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Funnel flows from protoplanetary disks

M. Kiker and G. Ridiger

Astrophysikalisches Institut Potsdam, An der Sternwatel1482 Potsdam, Germany

Abstract. We study the accretion flow from a protoplanetary disk ontoladri star using
numerical simulations assuming axisymmetry. Startingfie configuration consisting of
an accretion disk, a halo of low density, and a dipolar mdgrfetld rooted in the star
and threading the disk, we evolve the system in time. We findwtfiow in the halo at
intermediate latitudes and a funnel flow from the truncatesk tb the star. The torque
on the stellar surface is variable. The star is spun up orageebut there are episodes of
torqueless accretion and spin-down.
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1. Introduction So far such funnel flows have not been di-

: ] rectly observed. However, recent Doppler im-
ing the rotation of neutron stars a dipolar maging of bright spots around the star’s polar cap
netic field rooted in the star threads the suiStrassmeier et Al._2005) which can be inter-
rounding disk and is wound up by the ropreted as signature of magnetospheric accre-
Keplerian disk, the parts closest to the stayN Lupi and a funnel flow from a numerical
greater distance the rotation period is longey humerical simulations of a star-disk system

than the stellar rotation period. Magnetic couyjith a dipolar magnetic field rooted in the star.
pling of star and disk will therefore lead to an

angular momentum transport from the star to
the outer parts of the disk as well as from th@. Model

inner parts of the disk to the star. For affee- We solve the conservation equations for mass,

tive braking of the stellar rotation the contribu—momentum and gas energy together with the
tion of the outer part must dominate, which fofnduction equation in spherical polar coordi-

a dipolar field is only possible when the inner?1ates assuming axisvmmetry using the code
most part of the disk is disrupted by the Ste”afiescribed in Kguker e%al. (2(3)/03). '?’he force

magnetic field. At the truncation radius the aCg i the momentum equation contains grav-
;:renoc? flow is lifted olrtlof thhe disk plane ?nf'ty, Lorentz force, and (turbulent) viscous
orced to move parallel to the magnetic fie tress, the gas energy equation includes vis-
until it hits the stellar surface at high Iatltudes.Cous and magnetic heating. The equation of
state is that for a perfect gas. We start with a
Send offprint requests to: M. Kitker disk with an accretion raté = 10°8M,/yr
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NMN Lupi outer boundary at low latitudes. At higher lati-
tude it can lose gas through the boundary but is
prevented from accreting. The initial gas den-

/ - v \ sity in the halo isp = pox~2 with x = r/R,
l¢ ; @ ” > : ) andpo = 10" gent?. The initial temperature
: \ / : is constant. With the exception of the immedi-

ate vicinity of the star, which is in co-rotation,

the gas rotates with an angular velocidy =
logtdensiy) ‘ Qox%/2, whereQy is the stellar breakup an-

iio s zo o ino o gular velocity. The magnetic field is a dipole

rooted in the star with a polar field strength of

Fig. 1. Colour contour plot of the initial digkalo 5 kG at the stellar surface.

configuration from the RHD model. Left:= O (start

of the simulation. Rightt = 80

3. Results

The initial phase is mainly characterized by
that is interpolated from 1D models computeghe buildup of the toroidal field caused by the
at the inner and outer radius, respectively, withotational shear between star and disk. While
the RHD code of Kleyi(1989). the original dipole field is force-free, the com-

The simulation box extends in radius frombination of dipole and toroidal field exerts a
the stellar surface to a distance of 20 stelldrorentz force on the gas. After about 100 stel-
radii from the center of the star and in latidar breakup periods the back-reaction of the
tude from the equatorial plane to the axis oforentz force on the gas motion reduces the
rotation. Symmetry (anti-symmetry, where apshear between gas and disk and the toroidal
plicable) is assumed with respect to the equdield energy saturates.
torial plane. The disk is initially truncated at  The middle part of FigurEl 2 shows a snap-
the co-rotation radius. The left part of Figlile Zhot from that saturated regime. The poloidal
shows the initial density distribution as a colofield is mostly contained in a magnetosphere
contour plot. The white lines mark the magwith a radius of 2.5 stellar radii. This magne-
netic field. The star and the surrounding diskosphere is in co-rotation with the star and has
(truncated at the co-rotation radius) are emmo toroidal field. It is supported by the mag-
bedded in a halo. The star itself is excludedetic pressurepmag = B3/4, against the in-
from the domain. Its surface constitutes the irfalling gas. The field configuration shown in
ner boundary. Figurel2 is a "compressed dipole.” Compared

The inner boundary condition allows gas tdo the pure dipole we started with the field lines
leave the computation box but prevents a gdie closer together and the magnetic pressure is
flow from the star into the disk or halo. Forhigher. The stellar dipole has been squeezed by
the magnetic field we require that the radiahe accretion flow, which in turn has been de-
derivatives of toroidal components of both thdlected out of the equatorial plane and turned
magnetic and the electric field vanish. At thénto a funnel flow that hits the stellar surface at
outer boundary we distinguish two regions. Ahigh latitudes.
low latitudes the density and (negative) radial The right part of Fig[R shows the angular
velocity of the start solution are maintainednomentum flux in the immediate vicinity of
and a kepleriaR~3/2 variation is assumed for the star at+200. Two dfects contribute to the
the angular velocity. Above the disk the samangular momentum transport, namely advec-
conditions as at the inner boundary apply ttion by the gas flow (accretion stress), which
the radial and latitudinal velocity componentss always directed inwards, and the Maxwell
and the magnetic field. The angular velocitgtress, which can be directed outwards or in-
is assumed constant with radius (no viscousards. The accretion stress is naturally tied to
stress). The system is fed mass through thiee gas flow. The Maxwell stress, which domi-
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Fig.2. Left: Colour contour plot of the density distribution at tstart of the run. The white lines indicate
the magnetic field. Middle: Zoom into the neighborhood of ¢kee. The colour contours show the density,
the white lines the magnetic field. Right: flux of angular mooen (white arrows) vs. gas density (colour
contours).

nates the total stress in Fg. 2, is maximal at thgending on the stellar rotation rate, mass accre-
boundaries of the funnel flow. In the polar capion rate, and magnetic field strength. A simi-
itis directed outwards while at the interface belar result has been found MMI al.
tween the funnel and the magnetosphere it {8002) for a more generic setup. So far the
directed towards the star. The integral over theimulation times have been too short to reach
stellar surface can be either positive or negatiteue equilibrium or stellar spin-down over a
but is negative most of the time, indicating amprolonged period. Longer simulation times and
inward flow of angular momentum, i.e. spinsolving for the stellar rotation rate together
up. At the time of the snapshot the two torquewith the MHD equations will bring us closer
are roughly balanced and the total torque ot a comprehensive model of stellar braking.
the star vanishes.

The model shows a breakup of the fieldQeferences
lines that initially connect the polar cap of theghosh, P., Lamb, F. K. 1978, ApJ, 223, L83
star with the outer parts of the disk. As theley, W. 1989, A&A, 208, 98
field lines leaving the star at lower and midkiker, M., Henning, Th., Ridiger, G. 2003,
latitudes are confined to the magnetosphereapJ, 589, 397
Only a small part of the disk remains magnetiRomanova, M.M., Ustyugova1 G.V, Ko|d0ba’
cally connected to the star. The magnetic field A v, Lovelace, R.V.E. 2002, ApJ, 578, 420
drives an outflow that leaves the simulation bogtrassmeier, K. G., Rice, J. B., Ritter, A.
at mid-latitudes. Compared to the start model Kiker, M., Hussain, G. A. J., Hubrig, S
the density in the halo is substantially higher up shobbrook, R. 2005, A&A, 440, 1105
to about 45 deg latitude. Our simulations show
that both braking and spin-up are possible, de-
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