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Abstract. In this paper, we introduce a high-order accurate constrained transport
type finite volume method to solve ideal magnetohydrodynamic equations on two-
dimensional triangular meshes. A new divergence-free WENO-based reconstruction
method is developed to maintain exactly divergence-free evolution of the numerical
magnetic field. In this formulation, the normal component of the magnetic field at each
face of a triangle is reconstructed uniquely and with the desired order of accuracy. Ad-
ditionally, a new weighted flux interpolation approach is also developed to compute
the z-component of the electric field at vertices of grid cells. We also present numerical
examples to demonstrate the accuracy and robustness of the proposed scheme.

AMS subiject classifications: 65M08, 65205, 85-08
Key words: Finite volume method, MHD equations, globally divergence-free.

1 Introduction

The ideal magnetohydrodynamic (MHD) equations model the dynamics of an electri-
cally conducting fluid. Numerical solutions to MHD equations are of great importance
to many applications in astrophysics and engineering. Many efforts in solving the ideal
MHD equations numerically have focused on the divergence-free evolution of the mag-
netic field implied by the induction equation

OB
= +VxE=0. (1.1)
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Here B is the magnetic field. E is the electric field defined by E = —u x B for the ideal
MHD flow. u is the velocity, and J=V x B is the current density. The induction equation
implies that the magnetic field remains divergence-free if it is divergence-free initially. In
numerical simulations, maintaining discrete divergence-free is also important. Previous
studies [8, 15] have shown that a divergence error on the order of numerical truncation
error introduced by the numerical scheme can lead to spurious solutions and the pro-
duction of negative pressures. Recent work by [47,48] has shown that positivity can be
preserved in MHD simulations. Nevertheless, the magnitude of the divergence error
could depend on numerical schemes. For instance, the central scheme shows smaller di-
vergence error than the upwind-type schemes [2,3]. Recent work in [30] showed that the
central scheme on overlapping cells and without using constraint transport (CT) formu-
lation to satisfy divergence-free constraint also works for certain test problems. However,
Results obtained by the central scheme without using CT formulation shows relatively
large divergence error for blast wave and rotor test problems compared with these ob-
tained by using CT formulation.

To name a few methods to ensure divergence-free evolution of the magnetic field,
these include Hodge projection approach [45], Powell’s source term formulation [34],
locally divergence-free discontinuous Galerkin (DG) method [18,29], CT methods [4, 5,
7,16,19, 23, 36, 37, 44], generalized Lagrange Multiplier method [20], and many others
[15,28,42].

Despite these advances, almost all previous works have been focused on rectangu-
lar meshes. The CT type divergence-free formulation on rectangular meshes has been
achieved at the second-order accuracy in [6,7] and higher order of accuracy in [10]. Sev-
eral problems with complex geometry require the use of triangular meshes. It is, there-
fore, desirable to design high-order accurate schemes possessing a globally divergence-
free property for solving ideal MHD equations on unstructured meshes.

For schemes using CT type formulation on rectangular meshes, the second-order ac-
curate representation of the magnetic field at the cell center can always be obtained by
averaging the facial magnetic field. However, on the triangular meshes, this is not so
straightforward, as there is no concept of arithmetic averaging of facial magnetic field to
the center of the grid cells. As a result, the zone averaged magnetic field has always to
be obtained via a reconstruction process on triangular meshes. This makes divergence-
free formulation of schemes to solve ideal MHD equations on triangular meshes slightly
more intricate than the same process on rectangular meshes.

In this paper, we introduce a divergence-free WENO reconstruction-based finite vol-
ume scheme up to the third-order accuracy for solving ideal MHD equations on two-
dimensional triangular meshes. ENO and WENO finite volume schemes have been in-
troduced in many previous works for solving scalar conservation laws as well as com-
pressible hydrodynamical flow problems using unstructured meshes [1,21,24-26,26,41].
However, to the best of our knowledge, globally divergence-free high-order (> 2) accu-
rate finite volume schemes for solving ideal MHD equations on triangular meshes have
not yet been available. To satisfy the divergence-free constraint on the magnetic field, we
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employ the CT framework. The basic idea of the CT framework adopted in the present
paper is to introduce a staggered magnetic field on cell edges in two spatial dimensions
(2D) (or on faces in three spatial dimensions) and a staggered electric field on cell corners
(or on edges in three spatial dimensions) so that the computed magnetic field preserves
discrete divergence-free. To achieve this, a weighted flux interpolation approach based
on [5,23,31] is introduced in this paper to compute the z-component of the electric field.
While multidimensional Riemann solvers are the best way to achieve multidimensional
upwinding for the electric field, our present unstructured mesh code does not have the
requisite infrastructure for supporting multidimensional Riemann solvers [11-13,35]. In
a subsequent paper, we will report on the incorporation of multidimensional Riemann
solvers with globally divergence-free methods for MHD on unstructured meshes.

To achieve high-order accuracy, a new divergence-free WENO reconstruction method
is developed to reconstruct a cell centered magnetic field from the staggered collocation
of magnetic fields on cell edges in two spatial dimensions. Our proposed reconstruction
method makes sure that the reconstructed approximations to the magnetic field repre-
sented by piecewise smooth polynomials supported on triangular cells match exactly at
cell edges in the following sense: for magnetic field approximations supported on two
triangles sharing a common cell edge, the component of the magnetic field in the direc-
tion of the edge unit normal is uniquely defined even at higher order. Namely, on the cell
edge, the normal component of the reconstructed magnetic field is C° continuous. For
the cell centered variables, the WENO reconstruction described in [21,26] is utilized. Nu-
merical experiments show that the present divergence-free WENO reconstruction-based
finite volume scheme is robust and accurate.

The paper is organized as follows. Section 2 describes the CT type finite volume
formulation to solve the ideal MHD equations. We start by introducing governing
equations, notations for domain partition and discretization. Specifically, the proposed
weighted flux interpolation approach to compute the z-component of the electric field is
explained in Subsection 2.3. Section 3 presents the proposed reconstruction algorithm.
The second-order accurate and the third-order accurate divergence-free WENO recon-
struction methods are catalogued in detail in Subsection 3.1. Numerical tests are given
in Section 4 to demonstrate the accuracy and non-oscillatory properties of the proposed
scheme by computing smooth solution and shock wave related problems. We draw con-
clusions in Section 5.

2 Finite volume formulation
Ideal MHD governing equations in the conservation form can be expressed as

9;U+03,F(U)+9,G(U) =0, 2.1)

where :
U= (p,puy,puy,puz,€By,By,B;) ", (2.2)
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and

PUx pity
pu2+p—B2 puxuy—ByBy
puxity — BBy puy+p—Bj
puxu; —ByB, puyu;—ByB;

F(U)= , G(U)= y y : 2.3

©) (e+p)ux—Bx(u-B) v) (e++p)uy—By(u-B) 23)

0 —(uxBy—uyBy)
_(usz_usz) (MyBZ—MZBy)

Here p = pgss+B-B/2 is the total pressure, pg,;s is the gas pressure that satisfies the
following equation of state

1 1
Pgas=(7—1) <5—§Pu'u—§B'B>,
withu= (ux,uy,uZ)T and B= (Bx,By,BZ)T. For a 2D ideal MHD problem, we have
Ez:_uxBy+uyBx. (2.4)

We employ the CT approach and the Godunov type finite volume scheme to solve
Eq. (2.1). To this end, the physical domain Q C R? is partitioned into a collection of A/
triangular cells K; so that Q= Uﬁl KCi and we define the partition

Th={K;:i=1,--- N}. (2.5)

For simplicity, we assume that there are no hanging nodes in the partition 7. We collect
cell edges L; to form

¢ ={Lj:j=1,- Ne}, (2.6)

where N is the total number of edges in the partition. For every cell edge £, we
uniquely identify an edge unit normal n; = (1, ,1,,) and tangent {;. Here {; is obtained
by rotating n; 90 degrees in the counterclockwise direction. Following {; direction, the
start point of £; is Xjs = (xjs,Y;s), and the end point of L; is x;, = (;.,j.). For conve-
nience in discussion, we also use the notation dk;;, I =1,2,3 to denote edges of cell K;,
and we define a mapping between the local cell edge index I of cell K; and the global
edge index j:

I=(;(j) and j=¢7'(1) for 1=1,2,3, (2.7)

such that dK;; = L -1(;y. The mesh parameter /: is defined to be

hi, = the diameter of K; = the longest side of K, 2.8)
h = max;CieThh;Ci. ’
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Lastly, we collect vertices V, of cells in 7}, to form
U, ={V,:j=1,--- ,Nay}, (2.9)

where Ny is the total number of vertices in 7},.

Following the CT formulation, we place normal component of the magnetic field in
the edge unit normal direction at the cell edges; the z-component of the electric field E, at
the cell vertices; and the conservative variables p, pu, € and B, on the cells. The magnetic
field is always initialized to be divergence-free. This is done by using a vector potential
approach, see [7] for details. The Godunov type finite volume scheme is utilized to evolve
p,pu, € and B, on the cells and the normal component of the magnetic field within the xy-
plane on the cell edges. To evaluate E, at cell vertices, the flux-interpolated approach
introduced by Balsara and Spicer [5] is further developed here.

For convenience in discussion, we introduce notations UX = (p,pu,¢,B,)" and B* =
(Bx,By) so that

0/ U" +9,F(U) +9,G"(U) =0, (2.10)
where
Pux puy
pu2+p—B2 puxuy — By By,
—B.B puz+p—B2
FH(U)= | PHty™ Dy , GHuU)=| " y . @en
( ) puxuz_Bsz ( ) puyuZ_ByBZ ( )
(e+p)uy—Bx(u-B) (e+p)uy—By(u-B)
—(uzBy—uyB;) u,B,—u,B,
And
9:B*Y +9,F? (U)+9,G*(U) =0, (2.12)
where
0 —uyBy,+u,B
B — B - X2y y=x
F (U)—< ixB, — i1, By >, G (U)_< 0 > (2.13)

Thus solving Eq. (2.1) is equivalent to solving Egs. (2.10) and (2.12) together.

2.1 Semi-discrete finite volume scheme for the cell-centered U

Taking the cell K;, i=1,---,, in partition 7}, as a discrete control volume, we formulate
the semi-discrete finite volume method for solving Eq. (2.10) by integrating (2.10) over
the cell K;

d—

dtUkz |K|Z/ (Ft,Gf') -n, dT =0, (2.14)

where ﬁ,fi(t) is the cell average of the kth (k=1,---,6) component of UM on K, F,Ij is
the kth component of FH, G,Ij is the kth component of GH, and n K 18 the outward unit
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normal of the edge dK;; of the cell ;. On edge dK;, the cell outward unit normal ny,, is
either ni,, = N 1) OF A, =~y |ICi| is a shorthand notation for the area of ;.

To solve Eq. (2.14) numerically, we evaluate the flux integral by Gaussian quadra-
ture rule with the exact value of (FH,G) -ny;, being replaced by the Lax-Friedrichs flux
F*(x,y,t) given by

B (v,0) =5 [(FE(U7), GH(U) + (BE(U), GH(U™) | e, — S (U~ Uf). 215

Here « is taken as an estimate of the largest absolute value of eigenvalues of the Jacobian
(9/0U) ((F,G)-nx,,); U~ (or U'") and U* (or UM) are the numerical values of U (or
U™) inside the triangle and outside the triangle at the Gaussian point. To this end, we
obtain the following semi-discrete finite volume scheme for solving Eq. (2.10)

700+ 2/ Fidl =0, (2.16)
where ﬁ,ljkri(t) is the approximate cell average of the kth component of U on the cell ;.

2.2 Semi-discrete finite volume scheme for the edge-centered normal
component of B*Y

The 2D constrained transport finite volume scheme developed in the present paper
evolves cell edge-length-averaged magnetic field located on the edges of grid cells.
Specifically on every cell edge L; € €, we solve Eq. (2.12) to evolve the normal com-
ponent of B with respect to the defined cell edge unit normal n;. Denote the normal
and tangential contribution of B*¥ in directions given by n; and {; to be B, and B; respec-
tively. We rewrite Eq. (2.12) by B, and B; to obtain

B 0 —unBr+usBy \
at< Bg >+an< uyBy —ugBy >+a€< 0 > =0. (2.17)

Here u,, and u; are the components of velocity u in the nj and 7; directions respectively.
Let B,, ; be the edge-length-averaged B, on the edge £; defined by

= 1
Buj= s [ Budl, 218
) ’ £j| c ndg ( )
where |£;| is a shorthand notation for the length of the edge £;. Integrating Eq. (2.17)

over the cell edge L}, the semi-discrete finite volume scheme to evolve B, ; numerically
on L; is expressed as

EB 4__E2(xj,6)_Ez(xj,s)
dr " ;] ’

(2.19)
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since
E,= —unt—Hthn.

Here By, is the approximate cell edge-length-averaged B, on L;. E.(x;.) is numerical
approximation of the z-component of E at the end point x;, of £;, and E.(x;,) is numer-
ical approximation of the z-component of E at the start point x;; of £;. The method to
compute E; is described in Section 2.3.

2.3 Flux interpolation method to compute E; at the vertices of the mesh

In our scheme, one has to obtain the electric field E, at vertices of the triangular mesh in
order to solve Eq. (2.19). See Fig. 1. In [5], it was shown that there is a dualism between
the electric field and the properly upwinded flux. In fluid dynamics, such a flux takes
on contributions that are upwinded normal to a zone face. For MHD, the electric field at
the vertex V in Fig. 1 should take on properly upwinded contributions from all possible
directions. This necessarily would require a multi-dimensional Riemann solver. For rect-
angular meshes, such a multi-dimensional Riemann solver has been presented in [11].
Unfortunately, a multi-dimensional Riemann solver that works for MHD on triangular
meshes has only been presented very recently in the literature [12] and our present code
does not have the infrastructure for accommodating such a Riemann solver. For that rea-
son, we use the available ideas on multi-dimensional upwinding from [5], and the idea
of doubling dissipation in each direction from [23,31].

Below we describe an algorithm to compute the z-component of the electrical field
E, at each vertices of the mesh. The algorithm results in an upwinded choice of E; in a
multi-dimensional fashion.

See Fig. 1. Let’s assume triangles Ko, --, K4 meet at the vertex V= (xy,yy). The edges
shared by triangles are labeled by Ly,---,£4 and the associated unit normals of edges by
ny,---,ny respectively.

Figure 1: The stencil to compute E, at the vertex V. Cell edges Ly, --,L£4 which separate triangular cells
Ko, -+, K4 all have one end at V. ng,---,n4 are unit normals of these edges respectively.
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On each edge £, [=0,---,4, using Eq. (2.4), which shows the dualism between E, and
flux, we obtain

E.i(xv,yv)=—Frre (U (xp,yv), U (xp,yv)), (2.20)

from numerical flux interpolation. Here (xy,yy) are the coordinates of V. Fyr is the Lax-
Friedrichs flux for solving Eq. (2.1); and Fy ¢ ¢ is the 6th component of F; . Let K"t denote
the interior of cell ;.

U™ (xy,yy) =lim ) (x,,)U(x,,1),  where (x,y) € KN,

U™ (xp,yv) =lim(yy) (2,0, Uy 1), where (x,y) € K mod(n 11

Here (I+1)mod(n,+1) is the modulus operation. Thus

F (U, U")==[(F(U),G(U7))+(F(U"),G(U"))] n;—a(U"—U"). (2.21)

NI —

Here « is taken as an upper bound for the eigenvalues of the Jacobian in the normal
direction n; of edge L;.
If the flow is locally smooth, we can take the arithmetic average

ny

E.(xy,yy)= E.i(xy,yy) (2.22)

1+ny =

to obtain a unique E; at the vertex V. Here n, is the total number of edges meeting at the
common vertex minus 1 and n, =4 for the case shown in Fig. 1.

However,when discontinuities are present it is beneficial to allow the evaluation of
E, to locally adjust to those discontinuities. To achieve this, we design switches to de-
tect strong magnetosonic shocks and strongly compressive motions and the direction of
propagation of the discontinuity. For this purpose, we first use a least squares approach
to construct linear profiles of pressure and velocity at the vertex V= (xy,yy) respectively
as follows.

Let each of the components of ¥(x,y) = (pgas(x,y),ux(x,y),uy(x,y))T be represented
by a linear polynomial

JANR ) JANR R
= (=) +——(y—w). (2.23)

0s(x,y) =0s+

Here 9s(x,y), s=1,2,3, is the sth component of ¥(x,y). h is the mesh parameter.
(Ayvs,Ayvs) is the undivided difference approximation to the gradient of the exact pro-
file of pressure or velocity at V.

We compute on K, [=0,-- 4, pressure pg,,; and velocity (uy,u,,) from cell average
values of U at the cell centers. Let {v; = (pgas,l/ux,l/uy,l)T: 1=0,---,4} be the collection of
these values.
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Parameter values 75, A,vs and A, vs of Eq. (2.23) are then determined by solving

_ Ay Av
{Us+ ;/Cl S(XZ—XV)+ Z s(yl—yV):vszl/ Z:O,"-,4,

in the least square sense. Here (x,1;) are the coordinates of the cell center of K;; vy
stands for the value of the sth component of v; on cell K, which are pg,s 1, 1y and u,
respectively.

Based on linear least squares fitted pressure and velocity profiles described by
Eq. (2.23) at the vertex V, we are ready to define switches.

The first switch, SW1, which is used to pick out strong magnetosonic shocks or con-
figuration that may develop into such a shock, is accomplished by taking the undivided
gradient of the pressure (AxpgaS,Aypgas)T at the vertex V and comparing it with the
minimum pressure in the vicinity. SW1 is switched on if

| Ay Pgas |+ Ay Pgas | > ,Bmin(Pgas,O/ s/ Pgasny, ) (2.24)

and is switched off otherwise. We use f=0.5. Values of Aypg.s and Aype,s are taken
from Eq. (2.23) for pressure.

The second switch, SW2, which is used to pick out strong compressive motions at the
vicinity of the vertex V, is accomplished by comparing the undivided divergence of the
velocity to the smallest local signal speed. SW2 is switched on if

and is switched off otherwise. We use § =0.1. Values of A u, and A, u, are taken from
Eq. (2.23) for velocity. On cell K},

= =12

B;-B

Cl:<@+¥> L 1=0,- 1y,
P P

where p; and B = (B_xl,B_yl,B_Zl) g are average values of density and magnetic field on ;.
When either SW1 or SW2 is switched on, it means that the region has a shock or large
variation in motion in it. In this case, we need to pick out the direction along which
we want to upwind the evaluation of the electric field. We use a weighted combination
described below to do that.
We estimate the direction ng = (n1gx,715,)" of the strong shock in the vicinity of the
vertex V by

ne = Ay Pgas
, \/(AxpgaS)2+(AyPgaS)2
nsy = DyPgas .
\/(AxpgaS)2+ (Aypgas)?

, (2.26)

(2.27)
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Then for each E,; computed by Eq. (2.20), we compute the associated weight w, by

X

W= =z ’
Zsio Xs

(2.28)

where «; is defined by
a; = (ng-n;)*+107°. (2.29)

Here the small number 107° is to avoid division by zero in Eq. (2.28), and the power 4 is
chosen based on numerical experiments.
To this end, we compute E,(xy,yy) by

E.(xy,yv) =) wiE.(xy,yy) (2.30)
10

at vertex V when discontinuity or strong compression is present. If neither SW1 nor SW2
is switched on, then we say that the flow is locally smooth. In this case, we use Eq. (2.22)
to evaluate E,(xy,yy).

Image a situation where four cartesian zones come together at a vertex. Also say
that the flow is mesh-aligned in the x-direction. Then Eq. (2.30) will pick out the electric
field from the two x-flux directions and both will be properly upwinded. Admittedly,
some transverse contribution will be missed. On unstructured mesh, this fully multidi-
mensional contribution can only be picked up by a multidimensional Riemann solver,
see [46]. Such a Riemann solver was not available to us when this work was done, how-
ever, we endorse the use of such a multidimensional Riemann solver.

To summarize, the following steps are taken to evolve the normal components of the
magnetic field B, supported on cell edges:

Step a. For each vertex of the mesh V,: j=1,--- , Ny, we identify all cell edges that meet at V
and apply the flux interpolation method described in Subsection 2.3 to compute E,
at the vertex. Specifically, E, is computed by either Eq. (2.22) or Eq. (2.30) depending
on whether switch SW1 or SW2 is switched on.

Step b. We then solve Eq. (2.19) by a TVD Runge-Kutta time discretization method [39] to
evolve cell edge-length-averaged B, j numerically on each cell edge.

It is worth noting that for the CT type formulation to solve ideal MHD equations, the
normal components B, in the direction of cell edge unit normal of the magnetic field have
to satisfy the following consistency condition

0— ]g B, (2.31)

in order to evolve the magnetic field in a divergence-free manner. Here ; is a grid cell,
dK; is its cell boundary and JK; =0dK;1JdK;»(JIK;3. Notice that B, =B-ny,, and ny,
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is the cell edge unit normal pointing outwards from the cell. Eq. (2.31) is obtained by
integrating V-B =0 over cell K; and applying the divergence theorem.

Next we show that our CT formulation satisfies the consistency condition given by
Eq. (2.31) thanks to our flux interpolation method to compute the z-component E; of the
electric field at each vertex V, of the mesh 7j,.

To see this, let’s assume that unit normals of edges 0K;;, [=1,2,3 of IC; point outwards
so that the end point of edge dK; is the start point of edge dK; (11.1)moa(3) for [=1,2,3.

Eq. (2.19) implies
d <|3/Cz',z [Bhe (1)

n ) =E.(xi1.)—Ez(xi15), 1=1,2,3, (2.32)

where x;; . and x;; ; represent the end point and start point of edge 0K;; respectively. Ei’l
is the mapping between the local cell edge index I of cell K; and the global edge index j
defined in Eq. (2.7). Since values of E, at each vertex of the mesh are uniquely computed
by the flux interpolation method, by adding Eq. (2.32) defined on edges of K; together

we obtain B, iy
3 d(!aKi,l|Bh,n,é,-‘1(l)> _
)3 d B

I=1

Therefore our computed normal components By, , ; on cell edges satisfies the following
discrete analogues of the consistency condition (2.31):

’a]cl',l | Bh,n,éfl(l) + ’a]cl',z | Bh/nlg;l(z) + |al€1"3 | Bh,n,£;1(3) - 0 (2.33)

on edges 0K;; of cell K;, provided the magnetic field is divergence-free initially. In [7],
we have shown that the above equation is satisfied as long as the same electric field at
vertices is used for updating the face centered magnetic field. In other words, this is a
Yee type scheme on unstructured meshes.

2.4 Time discretization

The method of lines approach is used to evolve the solution on the triangulated domain.
Specifically, the third-order accurate TVD Runge-Kutta method [39] is used to solve or-
dinary differential equations (2.16) and (2.19).

3 WENO-based reconstruction

The main ingredient of a high-order accurate finite volume scheme is a reconstruction
algorithm, which reconstructs a smooth and high degree polynomial approximation of
the solution from average values computed by the base finite volume scheme at the end of
every Runge-Kutta stage. In return, the reconstructed polynomial is used for evaluating
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numerical fluxes in the subsequent calculation. In this section, we solve the following
two sub-problems of reconstruction:

Sub-problem 1. Given edge-length-averaged normal component B,, ; of B*Y defined on
cell edges L; € €, and a positive integer g, for each cell C;, reconstruct an essentially non-
oscillatory and divergence-free magnetic field ]~3 supported on K;. Here B 6 P,(K;)2.
P;(K;) is the space of polynomials of degree at most g supported on K;. B isa (q—l—l)th—
order accurate approximation to exact B*Y (when it is smooth) on cell ;. B has the

~X

Y
following three properties: 1) B,

Xy
. is divergence-free. 2) B, is conservative on the edge,
namely,

1 Exy
[ . oon,—
’a]C1,1| BK].,I ! (1. l(l)

Here 0; is the Ith edge of cell ;; n 1 is the associated unit normal of this edge; [0/C; |

d€:Bﬂ,€;1(l)’ Z:1,2,3 (31)

is its length. B ( ) is the edge-length-averaged normal component of the magnetic field

on dk;;. 3) If Bl- and Bl-/ are supported on two grid cells K; and Ky sharing a common

edge with unit normal f, the normal components of ﬁfy and ﬁ;y in fi direction agree
precisely on this edge.

For our proposed scheme, we present a reconstruction algorithm in Section 3.1 to
solve this sub-problem at the end of each Runge-Kutta stage by using mean values By, , j,

which are numerical approximation to B, ;.

Sub-problem 2. Given cell average values 7; of a function v(x,y) on each cell K; and a
positive integer g, for each cell K;, reconstruct an essentially non-oscillatory polynomial
Pi(x,y) of degree at most g which has the mean value 7; and is a (§+1)th-order accurate
approximation to v(x,y) on KC; (when v(x,y) is smooth). For our ideal MHD problem, at
the end of every Runge-Kutta stage, this problem is solved for 7; replaced by the cell av-
erage values of the every component of UY computed by the base finite volume scheme.

Before we describe the algorithm to solve these two reconstruction problems, we first
recall several relevant concepts which will be used later in this section. The level-0 von
Neumann neighborhood of a triangle K € 7j, contains the edge adjacent neighbors of K
and is defined to be the set

‘)TO(/C):{/%E’E\{/C}:EOICB an edge oflC}.

11 s

Here we neglect the subscript “i” of cells for convenience. The level-r von Neumann
neighborhood is defined by the recursive definition

N'(K)= U nwYK) |\{K}, for r>1.
Kenr-1(K)
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For instance, the level-1 von Neumann neighborhood of K is obtained by merging level-0
von Neumann neighborhoods of cells in N°(K) which are edge adjacent neighbors of K.
This level-r von Neumann neighborhood concept was introduced in [26].

A critical component for the success of reconstruction on triangular meshes is the
selection of a set of admissible stencils. Generally, this set should contain isotropic (or
centered) stencil for achieving good approximation in smooth regions, and anisotropic
(or one-sided and reverse-sided) stencils to avoid interpolation across discontinuities [21,
26].

In order to construct these anisotropic stencils, the sector search algorithm [24, 26] is
utilized to construct forward sectors as well as backward sectors. Fig. 2(b) shows three
forward sectors FSs,5s=1,2,3 of cell Ky. A forward sector is spanned by a pair of edges
of Ky. Fig. 2(c) shows three backward sectors BS,,s =1,2,3 of Ky. A backward sector is
defined by having its origin at the midpoint of an edge of Ky and its two boundary edges
passing through the other two midpoints of remaining edges of K.

When we perform a WENO reconstruction for a cell K € 7y, in addition to construct
a central stencil, within each of the sectors of I, we construct either an one-sided sten-
cil (when it is a forward sector) or a reverse-sided stencil (when it is a backward sector).
Additionally, when we construct an anisotropic stencil, we only include cells in von Neu-
mann neighbors of K, whose barycenters lie in the corresponding forward or backward
sector.

3.1 Summary of divergence-free WENO-based reconstruction algorithm for
B*Y on cell

In this subsection we summarize a new divergence-free WENO-based reconstruction
strategy for reconstructing the magnetic field on triangular grids based on our recent

work [14] and [7,9]. This solves the Sub-problem 1. The reconstructed ﬁjy supported
on cell £; is: 1) divergence-free on ; internally, 2) a (g+1)th-order accurate approxima-
tion to exact B* on K;, and 3) uniquely defined on edges of K;. It conserves the facially
averaged magnetic field component on each face of KC;.

Moreover, suppose two cells C;, i € T, share an edge ﬁ]-, namely C;NKy = ﬁ]-, and

~xy ~xy
let B; (x,y) and B; (x,y) be reconstructed magnetic field approximations on these two
~xy ~xy
cells respectively. B; (x,y) and B; (x,y) satisfy
~xy ~xy

B, (x,y)nj=B; (x,y)-n; for (x,y)cL;. (3.2)

Eq. (3.2) implies that the normal component of the reconstructed magnetic field is C°
continuous on the grid cell edges.
We summarize the algorithm for reconstructing magnetic field as follows:

Step 1. For every grid cell K;, we identify a set of admissible reconstruction stencils Tp =
{Tém) :m=1,---,7} using the method introduced in [21,24,26]. Here Tlgl) represents
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the central stencil; TE(;Z), Tég) and Tgl) are the one-sided stencils constructed in each

of the forward sectors of K; respectively; and TéS), Tl(f) and Tg) are the reverse-
sided stencils constructed in each of the backward sectors of K; respectively. This
choice of stencils allows to better limit oscillations of polynomial approximation of
the solution supported on K.

Step 2. For each stencil, we use cell edge-length-averaged values of normal component
By, n,j defined on edges of cells contained in the stencil to reconstruct preliminarily a
divergence-free magnetic field ny ’(m), m=1,---,7, with every component of ny’(m)
represented by a up to gth degree polynomial function.

Step 3. For each preliminarily reconstructed ny’(m), a smoothness indicator w;, is com-

puted with Y7 _;w,, = 1. The nonlinearly stabilized WENO reconstruction ]NSfy is
gy (m)

defined by a weighted combination Y7, _; w;,B; and is exactly divergence-free.

Step 4. On each cell edge £;, j=1,---,Ng, we reconstruct a polynomial approximation

B, to the edge-centered normal component of the magnetic field in the direction

of edge unit normal with (g+1)th-order accuracy. We use the reconstructed ﬁfy
supported on cells in Step 3 to accomplish this task.

Step 5. Denote the cell edges of the grid cell K; by 0K;;, [ =1,2,3, and relabel the recon-
structed By,; on these edges by B, ;-1 respectively. For each grid cell Ki, we use

B 0,0 (1) 1=1,2,3 (and By, from edge adjacent cells of K; if needed) to reconstruct
i ~xy
a divergence-free magnetic field B; on K;.

For the conciseness of the paper, we provide details for implementing the second-
order in Subsection 3.2. Readers can find details of implementing the third-order case in
Appendix A.

3.2 Second-order accurate reconstruction for B*Y

To explain the algorithm for reconstructing magnetic field clearly, we first describe the

second-order accurate reconstruction case. We note that the preliminarily reconstructed
~ =Xy

B*/("), WENO combined B*¥ and reconstructed B " all belong to {v e P;(K;)?: V-v=0}.

Bxv.(m) — (B)((m),Bém)) Tis represented as:

B (x,y) = a0 m + a1 mx+a2,my,

By (%,y) = bom+b1,mXx+bomy.

=

1“"ir
1

Here we drop the subscript “i” for convenience.
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The divergence-free condition V-B*¥(") =0 gives the equation
ai,m +b2,m :0/ (34)

for linear polynomial representation of B*Y by matching coefficients. This reduces one of
the degrees of freedom in reconstructing B*¥/("),

~Xxy
Fig. 2 shows stencils used to reconstruct B, on cell Ky. The central stencil is shown

(©

Figure 2: Stencils for reconstructing second order accurate cell-centered divergence-free magnetic field on cell
Ky. Normal components of the magnetic field on solid line edges are utilized. (a) The central stencil. (b) Three
forward sectors FSy, FSy and FS3 of cell Ky formed by spanning a pair of edges of K respectively. The cells
of three one-sided stencils formed in each of the forward sector are shown here. (c) Three backward sectors
BS1, BS; and BS3 of Ky. A backward sector is defined by having its origin at the midpoint of an edge of Ky
and its two boundary edges passing through the other two midpoints of remaining edges. The cells of three

reverse-sided stencils formed in each of the backward_sector are shown_he ote tha he same_ notations are
used for different normal components of the magnetic field and cells in (e) and to avoid introducing

too many notations.
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in Fig. 2(a). Fig. 2(b) shows three forward sectors FS;,5s=1,2,3 of Ky as well as cells used
to construct corresponding one-sided stencils. Fig. 2(c) shows three backward sectors
BS;,s =1,2,3 of Ky and cells chosen to construct corresponding reverse-sided stencils.
The details of constructing one-sided and reverse-sided stencils in these sectors and re-

~xy
constructing linear polynomial B, supported on Ky are given below.

3.2.1 Preliminary second-order accurate reconstruction on central stencil

See Fig. 2(a). The central stencil consists of Ky, and its three adjacent neighbors Ks,s =
1,2,3, which are in the level-0 von Neumann neighbor of .

On Ky, we arbitrarily choose two cell edge-length-averaged values of normal com-
ponents of B*Y, denoted by By and B;. On each of K5, s =1,2,3, we choose one cell
edge-length-averaged value of normal components of B*Y defined on the cell edge which
is not the common edge between Ky and ks, and denote these average values by B,, B3
and By respectively. The cell edges on which these values are defined are relabeled by
Ls:5=0,---,4 for convenience. The solid lines in Fig. 2(a) indicate these edges. We then
solve

a1,m + bZ,m - O/
1
|£s, Ls

(3.5)

B .n,df=B,, s=0,--,4,

to obtain a candidate B*(1). Here m=1; |Ls| is the length of L;; and ny is the unit normal
of L.

Notice that our choice of cell edges is such that we never form closed loops of edges.
This is because the divergence-free condition ensures that each closed loop has one re-
dundant piece of information which can be computed by Eq. (2.33). Also notice that
Eq. (3.3) only has five independent degrees of freedom and we have selected five edges
which do not close from the central stencil. We remark that this general principle also
applies to reconstructing B*Y on other stencils.

Finally we point out that for this central stencil, there are other possible ways to
choose cell edges for reconstruction. See Fig. 2(a). For instance, we could use values
defined on the dashed line edges from every neighboring cells of Ky together with ones
defined on the solid line edges of Ky to reconstruct the polynomial. This is also the case
for reconstruction by using other stencils. However, we notice that as long as we fol-
low the principle of choosing edges close to Ky, the results are not sensitive to choices of
edges.

3.2.2 Preliminary second-order accurate reconstruction on one-sided stencils

Fig. 2(b) shows forward sectors and corresponding one-sided stencils utilized for recon-
struction. In Fig. 2(b), cells K1, K7 and K3 are three neighbors of Ko; and Ky, K1 are

two neighbors of s (other than Ky), s =1,2,3. We form three one-sided stencils: Tl(;z) =
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{Ko,K3,K30,Ka1} in FSy; TS = {Ko,K1,K10,K11} in FSy; and TS = {Ko,K2,K20,K21 } in
FSs.

With every one-sided stencil Tém),m =2,3,4, we will utilize cell edge-length-averaged
values of normal component of the magnetic field B* on cell edges to reconstruct prelim-
inarily a divergence-free polynomial in the form of (3.3). Take stencil TE(;Z) for example. On
Ko, we utilize two average values of normal component of B*Y defined on its two edges
respectively, and denote them by By and B;. On K3, we use one average value of normal
component of B defined on the cell edge which is not the common edge between K,
and K3, and denote it by B,. On each of K39 and K3, one average value defined on the
cell edge which is not shared by K3 and K3 (or by K3 and K31) is employed respectively,
and denote them by Bz and By.

We now use {Bs:s=0,---,4} to reconstruct preliminarily a piecewise linear B*(?) by
solving Eq. (3.5). We similarly compute on the other two one-sided stencils to obtain two
candidates respectively, denoted by B*¥/(3), and B*¥/(4),

3.2.3 Preliminary second-order accurate reconstruction on reverse-sided stencils

The reverse-sided stencils are constructed by using cells within the backward sectors.
Fig. 2(c) shows reverse-sided stencils which are constructed in the backward sector
BS;,s =1,2,3 for reconstructing B*Y on Ky. Here cells K1, Ky and K3 are three neigh-
bors of Ko; and K9, K1 are two neighbors of K (other than Ky), s =1,2,3. We construct
three reverse-sided stencils: Tl(;) ={Ko,K10,K2} in BSy; Tlgé) ={Ko,K11,K31} in BSy; and
TE(§7) = {Ko,lCz],’Cgo} in BSg.

Unlike the central or one-sided stencil case, here we employ a constrained least square
method to solve the reconstruction problem by using each of the reverse-sided stencils.
Due to the divergence-free condition, in principle, we only need 5 additional conditions
to uniquely determine functions (3.3). However, a reverse-sided stencil can provide 6
admissible average values of normal component of B*Y (or 6 conditions to determine
(3.3)). See Fig. 2(c). Take the stencil TlgS) for example. The edges on which the defined
average values are employed for preliminary reconstruction are indicated by solid lines.
On Ky, we can use two edge values By and B;. On Kyp, we can use B; and Bs; and on
K20, we have By and Bs to use. To avoid a bias in choosing values from T(S), we use all
of these 6 average values and solve the following system of linear equations with linear
constraints for the preliminary reconstruction:

1
{ 2 /E B .ndf =B, s=2,---,5, (3.6)

subject to:
ai,m + b2,m == 0/

3.7
|£1—|/£ B*Y").nydl =By, s =0,1. 5.7)
s/ o
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When solving this constrained least square problem, Eq. (3.7) is satisfied exactly; while
Eq. (3.6) is satisfied in the least square sense. To improve the divergence-free aspect of
the solution to this constrained least square problem on stencil cells other than Ky, one
can substitute Eq. (3.4) into Eq. (3.6) before solving (3.6)-(3.7). This ensures that the pre-
liminarily reconstructed magnetic field on the cell of interest, Ky, is divergence-free, and
matches the magnetic field defined on the cell edges bounding Ky by mean values exactly.
Additionally, the preliminarily reconstructed magnetic field is the best approximation to
the magnetic field on other cells in the reverse-sided stencil.

We denote candidates obtained by solving Egs. (3.6)-(3.7)- in a constrained least
square manner for every reverse-sided stencils B*¥/(%>), B*¥/(®) and B*¥'(7) respectively.

3.24 Computation of weights for second-order accurate WENO reconstruction

We now apply a weighted combination of {B*("):m =1,.--,7} to finalize By’ using
the idea of WENO [22,40]. This accomplishes Step 3 of the algorithm for reconstructing
magnetic field. We note that this step is for obtaining the non-oscillatory property for the
reconstructed magnetic field, yet not to increase the accuracy from that of {B*¥/("):m =
1,---,7} to that of B, as the original WENO method does [25,40].

For each B*/(") represented by Eq. (3.3), we compute a quantity «,,, which is the
reciprocal of a smoothness measure by

by,
e+ (aym)?+(agm)2+ (bym)2+ (bym)?’

m=1,---,7.

Xm

Here we take e=10"° to avoid division by zero. b,,=10 when m=1; and b,, =1 otherwise.
This follows the idea in [27]. The parameter b,, allows to have more weight on the central
stencil, which provides better accuracy when the solution is smooth.
The weight w,, is computed by
217:1 a

Finally, we reconstruct the piecewise linear polynomial approximation ]NSSy on Ky by

Wi

7
Egy = Z w,, BXY(m)
m=1

Notice that By’ satisfies the divergence-free condition: V-By” =0 exactly. Moreover, it is
easy to verify that

1

. o
K] Jorc, Bo m0ade =By 1y 1=1.23. (3.8)

This completes Step 3 of the algorithm for reconstructing magnetic field for the second-
order accurate case.
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3.2.5 Second-order accurate reconstruction for §n,]- on cell edges

After reconstructing non-oscillatory ﬁfy, i=1,---,N on each cells, we now reconstruct a
linear and non-oscillatory polynomial approximation to the normal components of the
magnetic field En,]- supported on cell edges for each £, j=1,---,Ne.

Assume that the edge £; is not on the boundary of the domain () and has edge unit
normal n;. Let’s denote two grid cells sharing E by Kr; and K., and the reconstructed

magnetic field on each of them from Step 3 by B;” and B}’ . respectively.
We parameterize edge £; by function r({) = (x(@ ), y(C )) with

1(0)=xjm+ L%, —1<{<1. (3.9)

XjetXjs Xje—Xjs
Here Xjm = 52 and 'ij = 2 X = (X)s,Yjs) and Xj . = (Xje,Yj.) are the start and
end points of L; respectively.
The normal component of ]~3fy in n; direction and defined on r({) is therefore

B,,i({)=n;-B;" (x(2),y(0))
= (nx,j (@0,i+1,i%Xjm+2,iYjm) + 1y, (Eo,i 01, m + Do, j,m) )
+ (nx,j (@1, Ax+,18y7) +1y (El,iij+Ez,iij) > ¢ (3.10)

which is a linear polynomial with respect to parameter ¢. Similarly the normal compo-
nent of B} along r({) is

B (§) =y By (x(£),y(2))
= <nx,j (@o,ir 1,00 Xj, -2, 1Y m ) 1y, (Eo,i/ b1, X+ b,y j,m> )
+ (nx,j (1,0 Axj+0,0 Nyj) +11y (fbvl,irij—FfI;zli/ij)) Z. (3.11)
For convenience in discussion let’s rewrite B, ;({) and B,, #({) in the following forms:

Bn,i(g) :ﬁj‘i‘f?igr

B,i(§)=8j+bs7,  —1<¢<1, G2
with
A= (nx,( ol+a11x]m+a21y]m)+ny]<b01+b11x]m+b21y]m>)
= (11 (o401, + 21 jm) 11y (B 1%+ B yim ) )
b= (nx (@ DX+ Dy) 1y (’El,iij+'Ez,iij)) ,
by = (1 (0 %+ 00 Dyy) -y (B Dxj+ b Dy ) ).
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Notice that B, ;({) and B,, #({) must have the same constant coefficient 4;, which is equal
to HJ" and in general b; # bs. This is due to conservative nature of the reconstruction
which conserves edge-length averaged values of the normal components of the magnetic
field on cell edges when reconstructing ﬁfy and ﬁf,y . See also Eq. (3.8). Finally, we deter-

mine the reconstructed En,]- supported on L; by

B, (0)=a;+big, —-1<7<1, (3.13)
where Bj —minmod (b;,b;) and the minmod function is defined by

c1 if o] <|c2] and ¢1c2 >0,
minmod(cy,c2) =4 ¢ if |ca] <|e1| and ¢1c2 >0, (3.14)
0 otherwise.

~xy
3.2.6 Second-order accurate non-oscillatory, divergence-free reconstruction for B;
with continuous normal component

Step 5 of the algorithm for reconstructing magnetic field is to reconstruct a divergence-
~xy ~
free B; (x,y) on each cell K; using reconstructed B, ,-1(;, [=1,2,3 given by Eq. (3.13) on
~xy -
edges of K;. This is achieved by letting B; (x,y) match B, , 1y 1 =1,2,3 exactly along
each edge L1 respectively and satisfy the divergence-free condition. The details to do
this are given below.

~xy = =
Let B; = (By,By) be represented by

By (x,y) =ao+a1x+ay, (3.15)

Ey(x,y) = by +§1x+zzy.

~xy
On each edge L1, of K, we represent the normal component B, -1 ;) () of B; (x,y) by

~xy

B0y (Q) =11 B; (x(2),(0))

= (”x,@,—l(z) <50+51xe;1(1),m+52y£;1(1),m) 1y (bO+b1x£;1(z),m+b2ye;1(z),m))

where the parametric equation r({) = (x(¢),y({)) of the edge is defined by Eq. (3.9).

We then solve the following system of linear equations for ag,a;,42,bo,b1,and 52 to
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~xy

reconstruct B; (x,y) supported on K;

El: a1+b,=0,

E2: nxléi—l(l) (E&Axel_—l(n +:52Ay/l—1(l)) +ny’€]_—1(l) (E]Axel_—l(l) +52Ay[]—1(l))
=by1 for[=1,2,3,

E3: m i1y (EOJFElxzi 1y mtR2Y g ),m>+”y,e;1(zf) (bO+b1xz;1(zf),m+b2ye;1(zf),m)
:ﬁé—l(l/) fOI‘ l/ 1 2

i

(3.17)
We note that Eq. (3.17.E1) is for 1~3 (x,y) to satisfy the divergence-free condition. The set

of linear equations (3.17.E2) is for B ( ,y) matching with linear moments of Bnlgi—l(l)
on edge Eé; o) respectively; while the set of linear equations (3.17.E3) is to match
with the zeroth moments of Bnlgi—l(l) on L1, respectively. Notice that Eq. (3.17.E3)
only consists of two equations, which makes it look like that the edge-length-averaged

~xy
values of B; (x,y) on edges will only agree with two edge-length-averaged values of
- ~xy
B, o111y I'=1,2. However, by V-B; (x,y) =0, we have

:xy
2 B, -ny, d7=0, (3.18)
|‘£ | L, 1) ’

where ny,, is the /th edge unit normal pointing outwards from the cell K;. By
Eq. (3.17.E3), we have either

1 <xy . .
Bl .nlci,l/dé’:Bh,)’l,[_l(l/) 7 1f n[CiJ, :n[—l(l/)/ 1/21,2,

|‘£ L) | L, Sl ! !

or . (3.19)
=Xy

|£ l/| £ 1 Bi ‘nic. Z,dg m/ 1f n’Ci,l’:_nfi*l(l/)/ 1/21,2.
(1"

Egs. (3.18) and (3.19) imply that
1 =X

Y -
1L e Bi 1) d0=By 0 -
(3)

~xy
Thus we have shown that the reconstructed B; also satisfies the consistency condition
(2.33).

Moreover, by Egs. (3.17.E2) and (3.17.E3), the reconstructed second-order accurate

~xy
{B; (x,y): i=1,---N} satisfies Eq. (3.2), namely, the normal component of the recon-
structed magnetic field in edge normal direction is C® continuous on cell edges.
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This finishes reconstructing a second-order accurate, divergence-free magnetic field
with continuous normal components. For the numerical scheme formulated in this pa-
per, this reconstruction is applied at the end of the every Runge-Kutta stage for the
second-order accurate case. In the next subsection, we explain how to reconstruct a
third-order accurate, non-oscillatory and divergence-free magnetic field with continuous
normal component.

3.3 WENO finite volume reconstruction for U

In this section we describe an algorithm to reconstruct polynomials of degree =2 from
given cell averages to solve the Sub-problem 2.

Let (x;,1;) be the coordinates of the barycenter of cell ;. We use the following mono-
mial expression of a second degree polynomial P;(x,y) supported on ;:

Pi(x,y)=ag,+ay;(x—x;)+a; (y—y;)+as;(x—x;) 2 +ag;(x—x;) (y—y;) +as,(y—y;)*. (3.20)

To reconstruct a polynomial function approximation to a function v(x,y) on cell K; from
cell average values 7; of v(x,y), we also follow the reconstruction algorithm described
in Section 3.1 without using Step 4 and Step 5. Moreover in Step 2 of the algorithm, we
use cell average values here for solving the Sub-problem 2; and we do not require the
reconstructed P;(x,y) to be divergence-free.

For the self-completeness of the paper, we briefly describe the WENO reconstruc-
tion of the second degree polynomial Py(x,y) (or the third-order accurate reconstruction)
on cell Ky. We refer to [21,22,26] for description of the first degree polynomial recon-
struction. See Fig. 7 for all stencils used in the second degree polynomial reconstruction.
On each of the stencil T(m),m =1,---,7, we first reconstruct preliminarily a polynomial

P(gm) (x,y) supported on Ky by solving a system of linear equations (or a constrained least
square problem) respectively.
The central stencil T™") to reconstruct preliminarily a second degree polynomial

P(gl) (x,y) on cell Ky is shown in Fig. 7(a). T consists of cell Ky, its three neighbors K,
K7 and K3, and K59 and K53 which are two neighbors of s (other than Ky), s=1,2,3. Thus
T = {Ko,Ks,Ks0,Ks1,5=1,2,3}, which consists of the level-1 von Neumann neighbors

of Ko and Ky itself. The coefficients of Pél) (x,y) are determined by solving the following
constrained linear problem

{ /K P (e y)dxdy =Ky [, s=1,2,3; 1=0,1;
sl

subject to: (3.21)
{/}C Pél)(x,y)dxdy:]ICs/ﬁS/, s$=0,1,2,3,

where || is the area of cell K; Ty is the cell average value defined on cell Ky; and 7y is
the cell average value defined on K.
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Within three forward sectors FS,, s=1,2,3, we construct three one-sided stencils T2,
T®) and T® respectively. See Fig. 7(b). In FS;, T2 = {Ko,K3,K30,K31,K4,K5}. Thus T
consists of Ky, level-1 von Neumann neighbors of Ky in this sector, and two additional
cells K4 and K5 which are neighbors of level-1 von Neumann neighbors in this sector
(other than K3). The other two one-sided stencils T(®) and T*) are constructed similarly.

Then by using every stencil T("),m=2,3,4, we reconstruct preliminarily polynomials

P(gm) (x,y) respectively by solving the following linear system

/AS(T(W)) P(gm)(x,y)dxdy: |A5(T(m))’55, s=1,---,6, (322)

where A, (T(m))ET(’”) isacellin T, m=2,3,4; T, is the cell average defined on A\ (T(’”) ),
and |Ag(T(™)] is the cell area of Ag(T(™).

See Fig. 7(c). Within three backward sectors BS;, s=1,2,3, we construct three reverse-
sided stencils T(®), T(®) and T(7) respectively.

In BS;, TO) = {Ko,K4,K10,K11,K5,K50,K51}. The method to construct this stencil is
the same as the one used to construct the stencil TlgS) used to reconstruct a third order
accurate divergence-free magnetic field B*¥/(%) described in Appendix A. Stencils T(®)
and T7) are constructed similarly.

(5)

We next reconstruct preliminarily polynomial P05
following constrained least square problem

by using stencil T®) by solving the

{ /K P (x,y)dxdy = K, [3), 1=4,5,40,41,50,51;
1

subject to: (3.23)

{ //c Pé5)(x,y)dxdy: |ICo [o.
0

Polynomials P(gé) (x,y) reconstructed by using T(®) and P(§7) (x,y) reconstructed by us-
ing T7) are computed similarly.
For each Pém) (x,y), m=1,---,7, we compute a smoothness indicator [22] by

1/2
SI(P{™)= < x /. h‘Z(D"‘Pém)(x,y))dedy> . (3.24)
|a=1|""0

This smoothness indicator is suitable for stringent shock wave interaction problems. See
[22] for discussion of other oscillation indicators.
Weights w,, from these smoothness indicators are redefined by
—4
b (e—i—Sl(Pém)))
Wy = (3.25)

_
b (e+51(R)"))
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where b,, =10 when m =1 and b,, = 1 otherwise. € =107° is used to avoid division by
Zero.
The final nonlinear WENO reconstruction polynomial Py(x,y) is defined by

Py(x,y)= Z meé )(x,y). (3.26)
m=1

This completes the third-order accurate reconstruction for approximating v(x,y) on Ky.
In the present paper, this reconstruction algorithm is applied at the end of every Runge-
Kutta stage, and used to reconstruct every component of UX with 7; replaced by the cell
average values of corresponding component of UH computed by the base finite volume
scheme.

4 Numerical test problems

4.1 Vortex evolution problem

We consider a vortex evolution problem, which was initially suggested in [7], to assess
the convergence order of the scheme.

The problem is defined on a [—5,5] X [—5,5] domain with periodic boundary con-
ditions on both sides. The unperturbed MHD flow is given by (o, pgas,Ux,ty,Bx,By) =
(1,1,1,1,0,0). The ratio of specific heats is v =5/3. The vortex is introduced through
perturbed velocity and magnetic fields given by

_ K 050112 _ _ M 050-7)_
((5ux,5uy) 271_6 ( y,x), (5Bx/5By) 27‘[6 ( y/x)/

where r2 = x2+1?2. The pressure determined by the dynamical balance is given by

K2 (1—12) —u?
5pgas:Tyel

2
We use k=1, y =1 in our computation. The exact solution is the initial configuration
propagating with speed (1,1), and is given by

U(x,y,t)=Uy(x—t,y—t).

The periodic boundary condition introduces an error of magnitude O (10~%), which does
not affect the reported results. The typical triangle edge length, denoted by #, is listed
in the first column of all the tables shown in this section. L; and L., errors and orders
of accuracy of variables p and ¢ at time T = 1.0 are shown in Table 1 for the second-
order accurate divergence-free WENO reconstruction-based scheme and in Table 2 for
the third-order accurate scheme. Table 3 shows the L1 and L errors and orders of ac-
curacy of x-component of the magnetic field computed by the second- and third-order
accurate schemes, respectively. As can be seen, results in these tables show clearly that
we have achieved the expected accuracy property of the scheme. The absolute value of
the undivided divergence of the magnetic field is about O(10713) in these simulations.
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Table 1: Numerical errors and convergence order for the second-order accurate divergence-free WENO
reconstruction-based method for solving the 2D vortex evolution problem.

h Ly order | Lo order | L order | Lo order

o error o error € error € error

1/4 293E-3 | - 7.65E-3 | - 1.07E-1 | - 3.69E-2 | -

1/8 8.22E-3 | 1.83 4.61E-3 | 0.73 2.71E-2 | 1.98 1.42E-2 | 1.38

1/16 | 1.38E-3 | 2.57 1.31E-3 | 1.81 495E-3 | 2.46 4.84E-3 | 1.55

1/32 | 2.40E-4 | 2.53 3.92E-4 | 1.74 9.23E-4 | 2.42 1.71E-3 | 1.49

Table 2: Numerical errors and convergence order for p and ¢ of the third-order accurate divergence-free WENO
reconstruction-based method for solving the 2D vortex evolution problem.

h Ly order | Lo order | L order | Lo order
0 error 0 error € error € error

1/2 | 2.01E-2 | - 2.80E-3 | - 1.31E-1 | - 249E-2 | -

1/4 | 2.31E-3 | 3.12 | 4.96E4 | 2.50 1.03E-2 | 3.67 | 2.44E-3 | 3.36

1/8 | 1.85E-4 | 3.64 | 4.44E-5 | 3.48 | 6.64E-4 | 3.96 | 2.03E-4 | 3.59

1/16 | 2.58E-5 | 2.84 | 8.75E-6 | 2.34 | 9.26E-5 | 2.84 1.90E-5 | 3.42

Table 3: Numerical errors and convergence order for By of the divergence-free WENO reconstruction-based

method for solving the 2D vortex evolution problem.

h second-order case third-order case

LY error | L' order | L® error | L® order | L! error | L! order | L® error | L*® order
% 3.06E-1 - 5.07E-2 - 1.25E-1 - 2.42E-2 -
411 6.12E-2 2.32 1.29E-2 1.97 8.04E-3 3.95 1.89E-3 3.68
% 1.06E-2 2.53 2.93E-3 2.14 7.69E-4 3.39 1.46E-4 3.69
11_6 2.06E-3 2.36 9.10E-4 1.69 1.23E-4 2.64 2.24E-5 2.70

4.2 Numerical dissipation and long-term decay of Alfvén waves

We consider a smooth solution problem proposed in [7], which examines the numerical
dissipation of torsional Alfvén waves that are made to propagate at a small angle to the
y-axis. We use the same angle a =tan(1/6) =9.462°; and the magnetic field is normalized
by a 1/+/47 factor. The density pg=1, and pressure pp=1 are initial values of density and
pressure respectively. The unperturbed velocity is 19 =0, and the unperturbed magnetic
field is Bo=1.

The computational domain is [—r/2,7/2]x [—r/2,r/2] with r =6. The direction of
wave propagation is along the unit vector n= (1,,1,) = (ﬁ,ﬁ) The phase of the

wave is taken to be ¢ = i—’; (nxx+nyy—Vat), where V4 = By, /po. The velocity is given by

u = (uony —enycosg, uony+enxcos¢, esing), where € =0.2. The magnetic field is given
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Figure 3: (a) Logarithm plot of the maximum of absolute value of the z-component of the velocity from the
torsional Alfvén waves propagation problem. (b) Logarithm plot of the maximum of the absolute value of the
z-component of the magnetic field from the torsional Alfvén waves propagation problem. The maximum value
should remain constant for the exact solution but decay due to the numerical dissipation. The solid line is for
the third order accurate scheme; while the circled line is for the second order accurate scheme.

by B = (Bony+eny,/pocosd, Bony —eny,/pocosp, —e,/posing).

The typical edge length of triangles is roughly equal to 5. Solution of the problem is
computed to a time T=129. The maximum values of u, and B, should remain constant
over time for the exact solution, but decay due to the numerical dissipation. Therefore
this problem provides a good assessment of dissipation of the numerical scheme. Fig. 3
shows the logarithm of the maximum of absolute values of u, and B, over time. We
see clearly that the third order accurate scheme is substantially less dissipative than the
second order accurate scheme.
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In what follows, we test the problems with discontinuities to assess the non-
oscillatory property of the proposed third order accurate scheme.

4.3 Rotor problem

This test problem is first proposed in [5] and is considered as the second rotor problem
in [42]. The computational domain is [0,1] x[0,1]. y=>5/3. A dense rotating disk of fluid is
initially placed at the central area of the computational domain, while the ambient fluid
is at rest. The initial condition is given by

2.5
(pngaS/ux/uy/uz/Bx/By/Bz) — (P(X/O)/0-5/”x(x/0)/uy (X/O)/O/ \/T_T[,O,O> .

Here
10, —(y—0.5)/r9, (x—=0.5)/rg ifr<ry,
(0(x,0),ux(x,0),uy(x,0)) = ¢ 14+9f, —(y—05)f/r, (x—=05)f/r ifro<r<ry,
1, 0, 0, ifr>rq,

where rg=0.1, 11 =0.115, f=(r1—r) /(r1—7p), and r=/(x—0.5)2+ (y—0.5)2.

The solution at time t =0.295 is computed. The typical edge length of triangles used
to partition the domain is about ﬁ. A CFL number 0.4 is used for calculation. Fig. 4
plots the numerical result of the density p, pressure pg,s, magnetic pressure (B2 +B§) /2
and Mach number. We see that there is virtually no diffusion of the loop’s boundaries
and no oscillations in the magnetic pressure within the loop’s interior. The pressure is
positive throughout the computational domain. The degradation in the density variable
that was previously reported in [31] is not seen in our simulation.

4.4 Blast wave problem

This test problem is taken from [5]. It was about a spherical strong fast magneto-sonic
shock propagates through a low-p (8 = 0.000251) ambient plasma. We use it to show the
advantages of the divergence-free reconstruction. The setup of the problem is as follows:
on a computational domain [0,1] x[0,1], po=1, u=0, B,=50/ VAT, By =B, =0, pgss =1000
within a circle centered at (0.5,0.5) of radius R=0.1 and pg,s = 1.0 elsewhere. The final
simulation time t =0.01. The typical edge length of triangles used to partition the do-
main is about 0.0075. This is a stringent test problem [5]. The pressure is several orders
of magnitude smaller than the magnetic energy. A small discretization error in the total
energy can produce negative pressure near the shock front, as observed by others [28,30].
We used local divergence-free reconstruction to treat this. Briefly, if after reconstructing
the magnetic field on a cell, the pressure computed from cell average values may become
negative at quadrature points of cells near the shock, we try to use a simple scaling tech-
nique introduced in [43,47,48] to remove the negative pressure. In these papers, we show
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Figure 4: P2 solution of the rotor problem at time t=0.295. Thirty equally spaced contours are shown in each
plot. (a) Density p; (b) pressure pggs; (c) magnetic pressure (B%—l—B;)/Z; (d) Mach number.

how order can be reduced to retrieve the positivity property. It is also shown that this can
be done while preserving the locally divergence-free property for the magnetic field.
Fig. 5 plots the numerical result of the density p, pressure pg,s, magnetic pressure

(B2+ Bﬁ) /2 and magnitude of the velocity ,/u%+uf. Owing to the large pressure placed

at the center of the domain at the start of calculation, a strong blast wave propagates
outwards, leaving a low density region in the center of the computational domain. We
see that there is only minor oscillations in the density plot. Other fields are resolved
nicely.

4.5 Orszag-Tang problem

Here we simulate the Orszag-Tang vortex problem [33]. The initial conditions are
uy=—sin(y), uy=sin(x), By=—sin(y), By =sin(2x), 0=72, pgas =7y, t1z=B-=0. The com-
putational domain is a square [0,27t] % [0,277] with periodic boundary conditions along
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Figure 5: P2 solution of the blast wave problem at time t=0.01. Forty equally spaced contours are shown in
each plot. (a) Density p; (b) pressure pggs; (c) magnetic pressure (B%—FB;)/Z; (d) Magnitude of the velocity

\ ud+ug.

both boundaries. v =5/3. The final output time ¢t = 7. The typical edge length of trian-
gles used to partition the domain is about ﬁ. Starting from a smooth initial condition,
the flow becomes very complex as expected from a transition towards turbulence gradu-
ally. Fig. 6 shows the development of density p in the Orszag-Tang vortex problem. Also
we report that the density and pressure have remained positive. No positivity fix was
needed for this problem.

5 Concluding remarks

In this paper we introduced a divergence-free WENO reconstruction-based finite volume
method for solving the ideal MHD equations on two-dimensional triangular grids. The
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Figure 6: Orszag-Tang problem. Evolution of p over time. Top left: t=0.5; top right: t=1.0; bottom left:
t=2.0; bottom right: t=3.14. 15 equally spaced contours are used.

proposed method is based on the CT framework and achieves exactly divergence-free
magnetic field. Numerical tests show that the proposed schemes have achieved the de-
sired order of accuracy and the third order accurate scheme has been shown to perform
very well for shock wave problems. We will report in a subsequent paper a multidimen-
sional HLL/HHLC Riemann solver to resolve this issue. While this paper only imple-
ments the second- and third-order accurate schemes, the proposed method in principle
can be generalized to three dimensions and to general meshes.

Acknowledgments

Research was partially supported by the National Science Foundation grants DMS-
1115887 and AST-1009091.

https://doi.org/10.4208/cicp.050814.040915a Published online by Cambridge University Press


https://doi.org/10.4208/cicp.050814.040915a

Z.Xu, D. S. Balsara and H. Du / Commun. Comput. Phys., 19 (2016), pp. 841-880 871

Appendix

A.1 Third-order accurate reconstruction for B*Y

The third-order accurate divergence-free reconstruction of B*” on cells is a straight for-
ward extension of the second-order accurate reconstruction described in Section 3.2. Thus
we catalogue the key steps in implementing the third-order accurate case in this subsec-
tion.

To avoid introducing too many notations, representation of the preliminarily recon-

structed B"y'(’”):(B(’”) B<m))Tis redefined by the followi dratic pol ial ex-
x by y the following quadratic polynomial ex

pression
B (%, ) = G0, 1, m X + 8 Y+ @3 X2+ XY+ 5 2, A1)
Bém) (X,y) = bO,m + bl,mx + b2,my+ b3,m x? + b4,m xy+ bS,my2 .

“"ir
1

The subscript “i” of cell indices is also dropped for convenience. We note that the pre-

liminarily reconstructed ]NSfy’(m), WENO combined ]NSfy and reconstructed ﬁ;y supported
on cell K; €Ty, all belong to {v € P,(K;)?:V-v=0}.

The divergence-free condition V-B*¥/(") =0 for the third-order accurate reconstruction
gives the following three equations

a1,m+b2,m =0,
2613,;,1 + b4,m =0, (A.2)
agm —|—2b5,m =0

by matching coefficients. This reduces three of the degrees of freedom in preliminarily
reconstructing the third-order accurate B*-("),

Fig. 7 shows stencils used for the third-order accurate divergence-free reconstruc-
tion. The central stencil is shown in Fig. 7(a). Fig. 7(b) shows three forward sectors FSs,
s=1,2,3 and cells in these forward sectors used to construct one-sided stencils. For the

convenience, we still denote the one-sided stencil in BS; by T?, the one in BS, by TL(;S)

and the one in BS3 by Tgl). Fig. 7(c) shows three backward sectors BS;, s=1,2,3 and cells
in these backward sectors used to construct corresponding reverse-sided stencils. Simi-

larly, the reverse-sided stencil in BS; is denote by T(S), the one in BS; by Té@ and the one

in BS3 by TL(;). The details of constructing these stencils and reconstructing polynomial
B*¥(") are given below.

A.1.1 Preliminary third-order accurate reconstruction on central stencil

See Fig. 7(a). The central stencil Tlgl) of Ko contains cells in level-1 von Neumann neigh-
bors of Ky and Ky itself. On cell Ko, we arbitrarily choose two cell edge-length-averaged
values of normal components of B*Y. On each of the remaining cells, we choose one
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(©

Figure 7: Stencils for reconstructing the third-order accurate cell-centered divergence-free magnetic field as well
as for reconstructing the third-order accurate polynomial approximations for cell centered variables on cell K.
To reconstruct the divergence-free magnetic field, normal components of the magnetic field on solid line edges
are utilized. (a) The central stencil, (b) Three forward sectors FSq, FSy an FS3 of cell Iy formed by spanning a
pair of edges of Ky respectively. The cells of three one-sided stencils formed in each of the forward sectors are
shown here. (c) Three backward sectors BSy, BSy and BS3 of Ky. A backward sector is defined by having its
origin at the midpoint of an edge of Iy and its two boundary edges passing through the other two midpoints
of remaining edges of y. The cells of three reverse-sided stencils formed in each of the backward sectors are
shown here. Note that the same notations are used for different normal components of the magnetic field and
cells in (a), (b) and (c) to avoid introducing too many notations.

edge-length-averaged values on the edge which is connected to one of vertices of Ky. We
relabel these average values by {B;:s=0,---,10}. We then solve the following system of
linear equations with linear constraints to obtain B*¥/()
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1
{ 1) B (") .ndf=B,, s=2,---,10, (A.3)
S s
subject to:

a1,m + b2,m = 0/

2”3,m + b4,m =0,

a3 +2b5=0, (A4)
1

—— | BYM.n,dri=B,, s'=0,1.

’LS’| Ly
Here m =1. We remark that when solving this system given by (A.3)-(A.4), Eq. (A.4)
is satisfied exactly; while Eq. (A.3) is satisfied in the least square sense. Similar to the
second-order accurate preliminary reconstruction on reverse-sided stencil, Eq. (A.2) is
substituted into Eq. (A.3) before solving (A.3)-(A.4). The system (A.3)-(A.4) make sures
that the preliminarily reconstructed magnetic field B*/() on Ky is divergence-free, and
matches the mean values of the magnetic field defined on the cell edges enclosing Ky
exactly.

A.1.2 Preliminary third-order accurate reconstruction on one-sided stencils

Within each of the forward sectors, we construct an one-sided stencil. See Fig. 7(b). Take
the one-sided stencil TL(;Z) constructed in the forward sector FS; for example. Téz) contains
cells in level-3 von Neumann neighbors of Ky, which are close to the edges of FS;, and
Ky itself. Thus T? = {Ko,K3,K30,K31,K4,K5,K6,K7}. One-sided stencils Tl(f) and Tl(;) are

constructed similarly.

To reconstruct quadratic polynomial B*¥/() on Ky by using T(Z), we choose two cell
edge-length-averaged values of normal components of B*Y with one of them defined on
the edge shared by cells Ky and K3 (level-0 von Neumann neighbor). Then we choose
7 edge values from the remaining cells. The solid line edges shown in Fig. 7(b) give
one admissible selection of these 7 edge values. We relabel these edge-length-averaged
values by {Bs;:s=0,---,8}. Then the following linear problem is solved to reconstruct
preliminarily a candidate B*¥/(2)

al,m+b2,m :0/
2“3,711 + b4,m =0,
a4,m +2b5,m - O/ (AS)
1
/e B*").n,dl =B,, s=0,---,8.
S S

Here m =2. The other two preliminarily reconstructed polynomials B3 by using TE(;S)

and B by using TE(;}) are computed in the same manner.
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A.1.3 Preliminary third-order accurate reconstruction on reverse-sided stencils

See Fig. 7(c). The reverse-sided stencils are constructed in the backward sectors respec-

tively. Take the reverse-sided stencil TE(;S) constructed in the backward sector BS; for
example. Tl(gS) contains two level-1 von Neumann neighbors K41 and K4, one level-2 von
Neumann neighbor K4 which is adjacent to both K41 and K4, one level-3 von Neumann

neighbor K5 which is adjacent to X4 and two level-4 von Neumann neighbors K5y and
K51 which are adjacent to K5 (other than K4). The other two reverse-sided stencils Tl(f)

7 .
and Tt(a ) are constructed in the same manner.

To reconstruct the quadratic polynomial B*(%) supported on Ky by using stencil T,

we note that there are also multiple approaches to select cell edge-length-averaged values
of normal component of BY. Fig. 7(c) shows one choice. Normal components of B
defined on the solid line edges in stencil TéS) are utilized. We choose two cell edge-
length-averaged values of normal components of B on two edges of Ky whose common
end point is in the backward sector BS;. We also choose four cell edge-length-averaged
values of normal component of B from edges of K49 and K41, which are level-1 von
Neumann neighbors of K. We then choose three cell edge-length-averaged values of
normal component of B*Y from edges of remaining cells in the stencil.

We relabel these edge-length-averaged values by {Bs:s=0,---,8}. We then solve the
linear problem (A.5) to obtain B*/(5) The other two preliminarily reconstructed polyno-

mials B*¥/(®) by using Tlgé) and B(7) by using TE(;) are computed in the same manner.

A.14 Computation of weights for third-order accurate WENO reconstruction

We now use a weighted combination of {Bxy'(m) :m=1,---,7} to finalize ]NSSy using the
idea of WENO [22,40]. Let B¥/(") = (B)((m) (x,y),Bém) (x,y)) " be expressed by Eq. (A.1).

We first compute smoothness measures [22] of x-component and y-component of
B*¥(") respectively by

1/2
SI(B™) = ( Y | h2(DPB™(x,y) )zdxdy) : (A.6)
p=17ke
Here B stands for either B{" (x,y) or Bém) (x,y).
The ,, is redefined by
= b m=1,,7.

4/
(e+51(3x<m>)+51(3y<m>))

€=10"°is used to avoid division by zero. b,, =10 when m =1; and b,, =1 otherwise [27].
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The weight w,, for the third-order accurate divergence-free reconstruction is com-
puted by
Xm

p— 7 .
Zl:lal

Wi

Finally, we reconstruct the piecewise quadratic polynomial approximation ]NSSy on Ky

by

7
ESV - Z Q)mey’(m).
m=1

Notice that Egy satisfies the divergence-free condition V-BY =0 as well as Eq. (3.8) ex-
actly. This completes Step 3 for the third-order accurate divergence-free reconstruction
for the magnetic field on K.

A.1.5 Third-order accurate reconstruction for En,]- on cell edges

The method to reconstruct a quadratic and non-oscillatory polynomial approximation
to the normal component of the magnetic field En,j supported on cell edges for each
L, j=1,---,Ng is identical to the one described in Section 3.2.5 for the linear polynomial
approximation. So we briefly outline the steps to reconstruct the quadratic polynomial
approximation on the edge in this subsection.

Still using notations introduced in Section 3.2.5, we denote two grid cells sharing £;
by K; and Ky and the reconstructed magnetic field B;? and ﬁf/y supported on each of
them respectively.

On edge L;, we represent the normal components of ﬁfy and ﬁf/y as:

I . (3 1
Bn,z'(C)Zﬂj+biC+Ci(§Cz—§),
(A7)
A L7 . (3 1
Boi(0) =t +big+er (52 -5), —1<¢<1,

with respect to the edge unit normal n; and the parametric Eq. (3.9) of £;. Notice that
B,,i(¢) and B, #({) are written as the linear combinations of Legendre polynomials 1,{
and 1(3¢>—1). Similar to the linear polynomial reconstruction case, B,,({) and B, #({)
have the same constant coefficient 4;, which is equal to K,]‘, and b; #* by and ¢; # ¢y in
general.

Finally the reconstructed En,j supported on L; is computed by

En,j(C)Zﬁj+5jé+éj(§éz—%), -1<7<1, (A.8)

where b; =minmod (b;,b;) and ¢;=minmod(¢;,é).
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. . . . =
A.1.6 Third-order accurate, non-oscillatory, divergence-free reconstruction for B;
with continuous normal component

The last step of the algorithm for reconstructing magnetic field is to reconstruct a non-

~xy
oscillatory, divergence-free B, (x,y) with continuous normal component on each cell ;.
Unlike the second-order accurate case, here we need to use reconstructed B, 11y 1=1,2,3

on edges of K; as well as edge-length-averaged B, from edge-adjacent neighbors of K;.

~X
_ See Fig. 7(a) for instance. To reconstruct Boy(x,y) on cell Ky, we use: reconstructed
Bnlgal(l), 1=1,2,3 on edges of Ko, B,,» (denoted by B;) on an edge of K1, B, 5 (denoted by
Bs) on an edge of K, and By, g (denoted by Bg) on an edge of K;.

~xy o= =
Let By = (By,By) be represented by

B (x,y) = o+ i X+ oy +asx2 +agxy+asy, A9)
Ey(x,y) ZEO +51x+52y+53x2 —I—E4xy+55y2.

~X
On eachedge L1, of K, we represent the normal component B, -1, (¢) of Boy(x, )
by

B, 1)) =n, 1) By (x(2),y(0))
=M1 <§0 +Elx€al(l),m+§2y€0’1(l),m + 539‘?0—1(1),,11+§4x£(;1(1),myz(;1(z),m + E5y§0‘1(l),m)
1y 1) @0 JrElxeo—l(l),m szyfgl(l),m+§3x§51(1),m+§4xéal(l),mw&1(l)rm JjE’yﬁo’l(l),ﬂ)
+ [”Mal(l) (Elefal(l)+52AWO‘1<Z)+532x1251<1>,mm%1<1>+
=+ 54(9%51(1),7”&%51(1) +y€al(l),mAx€al(l)) +§52yzal(z),mﬁyz(;l(z))
Ty @1&’%*1(1) +ZZAWO*(D +§32x£51(1),mm%1(,)
+ 54(3%51(1),"1&%51(1) Y10y mD%10) +Z52Wal(l),mAy€al(l))} ¢
+ [nx,éo_l(l) (53&3‘2;1(1)+§4Axéal<l)ﬁyéal<l>+§5Ay§al(l>)
Tyt @3“?51(1) b2y DY) +Z5AV?51<I>>] ¢ (A.10)

by using the parametric equation (3.9) to represent £ (1)

Next we solve the following system of linear equations with linear constraints for
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NNNNN ~xy
ao,a1, ﬂz,ﬂg,, a4,a5, bo,bl,bz, b3,b4 and b5 to reconstruct B, (x,y) supported on Ky

B, -nydl=B,,
’52 / 0 2 g 2
Xy
C2: —/ B, -nsd{ = Bs,
’['5| Ls 0 ‘Ml °
C3: L Egy'ngdngg,
[Ls] Jzs (A11)
~ 2
do(SI(B
IO
8a5
~ 2
Jo(SI(B
Cs: os1(2)) (va>> —0,
obs
subject to:
El: @ 4b2=0,

E2: 253—}-54:0,
E3: 43+2bs=0,
E4:: nx,fal(l) (ﬁ()+ﬁlx€al(l)’m+ﬁzy£al(l),m+ﬁ3x§51(l)’m+ﬁ4x€al(l),my€al(l),m+a5y§0_1(l),m)

+Hy,€a1(l) (bo+b1x€51(1),m+b2y€51(1)1m+b3x§0—1(l),m+b4x€o’1(l),my€51(l),m+b5y§0—1(1),m)
:ﬁéal(l)_(l/z)ééal(l) forl:1,2,

E5I |:7’lx f_l(l,) (f['llexéfl(l/) +52Ay€0—1(1/) +E32x€0—1(1,)’mﬂx€0_1(l/)
+ ﬂ4(xe ( N BSY e @) FY i ) m szfl(z/))+552y551(1f),mﬂy551(1f))

+b4(xe S ) Y1) m Axmw))* b52yfal(l/>,mﬁy£al<z/>>]
:bg,l(,) forl'=1,2,3,

E6: {”x,é(;l(l“) (agAx (l”) —|—54Ax€51(1//) Ayfal(l“) +55Ay%al (l”))

= = 5
+ 1’1 —1(1//) (b3Ax (l”) +b4Axé0—1(l//) Ay[’l(l“) +b5Ay€al(l”)>]
(3/2) l//) for "= 1 2 3.

(A.12)
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Here function SI() in Egs. (A.11.C4) and (A.11.C5) is the smoothness measure of poly-
nomial function defined in Eq (A.6). Egs. (A.11. C4) and (A.11.C5) are introduced to re-

Xy
duce variations in 5 and b3 in the reconstructed Bo . Eqs (A.11.C1)-(A.11.C3) are for

preserving the order of accuracy of the reconstructed BO .
The lmear constramt equations (A.12.E1)-(A.12.E3) are to satisfy the divergence-free

condition V- Bo = 0. The linear constraint equations (A. 12 E4)-(A.12.E6) are to make
=Xy
sure that on each edge £, - Sy ,1=1,2,3, the component of B, in the direction of edge

unit normal n is the same as B 1) Similar to the second-order accurate recon-
struction, Eq. (A 12.E4) is only defmed on two edges of K;. ThlS is because that by the

consistency condition (2.33), the edge length averaged value of BO (x,y) on the third edge
also equates edge-length-averaged value of B, 13) Thus the reconstructed third-order

=y . .
accurate {B; (x,y):i=1,---N'} has C° continuous normal component on cell edges.

This finishes reconstructing the third-order accurate approximation to the magnetic
field on triangular meshes.
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