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Abstract. We outline recent progress in understanding the accretion of plasma to rotating mag-
netized stars obtained from global axisymmetric (2D) and 3D magnetohydrodynamic (MHD)
simulations in three main areas: (1.) Formation of jets from disk accretion onto rotat-
ing magnetized stars: From simulations where the viscosity and magnetic diffusivity within
the disk are described by alpha models, we find long-lasting conical outflows/jets from the
disk/magnetosphere boundary in both the case where the star is slowly rotating and where it
is rapidly rotating (the “propeller regime”). Most of the mass flux in the outflows is in a hollow
cone but inside this cone there is a low-density high-velocity magnetically dominated flow along
the open polar field lines of the star. The outflows occur under conditions where the poloidal
magnetic flux of the star is bunched up by the accretion disk near the disk/magnetosphere
boundary. Recent simulations show that the conical outflows become well-collimated for ax-
ial distances of < 20 times the inner disk radius. Exploratory 3D simulations show that conical
winds are axisymmetric about the rotational axis (of the star and the disk), even when the dipole
field of the star is significantly misaligned. (2.) Formation of intrinsically one-sided jets
from disk accretion to rotating magnetized stars: There is strong observational evidence
for an asymmetry between the approaching and receding jets from a number of young stars. We
discuss the first MHD simulations of the formation asymmetric or one-sided jets arising from
disk accretion to a rotating star with an asymmetric (dipole plus quadrupole) magnetic field.
(3.) Global axisymmetric and 3D simulations of the magnetorotational instability
(MRI) in disk accretion onto magnetized stars: In the axisymmetric simulations we ob-
serve cases where there is episodic or quasi-periodic burst of accretion similar to that observed in
one X ray source. In 3D MHD simulations of accretion onto stars with tilted dipole fields using
our Godunov-type code based on the “cubed sphere” grid we find that the density distribution
is much less smooth than in the case of the laminar accretion flow described by a—viscosity.
Instead, large turbulent cells dominate the flows and are strongly elongated in the azimuthal
direction.
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Figure 1. Matter flux pv, (background), sample field lines, and poloidal velocity vectors in a
propeller-driven outflow at time 7' = 1400 (rotation periods at the inner disk radius). Sample
numerical values are given for the poloidal v, and total v; velocity, and for the density p for
different parts of the simulation region. Unit density corresponds to py = 4.1 x 107" *gem ™

1. Outflows/jets from the disk-magnetosphere boundary

Outflows and jets are observed from many disk accreting objects ranging from young
stars to systems with white dwarfs, neutron stars, and black holes (e.g., Livio 1997).
In addition to steady outflows there are episodic outbursts associated with periods of
enhanced accretion (e.g., Cabrit et al. 1990). A large body of observations exists for
outflows from young stars at different stages of their evolution, ranging from protostars,
where powerful collimated outflows are observed, to classical T Tauri stars (CTTSs),
where the outflows are weaker and often less collimated (see review by Ray et al. 2007).
Different theoretical models have been proposed to explain the outflows from protostars
and CTTSs (see review by Ferreira, Dougados, & Cabrit 2006). The models include those
where the outflow originates from a radially distributed disk wind (Konigl & Pudritz 2000;
Casse & Keppens 2004) or from the innermost region of the accretion disk (Lovelace, Berk
& Contopoulos 1991). Further, there is the X-wind model (Shu et al. 1994) where most of
the outflow originates from the disk-magnetosphere boundary. The maximum velocities
in the outflows are usually of the order of the Keplerian velocity of the inner region of the
disk. This favors the models where the outflows originate from the inner disk region, or
from the disk-magnetosphere boundary (if the star has a dynamically important magnetic
field).

We have carried out systematic axisymmetric and limited 3D MHD simulations of
outflows/jets from the disk-magnetosphere boundaries of rotating magnetized stars (Ro-
manova et al. 2009). The disk is at a low temperature and is modeled by an alpha viscosity
and a second alpha magnetic diffusivity and a high temperature low-density disk corona.
We found outflows in two main cases: (1) where the star rotates slowly but the poloidal
field lines of the star are bunched at the disk-magnetosphere boundary, and (2) where
the star rotates rapidly in the propeller regime and the condition for bunching is also
satisfied. In both cases, two-component outflows are observed as shown in Figure 1. One
component originates near the disk/magnetosphere boundary and has a narrow-shell
conical shape, and we term it a “conical wind”. The other component is a magnetically
dominated high-velocity low-density wind which flows along the open polar field lines
of the star and it is referred to as the “jet.” The energy and angular momentum fluxes
in the two components are typically comparable. Exploratory 3D simulations show that

https://doi.org/10.1017/51743921311007393 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921311007393

418 M. M. Romanova, R. V. E. Lovelace, G. V. Ustyugova, & A. V. Koldoba

conical winds are axisymmetric about the rotational axis (of the star and the disk), even
when the dipole field of the star is significantly misaligned.

Figure 2 shows the much stronger magnetic collimation found in our recent simulations
for the case of a lower density corona and a significantly larger simulation region (Lii et al.
2010).

2. One-sided outflows/jets from rotating stars with complex
magnetic fields

There is clear evidence, mainly from Hubble Space Telescope (HST) observations, of the
asymmetry between the approaching and receding jets from a number of young stars. The
objects include the jets in HH 30 (Bacciotti et al. 1999), RW Aur (Woitas et al. 2002), TH
28 (Coffey et al. 2004), and LkHa 233 (Pererin & Graham 2007). Specifically, the radial
speed of the approaching jet may differ by a factor of two from that of the receding jet. For
example, for RW Aur the radial redshifted speed is ~ 100 km/s whereas the blueshifted
radial speed is ~ 175 km/s. The mass and momentum fluxes are also significantly different
for the approaching and receding jets in a number of cases. It is possible that the observed
asymmetry of the jets could be due to say differences in the gas densities on the two sides
of the source. However, there is substantial observational evidence that young stars often
have compler magnetic fields consisting of dipole, quadrupole, and higher order poles
possibly misaligned with respect to each other and the rotation axis (e.g., Donati et al.
2008).

We have carried out MHD simulations of the formation of conical winds for the ax-
isymmetric dipole/quadrupole field combinations for cases where the outflows are not
required to be symmetrical about the equatorial plane (Lovelace et al. 2010). The left-
hand panel of Fig. 3 shows the vacuum field and the right-hand panel a sample result
from our simulations.

25

Figure 2. Axisymmetric simulations for a lower coronal density (3 x 1074pdisk) and a larger
simulation region show that the toroidal magnetic field gives strong collimation of the outflow
(Lii et al. 2011).
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3. Global MHD simulations of the MRI driven accretion onto
magnetized stars

It is widely thought that the magnetorotational instability (MRI) in ionized weakly-
magnetized accretion disks gives rise to turbulence which is responsible for the fast out-
ward transport of angular momentum in the disk (Balbus & Hawley 1991, 1998). The
MRI driven accretion has been observed in different simulations, local shearing box mod-
els, global axisymmetric models, and global 3D simulations (e.g., Balbus & Hawley 1998;
Hawley et al. 2001; Beckwith, Hawley, & Krolik 2009). Fortuitously, the MRI turbulence
found in simulations can be described approximately by an Shakura & Sunyaev (1973)
a coefficient of ~ 0.01 — 0.1.

The global axisymmetric and 3D simulations of the MRI turbulence in disks has been
done for the case of accretion disks around black holes and for cases where the initial
magnetic field is inside the disk. However, the situation is different for the case of an
accretion disk around a rotating star with a dynamically important magnetic field, or the
case where the star has an effectively solid surface at which magnetic flux can accumulate
and interact with an incoming MRI-driven flow. The details of such interactions are
unknown and no simulations of such interaction have been done yet.

Long wavelength components (> disk half-thickness) of the MRI instability may be
directly contributing to the observed time variations in some sources. A number of anoma-
lous millisecond pulsars (AMP) show episodic or quasi-periodic flares in the tails of their
bursts. For example, the pulsar SAX J1808.4-3658 shows flaring activity with a quasi-
period of about 1Hz (Patruno et al. 2009).

Recently, we have found interesting variability in axisymmetric simulations of the MRI-
driven accretion onto magnetized star (Romanova et al. 2011a). The simulations show
that the disk-magnetosphere interaction depends on the orientation of the poloidal mag-
netic field inside the disk relative to the direction of the B—field inside the magnetosphere.
This field is much smaller than the azimuthal field, but it determines the character of
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Figure 3. The left-hand panel shows the magnetic field lines ¥(r, z) = const and constant
magnetic pressure lines for the case of an aligned dipole and quadrupole field where the flux
function is ¥ = pgr? /R® + (3/4)pg2r? /R?, where R? = r* + 2% and g is the dipole moment and
g is the quadrupole moment. Roughly, p,/pq is the distance at which dipole and quadrupole
fields are equal. The funnel flow (ff) and the wind in this figure are suggested. The dashed lines
are constant values of B2. The right-hand panel gives snapshot of the outflow in the case
where jiq = 10, iy, = 20 at ¢t = 50 as discussed by Lovelace et al. (2010). The color background
shows the matter flux-density and the lines are the poloidal field lines. The vectors show the
poloidal velocity.

https://doi.org/10.1017/51743921311007393 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921311007393

420 M. M. Romanova, R. V. E. Lovelace, G. V. Ustyugova, & A. V. Koldoba

13.68
9.68
| 875
4.70
3.28
1 229
1.59
1.11
077
= 054

08

06

04

02

0 - 0 ;
500 time 1000 0 500 fjme 1000

Figure 4. The top panels show three moments of time for a flaring episode of accretion for a case
where the seed magnetic field of the disk is parallel to that of the star at the disk-magnetosphere
boundary. The bottom panels show the accretion rate onto the star for cases of parallel (left
panel) and antiparallel (right panel) fields. From Romanova et al. (2011a).

the disk-magnetosphere interaction and variability of the accretion rate onto the star.
Namely, in the case where the poloidal field in the disk is parallel to that of the star, the
matter accumulates for a significant time, then it goes to a funnel flow and accretes to
the star. Fig. 4 shows episodes of plasma accumulation (top left panel), accretion (top
middle panel) and new accumulation (top right panel). The corresponding accretion rate
onto the star is shown in the bottom panel of Fig. 4. The bottom right panel of Fig. 4
shows the opposite case where the poloidal field in the disk is anti-parallel to that of the
star. The smooth light-curve reflects the fact that the field of the star and the disk have
frequent events of reconnection where matter of the disk moves onto the field lines of the
star more easily and the accretion is quasi-steady.

In further recent work we performed 3D MHD simulations of accretion onto stars
with tilted dipole fields (Romanova et al. 2011b) using our Godunov-type code based on
the “cubed sphere” grid (Koldoba et al. 2002). We observed in these simulations that
the density distribution is much less smooth than in the case of the laminar accretion
flow described by a—viscosity. Instead, large turbulent cells dominate the flows and are

Figure 5. 3D MHD simulations of MRI-driven accretion onto a star with a dynamically-im-
portant magnetic field. Left panel: the dipole tilt angle is small, © = 5°. Right panel: © = 30°.
From Romanova et al. (2011b).
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strongly elongated in the azimuthal direction. Fig. 5 shows the full 3D view of the MRI-
driven disks in cases of very low tilt of the dipole (left panel) and high tilt (right panel).
One can see that in the case of a tilted dipole, matter accretes in funnel streams but the
streams are less ordered compared with cases of laminar a—viscosity flow. Also, spiral
paths of the flow are observed and we often see signs of one or two dominant spiral
waves in the disk, and warping of the disk. Simulations were performed for different grid
resolutions of our cubed sphere with the angular resolution varying from 61% up to 912
in each of 6 blocks. In addition, the grid was compressed in the vertical direction which
made the initial vertical resolution of the disk of 110 cells across the disk. We observed
that even at high resolution, large-scale structures are dominant.
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