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Abstract

We present a second-order Godunov algorithm for multidimensional, ideal MHD. Our algorithm is based on the
unsplit formulation of Colella (J. Comput. Phys. 87, 1990), with all of the primary dependent variables centered at
the same location. To properly represent the divergence-free condition of the magnetic fields, we apply a discrete pro-
jection to the intermediate values of the field at cell faces, and apply a filter to the primary dependent variables at the
end of each time step. We test the method against a suite of linear and nonlinear tests to ascertain accuracy and stability
of the scheme under a variety of conditions. The test suite includes rotated planar linear waves, MHD shock tube prob-
lems, low-beta flux tubes, and a magnetized rotor problem. For all of these cases, we observe that the algorithm is sec-
ond-order accurate for smooth solutions, converges to the correct weak solution for problems involving shocks, and
exhibits no evidence of instability or loss of accuracy due to the possible presence of non-solenoidal fields.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Magnetohydrodynamics; Numerical approximation; Stability and convergence of difference schemes

1. Introduction

In this paper we present a new Godunov method for the equations of multidimensional ideal magneto-
hydrodynamics (MHD). We give results from an implementation of the unsplit, second-order method of
Colella [10] for these equations. The base scheme solves the ideal MHD equations using a second-order
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predictor-corrector formalism. To the base scheme we add three algorithmic components, whose effects
upon accuracy and stability are measured. The first component is a MAC projection [6,19] step, which uses
a Poisson solver to ensure that the cell-edge centered fields used to calculate fluxes are divergence-free to
solver tolerance. This component, though commonplace in the context of incompressible Navier—Stokes
simulation, is new to the MHD community. The second component is an approximate projection [2] that
uses another solution of the Poisson equation to ensure that the cell-centered field is divergence-free to
second-order. The last component is a filter [24] that also acts to suppress monopole sources in the cell-
centered field.

The section that follows covers recent work and some of the schemes used for ideal MHD simulation. It
also introduces methods for enforcing the divergence-free constraint, and introduces some issues surround-
ing multidimensional MHD. Section 3 introduces our basic algorithm and the extensions we have imple-
mented. A suite of linear and nonlinear test problems will be used to determine which of our
algorithmic extensions are best suited to each problem type. These tests and results are covered in Section
4. The overall purpose is to find one combination of these extensions that is well suited to all of the prob-
lems considered. This will be done through comparisons to published results and in some cases to an eight-
wave MHD algorithm we have implemented. We find that a projection step is indeed required for accuracy
and stability of the schemes. For the eight-wave scheme in particular, use of the MAC projection is essential
to obtain correct MHD shock jumps.

2. Background

The study of numerical algorithms for MHD simulations remains an active one, with no one method
having become the standard. Two generic algorithms are the most widely used at present: the method of
characteristics/constrained transport (MOC/CT; common in the astrophysics community) [15,31] and
shock-capturing (Godunov) methods [5,9,11,12,18,29,34,36]. Each has distinct benefits and drawbacks.
Codes implementing the MOC/CT algorithm are relatively simple in design, and satisfy the divergence-free
constraint to machine precision. However, the MOC used by the ZEUS scheme, as outlined in [31], is by
construction second-order on Alfvén and advective waves, but does not address the two compressive waves
of ideal MHD. Moreover, Falle [16] found that ZEUS exhibits spurious rarefaction shocks in certain 1-D
MHD shock tubes for a non-isothermal equation of state. Codes implementing the shock-capturing algo-
rithm on the other hand, while more complex, give highly accurate results even for strong shocks. They
suffer from the drawback that the divergence-free constraint is only satisfied to truncation error, which
can be large in the region of large jumps. In order to treat this difficulty, a variety of techniques have come
into use. One such is the hybrid CT/shock-capturing scheme [5,13,23,30,34], for which the constraint is sat-
isfied by design like in the MOC/CT case. The cost to the accuracy of the underlying shock-capturing
scheme is unclear. Another approach, originally due to Brackbill and Barnes [8] and implemented by work-
ers such as Ryu et al. [29], uses a divergence cleaning step on the cell-centered fields to enforce the con-
straint. In a third approach, Powell and co-workers [18,27] use a eight-wave reformulation of the ideal
MHD equations originally due to Godunov [17]. Téth [34] (hereafter TOO) implements all three types of
schemes, among others, using them as the basis for a comparison on a variety of 1-D and 2-D tests. More
recently, Dedner et al. [14] compare several hyperbolic schemes with additional waves and divergence-
damping terms on the TO0O tests.

The 2-D tests of T0O0 serve to underscore the importance of using multidimensional problems in evalu-
ating different algorithms, since it was mainly in this context that differences between them became appar-
ent. This is to be expected, since errors due to non-solenoidal fields will generally only show up for
problems in two or more dimensions. Many shock-capturing MHD schemes use an operator-split (or
dimensionally split) formalism to treat multidimensional ideal MHD. This means that, for each spatial
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dimension of the scheme, the one dimensional MHD equations are applied once. Unsplit schemes, which
instead use the full multidimensional version of the equations, have been implemented and shown to give
results equivalent to those of split methods for hydrodynamical problems [10]. Unsplit shock-capturing
schemes for multidimensional ideal MHD are relatively new, however. One of our main goals is to
assess the efficacy of different approaches for enforcing the divergence-free constraint in one such unsplit
scheme.

2.1. The divergence-free constraint

Some means must be employed to ensure that the field satisfies the divergence-free constraint, since
this is only guaranteed to within truncation error in shock-capturing schemes. A dramatic example of
even small errors in the divergence-free condition leading to instability is given in Section 4.1. There,
small amplitude, non-propagating waves become unstable unless non-solenoidal fields are smoothed.
This phenomenon can be explained in terms of a modified equation analysis, discussed in Appendix
A. The possibility of incorrect field topologies, incorrect dynamics, and numerical instability motivate
efforts to formulate and understand different means of suppressing non-solenoidal errors in the magnetic
field.

The eight-wave MHD algorithm, as implemented by Powell et al. [18,27] and others, addresses the prob-
lem by adding additional terms corresponding to monopoles to the ideal MHD equations. The resultant
equations are symmetrizable, so that they are Galilean invariant and transport V - B [17]. The additional
terms show up in two ways for shock-capturing schemes. Since they modify the 1-D MHD equations used
for characteristic tracing to include an additional eighth wave that travels at the flow speed, monopoles will
be advected along with the flow. Such monopoles could be carried out of the domain, or they might build
up at a stagnation point. Secondly, the additional terms appear as source terms, making the system non-
conservative if the divergence-free condition is not already satisfied.

Dedner et al. [14] test a scheme that extends the eight-wave concept to damp and advect monopole
sources, even at stagnation points in the flow. This is done through the magnetic analog of an artificial com-
pressibility term, an approach that appeared earlier in the context of the Maxwell equations [24]. To the
extent that the computed auxiliary field remains continuous, the scheme will remain divergence free.
Any monopole sources will be advected at the fastest speed allowed under the Courant condition, and
damped as they are advected. This method is very useful on unstructured grids, where solving the Poisson
equation in order to project out the solenoidal component of the field is difficult.

Divergence cleaning, or Hodge projection, in shock-capturing schemes can address the problem of non-
solenoidal fields in two ways. The most widely discussed [3,8,29,34] involves projection of the cell-centered
field onto the space of divergence-free fields. Projecting in this manner with a centered difference approx-
imation to the divergence is consistent with the underlying cell-centered scheme. One is left with fields at the
advanced time which are divergence-free to machine accuracy. Such a projection has been found to give
correct field topologies in shock tube problems [29]. On the other hand, choosing to eliminate the diver-
gence as measured in one metric does not guarantee that unphysical effects are not entering into the dynam-
ics. An illustrative example from incompressible flow [22] where an analogous constraint on the fluid
velocity, V - ¥ = 0, occurs shows that checkerboard modes in the velocity can cause instabilities when using
a centered difference to approximate the divergence. Such modes must be damped by a suitably chosen filter
in order to regain stability.

Another option for cleaning of non-solenoidal fields is to project the fields at cell-edges, which are then
used to calculate fluxes. In a MAC discretization [6,19], the divergence-free constraint is enforced to within
solver tolerance, which can be set as low as machine precision. We use a multigrid solver to solve the asso-
ciated Poisson equation. The MAC projection has the advantage that it does not affect the conservation
properties of the scheme.
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2.2. Multidimensional MHD

The MHD equations in two or more dimensions are decidedly more complex to solve than in one dimen-
sion. In MHD simulations with variations along the x-axis alone, there is no change in the field along the x-
axis. The divergence-free constraint is therefore trivially satisfied. Obtaining the solution to the Riemann
problem upon which Godunov methods are based is also relatively straightforward in 1-D.

In multiple dimensions, we are solving the full equations of ideal MHD, which in conservation form are

0p + V- (pii) =0, (1)
3,(pit) + V - | piii + P+B—2 1- LB — 0 2)
o putt 8m 4n -

3,(B) + V - [iiB — Bii] =0, (3)
O(pE) +V E4+ Pt B )i (i-B)B| =0 (4)
ne p gns )" an ™ o

subject to the constraint V B=0. Here p is the mass density, pii the momentum density, B the magnetic
field, and pE =1p | il + 4| B +55 —L-P the total energy density. The 0, notation denotes derivatives with
respect to time.

3. Equations and algorithms

In general for hyperbolic conservation laws, the conserved variables U evolve according to
QU+V-F (U) = 0. Our code uses a second-order Godunov-type method for hyperbolic conservation laws
[7]. Such volume-average schemes follow the flux of conserved quantities such as momentum into and out
of each cell comprising the computational domain. Quantities are stored at cell-centers, their value at this
point being the volume-average over the entire cell. During the course of a timestep, the flux of the con-
served quantities at each edge of each cell is computed. Differencing these fluxes gives the update of the
conserved quantity to the next time (see Fig. 1).

More specifically, our code is based on the unsplit MHD algorithm of Colella [10]. It ostensibly tracks
the evolution of the conserved density p, three components of momentum pii, three components of mag-
netic field B, and total energy density pE, in two spatial dimensions. These variables would then be evolved
according to the ideal MHD equations (1)—(4). However, for simplicity and accuracy a set of primitive var-
iables W consisting of the density, velocity, field, and pressure are evolved in time:

W= [puvwB B, B. P|. (5)

We will switch freely between U and W here depending on which is most convenient; the indices will indi-
cate the centering of the variables. Thus i, j will denote cell-centered states, i, j, = forward- and backward-
interpolations to cell-edges, and i +1, and i, j + 1 (Riemann) states at the edges.

The fundamental aspects of our scheme are as follows Given the state 7, at time n and spatlal coor-
dinate (x;, y;), we simultaneously interpolate in space and extrapolate in time to obtain the states W, ji.on
the two x-boundaries of each cell (7, j). The same is done for the states at the y-boundaries, W, oy All this is
done in the nqrmal and transverse predictor steps of the algorithm. Next, the Riemann problem is solved
using the W, .+ states. These Riemann states are used to calculate fluxes at each edge of a cell in the cor-
rector step. The fluxes are then differenced to give the update to the next timestep, W”+1 We go into more
detail on these steps of our scheme in Sections 3.1-3.4.
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The additional parts of our MHD scheme consist of additional terms in the normal predictor step to
ensure correct multidimensional behavior, and several steps that address the divergence-free constraint.

These are also discussed in Sections 3.1-3.4.

3.1. Normal predictor

The predictor computes W, . and W, .+, using a Taylor series expansion:
At . Ax At At U
Wiiie= Wi,ji—axW —A@ W—ana F. (6)

Here the matrlx A is related to the flux F* of the conserved variable U by A = (0yW)(0pF"). We give for-
mulae for W2 i those for Wi .+, being similar. The first three telrms on the right-hand side are computed
in the normal predictor, and we label this intermediate result ¥, We now separate out the evolution of
the normal field B, = B, through the following notation:

l/:kx

w
By

A(JB
0 0

W= , A= (7)

The matrix A corresponds to the usual 1-D MHD equations, with its seven characteristics: forward- and
backward-propagating fast, slow, and Alfvén, plus the advective wave. Second-order accuracy is achieved
in part through the use of characteristic analysis to calculate second-order accurate derivatives 0, /¥ in the
spatial interpolation. This characteristic interpolation is based on calculation of the eigenvalues /; and left-
and right-eigenvectors /; and ry of the matrix A, giving the following expression for the interpolation of the
W variables to cell-edges:

4 n+% >N 1

At
Wi,.i,i,x = Wz‘,j + D) kz;o (:H - Eik> 0T ks (8)

{Min(oco,oﬁ,oc) if afa™ =0,
O = .
0 otherwise,
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1 n
:Elk ( z+1J Wz 1/) (10)
=20 (W, - W), (11)
o =2 (W, — W) (12)

The oy represent the strength of the kth wave in the 1nterpolant The sum over 4, < 0 would correspond to

backward-propagating waves used in the interpolation to Wl ;o and similarly for 1; > 0 and W?jlx

A full accounting for all x-derivative terms in the 2-D MHD equations shows that ap is given by

T
B. B, B i B
_ x y z ) 13
as 74np74npa4np7v7wv 4 ( )

These terms are essential to the second-order accuracy of the scheme, in particular on multidimensional
problems such as waves not propagating along the coordinate axes. They are incorporated into our algo-
rithm through a simple finite differencing of the normal derivative of the normal field. The terms are added
to those already present due to the characteristics-based interpolation:

d n+% k4 n+% At

Wiw=W,., —=as(Z\B)),, (14)

ij,E£x ij,Ex 2

The (@ngj)L ;= (B, i~ (Bo)!, ;)/(2Ax) correction term is the centered-difference approximation to
0,B.. Note that this approximation to the derivative is not limited. The need for such correction terms
in an unsplit scheme for multidimensional MHD was not addressed in C90. It was first noted by Stone

[32] during an examination of the accuracy of an unsplit Godunov scheme on advected flux rings.
3.2. Transverse predictor

The last term in the evolution equation (6) is included via the transverse predictor. The basic idea is to
approximate transverse derivatives (in this case in the y-direction) using a 1-D Godunov method. We take
the states calculated in the normal predictor, 7, j %, and first uselthem to solve the Riemann problem at
each y-boundary in the domain. The resulting Riemann states U 1 are subsequently used to calculate the

fluxes needed for the last term in Eq. (6). In more formal terms -

nt ~ n+% ~ 4t

U,-,_,-j% =% (Wi,.f,+.,y’ Wi«/'jly—«y> ’ (15)
1 n l

P (g, 16
ij+3 ij+3

Here Z(-,-) denotes the Riemann problem solution using the two states on either side of an edge as in-
put; see Section 3.4. It is then a straightforward matter to use these fluxes to calculate a finite-difference
approximation to 0,F”, and thereby complete the calculation of the edge-centered states.

3.3. Corrector

The corrector first calculates fluxes at all cell-edges using another Rlemann problem solver. At this stage,
we have the first-order accurate approximation to the interpolated states Wl ;4. from the predrctor in hand
The Riemann solver takes these states and returns a single state for each cell-edge, U" : and U . For
instance,
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n+ Vl+ n+4
vl =W WM{L,_,X). (17)
The formula for U 1 is similar. See Section 3.4 for more details on the Riemann problem solution.
The states at cell- edges are not guaranteed to be divergence-free. We modify the C90 algorithm to enforce
the divergence-free condition for the Riemann problem states. These Riemann states have a non-solenoidal
component that we treat through a MAC rOJlectlon earlier used in the context of incompressible fluid com-
putations [6]. The edge- centered fields ( ) Iy, and (B ( )";rfl are used to calculate a cell-centered monopole
charge density ¢, = V - B', and a Poisson solver is in turn used to find the scalar field ¢ implied by this
monopole charge density dlstrlbutlon. The scalar field satisfies the following relations, in which & corre-
spond to the forward- and backward-difference approximations to the derivative £, and similarly for 9=

(qM)i,j = 9;(3;)1#1 + 9 (B )U‘%v (18)
79, + 2,9, |61, = (aw),, (19)
The correction to the field is calculated from ¢ as follows:

(B )1+ J (Bt)l+zj ‘@;¢i,j’ (20)
* 1 0 a0 21

By = By =5 | 9001, + 90, (1)
. 1 ‘

(B )1 /+,, (Bx)1j+% - z [‘@2¢i,j+l + "@)(()d)lj} 9 (22)

(By)i,ﬁ% = (B;)z:j% - @:rqsu (23)

With this correction to the magnetic field of the Riemann states, the L' norm of the MAC monopole
density is reduced from its initial value by a user-settable multiplicative factor, in our case 10~ 2.

The algorithm now proceeds to calculate the fluxes associated with the Riemann states. These fluxes are
then differenced to give the update to the next time U l";rl

JH% _rx n+%
F;%,j_ =F (UH%‘/)’ (24)
Ut = U, - Af@;ﬂ‘"ﬁ — Mg P (25)
After the update to "', we are left with a cell-centered field B ¥ o that is no longer divergence-free by a

centered-difference dlvergence metric. To what extent, if any, this is a problem depends on the physical
problem being considered, and will be addressed later.

For those cases where a reduction of the divergence is required, two algorithmic extensions have been
implemented. The first follows from noting that it is desirable to have a diffusive term of the form (see
[24,14)):

o(V - B)
ot
act on the divergence of B. This may be rewritten to eliminate a spatial derivative by pulling out a diver-
gence operator, giving
0B o

=V (V- B) (26)
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A simple, single-step filter may be derived [26] as a finite-difference approximation of Eq. (27):
B, := B, +nA(Z 9B, + 9,9B,), (28)

By := B, +nA (DD )B. + T, B,). (29)

The advantage of this choice of discretization of Eq. (27) lies in its effective damping of checkerboard
modes; see [28] for analysis and comparison of different filtering schemes.

In order to choose a value for n we use Fourier stability analysis, giving a stability condition for the
scheme in Egs. (28) and (29) of At < % Since At is set by the Courant condition, we are able to derive
a condition on #, giving the maximum amount of diffusion of the monopole sources possible, given our
timestep and grid spacing:

(Ax)*

At
with C < % A stronger condition, C < %, will always damp monopole modes. This formulation will both
decrease the cell-centered divergence and damp checkerboard modes. The filtering is always used when
an approximate projection is performed.

The numerical effect of the filter can be modified through the parameter C. We found, through the non-
linear tests outlined in Section 4, that values in the range 107>—10"" worked best. We note here that we
chose to apply the filter to the conserved variables U"*!, so that the changed magnetic field causes no
change in the total energy. Any addition (subtraction) of magnetic energy shows up as a decrease (increase)
in the internal energy.

The second means for treating non-solenoidal cell-centered fields is an approximate projection, in which
the cell-centered divergence is used to calculate a monopole charge density ¢y = 923;; + @;)B: Note that
the multigrid Poisson solver uses the finite-difference operator 2%, not 2°%°, for the Laplacian V°. The
resulting solution is not discretely divergence-free, as it would be if we used the operator 2°Z2° [2], but in-
stead second-order accurate. However, the extension of exact solvers to adaptive meshes is extremely com-
plicated [20], whereas the approximate projection used here is straightforward to extend to AMR [25]. We
note moreover that use of a centered-difference measure of divergence leaves unchanged unphysical check-
erboard modes [22,26]. An extensive analysis of approximate projections is given in [1].

The Poisson solver yields the scalar field ¢ satisfying Eq. (19). We differentiate ¢ as follows to give the
corrected field:

n==_C (30)

B:-H _ B;”H—l o 92¢i,ja (31)
By =B — D), . (32)

We find in our tests that an approximate projection does not have a significant impact on the quality of
our results when used in conjunction with a MAC projection. Given the significant computational expense
of using both, we advise against such a scheme.

3.4. Riemann solver

We solve the Riemann problem for ideal MHD using a linearized solver [33]. It employs characteristic
analysis, like that of the normal predictor of Section 3.1, to solve for the states at cell edges. In this case,
eigenvalues /; and eigenvectors /, and r, are calculated using the arithmetic average of the states to the left
and right of the edge. (Call this the base state.) For example, the solution to the Riemann problem at x;

Wl‘ff%, is built from the appropriately directed jumps across waves as follows:

+b
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%(WR— Z Otki"k—‘rWL-i- Z OCki"k>, if |M|< €y

k,).k>0 k,i;‘<0
RP .
W= =Q wh+ S o, if u< —e, (33)
k2 <0
R — ST oy, if u>e,.
k,2%>0

Here |u| is the advective velocity (along é, in this case) of the base state. The constant ¢, is chosen to be
10~ times the largest characteristic speed 1. Note the averaged solution used for small advective speeds.
This ensures that advective velocities on the order of machine precision, whose sign is random, do not cause
asymmetries in the Riemann problem solution. Finally, note that in order to maintain consistency, the lon-
gitudinal component of the magnetic field in the solution (in this case BR") is assigned the value of the lon-
gitudinal magnetic field of the base state, 1 (B; + BY).

For strongly nonlinear problems, it sometimes happens that the CFL condition is not sufficient to keep a
scheme stable. Ordinarily, we use a simple minimum of timesteps implied by the one-dimensional CFL con-
dition. If accelerations are large, velocities can grow such that in one timestep the pressure or density be-
comes negative. In order to dynamically adjust to such situations, we implement a scheme that checks for
negative pressures or densities in the cell-centered states, WZ“, after the corrector step. If one is encoun-
tered, that timestep is restarted with the CFL number lowered by a factor of two from its nominal value,
down to a minimum of one-eighth of the initial CFL number. Once the code has proceeded for several time-
steps without again encountering negative values, the CFL number is raised by a factor of two, eventually
reaching its initial value. In practice, negative values are encountered only rarely, so that the average CFL
number over the course of a run is close to the nominal value. Note that even if the CFL ramps quickly
back up to the nominal value, the timestep is never allowed to increase by more than 10% in one iteration.
In this way, the effect of an increase in CFL number is in fact spread over several iterations. Note that the
average CFL number remains above 0.4 in all tests of Section 4.

4. Numerical tests

In this section, we compare the behavior of the code on a variety of linear and nonlinear problems. Both
seven- and eight-wave MHD codes were used. The code implementing the eight-wave MHD algorithm also
uses a predictor-corrector formalism. The characteristic analysis performed in the predictor steps uses an
eighth wave carrying changes in the normal field at the advection velocity, in addition to the seven waves
of ideal MHD. As a result, in Eq. (7) of Section 3.1, the (2, 2) entry of A is equal to the advective speed u
and not zero. The terms needed for second-order accuracy in ideal MHD (Eq. (13)) are accounted for in
this case, so that ag = 0. The eight-wave algorithm also adds a source term,

T

B, B, B. i-B =
S=- ’H’T;’E’u’v’w’ﬂ (V- B), (34)
to the right-hand side of the MHD equations (1)—(4). The source term is calculated in the transverse pre-
dictor and corrector steps. It is added to the updated states along with the differenced fluxes. We note, how-
ever, that performing a MAC projection guarantees that V - B = 0 for the edge-centered states, and as a
result the source term calculated in the corrector is numerically zero in this case. This implies that only with
a MAC projection is the scheme conservative and satisfies the jump relations. The source term in the trans-
verse predictor, while generally small, is not numerically zero.
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For both MHD implementations, different variations on the base algorithm were tested. In what follows,
codes with conservative filtering are labeled with ‘CF’. An ‘AP’ denotes codes with an approximate projec-
tion; it is always accompanied by conservative filtering, in order to suppress checkerboard modes. Those
codes utilizing a MAC projection are labeled with ‘MAC’. So, for example, a MAC projection code with
filter is labeled ‘MAC + CF".

4.1. Simple linearized MHD waves

We tested the performance of the code on all four varieties (advective, fast, slow, and Alfvén) of linea-
rized MHD waves. These tests comprised waves propagating along x- and y-axes (wavenumbers 7 = (1,0)
and # = (0, 1)), along with waves at slopes of 1:1 (# = (1,1)) and 2:1 (# = (2,1)). The simulation domain
had length L =1 in both dimensions, and the boundaries in all cases were periodic. The Alfvén waves used
po=1,1y =0, By = Bob = \/4mh with unit vector b = (%,\/%), and Py = 1. The perturbation d W is

-0 -

0
0
—ca
0
0
By
0

SW = Bpert SN (1?55), with k = 2nii, (35)

where 7 is the aforementioned vector of integers chosen so as to be consistent with the periodic boundaries.

The Alfvén speed ca = By/+/4mp, = 1.

Fast and slow wave expressions are somewhat more complicated. In this case, b lies at 45° from the unit
wavevector k, all other aspects of the unperturbed state remaining unchanged from the Alfvén case. The
perturbation is

- oy -

V2 [;yfazizy

2
“F/s
CF/s
aig— \/ECIZ:/SB.‘
CF/s

SW = 0 3 pert SIN (1}‘ : z) (36)
(.‘2 702
3B,
A
L‘2 7[12
\/EBOF/LS.—Zﬂx
A
L pod’ _
2 _ 1P (37)
Py’
1 .
Chs = 3 (az +ci Ey/ch + a4> corresponding to fast/slow speeds, (38)
i = (i y) = (39)
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All tests gave results consistent with second order accuracy, although waves at 2:1 showed slightly smal-
ler (>1.8, versus 2.0) rates of convergence in some components. The modifications suggested by Stone were
essential in obtaining second-order convergence for the 1:1 and 2:1 slope tests, increasing the convergence
rates from first- to second-order for waves propagating along the diagonal. An example of the convergence
rates for small amplitude fast waves is given in Table 1.

A more stringent test of the code is to advect the linearized waves so that their profile remains stationary.
In these tests, the background state has a non-zero velocity equal to the wavespeed:

Alfvén: iy = —can, (40)

Fast/slow : iy = —cp/sh. (41)

An analysis of the eigenstructure of MHD shows (Appendix A) that such waves should cause trouble for
the seven-wave MHD codes that do not suppress non-solenoidal fields. Errors generated in this case are not
advected away, causing difficulty in the case that they are not diffused or otherwise dealt with. We find that
the seven-wave MHD algorithm without the application of any projection or filter is unstable for low
amplitude (pert = 10~%) fast waves with 7 at 2:1 slope. The instability starts as a high frequency oscillation
in the field parallel to 7. It grows with time and spreads to the other components, causing a low order of
convergence even at early times. Once the oscillations reach a certain level, the solution becomes unstable.
The oscillations are almost completely absent, and the code stable, using a MAC projection. Adding filter-
ing of the field further reduces the errors. A code including filtering but no MAC projection, and one with
approximate projection and filtering both stabilize the scheme. We conclude that either projection or filter-
ing is essential to stability for this class of problems.

4.2. Decay of linearized MHD waves

The equations of ideal MHD neglect the effects of viscosity and electrical resistivity. Numerical dissipa-
tion, however, can affect the solution in ways that mirror these physical effects. Following Ryu, Jones, and
Frank [29] (hereafter RJIF95), we measure the decay of Alfvén, fast, and slow waves, and use the implied
physical resistivity as a measure of the numerical resistivity of our ideal MHD scheme.

We use exactly the same set-up as RJF95, with Alfvén, fast, and slow waves propagating at a 1:1 slope
and wavelength of /2 times the length of one side of the computational domain. The decay of these waves
was measured by fitting a decaying exponential to a measure of the wave strength,

e=D 1 (8W),, (42)

where (8W),; ;= W, ; — W) is the perturbation in the primitive variables. /; is the left-eigenvector associated
with the mode in question, evaluated at W, the unperturbed state. Fig. 2 shows the dependence of the de-

Table 1
Convergence rates by component for fast waves (dpert = 107°) propagating at 45°, for seven-wave MHD code without and with
corrections suggested by Stone [32]

Component Without correction With correction
o 0.977 2.03
Uy 1.40 2.03
v, 1.15 2.02
B, 1.60 2.01
B, 1.57 2.02
P 0.977 2.03
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cay rate on resolution for runs with number of cells per dimension N = 16, 32, 64, 128, 256, and 512. Com-
parison with Fig. 4 of RJF95 reveals a much smaller decay rate for our unsplit method. Furthermore, we
find that the decay rate varies according to the power law I' << N3, not N2 The former is consistent with
second-order accuracy, since the truncation errors have the following form:

U ‘U
2 3 (A4

—+ C3(Ax)” — + O(AXY). 43

o+ C(Ax) o+ O(AYY) (43)
We see here that the second-order error term is proportional to %’, which is dispersive in nature. The third-
order term is the first error term that is dissipative. As a result, we expect the dissipation to decrease as Ax°,
or N—°. We have no good explanation for the ¢(Ax?) decay law observed in RJF95, aside from the possible
effects of artificial viscosity.

T= Cz(A)C)

4.3. MHD shock tube

The second test is the MHD shock tube problem from Ryu et al. [29]. The solution consists of two fast
shocks, one slow shock, one slow rarefaction, and a contact discontinuity. We have run the problem in two
orientations: (1) with the shock velocity aligned with the x-axis of the computational domain (referred to
below as 1-D), and (2) with this velocity inclined at a 2:1 slope. The latter configuration follows the 2-D
shock tube test case from T00. It was chosen in order to test the multidimensional behavior of the code,
meanwhile ensuring there were no serendipitous cancellations of errors, as might be the case in a 45° in-
clined case. In runs of a 1-D tube at Rs, (i.e. 512 cells per linear dimension) on a domain of size L =1
to a time of ¢ = 0.08, we are able to reproduce the results given in Table VI of Dai and Woodward [11]
(hereafter DW94) with errors of <0.12%. These results are independent of the type of filter used and
whether an approximate projection was performed. Both the seven- and eight-wave codes give exactly
the same result. When combined with an observed first-order convergence rate, they give us great confi-
dence in the performance of both codes on 1-D shock tube problems.

The inclined version of this shock tube problem was run on grids of size 2N x N, with N = 64, 128,
and 256. Unlike in the aligned shock tube, in this case divergence cleaning is required. Since the

I'Le

Fig. 2. Normalized damping rate versus resolution for the decay of Alfvén, fast, and slow modes propagating at a 1:1 slope. The
calculations were done at resolutions of 16 x 16, 32 x 32, etc. up to 512 x 512.
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natural boundary conditions for the problem would be tedious to implement in our multigrid solver,
we chose instead to embed the physical domain within a larger one, four times its size. The data in
the region outside of the original one is filled using the natural symmetry of the problem. The Pois-
son equation is then solved on this enlarged domain, using homogeneous Neumann boundary condi-
tions. We have verified that the field in the original domain is clean to within the tolerances used
previously.

We compared the results from the inclined shock tube with coarsened versions of a Ryg96 1-D shock tube
results by first taking cuts of the data that included all cells lying along a line at 2:1 slope (o = 26.57°). Then,
all velocities and fields in the cut were rotated by —a. A check using the initial conditions showed that such
a cut of the inclined initial conditions matched perfectly with the 1-D shock tube ICs outside of the jump
region. (In the jump region, the inclined ICs were slightly different due to the volume averaging performed
in producing them. This leads the initial jump to be spread over two zones instead of one.) Note that we
chose the grid spacing for the inclined runs to be a factor of v/5 smaller than the 1-D grid spacing, so that
the shock covers the same distance in physical space in a given time. The domain was therefore of length
L =1 in the direction of shock propagation, and the final time ¢ = 0.08, in both the aligned and inclined
shock runs.

Fig. 3 shows results for the inclined shock tube overlaid on the (coarsened) aligned result. They compare
a Rys¢ 1-D run with a N =256 2-D run that has equivalent effective grid spacing. The ideal MHD codes
shown give fractional errors with an L' norm of 3% or less, averaged over all components. Errors in the
normal component of the field are relatively large, however. As illustrated here and by Fig. 11 in TO0O,
shock-capturing codes generally produce unphysical variation in the normal component of the magnetic
field inside the shock transition layer in non-grid-aligned shock tube problems such as this. More generally,
such codes exhibit non-monotonic behavior inside the shock structure, so that Riemann invariants are not
exactly preserved there [35]. Importantly, despite errors in B, inside the jump region, the jump relations are
still satisfied outside of it. This is clearly illustrated in Fig. 4, where we see the normal field for seven- and
eight-wave schemes with filtering. Note in particular that while the eight-wave scheme converges to an an-
swer, it does not give the correct shock structure.

Figs. 6 and 7 show plots of the L' norm of the error versus resolution for the 2-D shock tube runs. We
first note that neither the seven- nor eight-wave base code converges at first order. This is most evident in
the errors in the transverse velocity and transverse field. The same plots indicate filtering alone is not suf-
ficient to produce reasonable convergence rates. A MAC projection step added to either scheme produces
much improved results (label ‘MAC’ in the figures), and the further addition of a filtering step gives first-
order convergence in all components (label ‘MAC + CF’). The use of an approximate projection (labels
‘CF + AP’ and ‘MAC + CF + AP’) produces decreased error in the normal field, indicating a more accurate
solution at given resolution. However, no improvement in the convergence rates or errors in the other five
components is observed. When averaged over all components, the decrease in error observed with an
approximate projection is still noticeable, though less so than indicated by considering the normal field
alone.

While the results for seven- and eight-wave codes with a MAC projection step are very similar, this pic-
ture changes somewhat when the MAC projection is replaced with an approximate projection (label
‘CF + AP’). The seven-wave code gives identical results whether or not a MAC projection is used with
the approximate projection and filter. The eight-wave code still exhibits smaller errors when an approxi-
mate projection is utilized. However, convergence of the errors for the eight-wave code with approximate
projection alone stalls at higher resolution. The reason for this behavior becomes more clear upon closer
inspection of the normal field, plotted in Fig. 5. The normal field converges to an answer that is 0.1% above
the expected value. This error, while masked by the larger errors at the jumps at lower resolution, becomes
significant at higher resolution and consequently hampers convergence. This error is observed to grow
steadily over time.
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Fig. 3. MHD shock tube comparison by component. The 1-D shock tube (line) is used as a basis for comparison with 2-D shock tube runs
with same effective resolution. The jumps in normal field B, are expected, and the size of the jumps is similar to that published in Toth [34].

4.4. Magnetized flux tube

This problem involves a high-field, low gas pressure region bounded on both sides by a high-gas pres-
sure, zero-field region. The physical domain is of length L, = L, =1 on both sides. The base state has
the entire 2-D domain in pressure balance. The boundaries between magnetized and unmagnetized regions
are discontinuous and lie along x = +0.2. In both regions, p = 1, # = 0 and B, = B. = 0 initially. In the mag-
netized region, x €[—0.2,0.2], B, = v/80n and P = 1. Outside of this, B, =0 and P =11. To the back-
ground state is added a sinusoidal perturbation upon the x-velocity whose amplitude is dpere = 0.01 times
the Alfvén speed, and covers the entire domain:
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Fig. 4. Normal field results for MHD shock tube problem. Resolutions from Rg4 to Rsj, are shown. Note the incorrect shock structure
in the eight-wave result.
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Fig. 5. Normal component of the field for eight-wave codes with (bottom) and without (top) a MAC projection step. In these results
for the inclined shock tube, a cut along the shock propagation direction is shown. The eight-wave code with the MAC projection
converges to the correct answer, Bporma = 5. Without the MAC projection, the code converges to an incorrect value for the normal
field, about 0.1% higher than expected.
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Fig. 6. L' norm of error versus resolution (number of cells per dimension) for 2-D MHD shock tube run with variants of the seven-
wave code. The dashed line is a fiducial showing first-order fall-off of errors. Note that some manner of projection step is required for

first-order convergence.

Su = dperica sin (2my) and 8B = 8p = 3P = dv = dw = 0. (44)

The Alfvén speed in this case is ca = By/v/4mp = v/20. The strong discontinuity in the field is expected to
cause problems for algorithms that do not suppress non-solenoidal fields. In particular, at the stagnation
points where the perturbation velocity is zero, truncation errors leading to non-solenoidal fields can build
up and cause numerical schemes to go unstable. This is in fact what we find for base schemes run without a
projection step. Non-solenoidal fields build up at these stagnation points, causing the production of spuri-

ous velocities and triggering numerical instabilities.
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dashed line is a fiducial showing first-order fall-off of errors.

Fig. 8 shows the initial conditions for the flux tube problem. The perturbation plucks the field. After an
initial transient at start-up, the perturbation develops into a standing wave in the magnetized region. The
unmagnetized region sloshes back and forth from one side of the flux tube to the other, owing to the peri-
odic boundary conditions. We expect the initial velocity perturbation to cause standing Alfvénic waves in



R.K. Crockett et al. | Journal of Computational Physics 203 (2005) 422-448 439

the magnetized region and, because of the slightly different oscillation frequencies of the two regions, com-
pressive waves at the boundaries of the tube. The change in the internal energy tracks the compressive
waves. The problem was run to a time ¢ = 6.0, corresponding to about 60 Alfvén crossings of the short
dimension of the tube. This was enough time for the problem to exhibit stable periodic behavior and sub-
sequently evolve for many periods of this oscillation.

In this case, we tested both seven- and eight-wave codes, but only with either a MAC projection and
filter, or an approximate projection and filter. This is justified by the sub-par performance of the other var-
iants on the inclined shock tube problem. These four versions of the code performed almost identically on
this test, as evidenced by Fig. 9. There, we plot global quantities such as kinetic and magnetic energy and L'
norm of the monopole density. Note that the cell-centered divergence of the field is smaller for the approx-
imate projection, though the dynamics remain the same.

P =11.0f P =1.0 P =110
gas

gas gas

0.0 -

=00 | P =100 P

mag

Fig. 8. Grid-aligned (top) and inclined (bottom) flux tube initial conditions. Vectors indicate the perturbation velocity field; it is
constant along lines parallel to the vectors. There are two regions: one magnetized, the other not. The entire domain is initially in total
(magnetic plus thermal) pressure balance. The velocity perturbation at 1% of the Alfvén speed is applied to the entire domain, causing
the tube and surrounding unmagnetized medium to oscillate.
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Fig. 9. Grid-aligned flux tube results at Rs;». We use the L' norm of V - B, plus total energies, to follow the evolution. Energies are
normalized to their initial values. All quantities are plotted in units of the Alfvén crossing time, ¢, = 1/c, = 0.2236. Despite their
different means of suppressing monopoles, the codes performed very similarly on this test.

4.5. Inclined flux tube

A second version of the flux tube problem, in which it is inclined at an angle of 45° with respect to the
original, is better at differentiating between the algorithms. It constitutes a strong test of the robustness and
stability of the codes.
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The size of the domain was L, =L, = V2, and both magnetized and unmagnetized regions have the
same physical extent as in the aligned case. In both regions, we have p =1, # = 0 and B. = 0 initially. In
the magnetized region, B, = —/40m, B, = V40m, and P=1. In the unmagnetized region, P =11 and
B, = B, =0. The perturbation is again applied to the entire domain, and has strength Jper = 0.01:
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Fig. 10. Inclined flux tube results for one eight-wave (8 + MAC + CF) and two seven-wave (7 + AP + CF and 7 + MAC + CF) codes.
The results for the different codes are also labeled with ‘A’, ‘B’, and ‘C’, respectively. Since a MAC projection is not used in
7 + AP + CF (B), no field energy is subtracted and it does not appear in the graph at lower-left. Note the relative size of increases in the
kinetic energy of the codes, with smaller kinetic energies indicating stable oscillations. The eight-wave code with approximate
projection and filter (8 + AP + CF) was run on this problem as well, but became unstable.
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Ou = Opert % sin (ZTt _i/—g y)’ (45)
CA . —X +y

00 = Opert —= Sin | 27 , 46

oy in (255 o

8B =8p=0P=23w=0. (47)

One effect of rotating the flux tube is the addition of a numerical perturbation, or gridding effect. The
volume-averaging required for producing the initial conditions creates a region of intermediate pressure
and field between the fully magnetized and unmagnetized regions. The total pressure in this intermediate
region was kept the same as elsewhere in the domain. The physical extent, and presumably physical effects,
of this transition region become smaller as the resolution is increased. The second effect of our rotation is
that the physical domain was somewhat larger. As mentioned above, this was done in order to keep the
physical width of the magnetized and unmagnetized regions the same as for the aligned flux tube. The result
is a factor of v/2 mismatch between the grid spacing in the aligned and inclined flux tube runs.

We expect many qualitative similarities between the aligned and inclined flux tube results. The charac-
teristics of the start-up transients are somewhat different, due in part to the gridding effects. The slightly
different grid spacing also means that slightly higher resolution is required to obtain comparable results.
Indeed, these tests were run at resolutions ranging by factors of two from Rj,g to Rjg4, a factor of two
higher than for the aligned case.

We again chose to run only those codes that showed close to first-order convergence for the inclined
shock tube on this problem: seven- and eight-wave codes with either MAC projection and filter, or approx-
imate projection and conservative filter. There was very little difference between the two seven-wave codes.
The difference between seven- and eight-wave codes was more noticeable. The eight-wave codes both expe-
rienced large increases in kinetic energy, indicating that the magnetized tube was no longer in equilibrium.
The size of this increase was largest (~10% KE;a1) for the eight-wave code with approximate projection,
which also experienced substantial deviations from energy conservation. The size of these kinetic energy
jumps decreased with resolution.

Fig. 11 shows a resolution study of the inclined flux tube, with global quantities plotted out to ¢ = 1.
(This is about 5 Alfvén crossing times; a shorter time was chosen in order to show more detail. All codes
that were stable to this time were also stable out to ¢ = 6.) The plots include kinetic, internal, and magnetic
energies, all scaled to their initial values. We also show the L' norm of cell-centered measure of the diver-
gence, D° - B, along with the magnetic energy change due to the MAC projection and filtering steps. First,
note that the internal and magnetic energies appear to be converging, while convergence of the kinetic en-
ergy is not so clear. This result can be attributed to the large difference in the size of these quantities; the
initial kinetic energy is ~10° times smaller than the initial internal energy, and ~10* times smaller than
the initial magnetic energy. Thus, small errors in either of these quantities can appear as sizeable changes
in the kinetic energy. We note in particular that increases in the kinetic energy seem to correlate with in-
creases in the fraction of the magnetic energy subtracted in either the filter or the MAC projection.

The expected qualitative similarities between aligned and inclined flux tube results are present, such as
oscillations in kinetic and magnetic energy of similar magnitudes. The size of the oscillations in the L' norm
of v, and v, were also found to be very similar. However, substantial differences are also present. Comparing
Figs. 9 and 10, we note that the transient rise in kinetic energy early in the simulation begins later for the
inclined tube than for the 1-D tube. In fact, the rise begins later and has smaller amplitude as resolution is
increased, a fact that we attribute in part to the decrease in physical extent of the transition region.

As a final test of the nonlinear behavior of the code, we reproduce the first MHD rotor problem outlined
in T0O, earlier performed by Balsara and Spicer [5]. This problem constitutes a central, high-density
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Fig. 11. Inclined flux tube results for 256, 512, and 1024 cells in each direction. These results used the 7-wave MHD code with filtering
and a coefficient of 0.1. The quantities shown are the same as in Fig. 9.

(p = 10.0) region surrounded by a low-density medium. The central region is given a constant angular
velocity. The entire domain is threaded by an initially constant field, B = 5.0&,. The rotation winds the mag-
netic field, sending Alfvén waves propagating into the surrounding medium.

This test was run using both seven-wave codes (MAC + CF and AP + CF) and one eight-wave variant
(MAC + CF). We see no negative pressures in any of the code variants, and obtain first-order convergence
(errors decreasing as the grid spacing to the 0.95 power, as averaged over all variables) using the seven-wave
codes, and the eight-wave code with a MAC projection. A reproduction of Fig. 18 from T00 is given in Fig.
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Fig. 12. Rotor problem results reproducing Fig. 18 from T00. The plot has the same number of contours and these contours lie
between the same limits. A slightly expanded domain was used (x,y € [-0.64, 0.64]) in order to preserve the same grid spacing.

12. Note the steeper gradient in Mach number in comparison to the T0O result; we do not see the peaks
therein attributed to pressure undershoots.

5. Conclusions

We have presented an unsplit method for ideal MHD which, when combined with projection and filter-
ing steps, shows no effects of non-solenoidal fields, while retaining the co-location of all physical quantities
at cell-centers. The latter point is important because such a uniform centering makes it easier to extend the
scheme to adaptive meshes, and has the advantage of using a well-understood Godunov method for time
integration. These are in contrast to the CT approach, where staggered grids add additional software com-
plexity. Furthermore, it is not obvious how to discretize diffusion operators to include non-ideal MHD ef-
fects on staggered grids. Lastly, we add that the effective advection scheme for the magnetic field
components is not of the standard type, and it is unclear what its properties are in the presence of
under-resolved gradients.

The complexity and cost of the scheme relative to others is an important consideration. Our scheme re-
quires three characteristic analysis steps plus twelve Riemann solution steps in 3-D. This is comparable to
the six characteristic analysis and six Riemann solution steps required in a two-step Runge-Kutta scheme.
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The computational cost of projection is not insignificant, and adds additional software complexity. On a
single grid and a single processor, the cost of the projection when computed using FFTs is a small fraction
of the overall cost of the computation (less than 200 floating-point operations per cell in 3D). Current re-
search on analysis-based solvers for Poisson’s equation [21,4] have the potential to make the cost of this
remain less than that of the hyperbolic calculation, on both adaptive grids and on parallel processors.

The Hodge projection of fields either at cell-edges (MAC projection) or cell-centers (in our case via an
approximate projection) was found to be essential to accuracy and stability. The MAC projection was
essential for accuracy of the eight-wave code in the presence of discontinuities. The seven-wave code results
on the inclined shock tube were less sensitive to the type of projection used. The inclined flux tube results
painted essentially the same picture, though the seven-wave MAC projected result was somewhat more
robust.

Use of a filter alone on linear problems reduces computational cost and does not affect accuracy. We find
that both filter and projection are required on strongly nonlinear problems such as the inclined flux tube.
Also essential to the accuracy of the scheme are the modifications suggested by Stone — linear waves not
propagating along coordinate-axis directions are not second-order accurate without it.

We found that in determining the accuracy of our code, both measuring the rate of convergence on non-
linear problems and comparing absolute magnitude of the error were required. Significant differences were
found between the convergence rates even of individual primitive variables. These data can be crucial in
choosing between different algorithmic variants of a base code. We encourage future authors to incorporate
convergence testing, taking care to calculate errors in each variable separately, of simple nonlinear prob-
lems such as the shock tubes run here into their test suites.

Overall the ideal MHD code with a projection, either MAC or approximate, and a filter performed best
on the suite of tests presented. Filtering of the magnetic field was important to code stability in the nonlin-
ear problems, and accuracy in the deficient wave problems.

The magnetized, perturbed flux tube constitutes a strong test of the stability of our schemes. The com-
bination of a stationary discontinuity, low ratio of thermal to magnetic pressure (beta), and imposed per-
turbation caused significant problems for the base unsplit code without projection or filter. With a suitably
chosen value of the filtering coefficient, the filter helped stability and worked to decrease the magnitude of a
centered-difference measure of the divergence of the field.
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Appendix A. Divergence constraints, modified equation analysis, and eigenvector deficiencies

In this section, we will present a heuristic analysis of the effect of numerical errors in the divergence-free
constraint on the stability of finite-difference methods for the ideal MHD equations. Our starting point will
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be the modified equation approach to analyzing the effect of truncation error on solution error. For any
finite difference method, the modified equation is given by the original system of PDEs, with forcing terms
given by the truncation error. In the present setting, the modified equation takes the following form:

o,UM 4 v . F(UMd) = gy (UM9), (A1)
VB = op(UuMed), (A.2)

Here 7y is the usual truncation error for the numerical method obtained from applying the difference oper-
ator to a solution to the differential equation evaluated on the grid. The equation for the evolution of tp is
obtained by taking the divergence of the modified equation for the evolution of UM®¢,

at‘ED =V- TB. (AS)

The truncation error forcing terms mimic the effect of numerical error on the computed solution. Spe-
cifically, we expect U™°9, the solution to the modified equation, to satisfy || U — UM*|| = ¢(Ax"*"), where
U, the solution obtained from the pth-order scheme on a grid with spacing Ax, satisfies
U™ —U|| = 0(Ar").

In particular, for MHD, the effect of numerical error can be understood in terms of the truncation-error
forcing in the modified equation causing the solution to violate the divergence-free constraint. Without that
constraint being satisfied, the remaining ideal MHD equations can exhibit eigenvector deficiencies in the
linearized-coefficient matrix A, leading to anomalous loss of regularity and ill-posedness. In the numerical
simulation, this translates into loss of accuracy and possibly instability of the underlying difference method.

To see this, we consider the case of a small-amplitude wave corresponding to one of the eigenmodes of A
(see Eq. (8)):

VV()_C’7 l) = Wo + OC(X — )th)rk7 (A4)

Aory = Jryri = (74, 0)" (A.5)

Then W (X,t) satisfies the MHD equations up to terms of O(a?).

Without loss of generality, we take the direction of propagation to be in the x-direction in 3-D. However,
we allow our computational spatial grid to have an arbitrary orientation in space. In that case, the modified
equation corresponding to our numerical solution to the PDE in primitive variables W is given by (see Eq.
(7))

oM+ AWM = 1y, (A.6)

Mod — (Mot pMody (A.7)
If we define the new variable o™M°d = [, - (WMOd - WO), the modified equation dynamics can be reduced to
the following system of two equations:

G,aMOd + ;LkaxOCMOd + (lk . aB)@xB)':A‘)d = lk . %, (Ag)

3,BMed = 7. (A.9)

In the system here, if one of the computational spatial grid coordinate axes is aligned with x, tg=0.
However, if the direction of propagation is not aligned with one of the computational coordinates, then
in general tg #0. If [, - ag# 0 and A =0, then the left-hand side of (A.8) and (A.9) is an example of a
first-order system with an eigenvector deficiency. Such systems have an obvious loss of spatial regularity:
«M°d grows like the derivative of tp. This is in contrast to the behavior of well-posed hyperbolic systems,

in which the solution has the same spatial regularity as the forcing. In other words, since regularity implies
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that there are as many derivatives in the solution as in the forcing term, discontinuous forcing of a hyper-
bolic system leaves the problem ill-posed. Discontinuity in 7 implies that «™°¢ can grow without bound,
owing to its dependence on the derivative of 7p.

In terms of a numerical method, we expect that the presence of such terms would lead to either an anom-
alous loss of accuracy or numerical instability. In the latter case, the forcing of «™°% in (A.8) takes the form
of a finite difference operator applied to BM*?, whose spatial variation is due entirely to tp. If 7p fails to be
smooth, either because of lack of smoothness in the initial data or in the finite difference formulae (e.g. lim-
iters), such lack of smoothness is immediately amplified.

This discussion also provides an explanation for the behavior of the method described here. The use of
the MAC projection and the filter does not eliminate the truncation error terms that lead to the eigenvector
deficiency, but regularizes it by smoothing. For example, the application of the filter in the plane-wave
example corresponded to adding a diffusion term to the equation for B!,

0B = 15 + n0,BY*, (A.10)

with n = O(Ax). The use of the filter alone is sufficient to stabilize the small-amplitude plane wave solution
in Section 4.1, and in that case leads to a second-order accurate result. The MAC projection performs a
more drastic smoothing, but only on the intermediate form of BM*? used to compute d,BM°¢ in Eq. (A.8).
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