the jets are launched from the disks directly.
In YSOs, since the work of Cabrit et al. (1990), it is clear
that the disk luminosity is correlated with the light coming
from optical forbidden lines emitted in the jets (see also
Hartigan et al. 1995). In galactic systems, a similar correla-
tion occurs, as for example in the first detected microquasar
GRS 1915+105 (Mirabel et al. 1998). In these systems the
disk radiation is characterized by X-ray emission, while an
infrared and a delayed radio emission seem to be the signa-
ture of a periodic ejection phenomenon (Eikenberry et al.
1998). As the energy emitted from the jets is a synchrotron

emission, the presence of a magnetic field has to be taken
into account for the ejection. A recent study done by Ser-
jeant et al. (1998) has shown that for AGNs, a link exists
between an emission in the optical range (believed to origi-
nate from the disk) and a radio-synchrotron emission (asso-
ciated with the jet). Summarizing, observational evidence is
mounting that, independent of the precise nature of the cen-
tral accreting object (YSO to AGN), magnetized jets are
propelled from surrounding disks.

1.2. Accretion-EjectionModels

The most promising model for such ‘‘ accretion-ejection ’’
structures is based on a scenario where a large-scale mag-
netic field threads an accretion disk. The presence of the
magnetic field can be explained by the advection of interstel-
lar magnetic field (Mouschovias 1976) and/or by the local
production of a magnetic field thanks to an effective disk
dynamo (Rekowski et al. 2000). This model has been devel-
oped since the seminal work of Blandford & Payne (1982),
using a magnetohydrodynamic (MHD) approach. It was
shown that the magnetic field can azimuthally brake the
matter inside the disk (carrying off angular momentum
allowing accretion) and accelerate matter above the disk
surface. The collimation of the flow is achieved via magnetic
tension due to the presence of a toroidal component of the
magnetic field (Lovelace 1976; Blandford 1976; Heyvaerts
& Norman 1989; Sauty et al. 2002). The magnetic field pro-
vides an effective alternative to the radially outward trans-
port of disk angular momentum by viscosity. The
interaction of the magnetic structure with the disk plasma
can create a MHD Poynting flux leaving the disk along the
magnetic surface (Ferreira & Pelletier 1995). This energy
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flux can then be converted into kinetic energy of the matter
within the jet. Because the mass density in the jet is smaller
than in the disk, it is thereby possible to reach high terminal
velocities for a given amount of angular momentum
removed from the disk. In this ‘‘ accretion-ejection ’’ model,
the mass of the jet is fed from the accretion disk. This mech-
anism requires the disk to be in an equilibrium where the
vertical thermal pressure gradient overcomes both the mag-
netic pinching of the disk (if one considers a bipolar
topology of the magnetic field) and the gravitational com-
pression. Ferreira & Pelletier (1995) have shown that the
only stable equilibrium configuration meeting that
requirement is an accretion disk where equipartition
between thermal and magnetic pressure prevails, in order to
avoid both a too strong magnetic compression and the mag-
netorotational instability (e.g., see the review by Balbus &
Hawley 1998). In this model, the outflow does not require
an external mechanism to ensure a good collimation, since it
is achieved by the magnetic field itself. Moreover, the pres-
ence of a central object only plays a role through its
gravitational field alone, and there is no specific interaction
between its disk and its magnetospheric or its radiative
environment presumed. Obviously, this scenario can be
applicable to every system owning a magnetized accretion
disk, such as the systems mentioned in x 1.1.

The first observation of a jet was done in 1918 by Curtis
for the optical jet seen around M87 (Curtis 1918). Since this
observation, many other jets have been observed and moni-
tored over several decades without drastic changes seen in
their structures. Does this mean that a model to describe
magnetized accretion-ejection structures (MAES) has to be
completely stationary? The answer is not so easy to give. We
know that the ejection has been present over several decades
in most of the systems (except in X-ray binaries, where the
phenomenon seems to be transient or periodic). This time
can be compared with the dynamical time of a MAES, as
characterized by the rotation period of the matter at the
inner radius of theMAES. This dynamical time is

�dyn ¼ 2�

�K
¼ 2�

ffiffiffiffiffiffiffiffiffiffiffi

R3
i

GM�

s

; ð1Þ

where Ri is the inner radius of the MAES with a Keplerian
rotation profile around a central object of mass M�. In
YSOs, where M� � 1 M� and Ri � 0:1 AU, the dynamical
time is on the order of 10 days while in AGNs, where
M� � 108 M� and Ri � 10RS (RS being the Schwarzschild
radius), the dynamical time is typically 2 days. For the
microquasar-type systems, the mass of the stellar black hole
is typically 10 M�, and then the dynamical time becomes
2 ms with the same Ri. Since these times are much shorter
than the observed existence time of the associated jets, the
models producing jets have to be close enough to a steady
state to yield permanent outflows over many dynamical
time periods.

The approaches developed so far to explain persistent jet
launching can roughly be classified in two classes. One class
uses a semianalytical formulation assuming stationarity,
while the other class tries to model at least a part of the
structure using a time-dependent numerical MHD code.
The former contains all stationary self-similar studies as
well as the work by Ogilvie & Livio (2001), which uses
Taylor expansions of physical quantities to study the
dynamics of the launching region in detail. Some self-similar

studies model both the accretion disk and the super-
Alfvénic jet in a stationary framework using a variable sepa-
ration method with various levels of assumptions (Wardle
& Königl 1993; Ferreira & Pelletier 1993, 1995; Li 1995,
1996; Ferreira 1997; Casse & Ferreira 2000a, 2000b). These
studies require some dissipative mechanisms (ambipolar
diffusion or magnetic resistivity) to occur inside the disk so
that matter can cross the magnetic surfaces and achieve an
accretion motion. Although these semianalytical studies
bring deep insight and reveal analytical relations that apply
generally to the accretion-ejection mechanism, the assump-
tion of self-similarity introduces geometric restrictions on
the solutions. The other class of studies groups all work
done using 2.5-dimensional MHD time-dependent simula-
tions (three-dimensional assuming axisymmetry). Within
this class, two categories of study can be distinguished: one
that aims at a numerical calculation of the jet alone
(Ustyugova et al. 1995; Ouyed & Pudritz 1997; Krasnopol-
ski et al. 1999), while the second one tries to model both the
disk and the resulting outflow (Ushida & Shibata 1985;
Matsumoto et al. 1996; Kuwabara et al. 2000; Kato et al.
2002). Stationary calculations of pure ideal MHD jets nec-
essarily treat the disk as a boundary condition. This makes
it difficult to determine whether the prescribed quantities at
the base of the jet are in agreement with conditions prevail-
ing in a magnetized accretion disk. Works that have tried to
model thick (Matsumoto et al. 1996; Kuwabara et al. 2000)
or thin disks (Kato et al. 2002) launching outflows have
been done using either ideal MHD or uniformly resistive
calculations throughout the computational domain. While
these simulations demonstrate outflows from the disk, the
structure is very unstable, and ejection only occurs during
very few dynamical times. This is in conflict with the
observed stability of jets mentioned above. The discrepancy
in ideal MHD studies arises from modeling of the magne-
tized accretion disk subject to the frozen-in condition, so
that the magnetic field is continuously advected toward the
central object. This gives rise to a central magnetic field
accumulation that will ultimately halt the accretion process
itself. Moreover, in order to be stationary, it would assume
an infinite magnetic reservoir feeding the process by some
ad hoc outer boundary conditions. On the other hand, cal-
culations assuming uniform resistivity throughout the com-
putational domain have to justify the presence of such a
dissipative phenomenom outside the accretion disk. Our
simulations will require neither an infinite reservoir of mag-
netic field (if the magnetic structure reaches a steady state)
nor resistivity outside the accretion disk.

The aim of the present paper is to be a first convergence
point between the two classes of works mentioned previ-
ously. Indeed, in this paper we present 2.5-dimensional
time-dependentMHD computations starting from an initial
configuration close to a self-similar one. Most importantly,
we aim to model continuous ideal MHD jet launching from
a resistive accretion disk threaded by a large-scale magnetic
field. Treating the accretion disk magnetic structure in a
resistive manner is the key point to achieving a robust ejec-
tion process. Instead of an unrealistic continuous magnetic
reservoir, this model only requires the presence of a primor-
dial field. The magnetic field can attain a quasi-stable
configuration by achieving a balance between inward advec-
tion, outward diffusion, and tensional retraction. The
organization of the paper is as follows. In x 2, we present the
MHD formalism used in this work and also the initial con-
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ditions of our simulations. In x 3, we present the numerical
code we have used and comment on the computational grid
and the boundary conditions. In x 4, we present our simula-
tions and give a complete description of the accretion-
ejection mechanism. In x 5 we conclude and give an outlook
to forthcoming work.

2. MAGNETIZED ACCRETION DISK

We start with the time-dependent MHD equations gov-
erning the dynamics of both the accretion disk and the out-
flow, in a nonrelativistic framework. In x 2.2, we provide all
details on the initial conditions of our simulations. Some
necessary conditions have to be fulfilled by this initial set
up, in order to achieve a jet launching. For simplicity, we
consider axisymmetric structures. This assumption has a big
effect on the stability of the structure, since it suppresses all
nonaxisymmetric instabilities that may occur in a full three-
dimensional framework (Kim&Ostriker 2000).

2.1. MHDEquations

The mass conservation equation, in an axisymmetric
time-dependent description, can be written as

@�

@t
þ D

x ð�vpÞ ¼ 0 ; ð2Þ

where � is the plasma density and vp is the poloidal compo-
nent of the velocity vector. The momentum conservation
takes into account three forces acting on the plasma,
namely, the thermal pressure gradient, the Lorentz force, as
well as the gravitational force. The momentum �v conserva-
tion reads

@�v

@t
þ D

x ðv�v� BBÞ þ DB
2

2
þ P

� �

þ �

D

�G ¼ 0 ; ð3Þ

where B is the magnetic field, P is the thermal pressure, and
�G ¼ �GM�=ðR2 þ Z2Þ1=2 is the gravity potential created
by the central object. Coordinates ðR; ZÞ are cartesian
coordinates in the poloidal plane. The induction equation
governs the evolution of the magnetic field

@B

@t
¼ � D

x ðvB � BvÞ � D

� ð�JÞ ; ð4Þ

where the magnetic resistivity � is meant to arise from tur-
bulence occurring within the accretion disk. To enable
matter to cross stable (nearly steady state) magnetic surfaces
in the disk, one has to consider transport phenomena within
the accretion disk. The current density J is directly related
to the magnetic field by the Ampère-Maxwell equation

J ¼ D

� B : ð5Þ

In the preceding equations, units have been chosen where
l0 ¼ 1. In order to close the system, we need an energy
equation. In our study, we replace the energy equation by a
very simple polytropic relation

P ¼ K�� ; ð6Þ

where the polytropic index � ¼ Cp=Cv is the ratio of specific
heats, and K is a constant related to the sound speed by
c2s ¼ K����1. In reality, the complexity of the turbulence
occuring in an accretion disk (microscopic reconnection,

kinetic transport, etc.) may not be adequately described by
a fluid approach but may need treatment using a kinetic
theory framework.

2.2. Initial Conditions

In what follows, we describe the initial conditions for all
physical quantities, namely, the density, the velocity, and
the magnetic field. The initial accretion disk configuration is
close to a self-similar configuration used in analytical
MAES studies. A modification was needed in order to take
into account the presence of the symmetry axis. The self-
similar structure of the flow decomposes every physical
quantity as the product of a radial power law and a function
of the polar angle.

1. Disk scale height.—The first quantity to consider is the
height of the accretion diskH. In a flat accretion disk where
H is assumed constant, it will be difficult to maintain a verti-
cal equilibrium between thermal pressure and gravity, since
the latter decreases with radius. A more natural scaling for
the accretion disk height is an increasing H with radial dis-
tance. We choose to prescribe a linear proportionality as
H ¼ �R. As shown by Ferreira & Pelletier (1993), this choice
is consistent with poloidal magnetic field lines bending at
the surface of a thin disk in order to enable acceleration of
outgoing matter. In all our simulations we choose the disk
aspect ratio � ¼ 0:1, which is consistent with a thin accretion
disk.
2. Mass density.—The vertical profile of the density is a

decreasing function of altitude Z, so that the density typi-
cally decreases over one disk scale height. The radial stratifi-
cation of density, together with Keplerian rotation, is
constrained by the vertical disk equilibrium. This is because
the vertical equilibrium of the disk imposes that the sound
speed within the disk is proportional to �KH, where �K is
the Keplerian angular velocity (Shakura & Sunyaev 1973).
The density profile reads

�ðR; Z; t ¼ 0Þ ¼ R
3=2
0

ðR2
0 þ R2Þ3=4

� max 10�6; 1� ð� � 1ÞZ2

2H2

� �� �� �1=ð��1Þ
; ð7Þ

where R0 is a constant set equal to 4 in our runs. This offset
radius in the denominator makes the density regular up to
R ¼ 0. The ‘‘max ’’ function ensures that the initial density
does not reach unphysical values. The vertical variation
ensures a hydrostatic equilibrium in a thin polytropic disk.
The radial exponent�3=2 is imposed by the radial behavior
of the sound speed. As indicated previously, the sound
speed scales as �KH / R�1=2. For our polytropic relation
we have

c2s ¼ �
P

�
¼ K����1 / R�1 ; ð8Þ

which for � ¼ 5=3 gives � / R�3=2. Note that we normalize
all velocities with respect to the factor �KH evaluated at the
inner radius Ri. Normalizing distances to this inner radius
of the disk R ¼ Ri ¼ 1, this normalization entails that
GM�ð Þ1=2¼ 1=�. The K constant in the polytropic relation is
set to unity, making the sound speed cs of order �KH.
Finally, the dimensionless specification of the density given
by equation (7) is done with respect to a fiducial density at
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the origin. Actual dimensional specifications for specific
systems like YSOs or AGNs are retrieved by providing
appropriate values for the mass of the central object, the
inner disk radius, and the density through the observed
mass accretion rate of the system.
3. Rotation profile.—Our simulations deal with nonrela-

tivistic disk and jet structures. The simplest configuration
for the azimuthal velocity is then Keplerian. In fact, we
prescribeV� as

V�ðR; Z; t ¼ 0Þ ¼�R

¼ ð1� �2Þ R
1=2
0

�ðR2
0 þ R2Þ1=4

exp �2
Z2

H2

� �

;

ð9Þ

so that we have sub-Keplerian rotation with a deviation
from Keplerian of order �2. This is needed because of the
presence of both radial thermal and magnetic pressure gra-
dients, of the same order. This sub-Keplerian rotation
ensures a radial equilibrium of the disk. The factor 1=�
comes from the velocity normalization; the ratio of the
sound speed to the Keplerian speed is proportional to� in a
thin accretion disk where radiative pressure is neglected
(Shakura & Sunyaev 1973; Frank et al. 1985).
4. Poloidal velocity.—The initial configuration of the

poloidal flow is a pure accretion motion, i.e., with a radially
inward velocity. Since the angular and sound speed are
scaled asR�1=2, we will use the same shape for the horizontal
VR and vertical VZ components to attain a coherent disk
equilibrium,

VRðR; Z; t ¼ 0Þ ¼ �ms

R
1=2
0

ðR2
0 þ R2Þ1=4

exp �2
Z2

H2

� �

; ð10Þ

VZðR; Z; t ¼ 0Þ ¼VRðR; Z; t ¼ 0ÞZ
R

: ð11Þ

The constant ms is a parameter smaller than unity, which
then ensures an initial subsonic poloidal inflow. This param-
eter, tuning the amplitude of the radial velocity, cannot be
very small in order to insure the jet launching. Indeed,
Blandford & Payne (1982) have shown that the magnetic
acceleration of matter in an ideal MHD jet can only occur if
the poloidal magnetic surfaces are bent with an angle larger
than 30� at the disk surface. In our simulations, the disk sur-
face marks the transition between resistive and ideal MHD
regimes. So the accretion disk must evolve dynamically to a
configuration producing a radial magnetic field typically, on
the order of the vertical one at the disk surface. Now the
radial component of the magnetic induction equation in
the case of a thin accretion disk (jVZj5 jVRj and
j@BZ=@Rj5 j@BR=@Zj) supporting a stationary structure
(@=@t ¼ 0) can be reduced to

�
@BR

@Z
’ �VRBZ > 0 : ð12Þ

This equation clearly shows that (1) the only stationary
magnetic configuration allowing accretion (VR < 0) neces-
sarily involves nonvanishing magnetic resistivity for cross-
ing field lines and (2) if the amplitude of VR is too small, the
Blandford & Payne criterion will never be fulfilled since
@BR=@Z will be very small. In order to have both an initial
subsonic accretion motion and an initial configuration

favorable to jet launching, we choose a value of ms smaller
but close to unity, typically 0.3 in our simulations. Numeri-
cal experiments with values ms5 1 indeed failed to launch
jets as expected from equation (12). On the other hand, large
values of ms41 led to numerical results displaying strong
magnetic pinching of the disk, unable to give rise to a verti-
cal mass flux feeding the jet.
5. Magnetic field.—The versatile advection code (VAC;

see x 3.1) offers several ways to ensure the evolution of the
magnetic field to be divergence free (Tóth 2000). Neverthe-
less, it is necessary to start the numerical integration with a
magnetic field structure where

D

xB ¼ 0. Because of the
symmetry conditions on the equatorial plane of the disk and
on the rotation axis, the radial magnetic field must vanish
at these locations, namely, BRðR ¼ 0; ZÞ ¼ BRðR; Z ¼
0Þ ¼ 0. Furthermore, to produce jets, the magnetic field
pressure should be roughly of the same order of magnitude
as the thermal pressure at the equatorial plane (Ferreira &
Pelletier 1995). The simplest configuration satisfying all
these conditions at t ¼ 0 is a radially stratified vertical
magnetic field

BZ ¼ R
5=2
0

ðR2
0 þ R2Þ5=4

1
ffiffiffi

	
p ; ð13Þ

BR ¼ B� ¼ 0 ; ð14Þ

where 	 is the plasma beta parameter measuring the ratio of
the thermal pressure to the magnetic pressure atZ ¼ 0. This
parameter will always be of order unity in our simulations.
6. Resistivity.—The anomalous magnetic resistivity � is

believed to arise from turbulence triggered within the accre-
tion disk. Since we perform our simulations in an axisym-
metric fashion, this parameterization of the resistivity is
meant to incorporate nonaxisymmetric turbulent dynamics,
associated with the action of a disk dynamo and/or with
turbulence associated with nonaxisymmetric MHD instabil-
ities that can affect equipartion accretion disks (Keppens et
al. 2002). This transport mechanism enables the poloidal
flow of the disk to pass through the magnetic surfaces with-
out enforcing advection. We adopt a modified Shakura &
Sunyaev (1973) prescription for the magnetic resistivity,
namely,

� ¼ �mVAjjZ¼0H exp �2
Z2

H2

� �

; ð15Þ

parameterized by �m. Note that this resistivity profile essen-
tially vanishes outside the disk, and that it varies in time as
the equatorial Alfvén speed VA ¼ B= �ð Þ1=2 gets adjusted. In
previous self-similar studies (Casse & Ferreira 2000a), the
values for �m were of order unity. Such high values required
typical wavelengths of the turbulence produced by magnetic
resistivity to be on the order of the disk scale height. This is
problematic if we expect the turbulence to be triggered
inside the disk. In the present fully numerical treatment, we
will therefore consider smaller, more realistic values of �m.
Another difference with previous self-similar treatments is
the fact that we consider an isotropic magnetic resistivity.
We recall that Casse & Ferreira (2000a) have shown that in
a self-similar accretion-ejection structure, a special turbu-
lence configuration is needed to ensure that the magnetic
torque brakes the matter in the disk and accelerates it above
the disk surface. This was cast in a specific relation involving
all three transport coefficients, viscosity �v, the toroidal and
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poloidal magnetic resistivity (�0m & �m), and both magnetic
and viscous

D

xT torques. This relation is

D

xT

ðJ � B x e�Þ
/ ��0m�v

3�2m
ð16Þ

and shows that if one wants a thin accretion-ejection struc-
ture to have comparable magnetic and viscous torques, an
anisotropy between �m and �0m is required (see Casse &
Ferreira 2000a, but also Ogilvie & Livio 2001). In our
numerical simulations, we neglect the effect of a viscous
torque, so relation 16 will be fulfilled if a turbulence configu-
ration such that �v � �m and �m ¼ �0m is achieved, since we
consider a thin accretion disk ("5 1). In this paper, we will
assume the magnetic resistivity to be isotropic �m ¼ �0m ¼ �.

3. NUMERICAL SCHEME AND BOUNDARY
CONDITIONS

3.1. Numerical Code: VAC

All simulations reported here are done with the versatile
advection code (see Tóth 1996).1 We solve the set of resis-
tive, polytropic MHD equations under the assumption of a
cylindrical symmetry. The initial conditions described
above are time-advanced using the conservative, second-
order accurate Total Variation-diminishing Lax-Friedrich
(Tóth & Odstrčil 1996) scheme with minmod limiting
applied on the primitive variables. We use a dimensionally
unsplit, explicit predictor-corrector time marching. To
enforce the solenoidal character of the magnetic field, we
apply a projection scheme prior to every time step (Brackbill
& Barnes 1980).

3.2. Grid and Boundary Conditions

The purpose of our simulations is to model, under sym-
metry assumptions, a magnetized accretion disk and the jets
that can be launched from this structure. Since bipolar jets
are observed in the universe, we assume that the system is
symmetric with respect to the equatorial plane, which we
label as Z ¼ 0. Moreover, we assume an axial symmetry
making R ¼ 0 a symmetry axis. We use a rectangular grid
spanning a physical domain of R ¼ ½0; 40� and Z ¼ ½0; 80�.
The grid resolution is 154� 304 cells, with two ghost cells
on each side for enforcing boundary conditions. The cell
widths and heights vary nonuniformly throughout the phys-
ical domain, as both a radial and a vertical stretching is
applied. In effect, this achieves a higher resolution locally in
the disk.

The problem setup involves a Newtonian gravitational
potential that has a singularity at the origin. In order to
avoid this problem without modifying the gravity potential,
we cut out several cells in the bottom left corner of the grid
from the computational domain. This effectively introduces
an internal boundary region. In fact, we exploit six different
boundary regions, indicated in Figure 1.

1. Inner boundary (Fig. 1, region 2).—The inner boundary
is a rectangular area excluded from the computational
domain. It is taken to be two cells high in the Z-direction
and 14 cells wide in the R-direction. This number of cells
corresponds to an inner boundary that radially extends to

R ¼ 1, the inner radius of our accretion disk Ri. In this
boundary region, we employ ‘‘ sink ’’ boundary conditions;
in every ghost cell, the value of each quantity is copied from
the third cell row Z3 just above the excluded domain. A
restriction is imposed on the poloidal velocity. Indeed, since
we are considering an accretion disk, we do not allow any
positive (outward) mass flux to exist in this region, and we
set the internal ghost cell values for the poloidal velocity as

VR ¼ min VZ3

R ; 0
� 	

;

VZ ¼ min VZ3

Z ; 0
� 	

: ð17Þ

Under such a flow boundary condition, the matter that fills
the zone R < Ri and Z > 0 can only originate from the disk
itself and not from the internal sink region. This is in con-
trast to studies done so far trying to model similar structures
(Matsumoto et al. 1996; Kuwabara et al. 2000; Kato et al.
2002), where a modification of the gravitational potential is
necessary. Such modification would not be suitable to per-
form long-time integrations since the accreted matter would
rebound on the boundary after some time.
2. Inflow region (region 4).—We describe a magnetized

accretion from an outer radius Re ¼ 40 to its inner radius.
Obviously, real disks extend beyond 40 internal disk radii.
In order to mimic the effect of the unmodeled outer part of
the accretion disk, we impose the value of the poloidal mass
flux in the ghost cells located at Re ¼ 40 within one disk
scale height only. This disk-related part of the right boun-
dary is therefore designed as a ‘‘ source ’’ region. The
imposed accretion rate in region 4 is maintained at its initial
value of the disk configuration by keeping �VR and �VZ

fixed at this location. The remainder of the right boundary
(Fig. 1, region 5) is treated as an open boundary (zero gra-
dient on all conserved quantities).
3. Equatorial plane and polar axis (regions 1 and 3).—

These boundary areas are a combination of symmetric and
antisymmetric conditions. Symmetric and antisymmetric
reflections of the computed values within the computational1 See http://www.phys.uu.nl/~toth.
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Fig. 1.—Schematic representation of the computational domain. The
bottom left corner, containing the origin ðR; ZÞ ¼ ð0; 0Þ, is treated as an
internal boundary region in order to avoid the gravitational singularity.
This inner boundary enables us to treat the inner radius of the accretion
disk as a mass sink, where the only requirement is to have ðVR; VZÞ � 0.
This condition avoids unphysical mass flux entering the domain there. In
region 4 we impose the accretion rate by prescribing �Vp, in order to mimic
the effect of the outer regions of the accretion disk. See the text for details
concerning each of the six boundary regions.
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domain correspondingly set the ghost cell values. See
Table 1 for the imposed conditions on the different physical
quantities.
4. Open boundaries (regions 5 and 6).—The last bound-

ary regions we have to consider are the upper and top right
boundaries. These regions are expected to receive the
expelled matter from the disk, accelerated by the action of

the magnetic field combined with the disk rotation. Our
approach to modelling nonreflecting outflow conditions is
very simple. The values of physical quantities in ghost cells
are copied from the nearest computational cell in the direc-
tion perpendicular to the boundary surface. We check the
possible influence of these boundary regions by changing
the box size and repeating the simulations.

TABLE 1

Boundary Conditions for the Physical Quantities at the Equatorial Plane (Z ¼ 0) and
at the Symmetry Axis (R ¼ 0)

Location � VR �R VZ BR B� BZ

Equatorial plane .............. symm symm symm asymm asymm asymm symm

Symmetry axis.................. symm asymm asymm symm asymm asymm symm

T=12.0 T=20.0T=16.0

T=4.0 T=8.0T=0.0

Fig. 2.—Dynamical evolution of a thin accretion disk threaded by an initial radially decreasing vertical magnetic field, visualized in density levels (gray
scale) and poloidal magnetic field lines. One clearly sees a denser region being ejected from the disk along the symmetry axis, which can be identified with the
jet. Collimation is already present after few dynamical timescales.
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4. ACCRETION-EJECTION SIMULATIONS

In this section, we present the results of our simulations.
We first discuss the time evolution toward a quasi-
equilibrium state. We then analyze the accretion-ejection
structure that forms self-consistently and is maintained dur-
ing this simulation. The parameter set is resistivity level
�m ¼ 0:1, Mach sonic number ms ¼ 0:3, and magnetic pres-
sure level 	 ¼ 1:67.

4.1. Toward Steady State

The time evolution of the structure is displayed in Figure
2. The time unit is 1=��K, which in this simulation repre-
sents ð2��Þ�1 ¼ 1:59 rotation periods of matter at the inner
radius. We continued this simulation until t ¼ 25, covering
40 periods. During this timescale, we clearly see in Figure 2
the jet launching as a relatively dense outflow coming from
the accretion disk, more precisely confined to the inner
region of the accretion disk for radial distances R � 20. The
collimation of this outflow is obtained within the computa-
tional domain. To check whether the simulation is evolving
toward a stationary state, we look at a quantity that would
be equal to zero in a perfect ideal MHD stationary state.
From the ideal MHD induction equation in an axisym-
metric, stationary framework, one can deduce that the
poloidal velocity and the poloidal magnetic surfaces have to
be parallel. In Figure 3, we display the angle between the

two vectors in the launching area of the jet at t ¼ 19. It can
be seen that above the accretion disk, this angle never
exceeds 3=5. This near-perfect alignment is present from
times t > 17 and is characteristic of a structure tending to a
stationary configuration. Nevertheless, even at this stage,
the structure is still slowly evolving in time.

Another way to determine if the obtained emission of
matter can be qualified as a robust mechanism is by measur-
ing the ejection rate of matter from the disk. To that end, we
measure the mass flux through the surface of the disk,
namely, the surface where the radial velocity is vanishing.
Since we impose the external accretion rate in the disk by
means of our ‘‘ source ’’ boundary condition (see the pre-
vious paragraph), we can then obtain the ratio of the ejec-
tion rate _MMj to the external accretion rate _MMae. This ratio
evolves in time as shown in Figure 4. This plot shows two to
three distinct phases. The first one marks the beginning of
the jet launching from the disk, where the ejection rate is
increasing. The second phase corresponds to a relaxation of
the system. Finally, the ejection rate reaches a ‘‘ plateau ’’ at
the end of our simulation, from about 25 rotation periods
onward. This plateau indicates that the ejection mechanism
is robust and jet material is constantly launched from the
disk. We did not perform a simulation to even larger
integration times since these simulations are very time-
consuming.

In the next subsection, we give a detailed description of a
snapshot at t ¼ 19 of our simulation where the system has
settled on a near-stationary state. This snapshot is shown in
Figure 5 where the density is displayed by gray scales and
the poloidal magnetic field lines by solid lines. Also indi-
cated are the Alfvén (VA; p) and fast-magnetosonic (VF ) sur-
faces, as represented by dot-dashed lines. The considered
velocities are defined as

V2
A; p ¼

B2
p

�
;

V 2
F ¼ 1

2
c2s þ V 2

A þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�

c2s þ V2
A

	2 � 4c2sV2
A; p

q

� �

; ð18Þ

Fig. 3.—Measure of the angle between the poloidal velocity and the
poloidal magnetic field within the accretion disk-jet region (R � 20) at
t ¼ 19. In the accretion disk, the two vectors are perpendicular because the
magnetic field is almost vertical and the accretion motion is radial. Moving
upward in the accretion disk, the field is bent away from the symmetry axis
and a growth of BR is occuring. Hence, the angle increases. Above the disk,
where the resistivity is vanishing, the two vectors tend to become parallel.
In the jet region (R � 20 and Z 	 20), the angle between vp and Bp is every-
where smaller than 3=5, so that we effectively obtain a near-perfect ideal
MHD stationary jet.

Fig. 4.—Time evolution of the ejection rate of the structure _MMj . After the
jet is launched, the ejection rate slowly decreases and then reaches a plateau.
This indicates that the ejection mechanism is robust once the jet is formed.
The typical amount of matter ejected from the accretion disk is roughly
_MMj= _MMae � 15% in this phase.

994 CASSE & KEPPENS Vol. 581



where VA is the total Alfvén speed V2
A ¼ ðB2

p þ B2
�Þ=�. We

can see in this snapshot that most of the matter of the jet has
been accelerated to superfast flow speeds at the top of the
computational domain. The collimation is almost complete
at the top of the simulation box. Note also the distinct
hollow jet structure, with the fastest moving material situ-
ated in a dense cylindrical shell at a radiusR ’ 13.

4.2. Accretion-EjectionMechanism

In this subsection, we give a complete description of the
accretion-ejection mechanism that forms spontaneously in
our simulation. The mechanism is driven by the magnetic
field, which plays a double role. Its first role is to brake the
matter in the disk and transfer angular momentum of mat-
ter to allow accretion. The magnetic torque (toroidal com-
ponent of the magnetic force J � B) must therefore be
negative in the disk. The second role of the magnetic field is
to accelerate matter in the jet by providing a positive

projected magnetic force along the streamlines. Such a posi-
tive projected force component is achieved if the magnetic
torque changes its sign. Indeed, it is obvious that

ðJ � BÞ xBp ¼ �ðJ � BÞ xB� : ð19Þ

Hence, if we assume that the poloidal streamline is almost
(or completely, in a stationary framework) parallel to the
poloidal magnetic field line, we have in the jet vp � �Bp.
Since B� is negative, the magnetic torque must be positive in
the jet for accelerating matter upward along the magnetic
field direction. A positive torque spins up jet material, and
this azimuthal acceleration of the plasma increases the
angular momentum of matter, which leads to a dominant
centrifugal force that will tend to widen the magnetic
surfaces. Note that ideal MHD reasoning makes sense since
the resistivity is equal to zero in the jet region.

In Figures 6 and 7, the entire mechanism is well illus-
trated by showing both the streamlines of the flow in the

Fig. 5.—Snapshot of the accretion-ejection structure at t ¼ 19. Left: Complete computational domain is represented by setting density levels using gray
scales, while poloidal magnetic field lines and critical surfaces are displayed in solid and dot-dashed lines, respectively.Right: Zoom of the jet-launching region
(R � 20).
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jet-launching region and several characteristic quantities
along a vertical cut at a fixed radial distance of R ¼ 4:3.
The magnetic torque Jp � Bp is seen to reverse its sign at
about Z ¼ 1 and provokes a reversal of the poloidal veloc-
ity vector. The accretion ejection needs one more condition
to work. Indeed, the change of sign of the magnetic torque
is a necessary condition in order to ensure that the jet will
receive energy for accelerating the matter via a MHD
Poynting flux. But another necessary condition is that the
accretion disk must provide mass for the jet. The mass flux,
and more precisely a vertical mass flux, can only be
achieved by a vertical force balance in the accretion disk
that becomes positive (upward) at the disk surface. At the
same time, the vertical equilibrium in the interior of the
accretion disk must be such that the total vertical force is
negative and thereby keeps the main part of the plasma
inside the accretion disk. This delicate force balance ensures
that only a small fraction of the accretion disk matter
escapes. If we look at Figure 6, we see that the vertical
equilibrium configuration is occuring in precisely the man-
ner mentioned here. Plotted are all vertical forces acting on
the disk, so we can identify which ones pinch the disk and

which ones lift the matter up. The density profile of our
accretion disk (dense near the equatorial plane and decreas-
ing vertically) leads to a positive thermal pressure gradient
that will lift the matter. On the contrary, the gravitational
force pinches the disk as well as the magnetic pressure.
Indeed, because of the shape of the magnetic surfaces, a
growth of the radial and azimuthal component of the mag-
netic field occurs. This bipolar configuration leads auto-
matically to a magnetic pinching of the accretion disk. As
seen in Figure 6, the main competition in the vertical bal-
ance is between thermal and magnetic pressure gradients,
revealing that the thermal pressure must not be smaller that
the magnetic one. Moreover, if the magnetic pressure (i.e.,
magnetic field) is too small, the first condition mentioned at
the beginning of this paragraph will not be fulfilled. The
best configuration for emitting a fast jet of matter from an
accretion disk seems then to be an accretion disk in equipar-
tition between thermal pressure and magnetic pressure, as
already noticed by Ferreira & Pelletier (1995).

From an energetic point of view, the accretion-ejection
mechanism describes the transfer of the angular momentum
of the disk into the jet. Indeed, the toroidal component

Fig. 6.—Vertical profiles of several quantities at a given radius R ¼ 4:3 and at t ¼ 19. From left to right, top to bottom: Total vertical force balance, vertical
component of the Lorentz force, vertical gravity component, vertical pressure gradient force, magnetic torque, angle between the poloidal velocity and the
vertical, both poloidal flow components, and the density structure. On the corresponding streamlines plot shown in Fig. 7, two regimes are occuring: the first
one shows streamlines reaching the inner radius in a pure accretionmotion, while the second one shows streamlines that start to accrete but then turn back into
an ejection motion. This can be explained by looking at the vertical cuts shown: the toroidal component of the magnetic force ðJ � BÞ� is negative inside the
disk (Z � 1) and changes its sign near the disk surface. A poloidal acceleration takes place once the sign reversal is achieved, as we can see inVR andVZ. These
two components of poloidal velocity stop decreasing as soon as ðJ � BÞ� turns positive.
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of momentum equation (3) expresses angular momentum
conservation as

@�V�R

@t
þ D

x �V�RVp � RB�Bp

� 	

¼ 0 : ð20Þ

The action of the magnetic field provides a way to extract
the angular momentum of disk matter and thus enable
accretion inside the disk. At the opposite, in the jet, the
angular momentum stored in the magnetic field (via the gen-
eration of a toroidal component B�), can be used to acceler-
ate matter in order to power a magnetocentrifugal jet. In
Figure 8 we display both a vertical cut and a full map of the
total angular momentum flux FAM ¼ �V�RVp � RB�Bp.
The left panels represent the matter and magnetic contribu-
tions to this flux in the radial and vertical directions. The
dominant patterns are, first, the storing of angular momen-
tum by the generation of RB�Bp in the disk and, second, an
increase of the specific angular momentum of matter in the
jet due to a magnetocentrifugal acceleration. On the right
panel, the orientation of FAM is displayed, and we can see
that the infalling radial flux in the disk is transferred to the
jet along the magnetic surfaces. Note that the acceleration
of matter decreases as soon as the angular momentum
stored in the magnetic field reaches zero.

It is important to note that after the acceleration has
taken place, the collimation of the flow is quite good, since
the maximal value of the angle between the vertical direc-

Fig. 7.—Poloidal streamlines of the accretion-ejection structure at
t ¼ 19. Two regimes can be distinguished: the first one shows streamlines
reaching the inner radius in a pure accretion motion, while the second one
contains streamlines that start to accrete but then turn into an ejection
motion. This can be explained by Fig. 6, which displays the accretion-
ejectionmechanism.

Fig. 8.—Left: Magnetic and matter angular momentum contributions to the total angular momentum flux. Right: Vector map of the total angular
momentum flux FAM ¼ �V�RVp � RB�Bp (arrows), poloidal magnetic surfaces (solid lines), and amplitude of toroidal magnetic field (gray scale). The left
panels represent the different contributions to the total angular momentum flux in the radial and vertical directions. Note the extraction of angular momentum
by the generation of RB�Bp in the disk and, second, an increase of the specific angular momentum of jet matter due to a magnetocentrifugal acceleration. In
the right panel we can see that the infalling radial flux is evacuated in the jet along the magnetic surfaces and that the turning point occurs where B� reaches its
maximum value, namely, near the disk surface.
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tion and the velocity in the highest regions of our box is
never bigger than 1=5 (see Fig. 6). The collimation of the
flow is due to a mechanism internal to the jet structure being
formed. This is demonstrated in Figure 9, showing all the
radial forces existing in the jet at a horizontal cut at Z ¼ 40.
These are the centrifugal force, the thermal and magnetic
pressure gradients, gravity, and magnetic tension. Clearly,
the force assuring the collimation of the flow is the magnetic
tension or ‘‘ hoop ’’ stress (B2

�=R). Contrary to all other
forces (except gravity, which can be neglected so far from
the disk), it is the only force that is always directed toward
the symmetry axis. Looking at the sum of all forces in the
radial direction indicates that the plasma is not yet in a full
stationary state but has come quite close to achieving a
radial equilibrium balance. However, we cannot exclude the
possibility that eventually some hydrodynamic or magnetic
instabilities develop somewhere in the structure (Kim &
Ostriker 2000). This should be verified by performing the
same simulation in three dimensions.

4.3. Influence of Open Boundaries

Modeling a magnetized, resistive accretion disk and its
associated ideal MHD trans-Alfvénic jet numerically
requires controlling the effect of, in particular, the open
boundaries bordering the computational domain. Indeed,
as already shown by Ustyugova et al. (1995), if not modeled
appropriately, they can influence the dynamics of the sys-
tem, e.g., by unwanted reflections. To check the potential
effect of our boundary conditions on the simulated flows,
we repeated all our simulations using different sizes for
the computational domain. While our reference simulation
uses a 0 40ð Þ � 0 80ð Þ rectangular box, we performed
the same calculation with rectangular boxes covering

ð0 80Þ � ð0 80Þ and ð0 40Þ � ð0 160Þ, with resolutions of
204� 104 and 104� 404, respectively. The jet launching
was found to occur in every simulation and, most impor-
tantly, remains restricted to roughly the same part of the
physical domain (within 1–20 radius range), as shown in
Figure 10. Nevertheless, small differences do exist between
these three simulations. The radial extension of the compu-
tational domain seems to have an influence on the exact
radial size of the jet-launching region. This indicates a mar-
ginal influence from the open boundary at the right side of
the box. Repeating the simulations while gradually extend-
ing the radial box size, a systematic larger jet-launching
radial range is obtained. The effect is probably also due to
differences in effective local resolution, but can be observed
by comparing Figure 5 with the left panel of Figure 10. The
simulation which doubled the vertical extent (Fig. 10, right
panel) is in very good agreement with the reference solution.
Hence, the top open boundary has no influence on the
obtained dynamics.

4.4. Accretion Disk Structure

The radial accretion disk structure largely determines its
stability to MHD perturbations (Keppens et al. 2002). Up
to the present work, the only model able to include both a
resistive accretion disk and a super-Alfvénic jet without
neglecting any dynamical quantities in the equilibrium of
the structure was a self-similar model used by Ferreira
(1997) and Casse & Ferreira (2000a). This model assumed
that, to simplify the analysis, all physical quantities A
appearing in the set ofMHD equations can be written as

AðR; ZÞ ¼ Ae

R

Re

� ��A

fA
Z

R

� �

; ð21Þ

Fig. 9.—Radial cut of the jet structure representing radial forces acting on the plasma at Z ¼ 40. Two classes of forces are acting on the plasma: the ones
that try to widen the flow and those that try to collimate. The first class is composed of the centrifugal force and the total pressure, while the other contains
gravity and the magnetic tension because of the presence of a toroidal magnetic field. This figure illustrates that only the presence of B� is able to counteract
other forces in the jet region where gravity is almost negligible. Note that we do not involve any external mechanism to ensure the collimation of the flow.
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where �A is a coefficient imposed by the smooth crossing of
the Alfvénic surface. Hence, each quantity was represented
by a power-law dependence on radius R and a separate
polar angle variation fA. Since the initial conditions of our
simulation are derived from a self-similar configuration, it is
worthwhile to confront this with the obtained final radial
structure of our accretion disk. In Figure 11, we display the
radial profiles of several physical quantities at the disk mid-
plane Z ¼ 0. We clearly see two different regions. The first
one, which reaches up to R � 20, corresponds to the jet-
launching region and features a radial behavior of all quan-
tities close to power law. As compared to their t ¼ 0 values,
these indices are modified. Indeed, in our initial conditions,
the indices for density �, momentum �v, and magnetic field
Bz were �3/2, �2, and �5/4. These initial values corre-

spond, in the case of self-similar MAES, to a magnetized
accretion disk where no ejection occurs. In the final disk
structure shown in Figure 11, the indices have become
�� > �3=2, ��v > �2, and �B > �5=4. Such a systematic
modification to larger values is consistent with self-similar
MAES models that allow ejection. Indeed, the presence of a
jet makes the effective local accretion rate a decreasing func-
tion for smaller radii, and this modifies the power-law radial
indices of the quantities. Our simulation shows that the final
disk structure displays a second region where the quantities,
except for the magnetic field, do not have a clear power-law
behavior. This explains why this outer disk region does not
launch a jet. Indeed, the parameter 	 ¼ 2P=B2, which was
set to a constant value of 1.67 at t ¼ 0, has adjusted to a very
low value outside the jet-launching region. As explained

T=19.0

Fig. 10.—Snapshots of two equivalentMHD simulations on extended domains using the same initial conditions as the reference simulation of Fig. 2 and at
the same physical time t ¼ 19, to be compared with Fig. 5. The influence of the boundary conditions is marginal, as all simulations reach very similar superfast
collimated outflow launched from the inner disk region alone.
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before, this prevents the vertical force balance in the disk to
allow matter escaping from the disk and providing a mass
source for the jet. Moreover, the angle of the poloidal mag-
netic field with respect to the vertical direction measured at
the disk surface (where resistivity is vanishing) is suitable for
jet launching only in the inner region. Indeed, Blandford &
Payne (1982) have shown that any cold steady state jet must
have bent poloidal magnetic surfaces with an angle larger
than 30� in order to achieve an acceleration by the action of
the magnetic field. In Figure 11, on the left bottom panel,
we show the angle between the magnetic surface and the ver-
tical direction measured at the disk surface (typically where
VR changes its sign). It is clear from this figure that only the
inner part of the structure is able to launch a jet. Neverthe-
less, the suitable bending of the magnetic surfaces is ranging
from R ¼ 1 to �30, in contrast with the effective jet-
launching region that ranges from 1 to �15. This is a good
illustration that both jet-launching conditions must be ful-
filled; in the region between 16 and 30, the vertical balance
of the disk is not suitable for a positive mass flux.

5. CONCLUDING REMARKS AND OUTLOOK

We present in this work the first MHD simulations of a
magnetized, resistive accretion disk launching an ideal
trans-Alfvénic jet. The simulations are performed in a 2.5-
dimensional, time-dependent and polytropic framework.
Our MHD simulations involve a magnetic resistivity that
is only triggered within the accretion disk. The shape
of the resistivity coefficient is derived from Shakura &
Sunyaev (1973) since we express it as � ¼ �mVAjZ¼0H �
expð�2Z2=H2Þ, where VA stands for Alfvén velocity, H is

the disk scale height, and �m is a dimensionless parameter
controlling the amplitude of the resistivity, smaller than
unity. The temporal behavior of our simulations display the
launching of an outflow that, while propagating, becomes
collimated. Note that the jet reaches superfast magneto-
sonic velocities within our computational domain. The
long-term robustness of the structure is demonstrated by
several means. In particular, we check the angle between po-
loidal velocity and poloidal magnetic field (which is zero in
a pure ideal MHD stationary configuration) and show that,
after the outflow has been launched, this angle reaches max-
imum values in the jet typically smaller than 3�. Moreover,
the ejection rate (mass flux through the disk surface) of
the disk, once initiated, remains near-constant over several
tens of the accretion disk dynamical timescale. These diag-
nostics characterize a robust system that has reached a
quasi-stationary state.

We also present in this paper, by a detailed scrutiny of
one snapshot of our simulation in the near-stationary phase,
a complete illustration of the so-called accretion-ejection
mechanism that is responsible for the jet launching. The key
point of this model is that disk resistivity enables the struc-
ture to reach a near-static equilibrium where accreted mat-
ter inside the disk can pass through the poloidal magnetic
surface. Such resistivity would mimic the effects of turbu-
lence occuring inside the disk, provoked by MHD instabil-
ities affecting equipartion accretion disks (Keppens et al.
2002). Moreover, we confirm by self-consistent numerical
simulations that the two necessary conditions to achieve
such a jet creation are (1) a vertical disk equilibrium
that allows some disk matter streamlines to reach the disk
surface (typically an equipartition disk with B2=P � 1;

Z=0.0

Fig. 11.—Ratio of thermal pressure to magnetic pressure, radial profiles of physical quantities (�; ��VR; Bz; �V�) along the equatorial plane (Z ¼ 0), and
angle between Bp and ez at the disk surface (where the radial velocity is vanishing). The 	 ratio explains why the inner part of the disk launches a jet, while the
outer part does not; only the inner part is in equipartition, a necessary condition ensuring that the vertical disk equilibrium can supply matter for the jet
formation. Moreover, as shown by the bottom left plot, only the inner region has a suitable magnetic configuration for matter acceleration in the jet. The
behavior of quantities along the equatorial plane is close to the radial power law with indices modified in comparison to the initial conditions. The power-law
indices are in relatively good agreement with self-similarMAESmodels fromCasse & Ferreira (2000a).
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Ferreira & Pelletier 1995) and (2) a turbulence configuration
that obeys a simple relation equation (16) already presented
in Casse & Ferreira (2000a). In our simulations, since we do
not take viscosity into account, the angular momentum of
disk matter is transferred by the action of a magnetic torque
acting on the disk plasma.We highlight the fact that the sign
reversal of the magnetic torque at the disk surface, obtained
in self-similar analytic models if the turbulence follows the
relation 16, is the core of the magnetocentrifugal effect
responsible for jet acceleration. By displaying the radial
force balance in the jet, we illustrate the role of the toroidal
component of the magnetic field that collimates the outflow
by means of magnetic tension (also called ‘‘ hoop ’’ stress;
see Heyvaerts &Norman 1989).

Forthcoming work will focus on two major points that
were not taken into account here. Indeed, future work
should be devoted to the implementation of a viscous torque
inside the disk. This approach will validate the knowledge
on complex angular momentum transport by both magnetic
and viscous torques (Casse & Ferreira 2000a; Ogilvie &
Livio 2001) combined with jet launching. The second point
is the relevance of the energy equation in this kind of system.

Specifically, it has been demonstrated in a self-similar
framework that the existence of a hot corona located at the
disk surface is relevant to the astrophysical outflow (Casse
& Ferreira 2000b; Garcia et al. 2001). So the use of a full
energy equation is desirable. The simulations presented here
consider a time-dependent resistivity (through the value of
the Alfvén speed in the disk). This could be of great interest
for scenarios looking at time-dependent disk models
launching jets, in particular for microquasars (Tagger &
Pellat 1999; Nayakshin et al. 2000). Indeed, a suitable pre-
scription of the transport coefficients could be able to pro-
duce structures where a periodic jet launching occurs.
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