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A high-order accurate finite-volume scheme for the compressible ideal magnetohydrody-
namics (MHD) equations is proposed. The high-order MHD scheme is based on a central
essentially non-oscillatory (CENO) method combined with the generalized Lagrange
multiplier divergence cleaning method for MHD. The CENO method uses k-exact multidi-
mensional reconstruction together with a monotonicity procedure that switches from a
high-order reconstruction to a limited low-order reconstruction in regions of discontinu-
ous or under-resolved solution content. Both reconstructions are performed on central
stencils, and the switching procedure is based on a smoothness indicator. The proposed
high-order accurate MHD scheme can be used on general polygonal grids. A highly sophis-
ticated parallel implementation of the scheme is described that is fourth-order accurate on
two-dimensional dynamically-adaptive body-fitted structured grids. The hierarchical
multi-block body-fitted grid permits grid lines to conform to curved boundaries. High-
order accuracy is maintained at curved domain boundaries by employing high-order spline

Generalized Lagrange multiplier (GLM) representations and constraints at the Gauss quadrature points for flux integration.

Detailed numerical results demonstrate high-order convergence for smooth flows and
robustness against oscillations for problems with shocks. A new MHD extension of the
well-known Shu-Osher test problem is proposed to test the ability of the high-order
MHD scheme to resolve small-scale flow features in the presence of shocks. The dynamic
mesh adaptation capabilities of the approach are demonstrated using adaptive time-
dependent simulations of the Orszag-Tang vortex problem with high-order accuracy and
unprecedented effective resolution.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

This paper proposes a high-order accurate finite-volume (FV) scheme for the compressible ideal magnetohydrodynamics
(MHD) equations. The high-order MHD scheme is based on the central essentially non-oscillatory (CENO) method that was
introduced for the compressible Euler equations by Ivan and Groth [1], and has since been extended to the Navier-Stokes
equations [2-4]. The CENO method uses Barth’s k-exact reconstruction mechanism [5] to obtain high-order solution accu-
racy in combination with a monotonicity procedure that switches between a high-order reconstruction and a limited
low-order reconstruction. Both reconstructions are performed on central stencils, and the switching is based on a smooth-
ness indicator [1]. The hybrid CENO approach is combined in this paper with the generalized Lagrange multiplier (GLM)
divergence cleaning method for MHD that was proposed by Dedner et al. [6] to obtain a FV MHD scheme that is high-order
accurate in smooth flow regions and robust against spurious oscillations at discontinuities. The proposed high-order
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accurate MHD scheme has several desirable properties. First, it is suitable for general polygonal grids because Barth’s k-exact
polynomial reconstruction procedure is inherently multi-dimensional and can be used on general stencils that do not need to
be grid-aligned. Second, the scheme can in principle be implemented with arbitrary order. Third, it can be used directly on
block-adaptive grids, which can pose significant challenges to MHD schemes due to the V - B constraint. And fourth, high-
order accuracy is maintained at curved domain boundaries of the body-fitted mesh by employing accurate spline represen-
tations for the boundaries that enable high-order accurate surface flux computations. These features constitute significant
new developments in high-order finite-volume schemes for MHD. The particular implementation of the proposed scheme
that we present in this paper is a highly sophisticated fourth-order accurate parallel MHD method on two-dimensional
(2D) dynamically-adaptive multi-block body-fitted quadrilateral grids. Our adaptive 2D body-fitted structured grids are
composed of blocks with quadrilateral cells that are organized in a rectangular structure as on a Cartesian grid and, thus,
the grid blocks are sometimes also referred to as logically Cartesian. The body-fitted meshes in our work can have grid lines
conforming to curved boundary surfaces and stretching of the grid lines is permitted to allow for anisotropic mesh spacing.

Development of high-order numerical methods for MHD is an active area of research. Just like for other nonlinear hyper-
bolic systems, spurious oscillations at shocks are a major challenge in MHD, but the V - B constraint is an additional signif-
icant challenge in MHD. Indeed, it is well-known that simply extending conservation law methods for the Euler equations to
the MHD hyperbolic system fails to work, since V - B may grow in an uncontrolled fashion (beyond truncation error levels),
which may result in unphysical forces and numerical instability [7,8]. A variety of approaches have been proposed to remedy
this issue. One option is to employ an elliptic correction scheme, called the “Hodge Projection”, which essentially projects a
vector field onto its solenoidal part [7,9]. While the elliptic correction scheme maintains solenoidality up to machine accu-
racy (in the chosen discretization), it requires a Poisson equation to be solved at each hyperbolic step. This is not natural in a
‘hyperbolic’ simulation and can be inconvenient in terms of implementation, especially in parallel since the discrete Poisson
potential variables are tightly coupled across the whole computational domain. As an alternative, Powell [8] proposed a
divergence control method that only attempts to approximately satisfy the divergence constraint. In Powell’s approach,
the ideal MHD system is rewritten into its symmetrizable and Galilean-invariant form through the introduction of source
terms proportional to the divergence of the magnetic field. This modification maintains the hyperbolic character of the
MHD equations, but comes at the cost of conservation, and may lead to incorrect jumps for problems with strong disconti-
nuities [10]. For this reason, this approach has lost some of its initial popularity. A third method to control V - B is the class of
schemes that fall under the category of ‘constrained transport’ methods, which preserve the solenoidality of the magnetic
field through staggered spatial discretizations [11]. The normal components of the magnetic field are stored on cell faces,
and in every time-step the field is updated in such a way that V - B remains zero up to machine accuracy (in the chosen dis-
cretization). This approach, however, requires the magnetic field variables to be treated differently from the fluid variables,
which may be inconvenient for implementation. The approach is attractive from a physical point of view and is straightfor-
ward to derive and implement for second-order accurate codes on regular Cartesian grids. It can be extended with second-
order accuracy to logically Cartesian grids and to triangular or tetrahedral unstructured grids [12,13], but extensions beyond
second order [14] and to general polygonal grids are far from trivial. In particular, interpolation and restriction of the mag-
netic field at resolution changes on block-adaptive grids need to be treated very carefully and sophisticated approaches have
been developed for this purpose [14-16].

More recently, Dedner et al. [6] proposed the GLM-based divergence cleaning technique. Through the introduction of a
new transport variable, the divergence error is convected out of the domain, while keeping the hyperbolicity of the system
intact. Unlike the Powell source term method, conservation in all physical variables is maintained. And unlike approaches
following the constrained transport methodology, there is no need to stagger the grid, or to place the magnetic fields at loca-
tions different from those where the fluid variables are located. The GLM approach can easily and naturally be applied on
general polygonal grids, and there is no need to integrate complicated source terms involving flow variable derivatives as
in Powell’s approach. The GLM-MHD approach thus provides an attractive alternative to the more commonly established
ways of divergence control, because it is effective in controlling divergence error, is simple to implement, preserves conser-
vation, and can easily be applied on general grids. We choose GLM for our MHD scheme because, combined with the CENO
method, it leads to a high-order MHD scheme that can be applied on general grids (including our adaptive multi-block body-
fitted structured grid) and naturally handles resolution changes on block-adaptive grids, as demonstrated herein.

Adaptive mesh refinement has proven to be very effective for treating problems with disparate length scales, providing
the required spatial resolution while minimizing memory and storage requirements. Recently, Groth and co-researchers
[17-21] have developed a flexible block-based adaptive mesh refinement (AMR) scheme allowing automatic solution-direc-
ted mesh adaptation on multi-block body-fitted meshes consisting of two-dimensional quadrilateral and three-dimensional
hexahedral computational cells. We have implemented our new high-order MHD scheme that combines CENO and GLM into
a hierarchical quadtree block-based AMR procedure for multi-block body-fitted quadrilateral mesh that is based on this pre-
vious work [17-19,21]. This block-based approach has been shown to enable efficient and scalable parallel implementations
for a variety of flow problems, as well as to allow for local refinement of body-fitted mesh with anisotropic stretching. The
latter aids in the treatment of complex flow geometry and flows with thin boundary, shear, and mixing layers and/or dis-
continuities and shocks. Extensions of the block-based body-fitted AMR approach for embedded boundaries not aligned with
the mesh [22] and with an anisotropic refinement strategy [23] are also possible and have been developed.

In recent years, various high-order schemes have been proposed for the MHD system. Many recent developments employ
discontinuous Galerkin (DG) finite-element methods [24-27], and others are based on essentially non-oscillatory (ENO) FV
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schemes and on weighted ENO (WENO) FV schemes [13,28-33]. Most of these high-order approaches were only described
and implemented for regular Cartesian grids. Our high-order MHD scheme uses a different approach. As already mentioned,
it is based on Barth’s k-exact reconstruction procedure [5], which uses a least-squares approach on overdetermined stencils
to compute polynomial reconstruction coefficients, in a multi-dimensional way that can handle general polygonal grids. In
order to control spurious oscillations at shocks, we use the CENO monotonicity procedure that was introduced by Ivan and
Groth [1] for the Euler equations, and has since been extended to the Navier-Stokes equations [2-4]. Our implementation of
this CENO monotonicity procedure switches between an unlimited piecewise cubic reconstruction (fourth-order accurate)
and a limited piecewise-linear reconstruction (second-order accurate), with the switching based on the smoothness indica-
tor introduced in [1]. Note that the scheme we describe can in principle be implemented with arbitrary order, but fourth-
order accuracy is a suitable practical choice for the numerical results to be presented in this paper. The smoothness indicator
is computed in each cell to determine whether the flow is locally smooth and well-resolved. For cells containing non-smooth
or under-resolved solution content, the unlimited k-exact reconstruction is switched to limited piecewise linear reconstruc-
tion. The smoothness indicator can also be used directly to formulate a criterion for AMR. The CENO scheme is called central
because both the high-order and the low-order stencils are central with respect to the cell. The method is called an ENO
method because it satisfies the ENO property [34]:

V(™) = TV(u") + o(AXK1), (1)

where u" denotes a solution variable u at time level n, Ax is the grid spacing, k is the order of polynomial reconstruction, and
TV stands for total variation. The ENO property allows the presence of small spurious oscillations that have a magnitude on
the order of the truncation error, but it does not allow O(1) Gibbs-like oscillations at discontinuities [34]. It is important to
note that the CENO method proposed by Ivan and Groth [1] does not choose between asymmetric stencils as most other
methods do that try to enforce the ENO property, but instead uses a hybrid approach that chooses between high-order
and low-order central reconstructions. Note that Harten and Chakravarthy [35] also proposed a technique on Cartesian grids
to obtain an ENO reconstruction using central stencils by hybridizing a high-order reconstruction with a first-order formu-
lation, and this served as an inspiration for the CENO approach of [1,2]. The fixed stencil used during the CENO reconstruc-
tion procedure avoids the complexity of considering multiple non-central stencil configurations that characterizes
traditional ENO schemes. Note also that the CENO method of Ivan and Groth is not a central ENO method in the sense of
Nessyahu and Tadmor’s staggered mesh philosophy [36], but it uses non-staggered central stencils of different order. We
note that our limited low-order least-squares scheme for MHD with GLM divergence cleaning is similar to the discretization
proposed by Yalim et al. in [37] (implemented on unstructured grids), and our high-order method is a high-order extension
of this approach that combines least-squares reconstruction with GLM. Our CENO-GLM high-order MHD scheme thus pro-
vides an alternative to high-order DG and ENO/WENO methods for MHD, and is attractive because it can naturally be applied
on general grids.

This paper is organized as follows. The ideal MHD equations and the GLM formulation are described in Section 2. In Sec-
tion 3 we give a detailed description of our high-order MHD scheme, which is obtained by combining the CENO method with
GLM divergence cleaning. Section 4 describes detailed numerical results that demonstrate high-order convergence for
smooth flows, and robustness against oscillations for Riemann problems and other flows with shocks. In particular, we also
present a new MHD extension of the well-known Shu-Osher test problem [38] to test the ability of our high-order MHD
scheme to resolve small-scale flow features in the presence of shocks. Finally, we demonstrate the dynamic mesh refinement
capabilities of our implementation using adaptive time-dependent simulations of the Orszag-Tang vortex problem [39] with
high-order accuracy and unprecedented effective resolution. Concluding remarks are presented in Section 5.

2. Ideal MHD
2.1. Ideal MHD equations

The ideal MHD system is described by the following equations in conservation form:

ap PN

E"FV'(,DZ/)—O, (2)
a(p?) .. = B-B) ==\

otV (pvv+l<p+2>BB>_0, 3)
OB o

S+ V- (7B-B7) =0, (4)
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Egs. (2)-(5) are supplemented with a solenoidality condition for the magnetic field,

V.B=0. (6)

The conserved quantities of the ideal MHD equation system are the density, p, the momentum, p7 (with 2 being the veloc-
ity), the magnetic field, B, and the energy, e. The plasma pressure, p, is given by the equation of state for a perfect gas

p=-1)(e- 3017 - 5 87). )

where 7 is the adiabatic index. We use y = 5/3 in our numerical tests except where noted.

2.2. GLM control of the V - B constraint

The GLM-MHD formulation can be described as follows. Following a similar approach as for the Maxwell equations [40],
the divergence constraint (Eq. (6)) can be coupled with the induction equation through the introduction of a new potential
variable, yy [6]. We consider the so-called hybrid hyperbolic-parabolic approach proposed in [6], in which the equations
describing the evolution of the magnetic field, Eqgs. (4) and (6), are replaced with

OB o
g‘f‘V'(UB—BU)-FVI//:O, (8)
N,z c
S Hav-B=—Zy. )

As can be seen from these equations, the system is still conservative except for the evolution equation of , which is not a
physical variable. This preservation of conservation for physical variables is the main advantage of the GLM method over the
Powell method that was proposed earlier to approximately satisfy the divergence constraint [41]. Two new eigenvalues arise
in the GLM-MHD formulation, which are +c;,. The coefficients ¢, and ¢, control the amount of diffusion in y and the advec-
tion speed, respectively. The ‘purely hyperbolic’ correction can be obtained by taking ¢, to infinity (no diffusion). To ensure
that the error is advected as fast as possible, it is desirable to set ¢, as high as possible. However, because the two new eigen-
values have magnitude cy, it is also important to set ¢, small enough so that it will not affect the time-step criterion of the
simulation. Thus, ¢, is often chosen to be the largest of all MHD eigenvalues in the whole domain over all cell interfaces (i, j),
which can be written as

& = max(|va + ), (10)

where v, and ¢;, are the plasma velocity and the fast magnetosonic wave speed in the direction normal to the interfaces (i, ).
In [6] it is recommended to choose c, by setting the parameter ¢, = ¢, /c to a constant value of 0.18. In [32,33], it is suggested
to choose ¢, by setting the parameter & = Axc;/c; to a constant value in [0, 1], where Ax is a measure of the grid spacing. Note
that & is a dimensionless quantity reflecting the ratio of the diffusive and advective time scales.

2.3. Boundary condition treatment of y at inflow and outflow boundaries

The choice of ¢, as given by Eq. (10) ensures that no eigenvalue will exceed the largest physical eigenvalue in the domain,
while at the same time, it guarantees that the divergence error will be advected out of the simulation domain with the fastest
physical wave speed in the flow solution. Since the two additional eigenvalues are +c;, regardless of the actual plasma veloc-
ities and wave speeds, eigenvalues of both signs will always exist at all cell interfaces. This means that treatment similar to
subsonic inlet and outlet boundary conditions (see [42]) is always required for inflow and outflow boundary conditions.
Since the waves with eigenvalues +c; only carry changes in the normal magnetic field and y [6], only these two variables
need to be taken into account at boundaries to accommodate these waves. For example, consider superfast inflow boundary
conditions and assume without loss of generality that »,, > 0. Since the inflow velocity is faster than the fast magnetosonic
wave, all the MHD eigenvalues are positive (information travels into the computational domain). However, for GLM-MHD
one cannot just prescribe all variables, because one of the eigenvalues, —c;, is necessarily negative, even when the flow is
superfast at the inflow boundary. One of either i or the normal magnetic field has to be extrapolated from the interior solu-
tion, and because the inflow magnetic field is prescribed at the boundary, it is i that has to be extrapolated from the interior.
The same logic applies to superfast outflow. Assume again that », > 0. Without GLM, all of the variables would just be
extrapolated from the inside of the domain, since all eigenvalues are positive, hence no information is propagating into
the domain. However, due to the negative eigenvalue —cy, y needs to be prescribed at the outflow boundary. A suitable
choice for y is to set it to zero at superfast outflow boundaries. (This is consistent with Yalim et al. [37], who set  to a con-
stant at the superfast outlet boundaries.)
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3. High-order CENO scheme for ideal MHD with GLM divergence cleaning

In this section we give a detailed description of the proposed high-order CENO scheme for MHD, which is obtained by
combining Ivan and Groth’s CENO approach with GLM divergence cleaning. We first describe the high-order FV framework,
followed by discussions on Barth’s k-exact reconstruction and the CENO reconstruction selection process using the CENO
smoothness indicator. While the CENO method applies to general mesh topologies, the discussion here is restricted to the
application to 2D, multi-block, body-fitted (logically Cartesian) AMR grids having quadrilateral computational elements of
the type considered by Groth and co-researchers [17-19,21]. Numerical flux calculation and source term integration for
our high-order MHD CENO method are described next, followed by a discussion on how our MHD CENO implementation
obtains high-order accuracy at curved boundaries.

3.1. High-order finite-volume formulation

Consider hyperbolic conservation law
ou
E +
where U is the vector of conserved variables, F consists of the flux terms of the system, and S is a source term vector. For a
quadrilateral cell (i,j), the semi-discrete FV form of Eq. (11) is given as
du; 1 (&

dt - 7%;;(@Fnum . nAl)i,j,l,m + Sij, (12)

V-F=S, (11)

where U;; is the numerical approximation of the average value of U in cell (i, j), Foum is the numerical flux function, A; j is the
area of the computational cell (i,j), N, is the number of Gauss quadrature points on each cell face and w is the associated
Gauss quadrature weight to each of the Gauss points. The actual number of flux quadrature points, N,, depends on the order
of solution reconstruction, with two Gauss quadrature points per face for third- and fourth-order accurate schemes, but only
one Gauss quadrature point per face for second-order or lower [1]. The order of the polynomial reconstruction then deter-
mines the spatial accuracy of the solution by providing more accurate approximations of the solution values at the Gauss
quadrature points for flux calculation. In general, an order-k polynomial reconstruction provides an order-(k + 1) accurate
spatial discretization for smooth problems. We use standard explicit second-order and fourth-order Runge-Kutta methods
[42] to integrate Eq. (12) in time for the second-order and fourth-order accurate spatial discretizations to be compared in our
time-dependent numerical test problems. For steady-state simulations, we use a five-stage optimally smoothing method
regardless of the solution accuracy [43].

3.2. k-Exact piecewise polynomial reconstruction

Following Barth [5], the variation of a solution variable, u, at any location within the quadrilateral computational cell (i,j),
assumes the form

k k
uy(X) =3 > (x=%)" (v = 5y)" D}, (13)
p1=0 p=0
(p1+p2<k)
where k is the order of the polynomial function, X = (x,y) are the coordinates at which the solution is sought, (Xi;,y;;) are the
coordinates of the centroid of cell (i, j), and D;; », are high-order polynomial coefficients that will need to be determined for
each of the reconstructed (e.g., primitive) variables for every cell, based on a set of cell averages, U, 5, in the neighbourhood of
cell (i, j). For the test cases presented in this paper, linear (k = 1) and cubic (k = 3) reconstructions are chosen to obtain sec-
ond- and fourth-order accurate schemes. The monotonicity-preserving procedure, which is discussed in Section 3.3, reduces
k to 1 and applies limiters in regions of the flow that are deemed under-resolved or to contain discontinuities.

The coefficients D'Ij1 », are determined by solving an overdetermined system of linear equations in a least-squares sense,
fitting the reconstruction polynomial to the solution averages for cell (i,j) and for its neighbouring cells in the stencil of cell
(i,j). For a polynomial of degree k, the number of coefficients DZ] p, 1S given by &p = ("*”ZM [1,2,4]. Thus, there are 3 coef-
ficients to be determined for k = 1 or linear reconstruction and 10 coefficients for k = 3 or cubic reconstruction. Following
the requirements imposed by Barth [5], it is important that these coefficients are determined in such a way that the follow-
ing conditions are satisfied:

e Conservation of the mean. The average of the reconstructed polynomial function over cell (i,j) should recover exactly the
cell-averaged value u;;:

o1 e
Ui Au///quu”(x)dA' (14)
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e k-Exactness. The reconstructed polynomial function should be able to reconstruct polynomials of degree up to k exactly
[5]:
U (X) = Ueact (X) = O(AXK). (15)

)

e Compact support. The reconstructed polynomial function should depend only on average values within a relatively small
neighbourhood [5]. Only the cell-averaged data within the supporting stencil is used for reconstruction purposes.

In theory, &p determines the minimum size of the supporting stencil, but in practice more neighbours are included to make
the reconstruction more robust for complicated and stretched meshes [1,2,4]. On our 2D body-fitted structured grid blocks,
first-degree neighbours are included for k = 0 and k = 1 reconstruction stencils (a total of 8 neighbours), and first- and sec-
ond-degree neighbours are included for k = 2 and k = 3 reconstruction stencils (a total of 24 neighbours).

Consider reconstruction for cell (i,j). In the reconstruction step an overdetermined system AD — B = 0 is solved in the
least-squares sense, together with the constraint of Eq. (14), which is imposed exactly. Here, D is the array of polynomial

coefficients, Dp p,» and the equations AD — B = 0 are given by

(AD —B),; = ( // ul (X >—ay,5—0. (16)

There is one equation for each cell (), ) in the stencil of cell (i,j). Each equation matches the actual cell average u,; in cell
(7,6) with the average over cell (7, ) of the reconstructed polynomial u¥ (X) for cell (i,j). Equation (14) is enforced analyt-
ically by replacing u" with Eq. (13) and expressing the first coefficient, DOO, as a function of the other M = &p — 1 polynomial
unknowns as

DE, =i — Z ZD (yP),, 17)
p1=0 pp=
(P1+p2#0)

where the geometric moment (xP: sz).. of powers (p;,p,) is given by

(iym),; = // x—x;)" (v - yij)™ dA. (18)
Aij )

Substituting uﬁ‘_j from Eq. (13) in Eq. (16) and using Eq. (17) for DSO the following overdetermined linear system for the M
unknowns is obtained

MLy Dy, wi(Uy — ) 0
L, Dk, w (Ul — ) 0
' : _ o - | , (19)
L Dy, p, wy (W — ) 0
-LNn <4 NpxM Dﬁo Mx1 WNn (ﬁNn - H’) Npx1 0 Nnx1

where a unique index J = (7}, d) has been assigned to each of the N, neighbours in the supporting reconstruction stencil and
the index I = (i,j) denotes the cell having the solution reconstructed. The generic row L; of the matrix A for a neighbouring
cell J is given by

b= (w(sy), w(), o w(mm), o (0) ) (20)

in which wj is a geometric weight specific to each neighbour J which serves the purpose of improving the locality of the
reconstruction, becoming especially important for stretched meshes with boundary curvature [44]. (In essence, equations
corresponding to close-by neighbour cells in the reconstruction stencil get larger weights in the least-squares solution than

neighbour cells that are further away.) The matrix coefficients (xlfﬁh)u for the pair of I and J cells have the expression

where the quantities <x@’z) depend only on the geometry of I and J cells, and involve a monomial integration that can be

computed by applying quadrature rules. An efficient way to calculate the geometric moments <xl’1 yl’2>” using only the

(xPryP2) moments is described in [2].
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QR factorization or multiplication with the pseudo-inverse of A can be used to determine the solution of Eq. (19), as de-
scribed in more detail in [1,2,4]. The complete solution of the constrained least-squares problems is then obtained by calcu-
lating Dgo using Eq. (17). In each time step, the constrained least-squares reconstruction problem is solved for each cell and
for each primitive variable. Matrix A depends completely on the geometry and is the same for all least-squares problems in a
given cell (i,j) (i.e., for each solution variable) and for all time steps, so it can be precomputed and stored for computational
efficiency (see [1,2,4] for details). As explained in Section 3.5, one-sided stencils and additional constraints on the least-
squares solution are used to handle boundary conditions with high-order accuracy at curved boundaries.

3.3. CENO smoothness indicator to enforce monotonicity

The CENO method controls monotonicity throughout the computational domain by selecting a limited linear reconstruc-
tion in cells where the flow is deemed to be non-smooth or under-resolved, and a high-order k-exact reconstruction else-
where. The limited linear reconstruction is based on k-exact reconstruction with k =1 combined with the standard
Venkatakrishnan limiter, see [2,45]. To estimate whether the flow in cell (i,j) is under-resolved or non-smooth, a variable

s, the smoothness indicator, is computed [1]:
o Cs
_ 22
s max(1 — o, €)’ (22)

where « is given by
- N
5 (ul Ko) — uy(X,)
a=1- 5 (23)
Z Z( ki (Xps) — ﬁu)

and ¢; = (Wsos — Np)/(Np — 1) is a positive constant. Here, %sos stands for ‘size of stencil’ used for reconstruction, #p stands
for ‘degrees of freedom’ and denotes the number of unknown polynomial coefficients, and € is introduced to avoid division

by zero (we use € = 107®). Further, y and & denote the indices of the neighbouring cells to the cell (i,j) that are part of its

reconstruction stencil, and )?y_(; is the centroid of cell (), d). (Note that the stencil used for computing the smoothness indi-
cator can also be chosen smaller than the reconstruction stencil. In our numerical results, we compute the smoothness indi-
cator associated with each primitive solution variable in cell (i,j) using a stencil with nine cells, i.e., the cell (i,j) and its eight
first-degree neighbours.) The parameter o basically measures how accurately centroidal solution values of neighbouring
cells can be reproduced using the reconstruction for cell (i, j). The range of « is —co < a < 1: for smooth variation, the second
term of the right-hand side of Eq. (23) tends to be close to zero and « is very close to one; for cells close to a discontinuity or
with an under-resolved feature, the magnitude of o tends away from one and it can also become negative. The range of the
smoothness indicator s is —c; < § < ¢s/€: for smooth variation (« very close to one), s is large; for non-smooth or under-re-
solved features (o away from one), § is small. The smoothness indicator s is then compared with a cutoff value s.: when
S > S, the solution is deemed locally smooth and the high-order reconstruction is used, and for s < s, the solution is locally
non-smooth or under-resolved, and the limited low-order reconstruction is used. We also use § in our adaptive procedure to
refine regions where the solution is non-smooth or under-resolved. A potential disadvantage of this approach is that it is not
fully parameter-free. However, we have found it easy to pick suitable values of . based on the range recommended in [2] for
the numerical tests shown in Section 4. The selection of an appropriate cutoff value is also made easier by the use of the
transition function o /(1 — o), which rapidly magnifies small variations in « very close to one. Additionally, it is worth empha-
sizing that a single value s, is selected and applied to all solution variables and all mesh resolutions used for solving a par-
ticular problem. Note also that the use of the adjustment coefficient,c;, in the expression of s helps making the selection of s,
relatively independent of the order of the scheme and making the smoothness indicators comparable for different stencil
sizes that may occur at domain boundaries. The form of the smoothness indicator is inspired by the definition of multi-
ple-correlation coefficients and least-squares goodness-of-fit testing; see [2] for a more detailed discussion with further
motivation for the approach. As is shown by extensive testing for the Euler and Navier-Stokes equations in [1-4] and is fur-
ther confirmed by the numerical MHD tests presented below, the CENO approach with smoothness indicator s is robust in
terms of providing high-order accurate numerical approximations while avoiding spurious oscillations.

One more element has to be added to the approach in order to get good results for problems with uniform regions. In
uniform regions, the formula for o in Eq. (23) may lead to 0/0 in the second term of the right-hand side, rendering the
smoothness indicator unpredictable. It has been observed before [46] in a related context that it is desirable to eliminate
the effect of switching mechanisms altogether in nearly uniform regions, and just use high-order reconstruction. To do
so, we define the newly proposed parameter

k k

Gij = Z Z Plpz A (24)

=0 p,=
(0<P1 +P2 <k)
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which measures the variability of solution variable u in cell (i,j). (It takes into account all the derivatives at the centroid of
cell (i,j).) When ¢&; is smaller than a threshold value (low variability), high-order reconstruction is always used, and only
when ¢&;; is greater than the threshold the smoothness indicator is computed and the CENO switching mechanism is acti-
vated. In particular, the smoothness indicator for the solution variable u is evaluated in cell (i,j) when

QV,‘J‘ > €4+ GREU, (25)

where €4 and € represent absolute and relative variability thresholds, chosen to be 107> for the simulations performed in
this paper.

3.4. Numerical flux function and source term integration

In this subsection we discuss numerical flux computation and treatment of the GLM source term (in Eq. (9)) for the high-
order MHD CENO scheme. We use the Lax-Friedrichs numerical flux function for the implementation of the proposed high-
order MHD CENO scheme. Following Dedner et al. [6], the equations for B, and v are decoupled from the rest of the system,
so the Lax-Friedrichs numerical fluxes are applied only to the other seven variables. The fluxes at the interfaces for B, and y
are calculated by setting these variables to the following values at the cell interfaces [6]:

1 1

Bx,m = E (Bx,r + Bxﬁl) - Z_Ch ('/’r - '101)7 (26)
1

U =5 W+ 0) = 5 (Bor = By), 27)

where the subscripts [ and r denote the left and right reconstructed states at cell interfaces and c;, is the global maximum of
|vx| + ¢y, at cell interfaces. These values are substituted directly into the exact flux formulas for the B, and y equations. In a
multi-dimensional setting, B, is effectively B,, which is the magnetic field component normal to the interface. These v, and
B..m values are also used for flux calculation of the other seven variables, which uses the Lax-Friedrichs numerical flux with
local values of |v,| + cf, as the largest wave speed that determines the size of the numerical dissipation.

As an alternative, one can also apply the standard Lax-Friedrichs flux directly to the full system with nine variables, with-
out decoupling the 2 x 2 system. One can expect this to be more diffusive since in this case c, (the global maximum of
|vx| + cf, ) determines the numerical diffusion, but we have not found much difference with the decoupled approach when
trying this for our numerical tests. Nevertheless, in the numerical results presented below we use the decoupled approach.
Other flux functions such as Roe and HLLE can also be considered. Wheatley et al. [47] compared flux functions for high-or-
der DG methods, and found that using more accurate Riemann solvers improves results in some cases (e.g., at shocks), but
does often not make much difference in smooth regions of the flow. This is also expected for CENO since the intercellular
solution jumps diminish in size as the reconstruction order increases, but a detailed investigation of this for the CENO
MHD scheme is beyond the scope of this paper.

The ideal (non-modified) MHD system (Eqs. (2)-(5)) is a hyperbolic system of equations, so it easily fits within the CENO
framework. The GLM-MHD formulation adds a source term to the y-update equation (Eq. (9)), which can be treated in two
different ways in our implementation. A first option, as proposed in Dedner et al. [6], is to incorporate the source term using
an operator splitting approach, in which the following ordinary differential equation is solved analytically for each cell in
each time step:

i _ G

i~ g (28)

The second option is to integrate the source term as part of the hyperbolic system update. Note that this can be done auto-
matically with high-order accuracy: integrating Eq. (9) over cell (i,j) gives

% <// ﬂi_j‘pdA) =G (/ e EdA) _% (// /qi_j‘”dA>’ (29)

which directly leads to the discrete equation

d@,’j 1 4 e = N Cﬁf
d - = 7/_\722(@&“"7 'nAl)i,j,Lm - 7¢ijv (30)
t i =T m=1 5

where f,, is the numerical flux function for Eq. (9). This is a high-order discretization of Eq. (9) as long as the fluxes are
computed with high-order accuracy, relying on high-order polynomial reconstruction.

An advantage of the operator splitting approach is that exact analytical integration of Eq. (28) does not impose an addi-
tional stability constraint on the time step. In contrast, integrating the source term numerically in a coupled fashion as part
of the hyperbolic update may incur an additional source term time step constraint of the type At < CsAts, with Ats = 2¢3/cp
and Cs a constant of O(1) related to the time integration scheme. (For example, Cs would be one for Forward Euler time inte-
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gration.) This should be compared with the hyperbolic time step constraint of the type At < Cy Aty, with Cy the CFL number
of the scheme and Aty = Ax/c;,, where Ax is a measure of the grid spacing. Recalling the ratio of the diffusive and advective
time scales, & = Axcy/c; [32,33], and assuming that Cs ~ Cy, it can be seen that the ratio of the hyperbolic and source term
time step limits is approximately given by Aty/Ats = a/2. It follows that, for example, for the choices of & advocated in
[32,33], namely, & € [0, 1], the source term time step constraint would normally be less stringent than the hyperbolic time
step constraint. Also, for constant ¢, and c,, the hyperbolic time step constraint becomes increasingly dominant as the grid is
refined. It also follows that setting & to a constant for a sequence of grid sizes implies that the ratio between the hyperbolic
and source term time step limits remains the same on those grids, which may be an advantage if the source term is inte-
grated numerically as part of the hyperbolic step and one wants to make sure that the hyperbolic time step restriction dom-
inates the source term time step restriction on all grids in the sequence.

While an operator splitting approach may in principle reduce the order of accuracy, depending on the type of the equa-
tion, it is often observed that it does not reduce accuracy in practice even if the formal order of accuracy is reduced [48]. We
have done extensive numerical comparisons of the two mechanisms for integrating the GLM source term in our code and
have not found any sign of reduced accuracy or reduced convergence order for the operator splitting approach. Further inves-
tigation revealed that, in the case of GLM-MHD with mixed hyperbolic-parabolic correction, it can be shown formally that
the splitting error vanishes, see Appendix A.

On a related note, we have also confirmed in numerical tests for smooth flows that employing low-order (e.g., linear)
reconstruction for i while using reconstruction with degree-three polynomials for the physical variables does not lead to
convergence degradation: fourth-order accuracy is maintained. This can be explained by relying on similar arguments as
those used in Appendix A to show that the operator splitting error vanishes: due to the fact that the exact solution of
Y(x,t) is the zero function for smooth flow, all constants in the Taylor series expansion of the exact solution for  vanish,
which implies that discretization of y does not introduce truncation errors and high-order reconstruction is not required
for accurately approximating v (which converges to the zero function). Note, however, that during the convergence process
the error in v is nonzero: it is generated by the truncation error in the components of the magnetic field, and is of the same
order of magnitude. Low-order reconstruction of y may in principle lead to some computational savings, but it may make
implementation somewhat more complex since the reconstruction process for y is then different from the other variables.

In our implementation we have several options for integrating the GLM source term, and for choosing the order of recon-
struction for y and the value of ¢,. In the numerical tests presented in the next section we choose the following options. We
reconstruct » with the same polynomial order as the physical variables, and we integrate the source term numerically as part
of the hyperbolic update. For setting c,, we followed [6] and set ¢, by fixing the constant ¢, = cg /¢y to a value of 0.18. We
have verified that, for this choice, the hyperbolic time step restriction was dominant for all problems and grids we
considered.

3.5. High-order accuracy at curved boundaries

In our CENO MHD implementation, two general mechanisms are available to prescribe boundary conditions. The first
mechanism uses ghost cells. Every grid block in our hierarchical block-adaptive body-fitted quadrilateral grid framework
is equipped with three or four layers of ghost cells. In the numerical results to be presented in Section 4, we compare sec-
ond-order results with fourth-order results. The second-order simulations employ three layers of ghost cells for each block,
and the fourth-order results employ four layers of ghost cells for each block. All blocks have the same size, and the parall-
elization strategy distributes blocks over parallel message passing interface (MPI) processes [49,50] as uniformly as possible
(with typically multiple blocks per MPI process and one MPI process per CPU core), resulting in adequate load balancing. The
ghost cells enable the message passing that parallelizes the code. They are also used in the adaptivity mechanism to transfer
information between coarse and fine blocks, as is explained in Section 4.3. Note that the number of ghost cell layers is one
greater than the number required to enable reconstruction in the first ghost cell layer; this additional ghost cell layer is nec-
essary for computing the smoothness indicator in the first layer of ghost cells (which determines whether the high-order or
low-order reconstruction is used there) [2]. The ghost cells can also be used to impose boundary conditions at the domain
boundaries in standard ways. All second-order simulations use ghost cells to impose boundary conditions. Ghost cells are
also used to impose boundary conditions for our fourth-order tests in certain cases, for example in the case of periodic
boundary conditions. However, for high-order accuracy near curved boundaries, a more accurate second mechanism for
boundary conditions is needed.

The second boundary condition mechanism relies on accurate representation of the curved boundaries with high-order
piecewise polynomial splines. It uses one-sided stencils near boundaries that only contain cells within the computational
domain, and it imposes additional constraints on the least-squares reconstruction problem at the Gauss points [51]. It is also
important to compute the geometric data such as cell areas, centroid locations, etc. to the same order of accuracy as that of
the interior scheme [2,4]. We represent curved boundaries with piecewise polynomial splines of an order consistent with
that of the FV numerical scheme, which allows us to locate Gauss quadrature points and compute flux integrals with high
accuracy. One-sided reconstruction stencils are used for the first and second layer of cells in the computational domain at the
boundaries, and constraints are added to the least-squares reconstruction of the cells in the first layer to accurately impose
certain types of boundary conditions on the curved boundaries at the Gauss points. When ghost cells are not used, the one-
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sided reconstructed values at the Gauss points are directly plugged into the exact MHD flux functions to obtain the numer-
ical flux. For variables to be left free at the boundaries (extrapolation from the computational domain), no additional con-
straints are necessary. For variables to be imposed at the boundaries, the appropriate constraints are added at the Gauss
points used in the flux integration.

More generally, our framework accepts Robin boundary conditions (which consist of linear combinations of Dirichlet and
Neumann conditions), and it also accepts linear relations among variables which form a coupling constraint for a set of
reconstructed variables [2]. These coupling constraints can be used to impose wall conditions at curved boundaries with high
accuracy. This has been explained for Euler flows in [1,2], and we extend it here to perfectly conducting walls in MHD prob-

lems. For perfectly conducting walls, we impose that B - i = 0 and 7 - ii = 0 in each Gauss quadrature point. Let (n§,n$) be the
normal vector in Gauss quadrature point g of cell (i,j), and let (x;,y,) be its coordinates. Then, using the polynomial expan-

sion of Eq. (13), the conditions B-#i = 0 and 7 - i = 0 at the Gauss point can be expressed as
k k

Z Z %) (Vg — Fu) e (DE )y + Z Z = %ij)" (Vg = ¥1j)7 8 (D, )5, = 0, (31)
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with (Dp P )s, the polynomial coefficients for the B, magnetic field component, and similar for the B,, u and » vector compo-
nents. To impose B - ii = 0 in the reconstruction, we solve the least-squares reconstruction problems for the B, and B, poly-
nomials together, with the additional constraints of Eq. (31) for each Gauss point. Similarly, the least-squares reconstruction
problems for u and v are solved together to impose 7 - ii = 0, with the additional constraints of Eq. (32). For full implemen-
tation details, see [2].

4. Numerical results

In this section we present numerical results that demonstrate high-order convergence for smooth flows and robustness
against oscillations for flows with shocks. We present four continuous test problems followed by two problems with discon-
tinuities, including a new MHD extension of the well-known Shu-Osher test problem [38]. Finally, we demonstrate the dy-
namic AMR capabilities of our implementation using adaptive time-dependent simulations of the Orszag-Tang vortex
problem [39] with high-order accuracy and unprecedented effective resolution. Note that the proposed finite-volume meth-
od has been implemented in parallel using the C++ programming language and MPI [49,50] and closely follows the tech-
niques and implementations described by Groth and co-workers [17-19,21], with the necessary extensions to high-order
accuracy as described by Ivan and Groth [1,4]. All of the numerical results presented below were obtained using a parallel
computing cluster. In particular, the computations were performed on a cluster consisting of 3,780 Intel Xeon E5540
(2.53 GHz) nodes with 16 GB RAM per node. The cluster nodes were interconnected with a high-speed, low-latency, Infin-
iBand switched network. We used from 16 up to 512 cores, depending on the problem under consideration. Please refer
to the thesis of Ivan [4] for an assessment of the parallel performance of the high-order finite-volume scheme with AMR,
demonstrating the near-ideal parallel efficiency and scalability of the parallel implementation.

4.1. Continuous problems

We first present two smooth test problems on Cartesian grids, which are the rotated Alfvén problem from [10], and the
magnetostatic problem from [24]. We then present two continuous test problems on body-fitted multi-block structured
grids with non-rectangular cells and curved boundaries: the rotating radial outflow problem and the expanding tube prob-
lem from [52].

To quantify the accuracy of the numerical solution, the errors are measured in the L;, L, and L., norms:

Ly =|E|, = Z//
Lo = [El, = \/A—T >, / [0~ et 34)

a-mp(L ]

where Ar is the total area of the computational domain. The integrals are evaluated with high-order accurate Gaussian quad-
rature, see [2] for details. In most of our numerical tests, we compare convergence for four numerical methods: fourth-order

$(X,Y) — Uexace (X, Y ’dA (33)

u *x.y) - uexact(xaw‘ dA>7 (35)
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CENO, fourth-order unlimited k-exact reconstruction, second-order CENO, and second-order unlimited k-exact reconstruc-
tion. The CENO methods switch between the k-exact reconstruction and the limited piecewise linear reconstruction based
on the smoothness indicator. We use a smoothness indicator cut-off value §. = 800 except where noted.

4.1.1. Rotated Alfvén travelling wave propagation

The circularized Alfvén wave problem from [10] represents analytical solutions of the MHD equations for arbitrary ampli-
tudes. The wave propagates with an angle of o = 30° with respect to a Cartesian grid, and assumes the initial conditions (as
in[10]): p=1,7,=0,p=0.1,By =1, v, =B, =0.1 sin(2w(x cos(o) + y sin(«)), and v, = B, = 0.1 cos(2m(x cos(a) + y sin(a)].
The parallel velocity, v, is set to zero, which corresponds to the travelling wave test case. The perpendicular and parallel
directions are defined with respect to the direction of wave propagation. These initial conditions give an Alfvén speed of
1, which corresponds to a transit period of 1. The computational domain is set to be periodic (using ghost cells), with ranges
[0,1/cos(a)] for x,and [0, 1/ sin(a)] for y. As in [10], the number of cells in the x-direction is equal to the number of cells in the
y-direction, which corresponds to a ratio of 1/+/3 between Ax and Ay. The simulations are run for 5 transit periods (or up to
t=5). Density and other scalar variables are expected to be constant throughout the simulation since they are not perturbed

by the Alfvén wave, so only the accuracy of the 7 and B fields were assessed for convergence studies.

As can be seen from Fig. 1, the expected order of convergence is achieved for the x-direction magnetic field, at least in the
asymptotic limit. For the sake of brevity, only the results of the x-direction magnetic field are shown, but the other variables
behave in a similar manner. The effect of the CENO monotonicity-preserving reconstruction switching procedure ($. = 800)
can be seen: a “transition” regime occurs where the mesh is not fine enough and the smooth flow features are not sufficiently
resolved. This transition regime does not occur for the fourth-order method because it sufficiently resolves the flow already
with low resolution, see also [2,4]. The high-order scheme represents significant savings in the number of computational
cells required for some specific level of accuracy: a 64-by-64 grid resolution was sufficient for the fourth-order scheme to
obtain a smaller error than the limited second-order scheme on a 384-by-384 grid.

4.1.2. Two-dimensional magnetostatic problem

We next consider the magnetostatic problem from [24]. The exact solution of this stationary problem is known: p =1,
=0, v,=0, v, =0, By = —cos(nx)e”™, B, =sin(nmx)e”™, B, =0, p=19.84(y — 1), y = 0. Following Warburton et al.
[24], this exact solution is used as the initial condition for the simulation, and the error at steady-state is a measure of
the deviation of the numerical solution from the exact solution. The second-order methods use ghost cells to impose bound-

ary conditions: 7 and B are imposed in the ghost cells (accurate average values of the exact solution, obtained by numerical
quadrature), and p, p and y are extrapolated to the ghost cells (the average values are linearly extrapolated). The fourth-or-

der methods use one-sided reconstruction, with the exact values of 7 and B imposed at the Gauss points using constraints,

10° E
10° E
10" E S
8 =
m C
R 5
= 10 3
M =
m 10°F
fan F—— |El, 2™ order k-exact
I — e — |El,2"orderk-exact
[ —-w--— |E|_2"-order k-exact
107 & |E|, 2™-order CENO
E — — |El, 2™-order CENO
[ —-w-— |El_2"-order CENO
| —— |El, 4"-order k-exact
1
108 —® — |E|, 4"-order k-exact
E —.w..— |E|_4"-orderk-exact
F |E|, 4"-order CENO
L — — |E|, 4™-order CENO
9 —--%7::— |E|_4"order CENO
107
1 | 1 1 o b v b b b b bl
50 100 150 200 250 300 350400
N1/2

Fig. 1. The L;-, L,-, and L..-norm errors for the magnetic field in the x-direction for the rotated Alfvén wave problem, calculated at t = 5 (five transit periods).
N is the total number of grid cells. The solution is compared with the initial conditions to compute the error. The error converges to zero with the expected
order of accuracy in the asymptotic limit. A transition region is observed for the second-order CENO scheme, consistent with the findings of Ivan and Groth
[24].
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Fig. 2. The L;-, L,-, and L.-norm errors for the magnetic field in the x-direction for the magnetostatic problem. The steady-state solution is compared with
the initial conditions to compute the error. The error converges to zero with the expected order of accuracy in the asymptotic limit.

and p, p and y are left free at the Gauss points. Fig. 2 shows how the error norm of B, converges to zero as a function of grid
size with the expected order. The fourth-order scheme requires much fewer computational cells to achieve a specified level
of error (in this case, the error can differ by as much as 4 orders of magnitude for the same number of cells).

4.1.3. Superfast rotating outflow from a cylinder

We next consider the rotated outflow problem from [52] on a body-fitted structured grid with non-rectangular cells and
curved boundaries. While the exact analytical solution is not available, several theoretical flow invariants are available [52],
against which the corresponding computed quantities can be compared. We measure error in the entropy, s, and the radial
magnetic flux.

The problem is defined on a domain between two concentric circles, and superfast inflow conditions (normal velocity fas-
ter than the fast magnetosonic wave speed) are imposed at the inner circle. The domain goes from r = 1 to r = 6, and the
inflow conditions imposed at the r =1 boundary are p =1, p=1, v, =3, vy, =1, and B, = 1. The second-order methods
use ghost cells to impose boundary conditions. At the inner boundary (inflow), p, p, ¥ and B are imposed in the ghost cells
using linear extrapolation (to impose the desired values exactly at the domain boundary), and v is extrapolated linearly from
the interior of the domain. At the outer boundary (outflow), p, p, 7 and B are extrapolated linearly, and  is set to zero using
linear interpolation (to impose the desired value exactly at the domain boundary). The fourth-order methods use high-order
piecewise polynomial spline representation of the curved boundaries, combined with one-sided reconstruction and con-
straints. At the inner boundary (inflow), p, p, 7 and B are imposed by constraints at the Gauss points, and y is left free. At
the outer boundary (outflow), ¥ is set to zero by constraints at the Gauss points, and p, p, 7 and B are left free.

The steady-state solution of the rotated outflow problem obtained with the fourth-order CENO scheme on a mesh with
80-by-80 cells can be seen in Fig. 3. The magnetic field lines are not aligned with the streamlines. The solutions obtained
with second- and fourth-order CENO schemes are compared in Fig. 4.

It can be seen that the errors converge to zero with the expected order of accuracy. For this problem, the second-order
scheme has not reached the asymptotic regime beyond the transition region yet for the resolutions we tested, and the sec-
ond-order CENO error remains above the unlimited second-order error due to ongoing switching from unlimited k-exact
reconstruction to limited second-order reconstruction, especially for the error in the radial magnetic field as seen in
Fig. 4(b). This is possibly due to the inability of the piecewise linear function to capture the curvature of the boundaries prop-
erly, so the switching procedure continues to see some cells close to the boundaries as under-resolved, thus limiting the
reconstruction functions at these places and affecting the magnitude of the error. In contrast, for fourth-order CENO and
the unlimited k-exact schemes produce the same error for resolutions above 80-by-80. It is clear that our approach can han-
dle curved boundaries with high-order accuracy, and the fourth-order method requires significantly fewer cells than the sec-
ond-order method to obtain a given error level.

In Fig. 5 we illustrate that the high-order CENO-GLM approach can naturally handle resolution changes on block-adaptive
grids and the errors introduced by AMR restriction and interpolation procedures. We have performed a grid convergence
study on a series of grids where there is a change in resolution between some blocks (corresponding to one level of refine-
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Fig. 3. Density contour lines, magnetic field lines, and streamlines for the rotated outflow problem, obtained on a mesh with 80-by-80 cells. The magnetic
field lines and the streamlines are not aligned. The flow is smooth throughout the entire domain, which enables high-order convergence rates. The density
contour lines are equally spaced in the range (0.17,0.97).
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flux.

Fig. 4. Convergence study for the rotated outflow problem using both unlimited k-exact reconstruction (black lines) and CENO with s, = 800 (red lines).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ment). In each successive point of the convergence study, all blocks in the grid of Fig. 5(b) are refined by dividing them into
four blocks. The convergence plot of Fig. 5(a) shows that fourth-order convergence is automatically maintained by the CENO-
GLM approach, and magnetic field lines remain smooth at the jump in grid resolution.

4.1.4. Expanding tube problem

The expanding tube problem from [52] is another continuous problem that uses a body-fitted structured grid with curved
boundaries. It models plasma flow in an expanding tube, which gives rise to an MHD solution that contains a rarefaction
wave with a weak discontinuity at the edge of the rarefaction (see Fig. 6). Across the weak discontinuity, the first spatial
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(a) The L;-, L,-, and L..-norm errors for the radial mag- (b) The grid with resolution change used for the conver-
netic flux obtained with the fourth-order CENO scheme on gence study in the left panel. This grid has 8 coarse blocks
a grid with resolution change between blocks (right panel). and 32 fine blocks, each with 8 x 8 cells. In each succes-
Fourth-order accuracy is maintained. sive point of the convergence study, all blocks in the grid

are refined by dividing them into four blocks. The magnetic
field lines of the solution on this grid are plotted in blue.
The smoothness of the magnetic field lines is not adversely
affected by the jump in grid resolution.

Fig. 5. Convergence study for the rotated outflow problem on a grid with change in grid resolution between blocks, illustrating that the high-order CENO-
GLM approach naturally handles resolution changes on block-adaptive grids.

derivative of the flow variables is discontinuous. Therefore, even if fourth-order reconstruction accuracy is targeted (by
employing degree-3 polynomial functions to reconstruct the solution), the solution accuracy is still limited to second-order
near the weak discontinuity.

The flow is simulated on a domain with x € [0,1], and y € [y,(x), 1], where y,(x) = cos(§ (x — 0.3)) — 1 for x € [0.3,1], and
zero elsewhere in the domain. The lower wall starts to curve at x = 0.3, giving rise to a rarefaction wave downstream of the
weak discontinuity. The boundary curve follows a cosine function rather than a straight line to avoid a geometrical singu-
larity in the boundary, which results in the rarefaction wave not converging to a single point, as can be seen from
Fig. 6(a) [52]. At the x = 0 boundary, a uniform inflow with the following conditions is imposed: p=1,p =1, v, =8, and
B, = 4. These initial conditions correspond to superfast horizontal inflow conditions, with an acoustic Mach number
vy/C = 8\/3%, and Alfvénic Mach number v,/ca, = 2. The second-order methods use ghost cells to impose boundary condi-
tions. The superfast inflow and outflow boundary conditions at the left and right boundaries, respectively, are implemented
as for the rotating outflow test problem of Section 4.1.3. For the top and bottom boundaries, standard wall boundary con-
ditions are implemented that symmetrically copy p, p and y to the ghost cells, and mirror 7 and B with respect to the wall.
The fourth-order methods use high-order piecewise polynomial spline representation of the wall boundaries, combined with
one-sided reconstruction and constraints. For the top and bottom wall boundaries, p, p, ¥ and the tangential components of

7 and B are left free, while the normal components of  and B are set to zero at the Gauss points using constraints. The high-
order outflow boundary condition is handled as in the rotating outflow test problem of Section 4.1.3. We simply use ghost
cells for the high-order inflow boundary condition, since the flow remains uniform close to the inflow boundary and p, p,

and B can just be imposed in all ghost cell layers, while y can be extrapolated linearly.

To assess the accuracy of the solution, entropy, which is one of the invariants for this flow, is measured. Fig. 6(b) shows
convergence analysis of the entropy error. As can be seen in this figure, second-order accuracy is achieved for the L;-norm
error of the entropy for both the second-order and the fourth-order accurate methods. While Fig. 6(b) illustrates how the
weak discontinuity in the solution limits the order of accuracy, reduction in the total error is still observed when higher-
order polynomial functions (the fourth-order method) are used to represent the solution. It is interesting to note that the
log error of the CENO solution decreases linearly, whereas some zigzagging is present in the unlimited k-exact error plot.
This can be explained by the fact that the flow is not fully smooth, and the weak discontinuity that exists can potentially
generate spurious oscillations when monotonicity is not enforced, though the level at which these oscillations occur is
apparently much smaller than the solution variation. Note also that, even at the highest attempted resolution, the conver-
gence plots of the CENO error do not converge to those of unlimited k-exact reconstruction (as was the case for the other
test cases), implying that, due to the weak discontinuity, reconstruction switching is always performed for at least a few
cells.
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(a) The expanding tube flow, solved on (b) Convergence study for the expanding tube problem. The
a 160-by-160 grid with the fourth-order entropy is compared with the entropy at the inflow to compute
CENO scheme. The contour lines are the error, and nearly second-order accuracy for the L;-norm er-
equally spaced in the range (0.45,0.95) (21 ror is observed for both the second- and fourth-order methods.
contours).

Fig. 6. Expanding tube flow: density contour lines and entropy convergence study. The error converges with at most second-order accuracy, due to the non-
existence of higher-order derivatives across the weak discontinuity. Convergence study is performed for entropy using both unlimited k-exact
reconstruction (black lines) and CENO with s, = 800 (red lines). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

m
AN

U

U,

& x

T
) «

Fig. 7. Setup for the rotated one-dimensional problems with discontinuities. The discontinuity is rotated 45° counterclockwise with respect to the x-axis.
The solution thus exhibits a translational symmetry in the y,-direction.

4.2. Problems with discontinuities

4.2.1. Rotated Brio—-Wu shock tube problem
The Brio-Wu shock tube problem [53] is a standard test case to demonstrate the capability of a numerical MHD scheme to
handle discontinuities. The initial conditions are given by

(1,0,0,0,0.75,1,0,1,0) for x; <0,

36
(0.125,0,0,0,0.75,~1,0,0.1,0) for x; > 0, (36)

(p, v, v, 0;,BL, By, B, p,p) = {
with y = 2. Here, x; is the coordinate variable perpendicular to the shock, given by x; = xcos « + y sina with o the angle at
which the shock frame of reference is rotated with respect to the x-axis (we choose o = 45°). This setup is illustrated in Fig. 7.

Ghost cells are used and constant extrapolation boundary conditions are applied to all boundaries, though the top and the
bottom boundaries require that the cells not only be copied to the ghost cells, but also shifted to the left or the right by one
cell (similar to Fig. 10 from [10]). It is important to note that, for this boundary condition to work, the ratio between the
spacing in the x-direction and the spacing in the y-direction needs to be 1, because otherwise the 45° symmetry would
not translate to a (1,1) translational symmetry, see also [10,33,54].
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Fig. 8. Comparison of the density solution of the Brio-Wu shock tube problem at t = 0.1414, rotated at 45°. Here, FR denotes fast rarefaction, SM slow
compound wave, C contact discontinuity, and SS slow shock. A cutoff value of 5. = 8000, is chosen for these simulations.

The Brio-Wu problem gives rise to several types of waves and shocks: fast rarefaction waves, a contact discontinuity, a
slow compound wave, and a slow shock [53]. Simulations were performed for the rotated cases using 600 cells in the x-direc-
tion, and 4 cells in the y-direction. The density plot is shown in Fig. 8, and illustrates that our method is robust with respect
to spurious oscillations. The fourth-order solution has slightly sharper features than the second-order solution. All of the
important wave features are captured well without spurious oscillations, except for a slight undershoot between the fast rar-
efaction (FR) and the slow compound wave (SM) (which is also observed in other work on high-order MHD schemes [27,33]).

4.2.2. MHD Extension to Shu—Osher shock tube problem

The shock tube problem proposed by Shu and Osher [38] is commonly used to test the ability of high-order numerical
schemes to resolve small-scale flow features in the presence of shocks. A sinusoidal density perturbation is added down-
stream of a purely advecting supersonic shock wave. The interaction of the shock wave with the sinusoidal part of the den-
sity field gives rise to fast oscillations and complex flow features downstream to the shock. The Shu-Osher shock tube
problem provides an excellent testbed to highlight the benefits of the improved accuracy of high-order numerical schemes,
while at the same time the presence of the shock puts the robustness and stability of the schemes to test. In what follows, we
develop a new MHD version of the Shu-Osher shock tube problem.

Consider the Rankine-Hugoniot conditions in the shock frame:

F(Uy) = F(Uy), 37)

where U, and U; denote the state vectors of the right and left state, respectively, and F(U;) denotes the flux evaluated at state
i. We choose the following initial conditions that satisfy the Rankine-Hugoniot condition:

(1,0,0,0,1,1,0,1,0) for x < 4,

38
(3.5,5.8846,1.1198,0,1,3.6359,0,42.0267,0) for x > 4. (38)

(p7uL7uH7uZ7BL7BH7BZ>pa W) = {

The numbers in Eq. (38) were obtained by choosing the left state and numerically solving the MHD Rankine-Hugoniot con-

ditions for a fast shock moving to the left with speed 8.2385. The numerical solution values were rounded to four decimal
digits (which is sufficiently accurate for the numerical tests).

Eq. (38) represents the unperturbed portion of our newly proposed MHD version of the Shu-Osher shock tube problem.

Similar to the Shu-Osher problem, sinusoidal perturbation is added to the downstream part of the density field (because the

shock and the flow travel to the left, the sinusoidal perturbation is added to p,). The initial density function is then chosen as

p,=1+02sin(5x), p, =35 (39)

and all the other variables are kept as given in Eq. (38).

As in the case of the rotated Brio-Wu problem, the initial condition given by Eq. (38) and (39) has been applied in the
rotated frame of reference x; — y, (see Fig. 7). The boundary conditions for our simulation of this problem are as explained
in Section 4.2.1. The left and right boundaries are taken sufficiently far from the initial discontinuity, such that they do not
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Fig. 9. Comparison of the density solution of the MHD Shu-Osher problem at t = 0.6906, rotated at 45°. As can be observed from the figure, the fourth-order
method produces results that are much closer to the non-rotated reference result in the highly oscillatory region, illustrating the benefits of high-order
accuracy. A cutoff value of s, = 80 is used for these simulations.

influence the solution. The comparison of the density profiles between the different methods is shown in Fig. 9. The benefit
of the high-order method is clear: using the same number of cells, the fourth-order method captures the small-scale flow
features much better than the second-order method. For all simulations performed for this section, no stability or overshoot
problem were observed, which indicates that the monotonicity-preserving mechanism is doing its job properly to ensure
that the method is stable in the presence of discontinuities.

4.3. Application of CENO with dynamic adaptive mesh refinement: Orszag-Tang vortex problem

In this section we demonstrate the dynamic AMR capabilities of our implementation using adaptive time-dependent sim-
ulations of the Orszag-Tang vortex problem [27,30,39] with high-order accuracy and unprecedented effective resolution.

We have implemented our new high-order MHD scheme that combines CENO and GLM into a hierarchical quadtree
block-based AMR procedure for multi-block body-fitted quadrilateral mesh that is based on the previous work of Groth
and co-workers [17-19,21] and is extended to high-order accuracy as in [1,4]. We give a brief summary of the approach,
and details are described in [1,2,18]. In our hierarchical quadtree block-based AMR algorithm, mesh adaptation is accom-
plished by dividing and coarsening appropriate solution blocks. In regions requiring increased cell resolution, a ‘parent’ block
is refined by dividing it into four ‘children’. Each of the four quadrants or sectors of a parent block becomes a new block hav-
ing the same number of cells as the parent, thereby doubling the cell resolution in the region of interest. This process can be
reversed in regions that are deemed over-resolved and four children can be coarsened into a single parent block. The mesh
refinement is constrained such that the grid resolution changes by at most a factor of two between adjacent blocks, and the
minimum resolution is not less than that of the initial mesh. A hierarchical quadtree data structure and additional intercon-
nects between the ‘leaves’ of the trees are used to keep track of mesh refinement and the connectivity between solution
blocks. The hybrid CENO solution reconstruction procedure is used in conjunction with standard multigrid-type restriction
and interpolation operators to evaluate the solution on all blocks created by the coarsening and division processes. Interpo-
lation is performed with high-order accuracy by computing reconstructed polynomials for solution variables in each coarse-
grid cell and integrating them over the fine-grid children cells to determine the fine-grid cell averages with high-order accu-
racy (see [2] for details). Restriction and interpolation are performed in such a way that conservation is maintained, but in
our CENO-GLM MHD approach no special treatment is required for restricting or interpolating the cell-centred magnetic
fields: restriction or interpolation may introduce errors of the order of the discretization error, and they are handled properly
by the GLM mechanism for controlling V - B.

Grid refinement and coarsening are based on the maximum value of the CENO smoothness indicator over each block for
the density variable. For each cell, the variable

_ max(0.s)

R, — e (40)
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is calculated, where s is the value of the smoothness indicator and s. is the cutoff value for the smoothness indicator. The
range of ®, is (0,1]. The maximum ®2 of all ®, values within a block is computed. In blocks with ®E close to 0, all cells are
smooth and resolved, and blocks with ®2 close to 1 have cells that are non-smooth or under-resolved. The block-based ®2
values are compared with refinement and coarsening thresholds to determine if a block should undergo refinement, or if a
group of blocks should be combined for coarsening. Full details on the algorithm followed for coarsening and refinement are
given in [18,2]. The refinement/coarsening algorithm is invoked at regular intervals during the simulation to obtain dynamic
AMR.

For the Orszag-Tang vortex problem, the same initial conditions and domain as in [27] are used, with p =2,
vy = —sin(y), v, = sin(x), By = —sin(y), B, = sin(2x), and p = y. The remaining variables (7, B;, and y) are initialized to zero.
The computational domain is a square with x and y values between 0 and 27, and periodic boundary conditions (ghost cells
are used). The simulation is performed with CENO cutoff tolerance 5. = 500. The mesh is refined every 0.025 s up to t = 1. For

-
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(a) Density solution at # = 0.5. The contour lines are equally (b) Density solution at # = 1.0. The contour lines are equally
spaced in the range (2.11,5.82) (15 contours). spaced in the range (1.25,6.9) (15 contours).
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(c) Density solution at # = 2.0. The contour lines are equally (d) Density solution at ¢ = 3.0. The contour lines are equally
spaced in the range (0.62,6.41) (15 contours). spaced in the range (1.16,6.42) (15 contours).

Fig. 10. The evolution of density for the Orszag-Tang vortex problem at different times: t = 0.5, t = 1.0, t = 2.0, and t = 3.0. The ranges for the contour lines
shown here are as in [27]. These fourth-order accurate results were obtained using dynamic grid adaption with the meshes shown in Fig. 11.
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(c) AMR as applied to the Orszag-Tang vortex problem at = (d) AMR as applied to the Orszag-Tang vortex problem at # =
2.0. At this point, the mesh consists of 8,428 8-by-8 blocks, 3.0. At this point, the mesh consists of 13,522 8-by-8 blocks,
or 539,136 cells in total. or 865,408 cells in total.

Fig. 11. The evolution of the mesh for the simulation of Fig. 10 with adaptive refinement. Up to t = 1.0, the mesh is refined every 0.025 s, after which it is
refined every 50 time steps. The lines in the figure represent the boundaries of the 8-by-8 Cartesian blocks.

later times, AMR is performed every 50 time steps because At decreases rapidly. The contour lines of the density for the Ors-
zag-Tang vortex problem are shown at t= 0.5, t=1.0, t = 2.0, and ¢ = 3.0 in Fig. 10. The results show agreement with results
shown in other papers [10,27,30,55]. Figure 11 shows the sequence of adaptive meshes. Comparing the density contour lines
shown in Fig. 10 with the way the grid is refined as shown in Fig. 11, it can be seen that the refinement closely follows the
parts of the solution where interesting flow features and discontinuities occur, illustrating the effectiveness of the smooth-
ness indicator-based refinement criterion.

Following [27,30], pressure distribution cuts at t = 2.0 and t = 3.0 along the line y = 1.9635 are shown in Fig. 12. The AMR
results are compared to results on a uniform 1024-by-1024 mesh. The uniform mesh corresponds to the smallest cell reso-
lution at 7 levels of refinement, while 8 levels of refinement are used in the AMR results, so that the smallest cell in the
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Fig. 12. Pressure cuts at y = 1.9635 at two different times (t = 2.0 [left], and t = 3.0 [right]). High-order results obtained in combination with adaptive mesh
refinement are compared with uniform high-order high-resolution results on a 1024-by-1024 mesh, and found to be similar. Our results agree with the
results from [27,30].

adaptive mesh (Fig. 11) corresponds to a resolution of 2048-by-2048 if done uniformly. From Fig. 12, it can be seen that the
AMR results in general agree well with the uniform reference results. Note that our results have a much higher effective res-
olution than previously shown results (and they are fourth-order accurate). It is also interesting to note that, while the uni-
form mesh has 1,048,576 computational cells, the AMR mesh has 865,408 cells at t = 3.0, which is smaller than the uniform
mesh, despite having twice the effective resolution at the highest level of refinement. Note also that, before t = 3.0, much
fewer cells are used by the adaptive simulation (see Fig. 11). This illustrates the effectiveness of the CENO scheme in com-
bination with the block-based AMR algorithm to reduce the number of required computational cells.

We conclude this section with some comments on AMR performance for the Orszag-Tang problem. Numerical experi-
ments show that, for the adaptive simulation of Fig. 11, the speedup compared to a uniform simulation with the same max-
imal resolution (on a 2048-by-2048 mesh) is 2.066. In spite of refinement/coarsening overhead and some increase in load
imbalance, the total CPU time is improved by a factor of more than two for AMR, and the number of cells at t = 3 is reduced
by a factor of about four. In fact, AMR can be expected to be more advantageous for problems with greater disparity in spatial
scales where a smaller portion of the domain is at the highest level of refinement, but it is already worthwhile for this sim-
ulation in which small-scale structure is spread through much of the domain and a relatively large fraction of the domain is
at the finest mesh level. For the simulation of Fig. 11 in the developed flow after t = 2, one refinement/coarsening step takes,
on average, approximately as much time as four to five simulation time steps. In each of these refinement/coarsening steps
approximately 20% of the blocks were refined or coarsened. In terms of relative costs of the components of the AMR process,
computing the refinement/coarsening indicators takes about 10% of the time of a refinement step, restriction and prolonga-
tion take about 60%, and moving blocks between nodes for load balancing takes about 30%. In terms of parallel scaling of the
AMR process, repeating the simulation while doubling the number of cores from 128 to 256 cores and keeping the problem
size constant leads to an efficiency loss of about 10% to 15%, which is expected due to the increase in communication and the
reduction of the number of blocks per core, which exacerbates the load imbalances that may occur due to AMR. Note that
this loss of efficiency depends on the block size and the specifications of the communication network. Note also that AMR
steps do not need to be performed after every time step because of the block-based nature of our approach, and because bulk
solution features do not necessarily move with maximum wave speed. Therefore we follow the strategy that is common in
dynamic block-based AMR to perform multiple time steps between AMR steps (see [17-21] and references therein). Numer-
ical experimentation has shown that an offset of 50 time steps between AMR steps is a suitable choice for the AMR simu-
lation of Fig. 11. Note that this choice is not very sensitive; we found mostly similar results with offsets up to 200.

4.4. Discussion on CENO performance and divergence errors

We conclude this section with some discussion on performance and on the behaviour of V - B in the numerical results
obtained with the fourth-order CENO-GLM method.

A range of numerical experiments carried out on several computing platforms indicate that the fourth-order CENO spatial
discretization optimized for computational efficiency (i.e., storing the pseudo-inverse matrix) is on average about three
times more expensive than a second-order spatial discretization. This ratio is independent of the grid size, and since the error
drops much faster for high-order schemes as grids are refined, there is significant potential for computational savings in re-
gions of smooth flow. This was, for example, illustrated for the fourth-order CENO method in Section 5.10 of [2], where it was
found that for a particular smooth 2D Euler flow the fourth-order CENO method reached the same solution accuracy as a
second-order method on a grid with 200 times fewer cells, in 1/40th of the time. It has to be noted, however, that reaching
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these kinds of savings for realistic flow problems with varying spatial and temporal scales and non-smooth features remains
a significant research challenge.

The high-order explicit CENO scheme spends up to 90% of the total CPU time in computing the high-order spatial residual,
out of which 75% is dedicated to performing the high-order CENO solution reconstruction. The remaining 15% consists of
polynomial evaluations at the interfaces, evaluation of the Riemann fluxes there, and geometry evaluation. The high-order
CENO solution reconstruction procedure consists in performing the least-squares reconstruction, the computation and anal-
ysis of smoothness indicators and the enforcement of solution monotonicity in cells deemed as non-smooth. Among these,
the least-squares reconstruction represents 55% of the total simulation cost, consisting mostly of matrix-vector multiplica-
tions, which represent about 37% of the total simulation cost. Computation of smoothness indicators and monotonicity
enforcement account for the other 20% of the total simulation cost. Note however that these values can vary depending
on the particular flow problem under study.

As in other finite-volume or finite-difference schemes that employ GLM divergence cleaning, the divergence of the mag-
netic field is expected to be of the magnitude of the truncation error in the magnetic field components. For our smooth test
problems, for example, the rotating outflow problem of Section 4.1.3, we have verified that this is indeed the case, and that y
and V - B converge to zero with the same order as the other solution variables (plots not shown due to space constraints). For
problems with shocks, the maximum values of  and V - B do generally not decrease with increasing grid resolution, con-
sistent with the O(1) jumps in the magnetic field components at the discontinuities, but the GLM mechanism effectively
dampens the divergence errors and maintains the stability of the scheme.

5. Concluding remarks

We have proposed a high-order CENO FV scheme for ideal MHD. The scheme is based on the CENO approach that was
proposed by Ivan and Groth for compressible Euler flows in [1] and uses the GLM divergence cleaning method for MHD
of Dedner et al. [6]. The resulting FV MHD scheme is high-order accurate in smooth flow regions and robust against spurious
oscillations at discontinuities. The proposed high-order accurate MHD scheme can be used on general polygonal grids and
can deal naturally with resolution changes on hierarchical quadtree block-adaptive body-fitted grids. The proposed scheme
was implemented in a highly sophisticated fourth-order accurate parallel MHD code on 2D dynamically-adaptive multi-
block body-fitted structured grids, and curved boundaries are handled with high-order accuracy using high-order spline rep-
resentations and constraints at the Gauss points.

Detailed numerical results were given that demonstrate high-order convergence for smooth flows, and robustness against
oscillations for Riemann problems and other flows with shocks. A new MHD extension of the well-known Shu-Osher test
problem [38] was proposed to test the ability of the high-order MHD scheme to resolve small-scale flow features in the pres-
ence of shocks. The dynamic AMR capabilities of our approach were demonstrated using adaptive time-dependent simula-
tions of the Orszag-Tang vortex problem with high-order accuracy and unprecedented effective resolution.

The scheme we described can in principle be implemented with arbitrary order. It can also be extended naturally to three
spatial dimensions and to unstructured grids, which are topics of future work.
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Appendix A. Analysis of operator splitting error

Consider the conservation-form equations of ideal MHD with mixed hyperbolic-parabolic GLM correction, given by Eqgs.
(2), (3), (5), (8) and (9). For simplicity, we consider planar 2D MHD.

Let U = [p, pvx, pvy, By, By, e, n//]T be the vector of conserved variables, and let V = [p, vy, vy, Bx, By, p, n//]T be the vector of
primitive variables. Consider smooth solutions of the conservation law. The quasi-linear form of the equations in conserva-
tive variables is given by

ou ou ou

and in primitive variables by

N N oV
G0 Pt B, TGV =0 (A2)

Here, the flux Jacobian matrices A. and B, are related to the coefficient matrices A, and B, as follows:
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These expressions can be used to compute A, and B, from
foxy p 0 0 0 0 0 T
0 o 0 -B:/p By/p 1/p 0
0 0 UX By/p _Bx/p 0 0
A,=10 0 0 0 0 0 1 , (A.4)
0 B, —B -y Uy 0 0
0 9p 0 (-D-B 0 w —(-1B
L0 0 O ci 0 0 0 ]
(v, 0 p 0 0 0 0 |
0 » 0 -B/p -B:/p 0
0 0 o B/p -By/p  1/p 0
B,=|0 -B, B vy — Uy 0 0 , (A.5)
0O 0 O 0 0 0 1
0 0 yp 0 (-1)7-B v -(y-1B
L0 0 O 0 c? 0 0 |
(see [6]), and from
M1 0 0O 0 O 0 07
Uy p 0O 0 O 0 0
v 0 0 0 0 0
o _ Oy 0 g 1 0 0 0 (A.6)
oV ’
0 0 0 0 1 0 0
v-9/2 pvy pvy, By B, 1/(y—-1) O
| O 0 0O 0 O 0 1]
r1 0 0 0 0 0 0]
—-w/p  1/p 0 0 0 0O
oV -v/p 0 1/p O 0 00
0 0 0 0 1 0O 0 0]. (A7)
0 0 0 0 1 00
V0-0/2 —yvx —yvy —yBy —yB, y O
0 0 0 0 0 0 1]
It is easily seen from Eq. (9) that
0 0 00 0O 0 7
000 O0OOTD 0
0 00 O0OTO 0
C.=C,=(0 0 0 0 0O 0 (A.8)
0 00 O0OTDO 0
0 00 O0OOTPO 0
|0 00 00O cﬁ/cﬁ |
Further, for Eq. (A.1), define the differential operator
0 0
D67A5&+Bca—y. (A.9)

Following Section 17.3 of [48], the splitting error E arising from operator splitting on the time integration of Eq. (A.1) at some
time t is given by
1

E =5 AP (DcCe — €D U+ O(AL), (A.10)
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where U is the exact solution of Eq. (A.1) at that time t. Simple multiplication of the operators C. and D, shows that
01 -0 T
0
0
W h
ox
W p
ay
0 0
0 |t

(DeCe — CD)U = (A11)

_UFR,|=_¢":N
o O © O

a8y
ay J

=

This vanishes because the exact solution of Eq. (A.1) satisfies y(x,y,t) = 0and V - B(x,y, t) = 0 for all x, y and t, showing that
operator splitting is at least third-order accurate locally in time (and second-order accurate globally). Again following [48],
all higher-order error terms also vanish when (D.C. — C.D.)U = 0. This shows that no extra error arises from performing the
time integration using operator splitting: the result is accurate up to the order of accuracy of the methods used to compute
the solution in the separate steps of the operator splitting. Note that this result is obtained essentially because all quantities
in the equation for y converge to zero for smooth flows, and because there is a source term in the equation for  only. The
same result can be obtained for the case of 3D MHD in an analogous fashion.
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