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Boundary Between Stable and Unstable Regimes of Accretion
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Abstract. We investigated the boundary between stable and unstable regimes of accre-
tion and its dependence on different parameters. Simulations were performed using a
“cubed sphere" code with high grid resolution (244 grid points in the azimuthal direc-
tion), which is twice as high as that used in our earlier studies. We chose a very low
viscosity value, with alpha-parameter =0.02. We observed from the simulations that
the boundary strongly depends on the ratio between magnetospheric radius r,, (where the
magnetic stress in the magnetosphere matches the matter stress in the disk) and corotation
radius r.,; (Where the Keplerian velocity in the disk is equal to the angular velocity of the
star). For a small misalignment angle of the dipole field, ® = 5°, accretion is unstable
if reor /7 > 1.35, and is stable otherwise. In cases of a larger misalignment angle of the
dipole, ® = 20°, instability occurs at slightly larger values, reo /7, > 1.41.

1 Introduction

Magnetospheric accretion occurs in different types of stars, including Classical T Tauri stars (CTTSs)
[1], magnetized cataclysmic variables [2], and accreting millisecond pulsars [3]. Matter can accrete
to magnetized stars in the stable regime, where ordered funnel streams are formed and subsequently
flow to the magnetic poles, or in the unstable regime (see Fig. 1), where matter penetrates through the
magnetosphere in several unstable tongues due to the magnetic Rayleigh-Taylor instability [4—6].

Stars accreting in stable and unstable regimes have different observational properties. In the stable
regime, matter of the funnel streams falls to the star and forms two antipodal hot spots on its surface,
and the expected light-curve is nearly sinusoidal. In the unstable regime, several hot spots form per
rotational period of the inner disk, and the light-curve may look stochastic, with several peaks per
period of rotation [4, 6]. Such stochastic light-curves are also expected to be observed in the spectral
lines, particularly in their red-shifted components [7]. Therefore, it is important to know which stars
are expected to be in the stable or unstable regimes of accretion, and to derive the boundaries between
these two regimes.

The main research objective was to investigate the boundary between stable and unstable regimes
of accretion in simulations with a high grid resolution and at a low viscosity parameter, @ = 0.02, in
the disk.

2 Method

To investigate the boundary between stable and unstable regimes of accretion, we performed multiple
3D MHD (magnetohydrodynamic) simulation runs using a Godunov-type numerical code, written in
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Figure 1. 3D views of accretion through Rayleigh-Taylor instability. Left panel: sample field lines and equatorial
density distribution. Right panel: a 3D top-down view.

a “cubed sphere" coordinate system rotating with the star [8]. Simulations were performed using a
high grid resolution (244 grid points in the azimuthal direction), which is twice as high as that used in
our earlier studies. We considered accretion from an a-disk [9] with a small a-parameter, @ = 0.02.

3 Results

In our simulations we varied the dipole magnetic moment () from u = 0.05 — 3, and the corotation
radius from r.,; = 1.2 — 3 (in dimensionless units). We found that the boundary strongly depends on
the ratio of corotation radius r,, to magnetospheric radius r,. r,, was obtained from the simulations.
We ran simulations for two different misalignment angles of the dipole, ® = 5° and ® = 20°.

For a small misalignment angle of the dipole, ® = 5°, accretion is unstable if r¢o /1, > 1.35, and
is stable otherwise (see Fig. 2, left panel). That is, instability occurs more easily for larger corotation
radii and smaller magnetospheric radii. Alternatively, when r,, approaches r.o, accretion becomes
stable. For example, when we take two cases with the same magnetic moment, u = 2, but two
different corotation radii, r.o; = 2 and r.,, = 3, we find that for the same moment in time the former
case is stable, while the latter case is unstable (see Fig. 3). For a larger misalignment angle, ® = 20°,
instability occurs at slightly larger values, reor/r, > 1.41 (see Fig. 2, right panel). This is probably
due to the fact that at larger misalignment angles the magnetic poles are closer to the accretion disk
plane, which makes funnel stream formation more favorable than the Rayleigh-Taylor instability.
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Figure 2. The boundary between stable and unstable regimes of accretion in the parameter space of r,, and 7,

for two different misalignment angles of the dipole. The units are given in stellar radii. Left panel: the boundary
line for ® = 5°. Right panel: superposition of the ® = 5° boundary line with the ® = 20° data set and line.
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Figure 3. Examples of slices of density distribution in stable and unstable cases for ® = 5°, where dipole moment
p =2 and only r, is varied. Left panels: xy-slice (top) and xz-slice (bottom) show the case of r.,, = 2, where
accretion is stable. Right panels: accretion becomes unstable when r.,, = 3. Here, the units are dimensionless,
with rg, = 0.35.

It should also be noted that not all cases were completely stable or completely unstable during a
single simulation run. We broke these "intermediate" cases up into several stable and unstable parts
at different moments in time, and recorded their corresponding magnetospheric radii.

We compared our simulation results with the analytical criterion for the existence of instability by
Spruit et al. [10]:

d
dr B,

7%;2 = Jeft

aQ\’
> Z(rﬁ) =72 (1

where X is the surface density in the disk; B, is the z-component of the magnetic field; Q is the
angular velocity of the disk; ge = g — Q?r is the effective gravitational acceleration (geg is positive
if the acceleration is radially inwards). In other words, the /B, and g.g terms should increase fast
enough with r to overcome the effects of the shear term of angular velocity, yé, which has a stabilizing
effect on the accretion disk. The majority of our cases for both misalignment angles are consistent
with the Spruit criterion. That is, at the magnetospheric radius (where the unstable perturbations
occur), Y35 > v for the unstable cases, while y3; < yg for the stable cases, which is consistent with
the analytical prediction. See Fig. 4 for an example of the Spruit criterion applied to two cases with
the same dipole magnetic moment, u = 2, but different corotation radii.

Note that these simulations are different from those of [4, 6] in that we used @ = 0.02 in all
simulation runs (which approximately corresponds to constant accretion rate), while in [4, 6] the a-
parameter (and hence the accretion rate) varied. The comparison of our results with previous works
shows that instability occurs more readily when using a finer grid.
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Figure 4. Radial distribution of different parameters in the disk and terms of the Spruit criterion in the vicinity
of r,,. Dipole magnetic moment ¢ = 2 (in dimensionless units). ® = 5°. Accretion is stable for the smaller 7,
Yas < 2 (eft panel), and unstable for the larger reor, vas > v5 (right panel).

4 Summary

The boundary between stable and unstable regimes of accretion strongly depends on the ratio reo /7.
Accretion is slightly more stable for larger misalignment angles ®, with /7, having a slightly
higher value. The results of our simulations are also consistent with the Spruit criterion for instability.
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