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Abstract. The evolution of an initially stellar dipole type mag-1. Introduction

netosphere interacting with an accretion disk is inveStigatg\dstellardi ole tvpe maanetic field surrounded by an accretion
numerically using the ideal MHD ZEUS-3D code in the 2D- P yp 9 y

axisymmetry option. Depending mainly on the magnetic ﬁep'sk is the common model scenario for a variety of astrophysical
’ Q jects. Examples are the classical T Tauri stars, magnetic white

rength, our simulations may | veral th n f K 2 : . . 2
S.t engt L OUr S u'ato s may astse cra t ousa ds o epd?/varfs (in cataclysmic variables) and neutron stars (in high mass
rian periods of the inner disk. A Keplerian disk is assumed aga

o - . . ray binaries). Part of these sources exhibit Doppler shifted
boundary condition prescribing a mass inflow into the COrONgmission lines indicating wind motion. Highly collimated jets
Additionally, a stellar wind from a rotating central star is pre- Y - nighly J

scribed. We compute the innermost region around the stell Ve been observed from young stellar objects and X-ray bina-

et apobinganon-smahed gravionlptental 1% 4108 50k astperoc ctatons (970 e oberied
Our major resultisthatthe initially dipole type field develop 9 » mag 9 play 9

into a spherically radial outflow pattern with two main compo?-‘or the jet acceleration and collimation (Blandiord & Payne

nents, a disk wind and a stellar wind component. These Coﬁgii ,:P;:;ttztill\lloggsn 1965 Camenzind 1960; Shu et &l
ponents evolve into a quasi-stationary final state. The poloidal™_’ ' )

field lines follow a conical distribution. As a consequence of ths%elgfﬁgtlz,;ii Vgira(ljlpeam;Stgzgfiggr\:\‘j’i't?]e: rc]i?fftLTseivE:avglcuéer?igr: a
initial dipole, the field direction in the stellar wind is opposit 9 P

e ; : )
. : . . disk. Hayashi et al. (1996) observed magnetic reconnection and
to that in the disk wind. The half opening angle of the Ste"%e evolution of X-ray flares during the first rotational periods.

wind cone varies fron30° to 55° depending on the ratio of the . ;
mass flow rates of disk wind and stellar wind. The maximu |!Ier & Stone (.199.7) Gopdson etal. (;997) .|ncluded the evo-
ut.;on of the (diffusive) disk structure in their calculation. In

Zli[;ieggifutshe outflow is about the Keplerian speed at the Inrt]ﬁese papers a collapse of the inner disk is indicated depending

An expanding bubble of hot, low density gas together withh the magnetic field strength and distribution. The inward ac-

the winding-up process due to differential rotation between s%{ret'on flow develops a shock near the star. The stream becomes

. ; R ' - deflected resulting in a high-speed flow in axial direction.
and disk disrupts the initial dipole type field structure. An axial
jet forms during the first tens of disk/star rotations, howeve The results of Goodson et al. (1997, 1999) and Goodson

this feature does not survive on the very long time scale. ngleg (1999) are espeQaIIy |'nterest|ng since cpmbmmg a
: . o . : .~ huge spatial scale (2 AU) with a high spatial resolution near the
neutral field line divides the stellar wind from the disk wind. S
. . : e otar 0.1R). However, to our understanding itis not clear, how
Depending on the numerical resolution, small plasmoids [1% initial condition (a standard-viscosity disk) is really de
ejected in irregular time intervals along this field line. Within y y

cone of15° along the axis the formation of small knots can béilto\g?gr']:ﬁ?ﬁ Iirscso:ig ;Vgtgstutth?en;’rggﬁ?fg: \r:;zczselglc': iﬁf?gl]\ﬁly
observed if only a weak stellar wind is present. y 9 Y-

With the chosen mass flow rates and field strength we 'gée assumption of constant diffusivity cannot really reflect the

L Lo hal w0 component model of disk and coronal out flow.
almost no indication for a flow self-collimation. This is due Time-dependent simulations lasting onlv a short time scale
to the small net poloidal electric current in the (reversed fielg)e b g only

magnetosphere which is in difference to typical jet models. pend strongly on the initial condition and the calcu_latlon of
the evolution of such a magnetosphere om@ny rotational

Key words: Magnetohydrodynamics (MHD) — accretion aCperiods is an essential step. In particular, this is an important
y ) g y y ’ oint if the initial condition is not in equilibrium. In summary,

retion disks — ISM: jets an tflows — stars: magnetic fields — . : . ]
cre 0_ disks — 1S Jes.a dou 'OWS — Stars. magnetic eds\r/)ve note that all calculations including the treatment of the disk
stars: mass-loss — stars: pre-main sequence

structure could be performed only for a few Keplerian periods
of the inner disk (and a fraction of that for the outer disk).
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At this point, we emphasize that the observed kinematfeB ~Vx(wxB)=0 )
time scale of protostellar jets can be as largd @s-10* yrs, Ot ’
corresponding t& x 105 x 10° stellar rotational periods (andvy . B — 0, (3)

for the HH30 jet (Burrows et al. 1996) give a knot velocity 0;9 gv
about100-300kms~! and a knot production rate of about 0.4 ot

knot per year. Assuming a similar jet velocity along the wholghere B is the magnetic fieldy the velocity,p the gas density,
jet extending along 0.25 pc (Lopez et al. 1995), the kinemati€the gas pressurg,= V x B/4r the electric current density.

age is about 1000 yrs. . _ _ ~and® the gravitational potential. We assume a polytropic ideal
A different approach for the simulation of magnetized windgas p — K57 with a polytropic indexy = 5/3. Similar to

from accretion disks considers the accretion disk ‘only’ as@pg7. we have introduced a turbulent magnetic pressure due
boundary conditiorfor the mass inflow into the corona. Sincgy alfvén waves,Py = P/Br, wherefr is assumed to be

the disk structure itself is not treated, such simulations may 13glnstant. OP97 considered the turbulent magnetic pressure in
over hundreds of Keplerian periods. This idea was first appligeyer to support the cold corona of e.g. young stellar accretion
by Ustyugova et al. (1995). Extending this work, Romanova gfsks for a given gas pressure. Clearly, the assumption of a

al. (1997) found a stationary final state of a slowly coIIimatinonstaan is motivated by the reason of simplification. Using

disk wind in the case of a split-monopole initial field structurgimensionless variables, = r/r;, 2’ = 2/z, v' = /v,

after 100 Keplerian periods. Ouyed & Pudritz (1997, hereaftgr — triJvi, p = p/pi, P' = P/P,, B' = B/B;, ¥ =
OP97) presented time-dependent simulations of the jet form_aI/m,, where the index refers to parameter values

tion from a Keplerian disk. For a certain (already collimating}; the inner disk radius;, the normalized equation of motion
initial magnetic field distribution, a stationary state of the j&yentually being solved with the code is

flow was obtained after about 400 Keplerian periods of the in- | ., , L ,
ner disk with an increased degree of collimation. In a recelil” (/. V') ¢/ = 2j'x B V(P +P) Ve . (5)
extension of their work both groups were considering the influ2t’ 0 B p' i p'

ence of the grid’s shape on the degree of collimation (Ustyugovge coefficientsd; = 87 P;/B2 andd; = pv% ,/P; with the

etal. 1999) and the effect of the mass flow rate (Ouyed&Pudrigeplerian speed ; = \/W correspond to the plasma

1999). Ouyed & Pudritz (2000) investigate the problem of J'Gf)teta and the Mach number of the rotating gas. For a ‘cold’

stability and magnetic collimation extending the axisymmetrl{,‘l)rona withP, > 0, it follows Bz = 1/(6;(y — 1)/v — 1)
A ’ - 7 .

simulations to 3D. In the following we will omit the primes and will discuss only

In this paper, we are essentially interested in the erIUtionr(?érmalized variables if not explicitly declared otherwise.
the ideal MHD magnetosphere and the formation of winds an Note that in our figures the horizontal axis is always the

jetsand notinthe evolution ofthe disk structure itself. Therefore,, i -0 4 the vertical axis is theaxis.
we do not include magnetic diffusivity into our simulations. The

disk acts only as a boundary condition for the corona/jet regian. . L
The winding-up process of poloidal magnetic field due to stroryg 1 "€ Model —numerical realization

differential rotation between the star and the disk would alwaysgeneral, our model represents a system consisting of a central
be present even if a disk diffusivity would have been taken ink®ar and an accretion disk separated by a gap. Star and disk are
account. The disk diffusivity will never be so large that a rigi¢hitially connected by an dipole type magnetosphere. Axisym-
rotation of the magnetosphere in connection with the disk cafetry is assumed. The stellar rotational period can be chosen
be maintained. arbitrarily. The disk is in Keplerian rotation. Disk and star are
In that sense our simulations represent an extension of tgren into account as an inflow boundary condition. It has the

OP97 model, taking additionally into account the central stggvantage that the behavior of the wind flow can be studied
as a boundary condition and a stellar dipole type field as initiadependently from the evolution of the accretion disk.
condition. First results of our simulations were presented in Thjs is an essential point, since the numerical simulation of
Fendt & Elstner (1999, hereafter FE99). Here we give a motige magnetized disk structure represents itself one of the most
detailed discussion together with new results. Movies of odpmplicated and yet unresolved problems of astrophysics. It is
simulations will be provided undéattp://www.aip.detcfendt  therefore unlikely to find a proper disk initial condition which

is in equilibrium. Yet, all MHD disk simulations could be per-
2. Basic equations formed only for a few Keplerian periods (e.g. Hayashi et al.

1996, Miller & Stone 1997; Kudoh et al. 1998). A global solu-
Using the ZEUS-3D MHD code (Stone & Norman 1992a,hjon of the disk-jet evolution does not yet seem to be numerically
Hawley & Stone 1995) in the 2D-axisymmetry option Wgeasiple.

solve the system of time-dependent ideal magnetohydrody- The general disadvantage involved with such a fixed disk

inner disk rotations)! For example, proper motion measurement
T +(v-V)v} +V(P+Pa)+pVE—3jxB=0,(4)

namic equations, (plus star) boundary condition is that the fundamental question
ap of the wind/jet formation evolving out of the accretion disk
Erid (pv) =0, (1) cannot be investigated.
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3.1. Numerical grid and initial condition

e

Prescribing a stable force-equilibrium as initial condition is e&«~
sential for any numerical simulation. Otherwise the simulation
will just reflect the relaxation process of such an unstable (and
therefore arbitrary) initial condition to a state of stability. In
particular this would be important if only few time steps are
computed.

In our model, we assume an initially force-free (and alsq)m__
current-free) magnetic field together with a density stratifica-
tion in hydrostatic equilibrium. Such a configuration will re- .

7 e
main in its initial state if not disturbed by a boundary condition. L ety | ?

o e e o 3/a
The initial density distribution ig(r, z) = (r® + 2%)%/*. The Fig. 1. Numerical model. Active region (white) and boundary region

gravitational point mass is located half a grid element below th&tem). Star, gap and Keplerian disk are prescribed alongitifeow
origin. Due to our choice of cylindrical coordinates we cann@bundary with the stellar radius., inner disk radius; = 1.0, and

treat the stellar surface as a sphere. Alongsth@ightlowerr-  maximum radius..... The numerical grid size &50 x 250. For clari-
boundary we define the ‘stellar surface’ from= 0 tor = r,, fication, the poloidal field lines of the initial dipole type magnetic field
agap fromr = r, tor = r; = 1.0, and the disk fromr = 1.0 are shown as a sketch. The field smoothly continues into the ghost
tor = 1oy (See Fig. 1). ZOnes.

We have chosen an initial field distribution of a force-free,
current-free magnetic dipole, artificially deformed by (i) the ef- . . .
fect of ‘draggingq of an agcretion disk,);nd (i) an ‘oge(rzing’ 0 .z-offset,z% % r./V'2. This offsetavoids un-physically strong

L Do I{1eld strengths close to the stellar surface, but leaves the field
a force-free configuration. Again, we emphasize that such a
rce-freeinitial field is essential in order to apply a hydtatic
corona as initial condition.

=
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)

N

.

N

distribution is calculated using a stationary finite element co
described in Fendt et al. (1995). In this approach, the axisy
metricp-component of the vector potentidl, is computed (as

solution of the well-known Grad-Shafranov equation) using a

numerical grid with twice the resolution of the grid applied ir8.2. The boundary conditions
the ZEUS code. Ouir finite element code allows for a solution

the stationary boundary value problem foty boundary con- ?Le boundary condition for the poloidal magnetic field along

the inflow boundary is fixed to the initial field. The magnetic

dition. Thus, we are able to define any force-free solution ﬁax from the star and disk is conserved. The field along the

initial condition for the simulation. :
With that, from the vector potential the initial field distribu-IOV\l/ﬁ]r di?”Z%iré‘?ﬁjnofﬁ?ﬂfesTﬁ%?j;f’;hft,?évtinﬁg dEgc.)r(rZ).o Tf; t
tion for the time-dependent simulation is derived with respe%? y 9 P

i IS By = p;/r for r > r; with the parameteg; = By ;/B;. No
tothe ZEUS-3D staggered mesh, toroidal field is prescribed at the stellar surface.

Bo(i,5) = 2(Agsijr1 — Agsi)/ (17141 — 755) 5 Hydrodynamic boundary conditions are ‘inflow’ along the
B.(i,j) = — (Apsit1,j — Apsirj) [ (rij (rix1,; — 1)) . (6) r-axis, ‘reflecting’ along the symmetry axis and ‘outflow’ along
Here, the first and second indéand j denote thez- and - the outer boundaries. The inflow parameters into the corona are

direction, respectively. A suitable normalization factor is muP—lEEf'neOl with drg-sie?hto the thrt_ee‘_dl_ﬁeregf _bounrgj ary regions —
tiplied in order to match the field strength defined by the coeffila> 9ap and disk. The matter is ‘injected” into the corona par-

cients3; ands;. With this approach the maximum normalizec!!€! to the poloidal field linesyiy; (r, 0? - ’?WK(T)BP/BP
V. Blis 10~ and|j x B| = 0.01|B] with a densitypin;(r,0) = n; p(r, 0). This defines the normal-

The boundary conditions for the initial magnetic field disi—zed mass flow rate in the disk wind,

tribution calculated with the finite element code are the follow- /rouc ( 1 ) -
D — 271’ . 8

ing. (i) A dipolar field along the stellar surface< r, given Pinj,D Vinj,D A1 = 271 DFiD
as Dirichlet condition; (i) a homogeneous Neumann condition
along the gap between star and disk; (iii) a detached dipolar fi@ldditionally to the disk wind boundary condition, we assume
along the disk (as Dirichlet condition), a wind component also from the stellar surface: r,.. The
1 r2 _ L _s/2 density profile of the stellar wind injection is the same as for the

Ay(r) = (r W) A(r); with A(r) =77, (7)  disk pinj .« (7, 0) = 1ix p(r, 0). In the examples discussed in this

) b . aper, the injection velocity is chosen as constgt, (r,0) =
and (iv) a homogeneous Neumann condition along the ouler ,, - p_ /B, This gives a mass loss rate of the stellar wind
boundaries. This implies a poloidal field inclined to the dis ’mpc’)nent of
surface which would support magneto-centrifugal launching of
a disk wind. The amount of ‘dragging’ can be defined by choos- T 1 1
ing a different functiond(r). The initial field is calculated with */x = 27 /T Pinj,x Vinj,x A1 = 27005 i x <\/7TO B \/ﬁ> )

0

. Ty Tout




C. Fendt & D. Elstner: Long-term evolution of a dipole type magnetosphere interacting with an accretion disk. Il 211

In this caser is the radius of the center of the innermost gridiable 1. The table shows the parameter set varying for the four sim-
element (thex2b(3) value in the ZEUS code staggered meshjation runs S2, S4, L3, L5. Simulation L1 is from FE99. All the
and is therefore biased by the numerical resolution. other parameters remain the samie € 1.0, 8r = 0.03, 6; = 100,
This is motivated partly by numerical reasons and partly by = —1.0, 7+ = 0.5).
the fact thastellar windsare indeed observed. Concerning the - -
first point, the initial setup of a force-free magnetosphere will Kix KD  TMix mp 2  Mp/M,
be distorted within the very first evolutionary steps giving risel - 107 - 100 - -
to Lorentz forces. These forces disturb the initighrostatic 10-° 10% 10° 1 1 05
equilibrium resulting in a mass outflow from the regions above '
the star. As a consequence, this part of the magnetosphere §l 10~ 107° 10° 10° 1 2.8
be depleted of matter, if no additional mass inflow from the sth? 10_1 10_; 200 200 1 18
is present. The small density implies a strong decrease in , 107° 1077 10° 100 1 0.2
numerical time step discontinuing the simulation. * Disk injection velocity profile isv v (r)
On the other hand, an additional mass flow from the stellar

surface is not unlikely. Stellar winds are common among actiyGoid artificial effects during the first time steps until the field
stars, most probably being present also in the systems inv§Siribution has evolved from its initial state.

tigated in this paper. Yet, it is not known whether stellar JetS - g stapility of our initial condition is demonstrated in
originate as disk winds (Pudritz & Norman 1983) or as a stellgfy A 1 showing an overlay of several initial time steps of an

wind (Fendt et al. 1995). Variations of the ‘standard’ protostely s mple simulation without a stellar rotation presented in FE99.
lar MHD jet model usually deal with a two-component outflowe gensity and field distribution in the yet undisturbed regions

(Camenzind 1990; Shu et al. 1994). Model calculations of th@ ety match during the first decades of evolutior:(75).
observed emission line regions also indicate a two-component

structure (Kwan & Tademaru 1995). Therefore, the stellar wind . .
boundary condition seems to be reasonable. 4. Results and discussion

The ratio of the mass flow rates in the two outflow compan the following we discuss the results of four example simula-
nents will definitely influence the jet structure. Therefore, Wgons denoted by S2, S4, L3, L5 (see Table 1). All the simulations
have chosen different values for that ratio in our simulatiofsesented in this paper consider a rotating star at the center. The
(Table 1). Long-term evolution runs over several hundreds &i|lar rotational period is chosen@s = (vx;/R;) = 1, with
rotational periods we have only obtained considering a rathgagnetospheric co-rotation radius located at the inner disk
strong stellar wind flow which stabilizes the region close to thgdius. The evolution of a non-rotating central star is discussed
rotational axis. Since the velocity and density profiles decreagerE99, although it was not possible to perform the simulation
rather fast along the disk, the contributionfy;s from radii 3¢ long as the examples presented here.
larger thanr..,; is negligible. N ~ As a general behavior, the initial dipole type structure of

The electro-motive force boundary condition along the ifihe magnetic field disappears on spatial scales larger than the
flow axis is calculated directly from the prescribed velocity an@ner disk radius and a two component wind struetdra disk
magnetic field distributionf (r) = v(r) x B(r). Note that \ind and a stellar wind — evolves. Our main result is the finding
magnetic field and velocity have to be taken properly from thg 3 quasi-stationaryfinal state of a spherically radial mass
staggered mesh points in order to gfer) as aredge-centered oytflow evolving from the initial dipole type magnetic field on

property. In the case of a stellar rotatigh# 0 for r < r.. the very extended time evolution. For the boundary conditions
applied the calculated flow structure show only few indication
3.3. Numerical tests for collimation.

The general features in the evolution of the system are inde-
Before applying the ZEUS-3D code to our model we performEndent from a variation of the field strength. For strong fields,
various test simulations, in particular a recalculation the OP8yg eyolution is faster. Thus, for simulations which are limited in
2D jet simulations (see Appendix). Our choice of initial densityme due to numerical problems, a decrease in the field strength
distribution is stable with very good accuracy. Following OPQ{ouId not help. Although the numerical life time of the simu-

this was tested by a run without the inflow boundary condiation would be accordingly longer, the result for the final time
tions and magnetic field. Another signature of our proper initigiep will be the same.

magnetohydrostatic condition is the stability of the hydrostatic
initial condition during the simulation itself. ) ) )
Force-freeness of the magnetic field distribution can el- Four simulations of the long-term magnetospheric

tested by calculating thg(r, z) ~ V x B current distribu- evolution — an overview

tion which ideally should vanish as a consequence of the initighe four example simulations basically differ in the mass flow
condition applied. Force-freeness can not fully be satisfied Whefies from disk and star and the size of the physical domain in-

transforming the finite element solution to the ZEUS code initigkstigated (Table 1). All other parametefs= 1.0, §; = 100,
condition, however, an error 6f01 % is acceptable inorderto , — _1.0, », = 0.5, v = 5/3, and the numerical mesh of
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0.007 0.100
Fig.2. Simulation S2 in a box of20 x 20r;. Shown are density (grey scale) and poloidal field lines (contour lines)t foe
0, 10, 20, 30, 50, 100, 200, 300, 500, 1000, 2500 (from left to right and top to bottor). The density at the inner disk radius gs = 1.0.
The legend shows the density limits used for the color coding (which itself uses the inverse density profile). The stellantagiusis:;.

Fig. 3. Simulation S4 in a box of0 x 10 ;. Density and poloidal field lines. Notation equivalent to Fig. 2. Time step9), 10, 40, 400, 600¢;.

250 x 250 grid elements remain the same. The first simulatian possible weak wind solution already by the boundary con-
(solution S2) considers a rectangular box of physical size dfition. The disk wind boundary condition is the same as in
20x20 inner disk radii (Fig. 2, Fig. 5, Fig. 7). The stellar windDP97 and FE99. Due to the relatively large physical size of
mass flow rate is comparatively larg¥, /MD = 2. The stel- the computational domain the stability of the initial condition
lar wind injection velocity is very low in order to not disturbcan be observed for several decades of rotational periods. The
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Fig. 4. High resolution simulation L3 in a box df x 57;. AboveDensity and poloidal field lines. Notation equivalent to FigB&low
Contour plots of the toroidal magnetic field strength. The toroidal field is positive (negative) outside (inside) the neutral line. Time steps are
t =0, 10, 20, 80, 160 (from left to right).

torsional Alfven waves leave the grid after abgut 40. The 4.2.1. Winding-up of the poloidal field
second simulation (solutiof4) considers a rectangular box of - . - .
physical size of 10x10 inner disk radii (Fig. 3, Fig. 5, Fig. 7Thewmdmg-up process of poloidal magnetic field due to differ-

Now the total mass flow is dominated by the disk wind Thgntial rotation between star and disk and the static initial corona
choice of parameters can be directly seen from the sim-ulati'(r)]ﬁjuces a toroidal field (Fig. 4) with a positive sign along field
ines located outside the slowly emerging neutral field line. In-

by comparing the size of axial flow and the ‘bubble e\/Ol\llngide the neutral field lind4 has negative sign. This is in differ-

from the disk flow. Clearly, the disk flow is more prominent. Th nce to OP97 and other simulations assuming a monotoniccall
third (solutionL3) considers a rectangular box of physical siz§. i S 9 y
istributed initial field.

of only 5x5 inner disk radii (Fig. 4, Fig. 6). Similar to solution : , . .
S4, the total mass flow is dominated by the disk wind. This hiqh. _Tor_S|onaI Alfven waves propagate outwards distorting the
nrHt'al field structure. After about = 40 these waves reach the

resolution simulation zooms into the innermost region arou lter boundary (Fig. 2). The region beyond the wave front re-
the star. In particular, the neutral line is clearly resolved. Wa y (F19. 2). 9 Y

finally discuss another exampleX) in which the stellar wind mains completely undisturbed. The region between theahifv

is dominating the disk wind. This simulation perfectly evolve\#vba\./e front and the ﬂO\.N b(.)W sho_(_:k IS adjus_te_d toanew equi-
ibrium and also remains in equilibrium until it is reached by

into final stationary state. For L5 the velocity injection proﬁlt%\he generated outflow ( See the density contour lines close to

is chosen differently from the examples discussed above in ¢ ré disk in Fig. A2 The arev scale densitv blots cannot show
der to increase the disk flow magnetization. All parameter ruf)s 9. Ac. grey yp

show  smiargross behaviorindetng tatour run 52 il °211E) MU, s Afer e TonC e roepete et
lowest resolution is sufficient in order to investigate the ma P

; : . field line structure of the closed loops in Fig. 2 for< 30).
features of the flow evolution. In general, a high stellar wi : . X -
. - he distortion of the force-free field due to propagating Alv
mass loss rate will stabilize the outflow. . L N
waves results in Lorentz forces initiating an axial ‘jet’ feature
close to the axis. As we will see later, this axial jet, however, is
4.2. The first evolutionary stages a transient feature.

During the first stages of the long-term evolution the magne The winding-up of poloidal magnetic field seems to be sim-

t -
spheric structure is characterized by the following mainfeaturé%“r to the effect proposed by Lovelace et al. (1995). However,

Thewinding-upof the dipolar poloidal field, the formation Ofaln'our case, this process is initiated by the differential rotation
neutral field ling atransient axial jeffeature, a two componentbetween. sta_r and.hyd.rostatlc corona. Only later, t.he wound-up
outflow consisting of atellar windand adisk wind toroidal field is maintained by both, differential rotation between

star and disk and the inertia of the outflow.
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4.2.2. A neutral field line dividing stellar and disk field centrifugal acceleration along the inclined dipole type field lines

of the initial magnetic field imotthe acceleration mechanism.

. ) e . ore above the disk also the Lorentz force along the field con-
f!EId I'|ne.of 'var.nshmg' field strength. The .mattgr around th Tibutes to the acceleration (see Sect.4.4.3.). gIl'he inclination
field line is distributed in a layer of low density (Fig. 4). Aroun apgle between field lines (equivalent to the outflow direction)

this layer an expanding ‘bubble’ is formed due to the additiongnd the disk depends on the mass flow rate. For the parameter

magnetic pressure due to toroidal fields which disrupts the 'n't.?nge investigated we see no indication for a disk wind collima-

dipo!ar fi(_ald struqture (Fig. 3). When the bubble has Ief_t the gri ibn because the Lorentz force points away from the axis (see
the field lines which are separated by the the neutral line rem '&ow)
disconnected. This is due to the differential rotation between '
star and disk. The actual appearance of the axial jet and the low

density bubble depends mainly on the mass flow rates from d#sR.5. The stellar wind
and star. The bubble is most prominent in simulation S4 wh

the disk mass flow rate is largest.

The wound-up magnetic field lines stretch forming a neutr

®tfie rotating stellar magnetosphere generates a stellar wind. Due
to the strong magnetic field close to the star the flow starts
sub-Alfvéenic. It is initially magneto-centrifugally driven with a
4.2.3. A transient axial jet feature roughly spherical Alfeén surface located at5r; (L3) or closer

In the beginning of the simulations a jet feature evolves alorqsz’ S4, L5) to the stellar surface. The most dominant flow
g g J p%ttern of the stellar wind is in the part with the widest open-

the rotational axis. Its pattern velocity is abdu vk ; (S2) . . ;
or 0.3 vk ; (L3). Such an axial jet is known as a characteristfcr:]g angle (Fig. 5). Although the Lorentz force points radially

; . . . mwards no collimation is observed because of a strong pres-
result of MHD simulations performed in the recent literatur gp

(Hayashi et al. 1996; Goodson et al. 1997, 1999; Goodsonfgg?vgersafd;g:et} I(:))r?EI?)Cvde”r]?hgﬂ tt?](ee rgiisksv\ll?:j (rlilitesst; e stellar wind
Winglee 1999; Kudoh et al. 1998). It is often claimed that this 9-9)-

feature is connected to the real (protostellar) jets observed on

the AU-scale. Apart from the fact that the spatial dimension adeB. The long-term evolution
velocity do not fit with the observations, we will see that the, long-term evolution of the flows depends critically on the

forrr_1a_t|_on of this featgre Is a result of the ad]qstmer_w_t proces?éoice of inflow boundary conditions into the corona. The to-

th_e |n_|t|ally hydrostatic state to a new Qynam|c equilibrium a I mass flow rate into the corona determines how fast the flow
will disappear on the long-term evolution. will establish a (quasi-)stationary state. The stellar wind - disk

Wi.nding-u_p of the_ initially_forcg—free mag_netic figld by dif- ind mass flow ratio determines (i) the opening angle of the
ferential rotation during the first time steps immediately lea Sitflow, (i) the opening angle of the cone of the neutral line

to a not force-free field configuration. The resuiting magnelignich is the boundary layer between the stellar wind and the

forces accelerate the material of the initially hydrostatic CoronA. \vind. and (iii) the stationarity of the axial flow (see Ta-

forming an axial jet. This process works as long as initially di%ﬁ 2). In general the outflow undergoes a highly time-variable

tributed coronal matter is present at this location. As time devg— turbulent evolution. However. after relaxation of the MHD
?hps ttheiljet fgaéut:e becortr;]es dweqker ?Hd weatI:er. D'Sg tWhmd éjtem from the initial magneto hydrostatic state into the new
€ steflarwind become the dominant flow pattern and (e ax namicalequilibrium, we observe an outflow from disk and

JE’;t ?'es I(_)ijt éfé%;aboﬁb 100 (tF:Ig 2)'. Ir:jqomgans:)rlhm sim- stlar distributed smoothly over the whole hemisphere and mov-
utation ( ), where a stellar wind is absent, the coro predominantly in spherically radial direction.

density along the axis decreases until it is below the numerical |)9 In simulation S2 the flow structure is highly time-variable

critical yalue a_nd the simulation stops. - . over many hundreds of periods. The intermediate region be-
The intermittent character of the axial jet flow is best segl

in th locity struct Fia.5). Th locit : t th ween the two components — stellar wind and disk wind — is
In fthe veloclly struc ure_( '9- )'. € velocily vectors of &y 3 racterized by turbulent motions of very low velocity. But
axial flow are argest during the first time steps. However, aftsto the disk wind seems to be unstable. During the intermedi-

sweeping-out the initial corona, a weak wind flow from th‘a:‘lte time evolution only the flow pattern along thaxis relaxes.
stellar surface succeeds the jet. Compared to the evolution of the stellar wind, the disk wind
needs definitely more time to establish a stationary structure.
4.2.4. The disk wind However, after all these turbulent evolutionary steps, with few
changes in the general appearance of the flow pattern over hun-

_The d'?k_ er_1d accelerates W'.thm tens of grid Qlements fro reds of rotational periodsfter about 2000—-2500 rotations a
its low injection speed to fractions of the Keplerian speed. The

) S . . Uasi-stationary outflow has been establisiozdr the whole
acceleration mechanism is mainly due to the centrifugal for

the disk matt hing th taii h id (Fig. 2). Only the region around the neutral line dividing
on the disk matter reaching the hon-rotating corona, Wnere i), 4q' disk wind and the region along thaxis is sub-
gravitational force is balanced by the pressure and not by a cen

trifugal force as in the disk. The flow is already super Afiic Ject to small spale |'nstab|I|t|es. Interestingly, the flow. along the
gmmetry axis which shows a stable behavior during the in-

duetothe weak dipolarfield strengthinthe disk. Thus, magnefefmediate time evolution, finally becomes unstable. A conical
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Fig. 5. Evolution of the poloidal velocity in the simulations Sefand  F19- 6. Highly time-resolved evolution of simulation L3. Poloidal
S4 (ight). Time steps (frontopto botton). ¢ = 10, 20, 100, 500, 2500 magnetic field linesléff) and density contoursight). Time steps

(S2) andt = 5, 10, 20, 100, 600 (S4). Vectors scale only within each? = 200, 201,202, 203, 204 (from top to bottom).
frame.

cone dividing stellar wind from disk wind has been increased
flow consistent of a knotty structure evolves with a full openingompared to the intermediate time steps. This de-collimation of
angle of30°. At this time the opening angle of the neutral layethe outer flow causes a de-stabilization of the axial flow. In this
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sense, the stellar wind flow is stabilized by the ambient (dislensity at this point. The disk wind has not yet accelerated to
wind) pressure. The formation of knots and instabilities aloriggh velocities. This is due to the wide opening angle of the stel-
the symmetry axis depends on the stellar wind mass flow réaewind cone and the small physical grid size. The flow velocity
(see below). The full opening angle of ‘knot flow" is about89) along the axis abouit.5 vk ;. For solution L5 the ‘asymptotic’
50°. We emphasize that due to the knot size and knot spacisgeed of the stellar wind is low ant vk ;. The velocity profile
these features are not correlated to the observed knots of prigdn general similar to that of solution S4.

stellar jets. It seems more related to QPO’s observed in X-ray The duration of our simulation runs (L3, L5, S2, S4) is not
binaries. The knot velocity is about 10% of the Keplerian speédhited by numerical reasons. They have been terminated when
at the disk inner radius. the flow evolution has reachedjaasistationary state. For sim-

In simulation S4 the quasi-stationary state is reached earligaition S2 this means that after about 2500 rotations the main
after about 200 inner disk rotations according to the smaller bpattern in the flow evolution does not change anymore. In partic-
size (Fig. 3). The region around the neutral field line is resolveithr, the outer part of the wind flow does not vary in time, while
better. We observe the formation of a wavy structure with &mots are still generated along the axis. For simulation S4, after
amplitude 0f0.5 r; and a wavelength of. These ‘waves’ travel 400 time steps most of the flow region is in a stationary state.
outwards and leave the grid. The wave generation is somewBaty the wavy structure along the neutral field line, which is
arbitrary in time. Whereas the region enclosing the neutral lay@so connected to the formation of knots, continuously evolves
first seems to have reached a steady state at abeut00, at and disappears. This structurenista dangerous instability for
t = 600 the wave structure evolves again. This is related the outflow (see also Fig. 7). For solution L3, the simulation has
the evolution along the symmetry axis. Here, in the contrary,la@en terminated when parts of the flow (the outer disk wind
t = 100 the simulation still showed a wavy pattern, whereas #ibw) had reached a stationary state. The inner solution close
t = 600 a smooth steady state has evolved. The flow structucethe axis does not reach such a stationary state. In this case,
att = 400 seems to be completely smooth and stable. Tler intention is to investigate the neutral line with better spatial
long-term evolution shows that this stability is in fact a transiengésolution. Simulation L5 was terminated some time after the
feature as far asthe neutral layer regionis concerned (see belatgtionary state has been reached for the whole outflow.

Simulation L3 shows that the neutral line has a complex
s;ructure. Two current shgaths emerge, one from the stellariﬁ_ A stationary final state: a radial outflow evolved
dius, the other from the inner disk radius (Fig.4). These are from an initiallv diool tosph
o . , i . y dipolar magnetosphere
indicated by the density and poloidal magnetic field ‘islands’
emitted along this field line (Fig. 4, time step 80 and 160). Fig.Bhe main result of our simulations is that the initial dipolar
shows the evolution of the solution L3 with a high time resanagnetosphere evolves into a spherically radial outflow con-
lution At = 1 aftert = 200. At this time the simulation has sisting of two components. Depending on the inflow parameters
not yet evolved into a quasi-stationary state. It can be seen hgnass flow rates, magnetic field strength) our simulations reach
plasmoids are formed and move outwards along the neutral lingjuasi-stationary state. A weak non-stationarity may be present
Most probably, this would be a region of on-going reconnectiatong the neutral field line, which is dividing the stellar wind
processes. A similar behavior was found first by Hayashi #om the disk wind. Also, for a weak stellar wind flow a turbu-
al. (1996) including also magnetic diffusion in their treatmenlent flow pattern may evolve along the axis. Such outflows we
However, the simulation lasted only for one inner disk rotaall quasi-stationaryif the main flow pattern does not change
tional period (with a star at rest). Our long-term simulatiorig time. The disk wind and the outer cone of the stellar wind
show that the formation of such plasmoids will continue. We deach a kind of stationary state, where the density profile and
not believe that the lack of diffusion in our treatment is a seriodield line structure remain almost constant in time.
problem concerning this point because the time scale given by For the S2 solution the half opening angle of stellar wind
the plasmoid velocity is smaller than the time scale given lepne is about5°. This angle remarkably changes during the
magnetic diffusion. flow evolution. During the initial evolutionary decades the tur-

Fig. 5 shows the poloidal velocity vectors of the simulatiorfsulent region between the stellar wind and the disk wind colli-
S2 and S4 at selected time steps (compare to Figs. 3 andmted the stellar wind to a narrower cone. Clearly, such a neutral
The general feature is that the axial jet feature seen in the fiige is a rather unstable situation. Reconnection will most prob-
time steps disappears. The outflow exhibits a two-componely occur which we cannot properly treat with our ideal MHD
structure. Depending on the inflow density profile the ‘asymppproach. Increasing the numerical resolution (simulation L3)
totic’ (i.e. close to the grid boundaries) velocity profile changeshows the emission of plasmoids along the neutral line (see be-
slightly. High velocities (larger than ;) are only observed far low). Fig. 7 shows an overlay of three time steps of solution S2 at
from the axis. For solution S2 we obtain an asymptotic speedtof= 2600, 2650, 2700 clearly indicating the stationary charac-
1.5 vk ; for both components with a velocity profile decreasintgr of disk wind and most parts of the stellar wind together with
across the neutral field line. The flow velocity along the axis ke non-stationary axial flow and the small-scale wave pattern
0.2 vk ;. For solution S4 the asymptotic speed df vy ; forthe along the neutral field line.
stellar wind component and with a velocity profile increasing Inthe case of solution S4 the quasi-stationary state is reached
across the neutral field lin2vk ;. The latter is due to the low earlier after about = 400 (Fig. 3). The comparatively large
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5

Fig. 7. Evolution of simulation S2 (up-
per) and S4 (lower) on the very long
time scale. Shown are overlays of the
poloidal field lines left) and density con-
tours fight). Three time steps are super-
posed,r = 2600, 2650, 2700 (S2) and

Z Z T = 575,600, 625 (S4).

Table 2. Terminal poloidal velocity of the wind components from theS2. The stationarity of solution L5 will be investigated in more

disk vy ik, from the starv; 'S, along the axis, axia1, @and from  detail below.
the gapupza,,, time when stationary state has been reachednd The blobs (or rather tori) generated in simulation S2 move

the inclination angle between disk and neutral layéor the different \yith pattern speed of about 0.1 the Keplerian speegl atheir

simulations. size is about the inner disk radius but depends from the mass
— — _ — flow ratio and the numerical resolution. We emphasize that due
Up.disk  Upsstar  Upaxial  Up.gap fs a to the knot size and time scale of knot formation in our simula-
L1 10 ? ? ? ? ? tion, their connection with the jet knots observed in protostellar
S2 1.0 15 0.2 15 2500 35° jets on the large scale distance of tens of AU is questionable.
S4 15 2.1 0.6 15 400 60° This statement also holds for comparable structures observed in
L3 1.0 1.3 0.2 1.7 ? 50° similar simulations presented in the literature (Ouyed & Pudritz
L5 09 1.0 0.2 3.0 150 35° 1997, Goodson et al. 1997, 1999; Goodson & Winglee 1999).

On the other hand, from the unstable character of the axial
flow together with the lack of collimation we may conclude that
the model configuration investigated in our paper is unlikely to

stellar wind mass flow rate stabilizes the flow along the axsoduce collimated jets. Furthermore, we hypothesize that this
and no turbulent pattern evolves. On the other hand, duebihavior may be the one of the reasons why highly magnetized
the low disk wind mass flow rate the half opening angle star-disk systems—containing magnetic white dwarfs or neutron
the neutral line cone is smaller. It 3° compared td5° for stars — do not have jets.
solution S2. Again, Fig. 7 demonstrates the stationarity of the In general, the maximum terminal poloidal velocity is of
simulation with an overlay of three time steps 575, 600, 625. the order of the Keplerian speed at the disk inner radius (see
In comparison with solution S2 now the whole flow pattern isable 2). The speed is highest along the field lines from the gap
stationary. In particular the region along the axis remains stabiele to the low flow density. The axial flow speed is low. Its
The only time-dependent feature is the neutral line exhibitingw@ass density depends on the injection parameters and could be
slowly variable wave structure. relatively large (S4, L5) orlow (L3, S2), butis generally less than
Increasing (i) the total mass flow rate and (ii) also the stel9% of the density at the inner disk radius. The maximum stellar
lar wind to disk wind mass flow ratio will result in an almostwind speed is reached along field lines with the largest opening
perfectly stationary flow (solution L5; see below). Having a singngle and is above the Keplerian speed at the disk inner radius
ilar mass flow ratio, also the opening angle is similar to solutidfig. 5). The same holds for the maximum disk wind speed.



218 C. Fendt & D. Elstner: Long-term evolution of a dipole type magnetosphere interacting with an accretion disk. Il

However, in this case the maximum speed is reached along tine OP97 field distribution together with a central dipole might
field lines with a foot point at small radius. This is partly duelo the job. Still, the problem would be the very different field
to length of the acceleration distance, partly due to the ramttength of both components, since the dipolar field will de-
rotation of the disk material at small radii. crease by a factor of 10-50 towards the inner disk radius. Thus,
the stellar field is always dominating the numerical simulation.
We defer the treatment of such a completely new numerical
setup to a future paper.
In all our different simulation runs we never observe a signa- Apart from this argument concerning a flow self-collimation
ture of dipolar accretion as it is would be expected from models mention the hypothesis raised by Spruitetal. (1997) claiming
of young stellar jet formation (e.g. Camenzind 1990, Shu et #hat a “poloidal collimation” is responsible for the jet structure.
1994). Instead, a magnetically driven wind develops from tf8uch a poloidal collimation would rely on the magnetic pressure
stellar surface. Note that this strong stellar outfloywesmitted onto the jet flow from the disk magnetic fietditsidethe jet.
but not prescribedy the inflow boundary condition along theTheir condition for poloidal collimation, a disk magnetic field
star, since the inflow velocity is very low. We emphasize thaistribution Bp ~ r—¢ with ¢ < 1.3, is clearly not satisfied
eveninour simulation L1 for a non rotating star (Fendt & Elstném our case of a dipole type field distribution along the disk
1999), where no stellar wind can develop, no dipolar accreti@mhich is conserved from the initial condition because of flux
occurred. Therefore, we believe that it is not the boundary catenservation). For a dynamo generated field in the disk this
dition which prevails the matter from falling from the disk tacondition is satisfied (Rdiger et al. 1995). This holds also for
the star. In fact, dipolar accretion has never been observedtis disk field distribution of OP97. In this sense, our simulations
the literature of numerical MHD simulations considering thare consistent with Spruit et al. (1997), although we do not
star-disk interaction (e.g. Hayashi et al. 1996, Goodson et atgue that our results support their hypothesis that “poloidal
1997, Miller & Stone 1997), but this might also be caused lypllimation” is the main process to produce jets.
the comparatively short time evolution in those simulations. ~ We further note the results of Ustyugova et al. (1999) who
We think that the main reason that hinders the dipolar aglaim that the shape of the numerical box influences the degree
cretion is the choice of the co-rotation radius equal to the inngfrcollimation. A rectangular box extended along the symme-
disk radius. Only disk material orbiting inside the co-rotatiotry axis would lead to an artificial flow collimation, whereas
radius could be accreted along the field lines. a quadratic box simulation (as used in our simulation) did not
It is clear that such an accretion process along convergirggult in a collimated structure. A recent study by Okamoto
field lines is difficult to treat numerically. Certainly, this impor{1999) also has raised strong arguments against a MHD self-
tant topic has to be investigated more deeply. We defer this toalimation. In particular, he claims thalectric current-closure
future paper. will inhibit a self-collimation, a point which is not always con-
sidered in MHD jet models. Current-closure, however, is satis-
fied in our model due to the reversed dipole type initial field.
Nevertheless, strongly collimated astrophysical jet flows are
The quasi-stationary two-component outflow obtained in ogbserved. For the moment we speculate that an increase of the
simulations shows almosito indication for collimation This disk field strengtiwould probably enhance the degree of col-
seems to be in contradiction to the literature (OP97, Romandiaation. So far we doubt whether an increase of the size of
et al. 1997). However, the non-collimation of the flows cathe computational box will be sufficient, because in our model
be explained following the analysis of Heyvaerts & Normathe field distribution and mass flow rate decrease strongly with
(1989). They have shown that only jets carrying a net poloidaldius.
current will collimate to a cylindrical shape. However, in our
case we have an initially dipole type magnetosphere and tr
final state of a spherically radial outflow enclosing a neutral
line with a poloidal magnetic field reversal. The toroidal fieldt is well known from standard MHD theory that an axisymmet-
reversal also implies a reversal of the poloidal current densiig stationary MHD flow is defined by five integrals of motion
with only a weaknetpoloidal current. In such a configuration, along the magnetic flux functiofi(r, z) = 27 [ Bp - dA. Sta-
self-collimation of the flow as obtained by OP97 or Romanov#narity implies the following conserved quantities along the
etal. (1997) cannot be achieved. In both of these publicationfix surface¥: The mass flow rate per flux surfacg¥) =
net poloidal current flows along tleonotoniccallydistributed sign(ve - Bp) pvp/Bp, the iso-rotation parametélp (V) =
field lines. (vy —nBg/p)/r, the total angular momentum density per flux
One might expect to obtain the OP97 results of a collimagurface,L(¥) = r(vy — By/n), and the total energy density
ing jet as a limiting case in the present simulations, just due B{(¥'). Therefore, for a time-dependent axisymmetric simula-
the fact that the inflow boundary condition along the disk is th®n evolving into a stationary state, these functions must be
same as in their setup. However, we think that this is not possiblnstant along the field lines. Fig. 8 demonstrates such a behav-
since the initial field structure and, thus, the flux distribution iior for the example solution L5 for the quantitieé¥),Qr (V)
the lower boundary is completely different. A combination cdind ZL(¥). An overlay of each of these functions with the con-

4.4.1. The question of dipolar accretion

4.4.2. The question of collimation

4.3. The final steady state - application of stationary MHD
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tour plot of the field linesl(r, ) would show that the contoursdemonstrates that in the stationary final state the Lorentz force
are perfectly ‘parallel’. This clearly proves the stationary chais notthe main driving mechanism of the disk material from the
acter of the final state of simulation L5. For comparison, Fig.disk into the corona. It is only at a larger height above the disk
shows the distribution of the poloidal electric current density, thieat the parallel component of the Lorentz force accelerates the
toroidal magnetic field, and the angular velocity of the plasmplasma.

For a stationary solution it is interesting to investigate the As a summary of this section we show in Fig. 9 the final
Lorentz force projected parallel and perpendicular to the fiedthtionary state of the example solution L5 plotted for all four
lines. The poloidal Lorentz force vectors (Fig. 8) show that inemispheres. This figure (and only this onejotated by90°
the region of the highest poloidal velocities, the Lorentz foragith the z-axis in vertical direction. This gives a comparative
is more or less aligned with the field lines. In the region of lolook how the simulation has evolved from the initial dipolar
poloidal velocity the main component of the Lorentz force is pestructure to the spherically radial outflow final state.
pendicular to the field lines. As discussed above (Sect.4.4.2.)
the perpendicular component of the Lorentz force acts coll- Summary
mating inside the neutral layer and de-collimating outside the
neutral layer. We have performed numerical simulations of the evolution of a

Another interesting feature is ttdirection of the parallel stellar dipole type magnetosphere in interaction with a Keple-
component of the Lorentz force (see Fig. 8). Close to the di§Rn accretion disk using the ideal MHD ZEUS-3D code in the
boundary there is a region where this component changes sifisymmetry option. The simulations are lasting over hundreds
and the Lorentz force is therefaeceleratinghe mattet. This  (or even thousands) of rotational periods of the inner disk. The

central star is rotating with a co-rotation radius chosen as the
1 n Fig. 8, this region is only one vector element wide. However, @isk inner radius. A smooth mass inflow is prescribed into the
better resolution shows that this region extends to abestl along corona which is initially in hydrostatic equilibrium. The initial
the outer disk dipole type magnetic field distribution is force-free. The density
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and velocity profile as well as the magnetic field profile along tf&)
inflow boundary has not been changed during the computation.

@)

)

®3)

4

(®)

0.5000

Fig. 9. Density distribution and poloidal
magnetic field lines of simulation L5 for
initial time step [eft) and for the final sta-
tionary state right) plotted for all four
hemispheres.

There is almost no indication for a flow self-collimation.
The flow structure remains more or less conical. We believe
that the main reason for the lack of collimation is the field
reversal between stellar and disk wind also implying a re-
versal in the poloidal current density. Thus, the net poloidal
current will be weak. This is a major difference to OP97 and
Romanova et al. 1997. However, this result could also inter-
preted in terms of a missing poloidal collimation mechanism
proposed by Spruit et al. (1997).

Our main results are summarized as follows.

The initial dipolar field breaks up by a combined action of
the winding-up process due to differential rotation between
the star and disk and the wind mass loss from star and disk.
‘Stellar’ and ‘disk’ field lines remain disconnected after the
disrupting ‘bubble’ has left the computational grid.

A two-component MHD wind leaves both the disk and th&)
rotating star moving away in radial direction. The two com-
ponents are divided by a neutral field line. The magnetic

No signhature of an accretion stream along a dipolar field
channel towards stellar surface is observed. This may be due
to the fact that the dipolar field has completely disappeared

field direction (both, poloidal and toroidal) is positive out-  or due to our choice of the co-rotation radius.

side the neutral line and negative inside. This field reversal

is a characteristic difference from jet simulations of OP97 Our results are in general applicable to any star-disk system
and Romanova et al. 1997. which is coupled by magnetic fields. One critical aspect may be
Mainly dependent on the wind mass flow rates a stationahat we assume a fixed boundary condition for the magnetic field
or quasi-stationary state evolves after hundreds or thousairdihe disk. However, if the field structure in the corona changes
of inner disk rotations. The disk wind always evolves into as drastically as we have shown, this might influence also the
stationary state. A high stellar wind mass loss rate suppomtagnetic flux distribution in the disk. Butthen, for a proper time-
‘complete stationarity’, i.e. stationarity also for the stelladependent disk boundary condition, the disk structure should
wind component. be treated in a more detailed manner. This however, is beyond
The initial driving mechanism of the disk wind are centrifuthe scope of the present paper. From our results we like to put
gal forces of the rotation matter leaving the disk in verticébrward the following main hypotheses.

direction. At larger heights above the disk, this matter be-

comes magnetically accelerated. The maximum flow spg8yl Star-disk systems are supposed to have a two component
is about the Keplerian velocity at the inner disk radius. The wind/jet structure.

hight speed is observed in the outer layers of the stellar wif®) A strong stellar field (equivalent to a low stellar mass loss
and in the upper layers of the disk wind. rate) leads to instabilities along the rotational axis. A strong
Depending on the stellar wind mass flow rate, knots may and stable jet is unlikely in such objects. This may be one
form along the symmetry axis. The size of these knots is reason why highly magnetized stars with disks like neutron
about the inner disk radius, but also depends weakly on the stars or magnetic white dwarfs dothave jets. A disk field

grid resolution. The knot pattern velocity is about 10% ofthe generated by a turbulent dynamo could be a better candidate
Keplerian speed at the disk inner radius. The full opening for driving the jet.

angle of ‘knot flow' is about 3®o 50°. Concerning theg(10) The current model of magnetized accretion in young stars
knot's size and spacing, it is unlikely that these features are along dipolar field lines from disk to star have to be re-
correlated to the observed knots in protostellar jets, but may considered. The magnetospheric structure often inferred
be connected to QPO’s in X-ray binaries. from stationary models (Camenzind 1990; Shu et al. 1994)
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Fig. A.1.. Numerical test example. Re-calculation of the OP97 jet model. Feéito right: Poloidal magnetic field lines, density contours, and
poloidal velocity vectors at = 100, calculated with3; = 0.28. The location of the shock front is the same for all three plots (in difference to
OP97).

may completely change if the time-dependent evolution
considered.
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Appendix A: numerical tests

Here, we will discuss numerical test solutions. The first test
example is the recalculation of the OP97 solution of an axisym-

metric jet propagating from a rotating Keplerian disk. Such a°, 5 0 5 ;00
scenario is similar to the one treated in the present paper, how- z
ever, with a parabolic-type initial potential field configuration o 5 10 15 20

and without a central rotating star. Fig. A.1 shows the result of
our simulation at = 100. At this time the jet bow shock has
traveled 52 units along the z-axis. In the long-term evolution,
the location of the magneto-sonic surfaces agrees with the re-
sults of OP97. However, as a (minor) difference we note that !\\\
for our test simulations fitting to the OP97 results the valueo S
for the plasma-beta is smaller by about a factok/@fr com-
pared to OP97. We use the original ZEUS code normalized with
Pyas ~ B?/2 (instead of the usuaP,,s ~ B?/8) (user man- °
ual). Therefore, in order to match the definition of the plasma )
beta as3; = 87 P;/ B2, one must define the field strength prop- , AN J1 10
erly (this gives a factor of/4~ in the field strength). Thus, the  ° ° 10 o “
difference in the3; may be due to a different normalization ap

plied in OP97 (Ouyed 2000, prlvate cor.nmum.catlon).. We haﬁ/erlay of a couple of initial time steps (a& 0, 10, 20, 30, 40, 50).
dedu_ced this factor byomparing bqth S|mulat|0n$_\dd!t|on— Poloidal magnetic field linesdp) and density contour®6tton). Thick
ally, it becomes understandable with the normalization of thges indicate the initial distributions. The solutions perfectly match in
ZEUS code magnetic field. Fg§ = 1.0 in our simulations the the regions not yet disturbed by the inflow boundary condition. The
jet solution is appropriate slower, reaching oaly= 42 after long term evolution of this solution is shown in FE99.

100 time steps Concluding that our recalculation of the OP97

Fig. A.2. Numerical test example. Solution L1 without stellar rotation.

2 This is, by the way, remarkably similar to the location of the shock
front in the velocity plot (Fig. 6) in OP97, which is different from the i
one in their density plot (Fig. 3). However, we note that a -Wrongnnodel was successful, we note however the tiny ‘wave’ pattern
plasma-beta must be visible in the location of the magneto-sonic s@f-our density contours (Fig. A.1). This wave pattern is present
faces. This is not the case. Therefore, we conclude the difference®iy in the hydrodynamic variables, but not in the magnetic
B3; are just due to a different field normalization in the actual codes field. These density variations are less then 10%.
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As a second example for a numerical test, we show an ovEewley J.F., Stone J.M., 1995, Comp. Physics Comm. 89, 127
lay of the density contours and poloidal field lines of six initialayashi M.R., Shibata K., Matsumoto R., 1996, ApJ 468, L37
time steps of the simulation Lheforethe torsional Alfen HeyvaertsJ. Norman C.A., 1989, ApJ 347, 1055
wave has passed the outer (upper) grid boundary. It can be s&¢¢ph T., Matsumoto R., Shibata K., 1998, ApJ 508, 186
that upstream of the bow shock front the magneto-hydrostdfjgan J.. Tademaru E., 1995, ApJ 454, 382

initial condition remains in perfect equilibrium. Thus, forcel__ovgicse;\smzzzjomanovaM.M.,Blsnovatyl-KoganG.S.,1995,MN-

freeness of the initial magnetic field as well as the hydrostaf_igpez R. RagaA., Riera A, Anglada G., Estalella R., 1995, MNRAS
equilibrium is satisfied with good accuracy. Without the inflow 27’4, L19 B B B B '
boundary condition at = 0 the initial equilibrium will remain - ijier K A, Stone J.M., 1997, ApJ 489, 890

unchanged. Okamoto I., 1999, MNRAS 307, 253

Ouyed R., Pudritz R.E., 1997, ApJ 482, 712 (OP97)

Ouyed R., Pudritz R.E., 2000, submitted
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