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ABSTRACT

We describe a three-dimensional, Godunov-type numerical magnetohydrodynamics (MHD) method designed
for studying disk accretion to a rotating magnetized star in the general case where the star’s rotation axis, its
magnetic moment, and the normal to the disk all have different directions. The equations of ideal MHD are
written in a reference frame rotating with the star, with thaxis aligned with the star’s rotation axis. The
numerical method uses a “cubed sphere” coordinate system that has advantages of Cartesian and spherical
coordinate systems but does not have the singular axis of the spherical system. The grid is formed by a sequence
of concentric spheres of radf oc q' , wifh= 1, ... ,N; amd= constant-1 . The grid on the surface of the
sphere consists of six sectors, with the grid on each sector topologically equivalent to the equidistant grid on the
face of a cube. The magnetic field is written as a dipole component plus deviations, and only the deviations are
calculated. Simulation results are discussed for the funnel flows to a star with dipole m@ment at an angle
© = 30 to the star's rotation axi® , which is aligned with the normal to the disk. Results are given for different
grids (N, x N?) from26 x 15? (coarsest) t&0 x 292 (finest). We observe that the qualitative features of the
accretion flows are very similar for the different grids, but the coarser grid is affected by numerical viscosity.
We compare our three-dimensional results @oe= 0 with the axisymmetric (two-dimensional), spherical co-
ordinate system simulations of funnel flows of Romanova et al. Two important new three-dimensional features
are found in these simulations: (1) The funnel flow to the stellar surface is mainly in two streams that approach
the star from opposite directions. (2) In tikez cross section of the flow containing afd , the funnel flow
often takes the longer of the two possible paths along magnetic field lines to the surface of the star. A subsequent
paper will give a detailed description of the method and results on three-dimensional funnel flows at different
inclination angle.

Subject headings: accretion, accretion disks — magnetic fields — MHD — stars: formation —
stars: magnetic fields — stars: neutron

1. INTRODUCTION The method is based on the “cubed sphere” coordinate system
proposed by Sadourny (1972) and discussed by Ronchi, lacono,
& Paolucci (1996). We solve the equations of ideal MHD in

a reference frame rotating with the star using cubed sphere

disk as it approaches the neutron star. The neutron star’s maggﬁ?g'gl"ﬂaségg;j ‘3E%?%E?;{}gynpsear?:}mﬁ;ég ﬁ?rﬂterﬁ;tovx'g]r;ﬁ;
netic dipole axig is not aligned with its rotation afis in the : '

observed pulsating sources. Furthermore, in general Qand than on the surface of the sphere, and furthermore we solve

are not aligned with the normal to the disk. That is, the dipole thiﬁ?rl:]at'fpsnff MHt[i).n is what arid resolutions are n ;
moment is inclined relative to the disk. In some systems, such portant question IS what grid resojutions are necessary

as Her X-1, this inclination is evident from the observations for obtaining valid results for the problem of MHD disk accretion

(e.g., Trumper et al. 1986). Models of magnetohydrodynamic to a rotating star V,‘;ith magnetic moment misaligned with the
(MHD) disk accretion to a rotating star with an aiigned dipole St&r's rotation axis? Because three-dimensional MHD simula-
magnetic field have been discussed by a number of authord!ONS &ré Very time consuming, it is important to find an optimal
(e Ghosh & Lamb 1979; Camenzind 1990:rig 1991: grid resolution. Here we discuss results from simulations for the
Ld\?glace Romanova. & Bisnovat i-Kogan 1995 1999: Os. case Where the star's magnetic moment is inclined at an angle
triker & éhu 1995 Lij ’& Wilson 19%/9_ Koldoba et’al 2062) O = 3( to the star’s rotation axis, which is aligned with the
Analytical investigations of three-dimensional accretion to an normal to the d'S.k' In § 2 we describe our S|m_ulat|0n_ meth_ods.
inclined magnetic rotator were done by Arons & Lea (1976a, In 8§ 3wesummarize resultg ofou_r three-d|m_en3|onal simulations
1976b), Lipunov (1978a, 1978b), Sharlemann (1978), Aly Of funnel flows to a rotating misaligned dipole and compare
(1980) ’Lai (1999), and T,erquem & Papaloizou (2000) How- three-dimensional simulation results for an aligned dipole with
ever, the essential aspects of this problem are three-dimensiond]\! earlier axisymmetric simulation results (Romanova et al.
and are not amenable to an analytic approach. 002). Conclusions of this work are given in § 4.

In this Letter we describe a method developed specifically
for studying MHD accretion to nonaligned magnetic rotators.

There are many X-ray binary systems consisting of a rotating
neutron star with a dipole magnetic field that accretes matter
from the other star. Commonly, the accreting matter forms a

2. SIMULATION METHOD

We consider a rotating magnetized star surrounded by an ac-
* Institute of Mathematical Modeling, Russian Academy of Sciences, Mos- cretion disk and its corona. This problem is difficult to treat
Cogleezpsa?tzgérilf)?s,&z;trlgﬂgj;?/a?osrﬂz.l:(Slr?i)\l/zrrg?y. 410 Space Science Building numerica"y because the magnetic field varies strongly with dis-
Ithaca, NY 14853-6801; romanova@astro.cornell.edu, RVL1@cornell.edu. tance from. the_ StarN(]'/R )’ and it is rap'?”.y \./arymg in .the
s Keldysh Institute of Applied Mathematics, Russian Academy of Sciences, laboratory inertial reference frame. To minimize errors in cal-

Moscow 125047, Russia; ustyugg@spp.keldysh.ru. culating the magnetic force, the magnetic fiBlis decomposed
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into the “main” dipole component of the st&;, and the com-
ponent,B,, induced by currents in the disk and in the corona.
BecauseV x B, = 0 , the magnetic force & x B)/c =

(V x B,) x (B, + B,)/4w, which does not involve the terms
O (B?) (Tanaka 1994; Powell et al. 1999).

Another difficulty in this problem is that the dipole moment
changes with time. It rotates with angular velocty so that
the “main” field B, also changes with time. Consequently, in
the induction equation there is a large term involviBg To
overcome this difficulty we use a coordinate system rotating
with angular velocity? , in which the magnetic moment of the
starp and the “main” field3, do not depend on time.

2.1. MHD Equations in the Rotating Frame

Let @ be the angular velocity of rotation of the star. In the
laboratory (inertial) reference frame, the MHD equations are
Do/Dt + pV -u = 0, pDu/Dt = —Vp + (V X B) X B/dxw + pg,
DSDt = 0, andDB/Dt = (B -V)u — B(V -u). Hereu is the
bulk velocity of the plasm&the specific entropyB the magnetic
field, andD/Dt = a/ot + u -V the convective derivative in the
inertial fram_e' . . . . Fic. 1.—Cubed sphere grid, which consists of six sectors. Fhesector

The relations between the variables in the inertial frame and is omitted in order to show the inner structure of the grid. Grid is inhomo-
the reference frame rotating at r&e  for a given fluid particle geneous in th&r-direction in such a way that the cells are roughly cubical
areu = v+ QxR,B =B, wherev is velocity of plasma in independent oR
the rotating frame. The convective derivatives of scalar variables
f do not changeDf/Dt = df/dt , wherd/dt = o/t + (v-V) is constantthe shape of the volume elements is approximately
the convective derivative in the rotating frame. However, con- cubical independent dR.
vective derivatives of vector variables transform as follows: ~ The present study uses the scalings introduced by Romanova
DF/Dt = dF/dt + Q x F. et al. (2002), where the initial inner radius of the disk and the

Becaus&V - (2 x R) = 0 , the continuity equationds/dt + beginning of the funnel flow (in the aligned, axisymmetric case)
oV -v = 0. In the Euler equation in the rotating frame, there are at a radial distande, . Distances are measured in units of
are two inertial terms added to the right-hand side, the Coriolis Ro, velocities in units ob, = (GM/R,)*? , and time in units of
force and the centrifugal forceydv/dt = —Vp + (V X B) X R, = 27R,/v,. With B, the magnetic field at the surface of the

B/4T + pg + 20v X @ — p@ X (2 X R). In the induction equa-  star, we can define a reference densitypgs= B¥v} and a
tion, B-Vu = (B-V)o+ (B-V)(@XR) = (B-V)v+ Q X reference value for the magnetic moment;as= B,r§ . In
B. Therefore, in the rotating reference frame the induction equa-this study, the dimensionless radius of the numerical star is
tion has the same fornaB/dt = (B - V)v — B(V -v). R.../Ro = 0.35 and the outer radius of the simulation volume

Putting the equations in Eulerian form in the rotating frame, is Rn.,/Ro~ 4.8. We present results for two cubed sphere grids,
one finds that the new terms are the Coriolis and centrifugal one withN; x N? = 50 x 29 cells in each of the six sectors
forces in the Euler equation. The full set of equations is (atotal of~2.5 x 10° cells) and the other witf26 x 15° cells
dpldt +V -(ov) =0, d(pv)ot+V-T = pg+ 200 %X Q— per sector (a total of3.5 x 10* cells). For the first case
o2 X (@ XR), d(pS)lot +V -(pSv) = 0, and 9aB/at = V % g = 1.055 while for the lower resolution casg = 1.11
(v x B), whereT is the stress tensor with componefits=
pdy + pvv, + (B%,/2 — BB,)/4w. We do not include shocks 2.3. Boundary Conditions
in the present work as implied by the entropy conservation

equation. At the inner boundarR = R, (the “numerical star”), we

assume “free” boundary condition®R = 0  for all variables.

22 The Grid This boundary conditic_)n corresponds to absorpti_on of incomin_g

o ) ) ) ~ matter so that there is no standoff shock. This boundary is

As shown in Figure 1, the three-dimensional grid consists treated as a rotating perfect conductbe= Q2 . The flow ve-

of a set of concentric spheres of rafji , wjth= 1, ... ,Nz . |ocity » was corrected in such a way that in the reference frame

The distribution ofR is chosen to be inhomogeneous with rotating with the star it is parallel t8 atR = R,,,, that is,

R = R.q"" whereq = constantandr, is the radius of the B x» = 0 at R,,,. The boundary condition &, on the
numerical star. This choice impliesR/R = q—1 . The grid magnetic field hasi(RB,)/0R = 0 . At the outer boundary

on the surface of the sphere consists of six sectors, with ther = R__ ' free boundary conditions are taken for all variables.
grid on each sector topologically equivalent to the equidistant

grid on the face of a cube. In each sector, the gridtNot N 2 4. Initial Conditions

cells is formed by the arcs of great circles separated by equal

angles. For example, thex sector is formed by the arcs of A star of masdM is located at the origin of the coordinate

great circles going through the and z-axes. system. The initial magnetic field is the tilted dipole field of
This three-dimensional grid gives high spatial resolution close the star,B, = 3(x - R)R/R® — u/R* , wherew is tilted by an

to the star, which is important to our study of accretion to a angle® from the z-axis (which is||®). As initial conditions,

rotating star with dipole magnetic field. Becaua® /R = we set up a low-temperaturd,( ), high-densjty ( ) disk with
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50x29°

Fic. 3.—Three-dimensional view of the funnel flow to a rotating star with
Q parallel to thez-axis and with the dipole momenpt tiltefl = 30° away
from the z-axis in the &, 2)-plane. The grid wadN; x N> = 50 x 29* , and
the flow is shown at = 2.5P, , wherB, is the period of rotation of the disk
atR,. Thick arrow represents the star’s magnetic moment. Red lines represent
magnetic field lines. Yellow spiral line is a streamline. Nested blue and yellow
lines are isodensity lines in th&, (2)-plane. Central sphere represents the star,
which has a radiuR, = 0.3, . The funnel flow close to the star is seen to
be in two streams that approach the star from opposite directions. Density of
the green surface shown ®3%, , wherg is defined in § 2.2.

0 x 0 x

components of vector variables. The finite-difference scheme

Fic. 2.—Results of three-dimensional MHD simulations of disk accretion to )
of Godunov's type has the form

a rotating star with magnetic momemt  tilt€d= 30°  to the rotation &is
Two grids are shownNg x N? = 50 x 29* |¢ft-hand panels) and 26 x 152

(right-hand panels) aftert = 1.5P,, whereP, is the period of rotation of the yrtt—yr
disk atR, . Shading or color represents the density, while the lines are magnetic —V+ 2 SnF, = Q. Q)
field lines. Thex-z cross section is the plane containifig and . They)- At m=1,..,6

plane is the midplane of the disk at large distances from the star. Not&lthat

is the number of grid cells in the radial Qirection, whilex N is the number HerelU = {p, ov, B, pS} is the “vector” of densities of con-
of cells on the surfaces of each of the six sectors of the cubed sphere. served variabIeSFm is the “vector” of flux densities normal to
the face ™’ of the cell, s, is the area of the faa®g, V is the
volume of the cell,Q is the intensity of sources in the cell,
and At is the time step.

To calculate the flux densiti€g, , an approximate Riemann
solver is used, namely, an eight-wave Roe-type approximate
Riemann solver analogous to one described by Powell et al.
(1999). TheF -values are represented as

a high-temperaturel{>> T, ), low-density.( oy ) corona fill-
ing the remainder of the simulation region. The disk rotates
with the same axis as the rotation of the star with angular
velocity close to the Keplerian value~ Q, . The disk extends
inward to a radiu®}, as discussed by Romanova et al. (2002)
for the case of an aligned rotator. At this distance, the ram
pressure of the disk matter is on the order of the magnetic
pressure of the dipolg + pv* = B¥8x . Initially, at any cy-
lindrical radiusr from the rotation axis, we rotate the corona F, =
and the disk at the same angular rate. This avoids a jump

discontinuity of the angular velocity of the plasma at the bound- N
ary between the disk and the corona. Of course this distributionHere 7' andZ” are flux densities normal to the facef the

of w in the corona leads to twisting of the dipole magnetic field cell coming from neighboring cells ang  are numerical co-
lines. However, the twisting is smoothly distributed along the efficients that regulate the accuracy of the method. These are

magnetic field lines, and it does not lead to fast evolution of calculated using values of variables in the cells that are sep-
the disk-corona system. arated by this face), represents the velocities of the waves

in the direction of the normal to the fack, the wave ampli-
tudes, andR , the right-hand eigenvectors for the eight types
of waves,a = (E ,B, +A, =F, =9 (see, e.g., Brio & Wu

All variables are evaluated at the centers of the cells. All 1984; Powell et al. 1999).
vector variables are expressed in terms of their Cartesian com- As a test of our three-dimensional code, spherical Bondi
ponents. Finite-difference equations are written for Cartesianaccretion (Bondi 1952) was simulated for the case of a magnetic

NI

(F+ #) -3 S AR @

2.5. Godunov-type Finite-difference Scheme
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monopole field,B cc 1/R? , with a grid 060 x 11* in each containinge and? ), the funnel flow takes the longer of the two
sector. The simulations show good agreement with the radialpaths along the magnetic field. This we find to be a distinctive
dependence of the Bondi solution and with the predicted ac- effect of the three-dimensional accretion flow to a misaligned
cretion rate. dipole. Figure 3 shows a three-dimensional view of the funnel
flow. Close to the star, the flow is in two streams that approach
3. SIMULATIONS OF FUNNEL FLOWS the star from opposite sides. . . . .
As a test of our code, we did three-dimensional simulations
Here we discuss simulation results for the case where theof accretion to an aligned rotatog (| @ ) and analogous two-
star’'s magnetic moment is inclined at an an@le= 3C° to the dimensional axisymmetric simulations in spherical coordinates
rotation axis? , which is parallel to the normal of the disk. The with the number of cells in the meridional plahg x N, =
magnetic moment of the star and the density of the disk are50 x 29. Results of the two- and three-dimensional simulations
such that the ram pressure of the disk is approximately equalshow qualitatively similar funnel flows at the same elapsed times.
to the magnetic pressure of the dipole at the inner radius of
the diskR, at = 0 . Thus, the funnel flow is expected to start
from about this radius, as observed in our axisymmetric sim-
ulations (Romanova et al. 2002). We rotate the star with angular
velocity Q, = g(GM/R3)*2, whereg = 0.19. The corotation
radius of the star,,, is the distance where the centrifugal force
Q?r equals the gravitational forc&M/r? ; that is,, =
(GM/Q2)Y2 1t follows thatr,,, = R,/g%*= 3R,.
Some information about the three-dimensional MHD flow can
be obtained from the three orthogonal slices, x\re) slice at
y = 0,a(y, 2 slice atx = 0, and anx y) slice atz = 0. Fig-
ure 2 shows these cross sections for different grids. The mos
refined grid used in the present simulations hasx N? =

4. CONCLUSIONS

We developed a new three-dimensional MHD simulation
code for studying the accretion flows to rotating stars with
misaligned dipole magnetic fields. New three-dimensional fea-
tures are found in the simulations of disk accretion to a rotating
star with dipole momeng inclined by an and@eto the star’s
rotation axis. Specifically, in the-z cross section of the flow
containinge and? , the funnel flow takes the longer of the two
C;S)ossible paths along magnetic field lines to the surface of the

tar. Furthermore, the funnel flow to the stellar surface is mainly
in two streams that approach the star from opposite directions.

50 x 292 cells in each of the six sectors of the cubed sphere. A A ; ;
: ) g : subsequent paper will give a detailed analysis of the funnel
The coarsest grid h&§ x 15*  cells in each sector. Linking with ¢\« at((qjiffere?wt Fi)nclinatign angle®. y

a spherical coordinate systdiR, 6, ¢) , we have the correspon-
dence for the number of cellsl; x N, x N, = 6N x N* . We
observed that the slices of the accretion flows are closely similar This work was supported in part by NASA grants NAG 5-
for the different grids. Namely, with decreasing distance, the 9047 and NAG 5-9735 and by NSF grant AST 99-86936.
disk ends and matter starts to flow out of the plane of the disk M. M. R. is grateful to an NSF POWRE grant for partial support.
into the funnel flow at radiR~ 2R, in the-direction and at  A. V. K. and G. V. U. were partially supported by INTAS grant
R = 1.7R, in they-direction. In theX, 2) slice (which isthe plane  01-491 and RFBR grants 00-02-17253 and 00-01-00392.
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