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A NEW DISCRETELY DIVERGENCE-FREE
POSITIVITY-PRESERVING HIGH-ORDER FINITE VOLUME
METHOD FOR IDEAL MHD EQUATIONS*

SHENGRONG DING T AND KAILIANG WU t#

Abstract. This paper proposes and analyzes a novel efficient high-order finite volume method
for the ideal magnetohydrodynamics (MHD). As a distinctive feature, the method simultaneously
preserves two critical physical constraints: a discretely divergence-free (DDF) constraint on the
magnetic field and the positivity-preserving (PP) property, which ensures the positivity of density,
pressure, and internal energy. To enforce the DDF condition, we design a new discrete projec-
tion approach that projects the reconstructed point values at the cell interface into a DDF space,
without using any approximation polynomials. This projection method is highly efficient, easy to
implement, and particularly suitable for standard high-order finite volume WENO methods, which
typically return only the point values in the reconstruction. Moreover, we also develop a new finite
volume framework for constructing provably PP schemes for the ideal MHD system. The framework
comprises the discrete projection technique, a suitable approximation to the Godunov—Powell source
terms, and a simple PP limiter. We provide rigorous analysis of the PP property of the proposed
finite volume method, demonstrating that the DDF condition and the proper approximation to the
source terms eliminate the impact of magnetic divergence terms on the PP property. The analysis is
challenging due to the internal energy function’s nonlinearity and the intricate relationship between
the DDF and PP properties. To address these challenges, the recently developed geometric quasi-
linearization approach is adopted, which transforms a nonlinear constraint into a family of linear
constraints. Finally, we validate the effectiveness of the proposed method through several bench-
mark and demanding numerical examples. The results demonstrate that the proposed method is
robust, accurate, and highly effective, confirming the significance of the proposed DDF projection
and PP techniques.
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high-order accuracy, hyperbolic conservation laws
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1. Introduction. In this paper, we focus on the development of efficient and
robust high-order accurate numerical schemes for the ideal compressible MHD equa-
tions, which can be written into a system of hyperbolic conservation laws:

U,+V-FU) =0, (1)

where t denotes the time. The conservative vector U = (p, m, B, E)T takes values
in R®, with p denoting the density, m = (mj,mz, m3) being momentum vector, B =
(B1, Ba, Bs) standing for the magnetic field, and E representing the total energy. In
the d-dimensional space, we have V - F = Z?Zl gzl with (z1,---,24) denoting the

spatial coordinate variables, and the flux F = (Fy,--- ,Fy) is defined by

-
F;(U) = (mz‘, m;v — B;B + pior€i, v;B — Biv, vi(E + prot) — Bi(v - B)) ,

where v = (v1,v2,v3) = m/p denotes the fluid velocity, piot = p + %|B|2 is the
total pressure including the thermal pressure p and the magnetic pressure, and the
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vector e; is the ith row of the identity matrix of size 3 x 3. The total energy £ =
pe + Lplv[* + %|B|2 consists of internal, kinetic, and magnetic energies, where e is
the specific internal energy. In addition, an equation of state (EOS) is required to
close the above MHD equations. A general EOS can be formulated as e = e(p, p)
and typically satisfies e > 0 < p > 0 when p > 0 (cf. [45, 47, 48]). This condition is
assumed in this paper, and it satisfied by the widely-used ideal EOS e = p/(p(y—1)),
where 7 € (1,400) is a constant and denotes the adiabatic index.
The magnetic field B should satisfy a divergence-free (DF) constraint

4 0B,
V- B: ; T, 0. (2)
In numerical simulations, preserving this DF constraint is crucial, as violation of it can
cause numerical instability and generate nonphysical structures in the approximated
solutions (cf. [9, 19, 41, 30]). While in the one-dimensional case, the DF constraint
can be easily preserved by ensuring Bj is constant, in the multidimensional cases,
exact preservation of the DF constraint in numerical simulations is very challenging.
Over the past few decades, various numerical techniques have emerged to handle the
DF constraint (2). One of the earliest methods is the projection approach [9], which
is a post-processing divergence correction procedure utilizing Hodge decomposition to
project the non-divergence-free magnetic field onto a DF subspace through solving an
elliptic Poisson equation. Another widely used technique is the constrained transport
(CT) method, initially proposed in [19] for simulating MHD flows. The CT method
maintains a discrete version of the DF condition on staggered grids, and numerous
variants have been developed by researchers within different frameworks, as docu-
mented in [18, 15, 34, 21, 54]. Unstaggered CT methods have also been developed
(see, e.g., [38, 24, 35, 25, 14]), typically based on numerically evolving the magnetic
potential and computing the DF magnetic field via the (discrete) curl of the magnetic
potential. Furthermore, locally DF discontinuous Galerkin methods have been devel-
oped to enforce the zero divergence of the magnetic field within each cell in [30]. More
recently, globally DF high-order methods have been proposed to maintain the exact
zero divergence of the magnetic field within the finite-volume or (central) discontinu-
ous Galerkin framework, as detailed in [2, 32, 31, 20]. Another class of methods for
mitigating divergence errors are the eight-wave schemes, which were introduced by
Powell [37, 36] as a discretization of Godunov’s modified MHD system

U, + V- -F(U)=—-(V-B)S(U), (3)

where S(U) = (0,B, v,v - B)'. This modified model includes nonconservative source
terms, referred to as Godunov—Powell source terms, that are proportional to the di-
vergence of the magnetic field. By including these source terms, the modified model
becomes Galilean invariant [17], symmetrizable [22], and useful in constructing en-
tropy stable schemes (see, e.g., [10]). The eight-wave schemes do not enforce exact
divergence-free solutions but instead aim to advect the magnetic divergence errors
with the flow. This makes them effective at controlling these errors, although the non-
conservative nature of the Godunov—Powell modified MHD equations can introduce
certain drawbacks [41]. Another approach for dealing with divergence errors is the
hyperbolic divergence-cleaning method [16], which uses a mixed hyperbolic-parabolic
equation to damp out the divergence errors.

Another challenge in the numerical simulations of MHD is to preserve the positiv-
ity of density, pressure, and internal energy. In other words, the conservative variables
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U should be preserved in the admissible state set

G:{U:(p,m,B,E)T: p >0, £(U) ::E—;(|mp|2—|—|B2> >o}, (4)

where £(U) = pe represents the internal energy. (Notice that the function £(U) is
concave with respect to U when p > 0, implying that G is a convex set.) Positiv-
ity preservation is a critical requirement for developing reliable numerical methods
for MHD. Many existing schemes for MHD often produce negative values for den-
sity or pressure, particularly in the presence of strong discontinuities, high Mach
numbers, low internal energy, low plasma beta, low density, and/or strong magnetic
fields. Negative density or pressure can cause the loss of hyperbolicity of the sys-
tem, leading to severe numerical instability and simulation breakdown. Although
this issue also occurs in pure hydrodynamic cases, it is more severe in MHD due
to the influence of magnetic divergence errors on positivity [45]. In the last two
decades, researchers have devoted some efforts to mitigating this issue; see, e.g.,
[4, 43, 3, 11, 13, 12, 33] and recently developed provably positivity-preserving (PP)
schemes [45, 47, 48, 49, 46]. The early efforts in this direction were devoted to design-
ing robust multi-state approximate Riemann solvers [26, 7, 8, 28] for the 1D ideal MHD
equations. Waagan proposed a second-order PP MUSCL-Hancock scheme [43] based
on relaxation Riemann solvers of [7, 8], whose robustness was further demonstrated
through benchmark numerical tests in [44]. In recent years, remarkable progresses
have been made in seeking high-order PP or bound-preserving methods for conserva-
tion laws [57, 58, 59, 3, 11, 53, 52, 56, 51, 42, 29]. Christlieb et al. [13, 12] developed
high-order PP finite difference schemes for ideal MHD, which utilize parametrized
flux-correction limiters [53, 52] and rely on the presumed PP property of the Lax—
Friedrichs scheme (later proven rigorously in [45]). In high-order finite volume or
discontinuous Galerkin (DG) methods, the PP property may be lost in two situations
[57, 58]: when the reconstructed or DG solution polynomials fail to be positive, or
when the cell averages become negative during the updating process. While PP lim-
iters [3, 11] can be used to recover positivity in the first case, ensuring the positivity
of the cell averages in the updating process is more challenging and critical to obtain
a genuinely PP scheme. The validity of the PP limiters [3, 11] relies on the posi-
tivity of the cell averages in the updating process. However, this was not rigorously
proven for the methods in [3, 11]. Only the 1D methods in [11] were formally shown
to be PP by invoking some assumptions on the exact Riemann solutions, while the
multi-dimensional methods in [11] were only conjectured to be PP. Given that finite
numerical tests alone may not be sufficient to demonstrate the PP property thor-
oughly and genuinely in all cases, the development of provably PP schemes for MHD
is essential.

In recent studies [45, 47, 48, 46], important progress has been made in the devel-
opment of high-order provably PP schemes for the ideal MHD system. A significant
finding in these studies is the close relationship between the PP property, which is an
algebraic feature, and the DF constraint, which is a differential restriction. This con-
nection has been established both at the continuous and discrete levels [45, 47, 46]. In
particular, the PP property of finite volume and DG schemes for the standard MHD
system is closely tied to a discrete DF condition, as proven in [45]. Furthermore, vio-
lating this discrete DF condition even slightly may cause cell averages to lose their PP
property in the updating process [45, Theorem 4.1 and Remark 4.4]. In [47, Appendix
A], it was shown that even the exact smooth solutions of the standard MHD system
(1) may not be PP if the continuous DF condition (2) is slightly violated. However,
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this issue does not occur in the modified MHD system (3), as its exact smooth solu-
tions are always PP, regardless of whether the DF constraint is satisfied or not [48,
Proposition 1]. Exploiting these insights, researchers have systematically developed
high-order provably PP schemes for the modified MHD system [47, 48, 46]. See also
[49, 33, 55] for a few applications or extensions.

The purpose of this paper is to design and analyze a new high-order robust fi-
nite volume method for solving the ideal MHD system in multiple dimensions. This
method maintains both a discrete DF constraint and the desirable PP property, mak-
ing it unique compared to existing methods. The contributions and novelty of this
work are summarized as follows:

e We propose a novel discrete projection technique that exactly enforces a dis-
crete version of the DF condition. As a notable feature, this projection
method modifies the reconstructed point values at the cell interface and
projects them into a discretely DF (DDF) space. Such a “discrete” pro-
jection approach is significantly different from the existing “continuous” DF
methods, which typically enforces the piecewise polynomial solutions in a
DF function space (see, for example, [1, 30, 2, 32, 54, 20, 33]). Thanks to
this feature, our DDF projection technique is particularly suitable for stan-
dard high-order finite volume WENO methods, in which the reconstruction
procedure typically returns only the point values instead of approximation
polynomials. This makes the proposed DDF projection very efficient and
easy to implement. We provide insights into the projection technique and
prove that the DDF projection procedure preserves the high-order accuracy
of the reconstruction.

e We design a new finite volume framework for constructing provably PP schemes
for the ideal MHD system. The key ingredients of the framework include the
DDF projection, a suitable approximation to the Godunov—Powell source
terms, and a simple PP limiter. Due to the intrinsic relation between the
PP and DDF properties, the cell averages may lose their PP property in the
updating process if the DDF projection is not used or if the Godunov—Powell
source terms are not discretized appropriately. Yet, seeking a qualified source
approximation is highly nontrivial. Based on our rigorous PP analysis, we
devise a novel source approximation, which differs from those in [47, 48, 46|
and leads to a milder PP CFL condition. We also present a PP limiter
to enforce the PP property of the reconstructed point values without using
any approximation polynomials, as a generalization of the simple maximum-
principle-preserving limiter [59] for scalar conservation law. Furthermore, the
PP limiter does not destroy the DDF condition enforced by the projection.

e We provide rigorous analysis of the PP property of our finite volume method.
The analysis is challenging due to the nonlinearity of £(U) and the relation of
DDF condition to the PP property. We overcome these challenges by using the
recently developed geometric quasilinearization (GQL) approach [45, 50]. The
key idea of GQL is to equivalently transfer the nonlinear constraint £(U) >
0 in (4) into a family of linear constraints by introducing extra auxiliary
variables. Based on GQL and technical estimates, our numerical analysis
shows that the enforced DDF condition and our suitable approximation to the
Godunov—Powell source terms eliminate the impact of magnetic divergence
terms on the PP property.

e We implement the new second-order and fifth-order DDFPP finite volume
schemes and demonstrate their robustness through several benchmark and
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demanding numerical experiments. Our numerical results also validate the
importance of the proposed DDF projection and PP techniques.

2. New DDFPP finite volume method. This section presents the frame-
work and computational details of our new finite volume method, which preserves the
desired positivity and a DDF constraint, for the 2D ideal MHD system. For better
readability, the rigorous proof of the PP property, which is highly technical and non-
trivial, will be given in section 3. It is worth noting that our numerical method and
analysis are directly extensible to the 3D case.

Let the symbols (x,y) represent the 2D spatial coordinates for convenience. As-
sume that the computational domain is partitioned into a uniform rectangular mesh
with cells {I;; = (#;_1,%;,1) X (y;_1,9;,1)}. Let Az and Ay denote the constant
spatial step-sizes in the x and y directions, respectively. The center of the cell I;; is
denoted as (x;,y;) with z; = %(aji_% +z41) and y; = %(yj_% +9;41). Integrating
the 2D MHD equations (3) over I;; gives

d Yi+3
. / Udady =~ [ (B1(Ulais3.0.0) ~ B (Ui 0t)dy
ij yj_l
1 : (5)

_ /wi+§ (F2(U(z,y;41,1) = F2(U(z, y;_1,1)))dz _/ (V- BIS(U)dudy.

i-3 L

2.1. Outline and key ingredients of the DDFPP method. In order to
obtain a high-order accurate scheme, the flux integrals in (5) on the cell edges should
be approximated by using a quadrature rule of sufficient accuracy. For example,
to achieve the kth order accuracy, one can employ the @-point Gauss quadrature
with Q = [%] or the @-point Gauss—Lobatto quadrature with Q = [%] Let Qf :=
{xf}ff:l and QY := {yf}g:l denote the quadrature nodes in the intervals [2; 1,z 1]
and [yj_% VY +%], respectively. Let {wu}gzl be the corresponding quadrature weights,
which are normalized such that Zle w, = 1.

Let ﬁij be the numerical approximation to ﬁAy f I, Udzdy. From (5), we can
derive a semi-discrete high-order finite volume method for 2D MHD system (3) as

dU;(t) 1 /o —~ 1 /=~ —~
it =2 Py~ Fuion) ~ 5y (B ~Fassy) 485 ©)

where the numerical fluxes are defined by

Q Q
n — F —h +.p n — n o= ot
Frivy, = > @k (Ui%m Uz‘+é,j) o Faugeyi= > wul (ULHgUi,H%) (7)
pu=1 p=1
as approximations to A%y fyy”% F1(U(z;;1,y,t))dy and = fx+1% Fy(U(z,y;41,t))d,
i—3 2

xT .
K3

T2
respectively, and S;; is a suitable approximation to ﬁAy / .. (=V-B)S(U)dxdy which
ij

will be discussed later. The notations fl(-, -) and f‘g(-, -) denote the numerical flux
functions. In this paper, we adopt the Lax—Friedrichs flux

1 (Fo(U™) +F(UT) — opF (U —U7)), (=1,2 (8)

]/E\‘E(UivUJr) = 5

with o', £ = 1,2, denoting the numerical viscosity parameters. Some other numerical
fluxes such as the HLL flux can also be used in our framework. The quantities
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Ui’ and U“ e in (7) denote the high-order accurate approximations to the point
values of the solutlon at (zt i+10 Y ) and (2!, ij+ 1 ), respectively, and they are typically
2

reconstructed from the cell averages {U;;}.
Based on our numerical analysis (see section 3), we find that in order to achieve
the PP property, the values Ui‘i i and Uf Jf_ , should be reconstructed very carefully
2> J T3

such that the following conditions (9)—(10) are satisfied simultaneously:

— (B . (BT — (Bt

B}
it+3,J i—3.] i+ ij—3
= =0 9
Zw” N + Ay ) ( )

and

E=N7) ,+ .o
UH_/]GG U’2 +1GG Vi, j, p,

ﬁij*%[/h( -1, +Hz_+2,>+/\2( %JFH;”%)] €G, ifk>3
120, 7 o

(10)

Hij =

where Wy = ﬁ is the first weight of the L—point Guass—Lobatto quadrature with
L = [E£2] for a kth order finite volume scheme, and

A1 = alFAt/Am Ao = abF AL/ Ay, A=A+ Ay,

%.. Z e ,j:l:l: ZUJNU,Jﬂ:“ (11)

The condition (9) is a DDF condition for the magnetic field, because Vi - Bij can
be regarded as an approximation to the weak divergence  ~- Ay /. o1, B ny;.ds =

T A [, Vv 1, V- Bdzdy on the cell I;;, where ngy,; denotes the unit outward normal

vector of GIZJ As it will be shown in Theorem 2.1, both cond1t10ns (9) and (10)

play key roles in ensuring the PP property. However, the values U ) and u# jji
2

obtained from a conventional high-order reconstruction generally do not satisfy (9)
and (10). To address this, we will propose an efficient DDF projection technique (see
subsection 2.3) and a simple PP limiter (see subsection 2.4) to enforce the conditions
(9) and (10), respectively; see Figure 2.1 for an illustration.

Ui u Uu,i

PP
High-order bita

Reconstruction

satisfy (10)

Fig. 2.1: Outline of the DDF projection and PP limiter for conditions (9) and (10).

Besides the satisfaction of conditions (9) and (10), a suitable discretization of the
source term, which should exactly eliminate the impact of divergence error on the PP
property [47, 48], is also very crucial for guaranteeing the PP property. Seeking the
qualified source approximation is highly nontrivial. Based on our numerical analysis
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presented in section 3, we find out the following source term approximation

Aliw( By s (o, ) + B, s (qoye ))
(12)

Ayzwu( 07,48 ({0BL,,,) + 510, (Gun, ).

where [-] and {{-}} respectively denote the jump and average of the limiting values at
a cell interface:

[[B1ﬂ?+%7j = (B1):Zr’/;j - (31);§)ﬂ [[32]]?,]‘4r (32)“; (32)%;1’
_ 1 gtm : ot b
QO =5 (U0, +04,) . Hne =5 (U, o).

Notice that the source term approximation (12) is novel and different from those
proposed in [47, 48]. As a result, the theoretical CFL condition (15) for PP property
milder than those derived in [47, 48].

Define

Li; (U) :=— Ar (F1 i+1j F1 z",g) - Aiy (f‘Q,i,jJr% - f‘z z,gﬁ) +8Si;,  (13)

then the scheme (6) can be written as d?t” = L;; (U), which can be marched forward

in time by some Runge-Kutta or multi-step methods. For the scheme (6) with (12),
we have the following main theorem on the PP property.

THEOREM 2.1. Assume that U;; € G for all i and j. If the values Ui’“ ; and
Uf]f_l satisfy conditions (9) and (10) for all i and j, then the scheme (6) wzth (12)
J T3
is PP, namely, the updated cell averages satisfy
At

U,; :=U; +AtL;(0) € G, Vi, 7, (14)
under the CFL condition
0 < At (ij Of;) <y, (15)
where
ot > et g ad¥ > a4+, (16)
with

ALE . —H e T M
a7t = maxmax{al(UHl SUTL ),en (UL U ,
B 35 3. 3,07 i—%

~LF . __ 1y 7+ Hyt =
G .—maxmax{ 2(U! ]+17U] 1) (U”+1,Ui)j_%)},

VAT
[z B:12 s
B1 := max s i B2 := max It3

S PN o 2\/T}ij+

Here, oy and as are defined by

)

—32)

BB

o;(U, U) = max {|vl| +Ci, |Ui| + Ci, VP VUi Vo + max{C;,C; }} =
VP VAN

+VP



2
1 B|? C2 + BJ? 402 B2
Cizcg+||+<s+|>_“ o __P

V2 P p ’ S_p\/Qe'

The proof of Theorem 2.1 is very technical and nontrivial, and it will be pre-
sented in section 3. We emphasize that the three key ingredients (namely, the DDF
projection, the PP limiter, and the approximate source term S;; in (12)) are essential
in ensuring the PP property (14). Removing any of them in our method may lead to
the loss of the PP property.

Remark 2.2. The conclusion (14) in Theorem 2.1 demonstrates that the scheme
(6) with (12) is PP, if the first-order forward Euler method is used for time discretiza-
tion. To achieve high-order accuracy in time, one can use the high-order accurate
strong-stability-preserving (SSP) methods [23]. Because an SSP method is a convex
combination of the Euler forward, the PP property is still valid thanks to the convex-
ity of G. For example, if we adopt the SSP third-order Runge-Kutta method, then
we obtain a fully discrete, high-order accurate, DDFPP finite volume method:

=—(1) =n =N
U,  =U,; + AtL;;(U),

w2 3z 1 =) (1)

Ui =7Yis 13 (Uij +AtL; (U )), (17)
—n+1  l—n 2 /——(2) —(2)

U =305+ 3 (Uij + AL, (T )) ,

where At is the time step-size.

+,u
i+5,]
is a key step in the high-order finite volume method (6); see Figure 2.1. As

2.2. High-order reconstruction. Reconstructing the point values U and

[Tt

Ui,j+%
two typical examples, a second-order accurate linear reconstruction and a fifth-order
accurate WENO reconstruction are presented to illustrate the procedure on Cartesian

meshes.

2.2.1. Second-order linear reconstruction. Given the cell averages {U;;},
one can reconstruct a piecewise linear function:

JE— ~

Usj(z,y) = Uy + (Ua)ij(e —z) + (Uy)ii(y —vy),  (v,9) €Ly (18)

The local slopes (ﬁw)” and (IAJy)U can be defined via the van Albada limiter by

Uii1,-Uy U, Ui U, —Uia Uii1,-Uy
A ({ Ax ter)o Ax + Ax teL)o Ax
(Us)ij = ;

2 = = 2
U;1,;—Uyy
Az } + [ A + €L +e€r

(19)

~ ([Ui,j«zy—Ui]} + EU) ° Uq,j—AIgj,j—l + <[U1j—AI.;¢,]‘71i| + eD) o Uz,j«Zl;Uij
(Uy)ij = . (20)

- T 2 3 = 12
U;j—U;j-1 U, j+1—-Usyj
(Lo ] [T u "y ep 4 ey

where [W]? = (W2, ,VVSQ)T for any vector W = (Wy,---,Ws)', the symbol

“”

o” represents the Hadamard product (element-wise multiplication), and we take
8



€, = eg = 3Ax and ep = ey = 3Ay. To achieve a second-order accurate scheme,
one can choose the midpoint quadrature rule with Q =1 for evaluatmg the numerical

fluxes (7) on each cell edge. The limiting values U + - and U o+ 1 can be evaluated
J NES
by using the reconstructed piecewise linear function (18):
~ — ~ Ax — ~ Ax
1y =0+ (Ua)ij = Ul =0, - (Ua)ivrg— (1)
— ~ A — ~ A
1, Y 031, Y
Ui =05+ Ui~ U, ,]12 Ui = (Ui (22)

2.2.2. Fifth-order WENO reconstruction. We recall the fifth-order accurate
WENO reconstruction on the Cartesian meshes [40, 57]. To achieve the fifth-order
accuracy, one can utilize the Gauss quadrature with Q = 3 or the Gauss—Lobatto
quadrature with @ = 4 for evaluating the numerical fluxes (7) on each cell edge. We
notice that, if we use the three-point Gauss quadrature rule, negative linear weights
would appear in the WENO reconstruction for the midpoint [39]. Negative weights
must be dealt with care [39], otherwise numerical oscillations and instability may
occur. To avoid such risk, we adopt the four-point Gauss-Lobatto quadrature rule
in our fifth-order finite volume WENO scheme. The two-dimensional (2D) WENO
reconstruction procedure is performed in a dimension-by-dimension fashion by the
following two steps.

Step 1. Given the 2D cell averages {ﬁi,j}, we perform 1D WENO reconstructions to
obtain four edge averages:

(T} — {U;; U0

U} - {o,

} for fixed 7,

Lo U;j+%} for fixed <.
Step 2. Based on the edge averages, we perform 1D WENO reconstructions to obtain
the point values at the Gauss—Lobatto quadrature nodes:

Q _ ~ Q
+ +.p - ok ;
for, .} - {Uma}uzl’ {o,,,} = {04} | for fixed

I
{or.,} = {on, }Q {0} = {0 }Q for fixed j
ij+3 itz S =1’ ij+i Bit3 S =1 J:
In our implementation, we employ the WENO-Z reconstruction [6] in conjunction
with local characteristic decomposition to improve the performance.

2.3. Discretely divergence-free projection technique. This subsection pro-

poses the DDF projection, which modifies {ﬁf“ Bf]f_l} to {ﬁj[ o Bfﬁrl} S0

as to enforce the DDF condition

Sh (B (Bl — (Ba)t

Z+ J i.j+5 i,j—%
w:*ZwM 2+ 5 —0. (23)

The DDF projection technique is very simple, efficient, and easy to implement.

2.3.1. DDF projection for second-order scheme. We first consider the
second-order case to gain some insight on the DDF projection. In this case, the
reconstructed magnetic field is a linear function within each cell:

Bij(z,y) = By + (Ba)ij(z — ) + (By)ij(y —vy),  (w.y) € L. (24)
9



Notice that @ = 1. According to (21) and (22), we have

~ By —(BoF, (§2)331§ — (B2t

where the slopes ((El)m)” and ((ﬁg)y)” are independently computed by (19) and
(20), respectively. Therefore, in general, the divergence ((El)I)U + ((Eg)y)” is not
necessarily zero. In order to enforce the DDF condition (23), we can modify the slopes
((B1)a)ij and ((Ba)y)ij into ((B1))i; and ((Bz)y)i; such that

((B1)a)ij + ((Ba)y)ij = 0. (25)

Define S := ((El)w)” - ((El)w)ij and Sy := ((Eg)y)w - ((ég)y)ij as the differences
between the original and modified slopes. Then the desired DDF condition (25) is
equivalent to N R R

S1 452 = ((B1)a)ij + (B2)y)i; = Vi - Bij.

To keep the original accuracy of the scheme, the differences between the original and
modified slopes should be as small as possible. Hence we propose to determine S;
and Sy by solving the following optimization problem

minimize S?Ax? + S3Ay?,

~ (26)
subject to S1 4 S2 = V), - Byj,
which leads to R R
Ay?Vy, - By Ax?V), - By
51: yz h 2J7 2 = 2 b 2J' (27)
Az? + Ay Az? + Ay
Therefore, the modified slopes are given by
~ ~ Ay*V), - By ~ - Az?V), - By
((B1)z)ij = ((Bl)z)ij—mv ((B2)y)ij = ((Bz)y)ij—m- (28)
This implies the modified point values are given by
(El)jiléj = (Bl)filéj F Ay, (Ez):;% = (32)3;% F Az (29)
with
Az AzV), - By, Ay AyV, - Bi;
A = — S5, = J A, = —2 8, = J . 30
YT 2 7T o(1 + (Ax/Ay)?) 2T 27T 2(1 4 (Ay/Ax)?) (30)

We have the following observations.

PROPOSITION 2.3. The quantities Ay and As defined in (30) are the solution to
the following optimization problem

minimize A7 4 A3,
. 2A 2A ~ (31)
subject to A—; + T; =V - Byj.
10



Proof. Substituting the constraint Ay = Ay(1V), - ﬁij — 2—;) into the objective
function A? + A2 and then solving the resulting minimization problem with respect
to A;, we can obtain the minimum point (30). |

Remark 2.4. Geometrically, the solutlon to problem (31) is the Euclidean projec-
tion of (0,0) to the line % + X 2’42 = Vj, - By; in the two-dimensional plane. Let P
denote the following mappmg

(B, By}~ {Boiy, By

This mapping is associated with the following matrix

L—m 7 —p Iz
n 11— % —p
P= , 32
—p poo1=¢ ¢ (82)
1% —p ¢ 1-¢
where 7 = m7 Ayn, and ¢ = W We observe that
P’=P, P’=7P,

thus P is a projection operator. Hence we call the modification (29) “DDF projection”.

PROPOSITION 2.5. For the second-order reconstruction (24), the DDF modifica-
tion of the slopes (28) is equivalent to the DDF projection of the point values (29).

Proof. Clearly, the DDF modification of the slopes (28) implies that the associated
point values are modified into (29) with (30). Conversely, if we modify the point values
as (29) with (30), then we can reconstruct a linear function by using the modified point
values. We can verify that the slopes of the new linear function satisfy (28). |

Proposition 2.5 demonstrates that we only need to modify the reconstructed point
values via (29) at the cell interfaces, to enforce the DDF constraint (23).

2.3.2. DDF projection for higher-order schemes. We now discuss the DDF
projection technique to enforce the condition (23) for kth-order finite volume schemes
with k& > 3. Unlike the second-order scheme, for higher-order schemes such as the fifth-
order WENO scheme, the reconstruction directly gives only the point values at the
cell-interface without explicitly building any approximation polynomials. Therefore,
the DDF condition (23) cannot be enforced by the DF techniques (cf. [1, 2, 54, 33])
based on approximation polynomials.

Motivated by the DDF projection technique (29) in the second-order case, we
propose the following DDF projection on higher-order reconstructed point values at
the cell-interface:

(Bl)jlé,j = (Bl)fig CF A, (32) Tt

)

(Ba)!h, F A2, 1<u<Q (33)

1
2

where A; and As are defined by

AzV,, - ﬁij Ayvh . :/B\lj

= Ay T a0 (/A0

with

o PP e
=3 Bich s ik | i By
= Iz

et Ax Ay

11



THEOREM 2.6. The modified point values (33) satisfy the DDF condition (23).
Proof. Substituting the modified values (33) into the formulation of Vy, - ]§ij in
(23), we obtain

[(Bos, -4 = (B, + A [Bar,, — 4] - [(Ba)f, + 4o

5 1—35,] zﬂ,jfi

p=1

_ o 24, 2A2 Vi ﬁij Vi ﬁij .
= Vi By - ( ) 2=V By TG TAE T T (Ag/aa?

p=1
The proof is completed. ]

Now, we raise a natural and important question: Does the DDF projection (33)
keep the original high-order accuracy of the reconstructed point values? This question
is answered by the following theorem.

THEOREM 2.7. Assume that the exact magnetic field, denoted by B = (B, Ba, Bs),
is a C* function. Assume that the reconstructed point values are kth-order approzi-
mations to the exact point values, i.e., we have

P Bl(xi:tl 79?) = O(hk)v (BQ) IRES BQ( i Y+l ) O(hk) (35)

5]

(Bl)?lé

where h = max{Axz, Ay}. Then the DDF modified point values are also kth-order
approzimations to the exact point values, namely, we have

(BOJ = Bilway,yf) = O(F), (Bl s — Balely;us) = O(WY),

1T 3,]

[V

This means the DDF projection (33) maintains the original high-order accuracy of
the reconstruction.

Proof. Based on the accuracy of the adopted Q-point quadrature rule, we have

< " 1 [Yi+3 &
ZwuBl(l‘ii%yyj)— Iy/ Bi(z;vy,y)dy| < O(h"),
p=1 Y,_1

Q z,
1 it
> wnBa(el yyey) = 57 [ Balayyey)da| < O,

Recall that the exact magnetic field is divergence-free. With the help of the divergence
theorem and the triangle inequality, we obtain

]vh~1§ij _‘Vh-ﬁ,.j AmAy/ V - Bdedy
=V ﬁ--—il B d
| vh I AxAy .. no1;; 48
Z 1+ 7y]) Bl( Z,,:y]) n B2($¢7yj+%) - B2($ét:yj7%)
Wi Az Ay

1 [Y+3
Zw,uBl ,LJr 1,Y; ) Ay Bl(l‘i+%ay)dy
1




Q
1 Yy Jr1
+tAs ZwuB1(x1_%,yf)—A—y/ e Bi(z;_1,y)dy
p=1 y]—%
Q
1 1 Tl
T Ay > wuBa(at,y; 1) H/ * Ba(,y;, 1 )dz
p=1 il
Q
1 1 (it}
+ Ay ;wu32(wz ’yj_%) - E/z 1 Ba(x,y;_1)dz
= -1
1 & .
< S (B, - Bt 4B, - B )
1< - - -
+IZI“’“ (](BQ)”; = Ba(a,y;41) +\(Bz)§ff_ = Ba(@i,y;-1) ) +O(h")
s
=0(h*
It then follows from (34) that
|A1| < AzO(RF1) = O(hF), |As| < AyO(h*~1) = O(h¥). (36)

According to (36), (35), and (33), we have
(Bl)zil = Bi(zp1,94) + O(W") F Ay = Bi(z41,y)) + O(hF),
(B2) Ty = Balat yjuy) + O(W") F Az = Ba(al y;1p) + O(H).
The proof is completed. d

The numerical results shown in Example 4.1 will further confirm that the proposed
DDF projection does not destroy the high-order accuracy of our schemes.

Remark 2.8. The DDF projection (33) only involves the point values (él)fiéj
and (Bg) gl and does not require any approximation polynomials in the reconstruc-
tion step. Hence the DDF projection (33) is very easy to implement.

2.4. Positivity-preserving limiter. In this subsection, we design a simple PP
limiter to enforce the condition (10), as illustrated in Figure 2.1. Assume that U;; € G

for all ¢ and j. For each cell I;;, given the point values {Ui’“ U“’ 1} the PP

limiting procedure modifies them to {Ui“ , Uy ﬁl} which satlsfy (10) via the

following two steps.
Step 1. First, modify the density:

=0 (BT )t P, =0 (AT, —au) ey (37)
with
. pij — €1 min Pii Py ji } if k=2,
01 :=min¢|=———|,1¢, Pmin = N S e )
Pij = Pmin min pzil " ”il,p” it k>3,

where we take e; = min{107'3, p;;} to avoid the influence of the round-off errors, and
p;; is the first component of 1I;; defined by

1/7

~ B
1 +H2+1 )"‘)\2 (Hi,j 1 +H)J+2)}

1-— 2&)1 ’
13

Hij =




Q
Fou 1B — T
zil . E wMUZil ,, Hmi% = E wﬂUi,,i%.

This step modifies {Ui’“ U“Jf_l} to {Ui H U” o } with U = (5,m,B,E)T

z+ 27
Step 2. Modify the point values {Ui’“ anﬁi} to {Uir” Ufﬁrl} by
Ujilf =0y (Ujili .= ﬁl]> + ﬁij, U/;;:tl =0y (U/;Jq;% — ﬁij) +ﬁi]’ (38)
with
- min {04 ), (0}, if k=2,
92 = min { ’ 45'.;:%.[}1)])7;(2 9 1} 3 gmin = . :Fi,lf =~ L’]iE } ~ .
min { (U7 ), £(01F )€ (n])} if k>3,
where €2 = min{10713,£(U;;)}, and Hlj is given by
5 "% (I Ty ) e (T + T )
E 1-— 2&]1 ’
Q _ ~ Q
(]~ 1+ — M
Z U +1,50 Hi,ji% = ZW#U gkl
: P‘Zl

The above PP limiter is motivated by the simplified maximum-principle-preserving
limiter in [59]. As demonstrated by Example 4.1, such a PP limiter does not destroy
the high-order accuracy; see also [57, 59, 56] for some theoretical justification.

THEOREM 2.9. Assume that ﬁij € G for alli and j. Then the PP limited point
values {Ui’i j,Ufﬁl} defined by (38) maintain the DDF condition (9) and simul-

2> JT 3
taneously satisfy the PP conditions (10).

Proof. Thanks to the linearity of the discrete divergence operator V-, we have
V,-B iy = 92vh Bzg + (1 - 02)vh i = 92vh iy = 92vh iy = 0.

Hence the DDF condition (9) is preserved by the PP limiter. In the following, we will
verify the conditions (10). Note that

ﬁiéi =0 ( 1:|:1 : ﬁm‘) + Pij > 01 (pmin _ﬁij> + Pij
=—0; |pmin — ﬁij| + (ﬁij — 61) +e > € >0,
which implies pjii .= Qgplil -+ (1 = 02)p;; > 0. Because the function £(U) is
3.

concave with respect to U When p > 0, applying Jensen’s inequality gives

EUTY ) =007, +(1-02)T5) = 0:6(UL4 ) + (1~ 02)6(Ty)

2 2min + (1= 02)€ (ﬁzj = 02 (Emin — £(Uyy)) +E(Uyy)
—05 [Emin — E(Ugj)| + (E(Uij) — €2) + €2 > €3 > 0.

Therefore, we have Ui;’i ; € G. Similar arguments give U/;’ji; € G. For k > 3, we
5 I3
observe that

_ 7. .. F _ 7+ 17 y
Iy, = 92( iw.—U”)—kU”, Hidi%_%(ni)jié UU)+U”,

2



which yield

Ty = 05 (T — Uiy) + Uy = 10 + (1 - 6:) T (39)

Let n; = (1,0,0,0,0,0,0,0)". Similarly, we have

ﬁij -ny =6, (ﬁij ‘np) — Uij . n1) -‘rﬁij ‘n; =6, (pfj _ﬁij) +ﬁij >0,

which together with (39) implies IT;; - n; = Ggﬁij -ny + (1 — 62)p;; > 0. Applying
Jensen’s inequality to £(U), we obtain

E(ILj) = 5(92ﬁij +(1- 92)@7‘) > 0,6 (TL;;) + (1 — 02)€(Ty5)
> 02€min + (1 — 02)E(U;5) > €2 > 0.

Therefore, we have IL;; € G when the order of accuracy £ > 3. In summary, the PP
conditions (10) hold. The proof is completed. d

3. Rigorous analysis of positivity-preserving property. In this section, we
rigorously analyze the PP property of the proposed finite volume method and give
the proof of Theorem 2.1. The analysis and proof are very technical and difficult.
There are two main challenges. First, the point values {Uié 0 UZ ji%} in our finite
volume method are strongly coupled by the important DDF condition (9), this makes
the PP analysis very complicated. In particular, such a strong coupling invalidates
the classic convex decomposition technique [57, 58], which is based on splitting a
high-order multidimensional scheme into convex combination of formally fist-order
one-dimensional PP schemes. The second challenge lies in the high nonlinearity of
the MHD system: particularly, the flux F;(U) and the internal energy £(U) are highly
nonlinear functions of the conservative vector U. In order to analyze the positivity
of £(U), one has to substitute the high-order scheme into the complicated function
E(U) to judge the positivity of the computed internal energy €. In the following, we
will introduce the GQL approach [50] to overcome these difficulties.

3.1. Geometric quasilinearization. We first give a brief review of the GQL
approach, which equivalently transfers the intractable nonlinear constraint £(U) > 0
in (4) into a family of linear constraints. More specifically, the GQL approach provides
the following equivalent linear representation of the admissible set G, which will be
the foundation stone of our PP analysis and proof of Theorem 2.1.

LEMMA 3.1 (GQL representation [45]). The admissible state set G defined in
(4) is equivalent to

B* 2
G, = {U =(p,m,B,E)' : U.n; >0, U-n*+ ‘T| >0 Vv, B* e R3}, (40)

* |2

-
where n; = (1,0,0,0,0,0,0,0)T, n* = (IVQ‘ ,—v*, —B*, 1) , and the variables

{v*,B*} are called the extra free auziliary variables in the GQL framework [50] which
are introduced in exchange for linearity.

The first proof of Lemma 3.1 can be found in [45], while its geometric interpre-
tation was later given in [50]. It is worth noting that, although a few extra variables
{v*,B*} are introduced in (40), all the constraints in G, become linear, which greatly
facilitates the PP analysis. In fact, such a linear equivalent form (called GQL repre-
sentation) can be constructed for any convex sets, as shown in [50].

15



LEMMA 3.2 (sce [45]). Given any two admissible states U, U € G, we have

F,(U) ~ F, (U By~ B
(U— o )+U+Z((X)>~n*+|B*|2+Zae(v*'B*)>0’ (41)

(67

for any free auziliary variables v*, B* € R? and a > (U, I~J), where oy is defined in
Theorem 2.1 and £ € {1,2,3}.

As a direct consequence of Lemma 3.2, we have the following estimates.
COROLLARY 3.3. For any U,ﬁ € G, v ,B* €R3, and ( € {1,2,3}, it holds that

_ (Fg(U) _ Fg(ﬁ)) ‘n; > —a(U,U)(U +U) - ny, (42)

~ (Fe(U) = Fu(D)) -0 2~y (U.0) (U + 0) 0" [B*) = (B, — B)(v* - B). (43)

Proof. The inequality (42) can be derived as follows:
— (Fu(0) = Fu(0) )y = pi—pue > — ma{ ], [5ul }(p+7) > —u (U, U)(U+0)my.

The inequality (43) follows from (41) by reformulation and taking o — a(U, U). 0O

The following lemma will be useful in studying the effect of approximate source
term (12) on the PP property.

LEMMA 3.4 (see [47]). For any U € G, any v*,B* € R?, and ¢ € R, we have

—g(s(w-n*)zs(v*.B*)—\'f'ﬁ(u.nw L ) (44)

3.2. Proof of Theorem 2.1. We are ready to rigorously prove Theorem 2.1.
Proof. Under conditions (10), the GQL representation in Lemma 3.1 implies

* |2

UL m>0, U *+%>0, (45)
B*Z

Ut om >0, UM | 2' >0, (46)

and when the accuracy order k > 3, we have 0 < &y < % and

U, n1>%[/\1<i SR Y (T T )], (47)

- BP N . :
Uyjon+ > S0 (I, 0, )+ (T, + 00

)] 0t + & B2 (48)

Ifk=2 then@ =L and Uy = 2 [)\1 (H_+ 1’j+n;+l’j) T (H; RS )]
which yields ’ ’

— w _
Uzjnlzjl[Al (H271 + IT: >+>\2( ’j,_] 1+H1]+1)]'n1; (49)

T, o+ % = % o (o, e, ) e (), m )] ot @B (50)



Combining (47)—(48) for k > 3 with (49)—(50) for k = 2, we obtain for any k > 2 that

U, n1>7[)\1( +H;+2j)+A2<H: 1+H‘]+2)}-n1, (51)

7|B*|2>@[/\ (H* . >+/\ ( ", +10
2 D 1 7/+2.] 2 0,J— 1 1j+

for any free auxiliary variables v*,B* € R?. From (11) and (45)—(46), we observe
that

U;;-n* + )] ‘n* + B2 (52)

Hi

+
i+%7j~n1>0, 1T

L+ 3
+ B*|? + B*|?
* *
Hl+27J n +T>O, H’L]+2.n + —

n; >0 Vi, j, (53)

>0 YW B*ecR® Vij (54)
The estimates (51)—(54) will be useful in showing the PP property (14) of the updated
cell average ﬁiAjt := U;; + AtL;;(U). Substituting the numerical fluxes (7) with (8)

. —A
into (13), we can reformulate Uijt as

—At 77 ]. =+ _ _ +
Uiy =Ui+5h (HH PRI I Hzﬂu) (55)
1 + - +
+ohe (T, +T0, T, —T0F ) + e + Ay,
where A\ = %, Ay = AAt and

= %%ZW“KE Uiy )T Fl(Uj%j)>+(F1(Uj+é,) F (U2 z,j))]

L
p,l
35 Zwu (P20 - FalUy ) + (PalUL ) — Fa(Ul ).

Let us first prove that Ul-j -n; > 0. Thanks to the inequality (42), we derive

1alFAt &
Oy - n1>—§a1 Zwu( +UM UL U ,)~n1
Loz At Q ot u+ K=
5 e (Ul U U T )
p=1
1
=—= ( PR i i +H+1,+H11A)~n1
2 i=3.7 J 1= 5,)
—§A2(HJ+1+H IS AT il %>~n1. (56)

Note that the first component of S(U) is zero, yielding S;; - n; = 0. Combining it
with (55)—-(56) gives

—At - _

U.. -n > Uij ‘n; — A\ (HiJr%,j +H:;%’]> ‘1N — A <H

)

]+1 +H+ 1)‘111' (57)

This together with (51) implies

—At - A _ A _
Uiy o> (@ =) [)\1 <H+ I J‘) R 72 (Hijf% +Hi7j+%) 'nl} >0,

17



where the last inequality follows from (53) and the CFL condition (15). Next, let us
J— *® |2 4

prove UiAjt -n* + % > 0 for any free auxiliary variables v*,B* € R3. It follows

from (55) that

—=At % IT *
Uij‘n +T:U”H+ 2

1
+ *2)\2 (Hi,j % +Hi,]’—% —II

B*[? B*?

1 . _ _ N .
+7)‘1 <Hz+ PR L 3. HZ+ g Hl—;]) n (58)

Z]+l ]._I+ l)n*-l-l_IFn*—i-AtS”n*

We now estimate the lower bounds for ITy - n* and AtS;; - n*, respectively. Thanks
to the inequality (43), we have

LF
Iy - n*>_ = ay ZXtZE:UJ [( ‘ IJ+LL II+M %—IJ Jtl) ,n*+_2“3*F]
2 Az " 34J i+3,7 J

1At & o +m ol *-B*
2 Az Z [ z+ J (Bl)i—%d - (Bl)z+ N (Bl)i—%d} (v*-B)

%FAt - ;L—&- w,+ I, — * * 2
Zw“[(U L HU U U 1)-n +2|B|]

2 Ay = Lits Ljtg
1 At R
Myleﬂ[ by~ (BT (B - (B | (o BY)
m
LFAj
— @ + = - + Lk *1(2
N 2 AI |:(HZ+2.7 +H +HZ+2L7+H .7) n +2‘B | i|
LFAt
r) + - - + Lk *|2
2 Az [(H Lt 3 +H -3 +H7]+ +Hi,j7%> n* + 2|B7| }
— AtV - {{Bl}ij) (v 'B*)» (59)

where the “averaged” discrete divergence operator Vy, - {{B}};; is defined by

@ (HB, UB, HB - (B
Vi 4B :—Zwu< v i ) (60)

p=1

Thanks to Lemma 3.4, we have the following estimate relative to the source term

[l S (Huns,, ) n 2 B, ‘

W({{ By, o+ B0
> (B, v B fwl({U}}l+ s+ B,

Similarly, one can obtain

-[B:1Y,,,8 ({{ B )-n* > [Balff;, ,(v: - BY) — 28, <{{U}}”+1 ot 4 IB;‘I?)?

Combining these estimates with (12), we obtain

AtS;; -n* >Zwu( Vst 3 [[ ﬂ]f_]) (v*-B*)

18



1At

[(HuRy,,, + Hupe, ) -nt + B2

p=1

i (3Ll + gLl ) 7B

i (e, + (ops,_,) oo+ (B

e
ifx [( R P | RS ¢ ol j)-n*+2|B*|2]
;AA; (0, 0+ T ) 0t 2B

+*[[Bﬂ (v -BY), (61)

. 0 [[Bl]]i;‘jJr[[Bl]]i;j [B=]% +1+[[ 2]] 1
where [B];; = 377wy 2 2=+ oy . Substituting

the estimates in (52), (59), and (61) into (58), we obtain

FTAL * ‘B*|2
U, n' 4=

Al(dIfF+ﬂl)§i> (1, +T0, ) 0"+ B

=

A\
N
N\

5 (e @ e S ) (s, ) B
+% (2‘”?1 (Al +(d%F+ﬁl)t)> (T, 1, ) ont + B
o5 (552 (el g ) [0, 410t ) o]

+ At(v* - B¥) (;[[/B\]]m — Vi - {{B}}z‘j>

YAty BY) G[[/B\]]ij ~Vh: HBH“)

—At(v* - B*) (~V, - By;) 2o,

where we have used the CFL condition (15) which ensures that A; > (&}F + 61) =,
)\2 2 (OAZ%F +52)%, % > 2)\1 Z )\1Aj-( +ﬁ1)Am’ and @ > 2)\2 Z )\2 +
(a5F + Bg)%. In summary, we have ﬁij € G, = G. The proof is completed. d

4. Numerical experiments. In this section, we give several benchmark or chal-
lenging numerical examples to validate the robustness, effectiveness, and accuracy of
our DDFPP finite volume schemes. We focus on the second-order and fifth-order
DDFPP schemes with the third-order SSP Runge—Kutta time discretization (17). In
all our tests, we use the ideal EOS e = p/(p(y — 1)) and set the CFL number as 0.3.

Ezample 4.1 (Vortex problem with low pressure). We first consider a smooth
vortex problem [13, 47] to examine the accuracy of the proposed DDFPP schemes. The
initial condition is chosen as (p, v, B, p) = (1, 1+dvy, 1+0v9,0,0B1,B2,0, 1+dp) with
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the perturbations (dvy, dvg) = \/%60'5(1*7”2)(—%1;), (6B1,0B;) = %60»5(142)(_3}@)’

op = 7%6177"2, where 72 = 22 + 32 and the vortex strength p = 5.389489439.
The lowest thermal pressure is about 5.3 x 1072 in the vortex center, so that our
PP limiting procedure is necessary for this example. In our test, the computational
domain is taken as [—10, 10]2, the boundary conditions are periodic, and the adiabatic
index is v = 5/3. We simulate this problem until ¢ = 0.05. Table 4.1 lists the I! errors
and the corresponding convergence rates in the velocity, magnetic field, and pressure
for our second-order and fifth-order DDFPP schemes at different grid resolutions. The
results indicate that the expected convergence rates are achieved, verifying that our

DDF projection and PP limiter do not affect the accuracy.

Table 4.1: Example 4.1: [! errors at t = 0.05 and the corresponding convergence rates
for our second-order and fifth-order DDFPP schemes with Az = Ay = 20/N.

Method N 2 By p

! error order [!error order I!error order

20 1.79e-4 - 1.19e-4 - 1.60e-4 -
40 5.29e-5 1.75  3.62e-5 172 6.27e-5 1.35
80 1.60e-5 1.72 1.06e-5 177 2.27e-5 1.46
2nd-order 160  4.04e-6 1.99  2.82e-6 1.91 5.84e-6 1.96
320 9.04e-7 2.16  6.32e-7 2.16  1.22e-6 2.26
640  1.54e-7 2.55  1.07e-7 257 2.17e-7 2.49
1280 2.64e-8 2.54  1.77e-8 2.59  4.07e-8 2.42

20 1.06e-3 - 7.21e-4 - 9.91e-4 -
40 1.57e-4 2.76  9.10e-5 2.99 1.26e-4 2.97
80 1.80e-5 3.13 1.0le-5 3.17  1.61le-5 2.97
oth-order 160  9.12e-7 4.30  4.49e-7 4.49  6.36e-7 4.66
320 3.11e-8 4.87 1.51e-8 4.90  1.89e-8 5.08
640  8.10e-10  5.26 4.61le-10 5.03 5.68e-10  5.05
1280 2.50e-11  5.01 1.61le-11 4.84 2.04e-11 4.80

Ezample 4.2 (Orszag—Tang problem). This is a benchmark test [27, 46], and
it is performed to verify the effectiveness, DDF property, and high resolution of our
schemes. The initial state is taken as

(p,v,B,p) = (v*, —siny,sinz, 0, —siny, sin(2z), 0, 7)

with v = 5/3. The computational domain is [0,27]? and divided into 200 x 200
uniform cells with periodic boundary conditions. Figure 4.1 compares the results
obtained by the fifth-order finite volume schemes with and without DDF projection,
respectively. We observe that the solution computed without DDF projection has
obvious oscillations and indicates very severe numerical instability. This validates
the necessity of the proposed DDF projection technique. For further comparison, we
also evaluate the discrete divergence error e4;, := max; ; |V - By;| and present its
evolution in Figure 4.2a. As we can see, the discrete divergence error grows very fast
if the DDF projection is not used, while using the DDF projection can enforce the
discrete divergence error €4, at the level of round-off error. It is worth mentioning that
if we do not use the DDF projection and PP limiter, we observe that the fifth-order
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WENO code would break down at ¢ = 3.11 due to nonphysical solution. This further
confirms the importance of DDF projection and PP limiter for robust simulation.

(a) With DDF at ¢ = 2 (b) With DDF at ¢ = 4 (¢) Without DDF at t = 4
Fig. 4.1: Example 4.2: Density contours computed with or without DDF projection.
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Fig. 4.2: The time evolution of the divergence errors e4;, := max; ; |Vj, - Byjl.

Ezample 4.3 (Rotor problem). In this example, we simulate the benchmark rotor
problem, which describes a dense fluid disk rotating in an ambient fluid with v = 5/3.
The initial conditions are set as

(10,—(y — 0.5)/r1, (x — 0.5)/r1,0,2.5/+/47,0,0,0.5), r<r,
(p,v,B,p) =< (1+9¢, —d(y — 0.5)/r,¢(x — 0.5)/r,0,2.5/4/47,0,0,0.5), 11 <71 < 1o,
(1,0,0,0,2.5/v/47,0,0,0.5), ra <1,

where r = /(z — 0.5)2 + (y — 0.5)2, r1 = 0.1, 2 = 0.115, and ¢ = (r2 —7)/(r2 — 10).
The computational domain is taken as [0, 1] with outflow boundary conditions. The
simulation is performed until ¢ = 0.295 on the uniform mesh of 400 x 400 cells.
Figure 4.3 displays the numerical results obtained by the proposed second-order and
fiftth-order DDFPP schemes. We see that our results agree well with those reported
in [46]. The time evolution of the discrete divergence error €4, is shown Figure 4.2b.
One can observe that the divergence errors are kept at about 1073 if the DDF
projection is applied, while the errors grow quickly if the DDF projection is not used.
A further comparison is shown in Figure 4.4 for the fifth-order finite volume WENO
schemes with and without DDF projection. One can see the numerical instability and
nonphysical structures from the solution computed without DDF projection, while
the waves are correctly resolved when the DDF projection is used.

Ezample 4.4 (Blast problem). We now study a challenging blast problem [5]
with the adiabatic index v = 1.4 to demonstrate the PP property of our numerical
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Fig. 4.3: Contours of thermal pressure (left), Mach number (middle), and magnetic
pressure (right). Top: second-order DDFPP. Bottom: fifth-order DDFPP.
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Fig. 4.4: Example 4.3: Zoom-in central part of Mach number at ¢t = 0.295.

schemes. The computational domain [—0.5, 0.5]? is initially full of stationary fluid with
piecewise constant pressure p, which has a strong circular jump on 22 + y? = 0.1
The initial conditions are given by

100 103, /a2 2<0.1
(p7vaB):(1507070a70a0)7 p:{ ’ N +y a ’

VAT 0.1, otherwise.

The computational domain is partitioned into 200 x 200 uniform cells. Figure 4.5
displays the numerical results obtained by the proposed second-order and fifth-order
DDFPP schemes, in comparison with the results given by the fifth-order WENO
scheme without DDF projection. We can see that the flow patterns are well captured
by the proposed DDFPP schemes and agree with those computed in [13, 47, 48, 49,
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46]. Furthermore, the fifth-order DDFPP scheme exhibits higher resolution than the
second-order one, and both DDFPP schemes are very robust. However, without DDF
projection, the fifth-order WENO scheme produces obvious oscillations and nonphys-
ical structures in the numerical solution. Figure 4.2c presents the time evolution of
the discrete divergence error €4;,. As we can see, the DDF condition is enforced to
machine accuracy when the DDF projection is employed, but the divergence errors
grow very fast if we do not perform the DDF projection. We also notice that if we
turn off the PP limiter, the code would break down due to negative pressure.

0.5 0.5 0.5

0.3 0.3 0.3

0.1 0.1 0.1

-0.1 -0.1 -0.1

-0.3 N >~ 7/ -03 -03

-0.5 -0.5 -0.5
-0.5 -03 -0.1 0.1 0.3 0.5 -0.5 -0.3 -0.1 0.1 0.3 0.5 -05 -0.3 -0.1 0.1 0.3 0.5

Fig. 4.5: Example 4.4: The contour plots of the density. Twenty-five equally spaced
contour lines from 0.2 to 4.54. Left: second-order DDFPP scheme. Middle: fifth-
order DDFPP scheme. Right: fifth-order WENO scheme without DDF projection.

Ezample 4.5 (Astrophysical jet). The last example simulates a high Mach num-
ber jet problem in a strong magnetic field [47, 46]. The adiabatic index is set to be
v = 1.4. Initially, the domain [—0.5,0.5] x [0,1.5] is full of the ambient plasma
with (p,v,B,p) = (0.1v,0,0,0,0,4/200,0,1). A high-speed jet initially locates at
x € [-0.05,0.05] and y = 0, it is injected in y-direction of the bottom boundary
with the inflow jet condition (p,v,B,p) = (v,0,800,0,0,/200,0,1). In our test, the
computational domain is taken as [0,0.5] x [0,1.5] and divided into 200 x 600 cells.
For the left boundary = = 0, the reflecting boundary condition is imposed. The
outflow conditions are applied on other boundaries. Figure 4.6 shows the schlieren
images of density logarithm log p obtained by our second-order and fifth-order DDFPP
schemes. We can observe that the numerical results are comparable to those simu-
lated in [47, 48, 46], while the fifth-order DDFPP scheme has a higher resolution than
the second-order one. This is a very challenging test, as negative pressure can be
easily produced in the simulation, due to the high Mach number and the presence of
magnetic field. If the PP limiter is turned off, we observe that the code would blow up
quickly. The proposed DDFPP schemes exhibit good robustness and high resolution
for this problem.

5. Conclusions. In this paper, we have developed a new high-order robust finite
volume method for solving the ideal MHD equations, which govern the behavior of
magnetized fluids in astrophysical and laboratory plasmas. The method stands out
due to its ability to maintain both a DDF constraint and the PP property simul-
taneously. We have proposed a novel discrete projection technique that enforces the
DDF condition by projecting the reconstructed point values at the cell interface into a
DDF space, without using any approximation polynomials. This projection method is
highly efficient, easy to implement, and particularly suitable for standard high-order
finite volume WENO methods, which typically return only the point values in the re-
construction rather than approximation polynomials. We have also developed a new
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Fig. 4.6: Example 4.5: Density logarithm at ¢ = 0.001,0.0015, and 0.002 (from left to
right). Top: second-order DDFPP scheme. Bottom: fifth-order DDFPP scheme.

finite volume framework for constructing provably PP schemes for the ideal MHD
system. The framework incorporates the discrete projection, a suitable approxima-
tion to the Godunov-Powell source terms, and a simple PP limiter. We have provided
rigorous analysis of the PP property of the proposed finite volume method, showing
that the DDF condition and suitable approximation to the source terms eliminate the
effect of magnetic divergence terms on the PP property. The analysis is challenging
due to the nonlinearity of £(U) and the relationship between the DDF and PP prop-
erties. We have overcome the challenges by using the GQL approach, which transfers
the nonlinear constraint into a family of linear ones. Finally, we have demonstrated
the effectiveness of the proposed method through several benchmark and demanding
numerical experiments. The numerical results have shown that the proposed method
is robust and accurate, and confirmed the importance of the proposed DDF projection
and PP techniques.
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