2002.03371v1l [math.NA] 9 Feb 2020

arxXiv
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Abstract. We propose and analyze a class of robust, uniformly high-order accurate discontinuous Galerkin (DG)
schemes for multidimensional relativistic magnetohydrodynamics (RMHD) on general meshes. A distinct feature of
the schemes is their physical-constraint-preserving (PCP) property, i.e., they are proven to preserve the subluminal
constraint on the fluid velocity and the positivity of density, pressure, and specific internal energy. Developing PCP
high-order schemes for RMHD is highly desirable but remains a challenging task, especially in the multidimensional
cases, due to the inherent strong nonlinearity in the constraints and the effect of the magnetic divergence-free condition.
Inspired by some crucial observations at the PDE level, we construct the provably PCP schemes by using the locally
divergence-free DG schemes of the recently proposed symmetrizable RMHD equations as the base schemes, a limiting
technique to enforce the PCP property of the DG solutions, and the strong-stability-preserving methods for time
discretization. We rigorously prove the PCP property by using a novel “quasi-linearization” approach to handle the
highly nonlinear physical constraints, technical splitting to offset the influence of divergence error, and sophisticated
estimates to analyze the beneficial effect of the additional source term in the symmetrizable RMHD system. Several
two-dimensional numerical examples are provided to confirm the PCP property and to demonstrate the accuracy,
effectiveness and robustness of the proposed PCP schemes.
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1. Introduction. This paper is concerned with developing robust high-order accurate numerical
methods for the special relativistic magnetohydrodynamics (RMHD) equations, which are used to
describe the dynamics of electrically-conducting fluids at nearly the speed of light in the presence of
magnetic field. RMHD play an important role in many fields, such as astrophysics and high energy
physics, and have been used to investigate a number of astrophysical scenarios from stellar to galactic
scales, e.g., gamma-ray bursts, formation of black holes, astrophysical jets, blast waves of supernova
explosions, gravitational collapse and accretion, etc.

The special RMHD equations are often formulated as a nonlinear system of hyperbolic conserva-
tion laws

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

where V- = Zle % is the divergence operator with d € {1, 2,3} denoting the spatial dimensionality.
Here we employ the geometrized unit system so that the speed of light ¢ = 1. In (1), the conservative
vector U = (D,m,B,E)", and the flux F = (Fy,...,Fy) is defined by

F1<U) = (D’Ui7 v;m — Bi (W_QB + (V : B)V) + Dtot€i, UiB — BiV, mi)T y

with the mass density D = pW, the momentum vector m = (pHW?2+|B|?)v — (v-B)B, the magnetic
field B = (By, Ba, Bs), the energy E = pHW? — py; + |B|?, and the vector e; denoting the i-th row
of the unit matrix of size 3. Additionally, p is the rest-mass density, v = (v1,v2,v3) denotes the
velocity field of the fluid, W = 1/4/1 — |v|? is the Lorentz factor, pso: is the total pressure consisting
of the thermal pressure p and the magnetic pressure p,, := % (W‘Q\B|2 + (v- B)2)7 H=1+e+ %
represents the specific enthalpy, and e is the specific internal energy. The equation of state (EOS) is

needed to close the system (1). A general EOS can be expressed as
H = H(p,p). (2)
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A simple example is the ideal EOS
I'p
, 3
T—=1)p ®)

where I' € (1,2] is a constant and denotes the adiabatic index, for which the restriction I' < 2
is required by the compressibility assumptions and the relativistic causality. Given an EOS, the
conservative vector U and the flux F can be explicitly expressed by the primitive variables {p, p, v, B}.
However, unlike the non-relativistic case, there are no explicit formulas for either the flux F or the
primitive variables {p,p, v} in terms of U, due to the relativistic effect, especially the appearance of
the Lorentz factor.

The magnetic field should also satisfy an additional divergence-free condition

H=1+

V-B:= =0, (4)

which is a reflection of the principle that there are no magnetic monopoles. Although the satisfaction
of (4) is not explicitly included in the system (1), the exact solution of (1) always preserves zero
divergence for B in future time if the initial divergence is zero. Besides the standard difficulty in
solving the nonlinear hyperbolic systems, an additional numerical challenge for the RMHD system (1)
comes from the divergence-free condition (4), which is also involved in the ideal non-relativistic MHD
system. It is widely realized that the condition (4) is important for robust computations, since large
divergence error in the numerical magnetic field can lead to numerical instabilities or nonphysical
structures in the computed solutions, cf. [9, 2, 30, 17]. In the one-dimensional case (d = 1), By is
constant so that the condition (4) can be easily enforced in numerical computations. However, in
the multidimensional cases (d > 2), numerical preservation of (4) is highly nontrivial, and various
techniques have been proposed to reduce the divergence error or enforce the divergence-free condition
in the discrete sense; see e.g., [9, 23, 30, 6, 29, 17, 18, 43, 10] and the references therein.

In physics, the density, thermal pressure and internal energy are positive, and the fluid velocity
must be slower than the speed of light in the vacuum ¢ = 1. Mathematically, an equivalent description
is that the conservative vector U must stay in the set of physically admissible states defined by

G:={U=(D,m,B,E)" : p(U) >0, p(U) >0, eU) >0, |v(U)| < 1}, (5)

where the functions p(U), p(U), e¢(U) and v(U) are highly nonlinear and cannot be explicitly for-
mulated in terms of U, due to the relativistic effect. In numerical computations, preserving the
numerical solutions in G is highly desirable and crucial for the robustness of the numerical schemes.
This is because once any physical constraints in (5) are violated in the numerical simulations, the
discrete problem becomes ill-posed due to the loss of hyperbolicity, causing the breakdown of the
simulation codes. In the past several decades, various numerical schemes have been developed for
the RMHD, e.g., [15, 7, 21, 31, 13, 44, 1, 49]. However, none of them were proven to preserve all
these constraints, even though they have been used to simulate some RMHD flows successfully. In
fact, most of the existing RMHD schemes do not always preserve these constraints, and thus may
suffer from a large risk of failure when simulating RMHD problems with large Lorentz factor, low
density or pressure, or strong discontinuity. It is therefore highly significant and desirable to develop
physical-constraint-preserving (PCP) numerical schemes whose solutions always stay in the set G.
During the past decade, significant progress has been made for constructing bound-preserving
high-order accurate schemes for hyperbolic systems, mainly built on two types of limiters. One is
a simple scaling limiter for the reconstructed or evolved solution polynomials in finite volume or
discontinuous Galerkin (DG) methods; see, e.g., [46, 47, 45, 35, 37, 50]. Another one is a flux-
correction limiter, see, e.g., [42, 14, 19, 3]. For more developments, we refer interested readers to
the survey [27] and references therein. With these limiting approaches, several PCP methods were
developed for the special relativistic hydrodynamics (RHD) without the magnetic field, including
high-order accurate PCP finite difference schemes [38], PCP DG schemes [24], PCP central DG
schemes [40], and PCP Lagrangian finite volume schemes [20]. Extension of the PCP methods from
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special to general RHD is highly nontrivial. An earlier effort [26] was made in this direction but only
enforced the positivity of density. Recently, frameworks of designing provably PCP high-order finite
difference, finite volume and DG methods were established in [33] for the general RHD. All of the
aforementioned PCP methods were restricted to RHD without the magnetic field.

Seeking PCP schemes for the RMHD is highly challenging, largely due to the intrinsic complexity
of the RMHD equations and strong nonlinearity contained in the physical constraints in (5). As
mentioned above, there are no explicit expressions of the highly nonlinear functions p(U), p(U),
e(U) and v(U) for the RMHD. Taking the ideal EOS case (3) as example, in order to obtain the
values of {p,p,e, v} from a given vector U = (D,m,B, E)T, one has to solve a nonlinear algebraic
equation [21]:

2 2
-1 (S - )+|Bl2—1<B| +(m'B’)—E:, ()

r \T3406) TYul6) 2\ 1%(0) 62

for the unknown 6 € R, where the function Ty (6) is defined by

020+ BP)* - [02[mf? + (20 + [BH)(m-B?] )

02(0 + |BJ2)?

Tuy(0) =

Assume that an admissible solution of the equation (6) exists for the given state U, and denote it by
6 = 6(U), then the primitive variables in (5) can be computed by

=1 (m - 7 2 _ D

v(U) = (m+ 07! (m - B)B) /(8 + [BP), o0 =

(U) = = (0~ DTu(d) () "
P =Ty 6 ) RS (%)

As clearly shown in the above procedure, checking the admissibility of a given state U is already a very
difficult task. On the other hand, in most of the numerical RMHD schemes, the conservative quantities
are themselves evolved according to their own conservation laws, which are seemingly unrelated to
and numerically do not necessarily guarantee the desired bounds of the computed primitive variables
{p,p,e,v}. In theory, it is indeed a challenge to make an a priori judgment on whether a scheme is
always PCP under all circumstances or not. Therefore, the study of PCP schemes for the RMHD has
remained blank until the recent work in [39], where several important mathematical properties of the
set G were first derived and PCP finite volume and DG methods were developed for the conservative
RMHD equations (1) in one space dimension. Moreover, for the multidimensional conservative RMHD
equations, the theoretical analysis in [39] revealed that the PCP property of standard finite volume
and DG methods is closely connected with a discrete divergence-free condition on the numerical
magnetic field. This finding was further extended on general meshes in [41] and is consistent with the
ideal non-relativistic MHD case [34]. It was also shown in [39, 41] that if the discrete divergence-free
condition is slightly violated, even the first-order multidimensional Lax-Friedrichs scheme for (1) is
not PCP in general. Unfortunately, the required discrete divergence-free condition relies on certain
combination of the information on adjacent cells, so that it could not be naturally enforced by any
existing divergence-free techniques that also work in conjunction with the standard local scaling PCP
limiter [39]. Therefore, the design of multidimensional PCP schemes for the RMHD has challenges
essentially different from the one-dimensional case. As a result, provably PCP high-order schemes
have not yet been obtained for the conservative RMHD system (1) in the multidimensional cases.

The focus of this paper is to develop a class of provably PCP high-order DG schemes for the
multidimensional RMHD with a general EOS on general meshes. Towards achieving this goal, we
will make the following efforts in this paper:

1. First, we investigate the PCP property of the exact solutions of the conservative RMHD system
(1) at the PDE level. We observe that, if the divergence-free condition (4) is (slightly) violated, the
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exact smooth solution of (1) may fail to be PCP, i.e., G is not an invariant region for the exact solution
of (1). Therefore, before seeking provably PCP numerical schemes, our first task is to reformulate
the RMHD equations so as to accommodate the PCP property at the PDE level. We consider a
symmetrizable formulation of the RMHD equations, which we recently proposed in [36], by building
the divergence-free condition (4) into the equations through adding a source term. We show that the
exact smooth solutions of the symmetrizable RMHD system always retain the PCP property even if
the magnetic field is not divergence-free.

2. Based on the symmetrizable formulation, we establish a framework of constructing provably
PCP high-order DG schemes for the multidimensional RMHD with a general EOS on general meshes.
The key is to properly discretize the symmetrizable RMHD equations so as to eliminate the effect of
divergence error on the PCP property of the resulting DG schemes. We adopt the locally divergence-
free DG elements, which enforce zero divergence within each cell, and a suitable discretization of
the symmetrization source term, which brings some discrete divergence terms into our schemes and
exactly offsets the influence of divergence error on the PCP property.

3. A significant innovation in this paper is that we discover and rigorously prove the PCP
property of the proposed DG schemes, without requiring any discrete divergence-free condition. There
are two main technical challenges in the proof. One is how to explicitly and analytically verify
the admissibility of any given conservative state U, without solving the nonlinear equation (6).
This difficulty has been addressed in [39] based on two equivalent forms of the admissible state
set G. The other is how to take the advantages of the locally divergence-free property and our
suitable discretization of the source term in the symmetrizable RMHD formulation, to eliminate
the effect of divergence error on the PCP property. Due to the locally divergence-free property
and the source term, the limiting values of the numerical solution at the interfaces of each cell
are intrinsically coupled, making some standard analysis techniques ([47]) inapplicable. We will
overcome this difficulty by using a novel “quasi-linearization” approach to handle the highly nonlinear
constraints in (5), technical splitting to offset the influence of divergence error, and sophisticated
estimates to analyze the beneficial effect of the symmetrization source term.

4. We implement the proposed PCP DG schemes on two-dimensional Cartesian meshes and
demonstrate their accuracy, effectiveness and robustness for several numerical examples. We will
show that our PCP schemes, without any artificial treatments, are able to successfully simulate several
challenging problems, including a strongly magnetized bast problem with extremely low plasma-beta
(2.5 x 1071%) and highly supersonic RMHD jets, which are rarely considered in the literature.

The present study is also motivated by our recent work [35, 37] on the positivity-preserving DG
schemes for the ideal non-relativistic MHD. Compared to the non-relativistic case, the present study
is much more challenging, due to the highly nonlinear coupling of the RMHD equations and the
complicated mapping from the conservative to primitive variables. Additional technical challenges
also arise from the suitable discretization of the symmetrization source term and especially some
novel estimate techniques required to analyze its beneficial effect on the PCP property.

2. Auxiliary observations on the PCP property at the PDE level. This section in-
troduces our observations on the PCP property of the exact smooth solutions of the conservative
formulation (1) and a symmetrizable formulation of the RMHD equations, respectively, with the
ideal EOS (3). The findings will provide some insights that guide us to successfully construct the
PCP schemes for the RMHD.

We observe that negative pressure may appear in the exact smooth solution of the conservative
RMHD system (1) if V- B # 0. An evidence, rather than rigorous proof, for this claim may be given
by considering the following initial condition

p(x,0) =1,  p(x,0) =1—exp(—|x|*),

8
v(x,0) = (0.01, 0.01, 0.01),  B(x,0) = (1+ 6By, 1+ 6By, 1+6By), ®

where x = (21,...,24), and dB; = earctanz;, 1 < ¢ < 3, are small perturbations with 0 < e < 1.
Since the initial solution (8) is bounded and infinitely differentiable, it is reasonable to assume:
there exists a small time interval [0,¢,) such that the exact solution of the system (1) with (8)
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exists and is smooth for ¢t € [0,t.). Since |v(0,0)] — 1 = —0.97 < 0 and p(0,0) = 1 > 0, by the
sign-preserving property for continuous functions, there exists a neighborhood € of 0 in R¢ and
to € (0,,t.) such that |v(x,t)] —1 < 0 and p(x,t) > 0 for all (x,t) € Q x [0,%p). Let us then study
the initial time derivative of pp~' at (x,t) = (0,0). For smooth solutions, we derive from (1) that
L pp™)+v-V(pp )+ (T -1)pT(v-B)V B =0. At (x,t) = (0,0), we have V (pp~") = 0 and

—I
V-B = de > 0, which yield 3(”[; >(0,0) = —0.03d(T'—1)e < 0. Note that pp~'(0,0) = 0. Thus there
exists t1 € [0,%p) such that pp_f(O,t) < 0, Vt € (0,t1). Because p(x,t) > 0 for all (x,t) € Q x [0,%),
we have p(0,t) <0, Vt € (0,11).

The above analysis infers that the exact smooth solution of the conservative RMHD system (1)
may fail to be PCP if the divergence-free condition (4) is violated. This observation, along with the
results in [39] at the numerical level, demonstrate the unity of continuous and discrete objects, and
clearly reveal the intrinsic connection between the PCP property and divergence-free condition. In
most of the numerical RMHD schemes including the standard DG methods, the divergence error in
magnetic field is generally unavoidable, although there exist a few numerical techniques to enforce
exactly or globally divergence-free property (e.g., [18, 43, 10]). On the other hand, the standard PCP
limiting technique (cf. [47, 39]) with local scaling can destroy the globally divergence-free property.
It is therefore difficult to find a numerical technique which can enforce the globally divergence-free
property and meet the PCP requirement at the same time. In order to address the above issue, we
propose to consider a symmetrizable formulation of the RMHD equations [36]

U, + V. F(U)=-S(U)V-B, (9)

where
S(U):= (0, (1 - |v[>)B+(v-B)v, v, v-B) . (10)

The system (9) is analogous to the Godunov—Powell system [11, 22] for the ideal non-relativistic
MHD. The right-hand side term of (9) is proportional to V - B. This implies, at the continuous level,
the two formulations (9) and (1) are equivalent under the condition (4). However, the “source term”
S(U)V-B in (9) modifies the character of the equations, making the system (9) symmetrizable, admit
a convex thermodynamic entropy pair, and play a key role in designing entropy stable schemes [36].
These good properties do not hold for the conservative RMHD system (1).

Interestingly, we find that the exact smooth solutions of the symmetrizable RMHD system (9)
always retain the desired PCP property at the PDE level, even if the divergence-free condition (4) is
not satisfied. Consider the initial-value problem of the system (9), for x € R% and ¢ > 0, with initial
data

(p,V,p,B)(X, O) = (p07V0>p07B0)(X)’ (11)

where the magnetic field is not necessarily divergence-free. Using the method of characteristics one
can show the following result, whose proof is given in Appendix A.

PROPOSITION 2.1. Assume the initial data (11) are in CY(R?) with po(x) > 0, po(x) > 0, and
[vo(x)| < 1, ¥x € R4, If the initial-value problem of (9) with (11) has a C* solution (p,v,p,B)(x,1)
for x € R and 0 <t < T, then the solution satisfies

p(x,t) >0, p(x,t) >0, e(x,t) >0, [v(x,t)] <1, VxR Vtel0,T].

In addition, if assuming the solution is C?, then it holds

B B
min (x,0) < v (x,t) < max

—_— 7). 12
XG]Rd pW pW XGRd p (X7 0)7 Vt € [O? ] ( )

For smooth solutions of the modified RMHD system (9), the estimate (12) implies that the “relative”
divergence ||p"1W =1V - B(-,t)||L~ does not grow with .

Analogous to the Powell source term for the ideal non-relativistic MHD system [23, 35, 37],
the source term in the symmetrizable RMHD system (9) is non-conservative, but is necessary to
accommodate the PCP property at the PDE level when the divergence-free condition (4) is not
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exactly satisfied. Therefore, in order to achieve the PCP property at the discrete level, our schemes
in this paper will be constructed using the symmetrizable formulation (9), which renders additional
technical challenges in discretizing the source term properly to ensure its compatibility with the PCP
property. As mentioned in [35, 37] on the non-relativistic MHD, there is a conflict between the PCP
property which requires the non-conservative source term, and the conservation property which is
lost due to the source term. The loss of conservation property leaves the possibility that it may lead
to incorrect resolutions for some discontinuous problems, which will be investigated carefully in a
separate study.

3. Numerical analysis techniques. In this section, we will introduce several important prop-
erties of G and derive some technical estimates, which will be useful in the PCP analysis of the
proposed numerical schemes.

3.1. Properties of admissible states. Throughout the rest of this paper, we consider a general
causal EOS (2) satisfying
The function H(p, p) in (2) is differentiable in Rt x RT,
H(p,p) = \/1+p*/p*+p/p; Vp,p >0, (13)

Hp,p) (} - 25pel) < 252l <0, p,p >0,

where the second condition is revealed by the relativistic kinetic theory [40], and the third condition
can be derived from the relativistic causality and the assumption that the fluid’s coefficient of thermal
expansion is positive [40], which is valid for most compressible fluids, e.g., the gases. The conditions
in (13) are valid for the ideal EOS (3) and some other commonly used EOSs; see [40].

In order to overcome the challenges arising from the lack of explicit formulas of the functions in
(5), the following two equivalent forms of G were rigorously derived in [39] for the ideal EOS (3) and
in [41] for a general EOS (2) satisfying (13).

LEMMA 3.1 (First equivalent form). The admissible state set G is equivalent to the set
G1:={U=(D,mB,E)" : D>0, ¢(U) >0, ¥(U) >0}, (14)

where ¢(U) := E — \/D? 4+ |m|? and

¥(U) := (®(U) —2(BJ* — E))\/<I>(U) +|B2-FE - \/227 <D2|B2 + (m - B)2>,

with ®(U) : = /(B — E)2 + 3(E2 — D? — |m]?).

LEMMA 3.2 (Second equivalent form). The admissible state set G or Gy is equivalent to
the set

Go:={U=(D,m,B,E)' : D>0, U-& +p}, >0VB* € R® ww* €B;(0)},

where B1(0) := {x € R3 : |x| < 1} denotes the open unit ball centered at 0 in R, and

)
&= (Vimml v P B ) (15)

. _ (= VP)BP A+ (vt B
pm = 2 :

(16)

Remark 3.3. Note that all the constraints in the above two equivalent forms are explicit with
respect to U. This is a very helpful feature. The first equivalent form G; is particularly useful
for checking the admissibility of a given state U and constructing the limiter for developing PCP
high-order accurate RMHD schemes. Moreover, the two constraints in the second equivalent form
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Ga, are both linear with respect to U, although two (additional) auxiliary variables B* and v* are
introduced. Such linearity makes Go quite suitable for analytically verifying the PCP property of
RMHD schemes. It will provide a novel quasi-linearization approach to handle nonlinear physical
constraints and play an important role in our PCP analysis.

It is also proven in [39] that the admissible state set is a convex set.

LEMMA 3.4. The admissible state set Gy is convex.

3.2. Technical estimates. In order to handle the effect of the source term in the symmetrizable
RMHD system (9) on the PCP property of numerical schemes, we derive the following inequality (17),
whose discovery is highly nontrivial.

LEMMA 3.5. For any U € G, any B* € R3 and any v* € B1(0), it holds

IS(U)-&"+v*-B*| < (U-& +pp), (17)

F

where € and pf, are defined in (15) and (16), respectively.
Proof. We observe that

S(U)- & +v* B = (v-v) (1= [VP)B+ (v B)v = (1= V'[)B" = (v* - B")v").
Let II; :=U-&* +p;, and

I = /pH(v — v*) - ((1 VPB4 (v-B)v — (1 - [V [))B* — (v*- B*)v*).
Then, we need to prove
I1; > |Iy|. (18)
We reformulate I1; and split it into two parts as follows:
M = pHW?(1 — v -v*) —p — pW /1 — |[v*|2
+ (1B = (v-B)B) - (~v') + (1= V'[)B" + (v* - BWV") - (-B)

(L+ [vP)BP — (v-B)* (1= |v*P)BP + (v B)?
+ 2 * 2

= {pHWQ(l —v-v)—p—pWy/1-— |v*|2}

n {(1 VBB v-vPBP _ (v=v)-B)? (v'-(B-B")*

2 2 2 * 2
—onl) @,

According to the second condition in (13), the first part Hgl) satisfies

H(l) H?-1 1
—p}{:WQ(lfv~v*)f——fW 1— v 2>W*1—-v-v") - ZLHP*EW 1— |v*[?
2
1,11 W21 - |[v*?)
_ 201 _ v .v* - |2 A S D B
W=(1—-v-v*)— 2 (H Wyl |V|> D)
1 W21 - v 1
>WH(1=v-v') =3 %Z*WQIV \a

It follows that )
M > SpHW? v = v + ) =11,
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Therefore, in order to prove (17) or (18), it suffices to show
3 > |y

Let us introduce the vector Z = (B*,B,/pH)" € R7. We observe that both II3 and Il can be
formulated into quadratic forms in the variables Z. This highly nontrivial observation is a key
of our proof. Specifically, we discover that

1 1
I3 = izTA3z, I, = 5ZTAQZ
with
G -G 0" O O b
A;= -G H 0" , A,=|0 O bj |,
0 0 VVZIV—V*l2 bl b2 0

where 0 = (0,0,0), O is 3 x 3 zero matrix, and (note that v and v* are row vectors)

(0]
G=(1— VP +(v)v,
H=(1+v-v]P - P+ ) v - (v-v)(v-v"),
b1 = 1=V = V) + (V2= v vV
=1 =) =v) +(v? = v - v)v.
Then, it suffices to show that both A3 + As and Az — A, are positive semi-definite.
Note that G is symmetric, and its eigenvalues are {1—|v*|?,1—|v*|?, 1} and all positive, implying

the positive definiteness of G. Define a nonsingular matrix

15 O o'
p=( L 1, o7,
—blG*1 0 1
where —b;G~! = v — v*. Then
G (0] o’
Pi(A;+A)P{ = (0 H-G b] +b; : (19)

0 b;+bsy I/V2|V—V*|2 —.blGilbir

where
by +by = (V]2 =v-v v+ ([v]? = v -v)vF,

and the matrix H — G is symmetric and given by
H-G=|v-—v|I3— (v—v)(v-v").

The eigenvalues of H— G are {0, |v —v*|2, |[v —v*|?}, which are all nonnegative, implying that H— G
is positive semi-definite.
Now, we would like to show that P;(A3z + As)P{ is positive semi-definite. Let us first consider

two trivial cases:

e If v=v* then P;(A3 + Ay)P{ = O, which is positive semi-definite.

e If v =0, then by = v¥ = —by and W2|v — v*|2 — b;G~'b{ = 0. In this case, P;(Aj +

AP = diag{G,H — G, 0}, which is positive semi-definite.
In the following, we shall focus on the nontrivial case that v # v* and v # 0. For any € > 0, we
define
[ H-G+ely b/ + b,
QE - ( b1 + by VV2|V—V*|2 —blG_lblT)
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Some algebraic manipulations yield that

det(Q.) = T (= + v = V') (el + [v]2lv = v*|*),

€
1—v|
where

M= (1= v[2) (0103 = 0207)? + (0205 = v303)* + (v50] — 0103)?) + [V v = v* 2

It is evident that I1y > |[v|?|v — v*|2. For any ¢ > 0, the matrix H — G + ¢l is positive definite, and
when v # v* and v # 0, it holds

det(QE) 2 1—;|V|2(5 + ‘V — v*‘2)|v - V*|2|v‘2(5 + ‘V — v*‘2) > 0

This implies that the leading principal minors of Q. are all positive, and thus Q. is positive definite
for any € > 0, v # v* and v # 0. Taking the limit € — 0, we obtain that Qg is positive semi-definite,
which further yields that P1(Az + Ao)P| = diag{G, Qq} is positive semi-definite, for the nontrivial
case (v # v* and v # 0). In conclusion, for all the cases, P1(A3 + A3)P{ is positive semi-definite.

Because Az + Ay and Py (A3 + A)P] are congruent, Az + Ay is positive semi-definite. Similar
arguments imply that As — Ao is also positive semi-definite. Hence

1
M5 + Iy = 5zT(A3 + Ay)Z >0,

which yields ITI; > IIs > |IIz|. The proof is complete. d

We also need the following technical inequality (20), which was constructed in [39], to handle the
effect of flux in numerical PCP analysis.

LEMMA 3.6. If U € G, then for any 0 € [-1,1], any B* € R® and any v* € B;(0), it holds
(U+0F;(U)) - & +p}, +0(vip), — Bi(v*-B*)) >0, (20)

where i € {1,2,--- ,d}, and & and p}, are defined in (15) and (16), respectively.

For any vector n = (ny,--- ,nq) € R%, we define the inner products

d d d
(n,v) := anvk, (n,B) := anBka (n,F) := Zﬂka, (21)
k=1 k=1 k=1

which will be frequently used in this paper. Then we can generalize Lemma 3.6.

LEMMA 3.7. If U € G, then for any 6 € [—1,1], any B* € R3, any v* € B1(0), and any unit
vector n € RY, it holds

(U+6(n,F(U))) - & +pj, + 0 ({n,v")pj, — (0, B)(v* - B")) > 0. (22)

Proof. This can be proven by using Lemma 3.6 and the rotational invariance of the RMHD
system. The proof is omitted. ]

4. Provably PCP DG Schemes. In this section, we construct PCP high-order DG schemes
for the multidimensional RMHD based on the symmetrizable form (9). For the sake of clarity, we
shall mainly focus on the 2D case (d = 2), keeping in mind that our PCP methods and analyses are
also extendable to the 3D case (d = 3).
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4.1. Outline of the PCP schemes. Assume that the 2D spatial domain € is partitioned into
a mesh T, which may be unstructured and consists of polygonal cells. The time interval is also
divided into the mesh {tg = 0,t,+1 = t,, + At,,, 0 < n < N;} with the time step-size At,, determined
by some CFL condition. Throughout this section, the lower-case letter k is used to denote the DG
polynomial degree, while the capital letter K always represents a cell in 7.

Let x € R? denote the spatial coordinate vector. We define the locally divergence-free DG finite
element space [17]

d

au i
Wﬁj{u(ul,...,ug)T: ue| o € PR(K),VE Y aj:
i=1 v

=0, VKGE},

K

where P¥(K) denotes the space of polynomials, in cell K, of total degree up to k. To define the PCP
DG schemes, we also introduce the following two subsets of W¥:

@Z = {ueWﬁ: %/Ku(x)dxeg, VKE'E}, (23)

Gk = {ue@ij: ul,.(x) €6, Vx €Sk, VKeTh}, (24)

where | K| denotes the area of the cell K, and Sk denotes the set of some critical points in K which
will be specified later.

DEFINITION 4.1. A DG scheme is defined to be PCP if its solutions always stay in GZ. For

clarity, if a DG scheme preserves the numerical solutions in G;,, then we say it satisfies a “weak”
PCP property.

LEMMA 4.2. The sets @Z and GZ are both convex. In addition, for any vector function u €
[L%(Q)]® satisfying u(x) € G, Vx € Q, we have Py, (u) € @:, where Py, denoting the L*-projection
into W¥.

Proof. These conclusions directly follow from that G = G; is a convex set, which is implied by
Lemmas 3.1 and 3.4. The proof is omitted. 0

We aim at constructing PCP high-order accurate DG schemes that always preserve the DG
solution function Uy(x,t) in the set GF for all ¢ € {t,, : 0 < n < N;}. This goal will be achieved by
following three steps:

1. First, we will seek in Sect. 4.2 a suitable spatial discretization of symmetrizable RMHD
system (9), such that the resulting discrete equation, which can be put in ODE form as
%Uh = L, (Uy,), satisfies the “weak” PCP property

if U,eGt,  then Uy + AtL,(U,) € Gy, (25)

under some CFL condition on At. The property (25) is very important. It is extremely
nontrivial to find a DG discretization for the RMHD that can be proven to satisfy (25). Some
traditional methods including standard DG schemes for the conservative RMHD system (1)
do not satisfy (25).

2. Then, we further discretize the ODE system %Uh = L, (Uy) in time using a strong-stability-
preserving (SSP) explicit Runge-Kutta method [12].

3. Finally, a local scaling PCP limiting procedure, which will be introduced in Sect. 4.3, is
applied to the intermediate solutions of the Runge-Kutta discretization. This procedure

—k . . . —k
corresponds to an operator IIj, : G, — G¥, which maps the numerical solutions from G,
to Gf and satisfies

1 1 —k
ﬁ/KHh(u)dx: E/Kudx, VK €T, YueGy. (26)

The PCP limiter is required only for high-order DG methods with £ > 1; for the first-order
DG method (k = 0), I}, becomes the identity operator.
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Let U} denote the numerical solution at time ¢t = ¢,,. The resulting fully discrete PCP DG methods,
with a N,-stage SSP Runge-Kutta method, can be written in the following form:
e Set UY =1I1,,P,,(U(x,0));

e Forn=20,...,N; — 1, compute UZH as follows:
(i) set U%O) = U},
(ii) for ¢ = 1,..., N, compute the intermediate solutions:

i—1
U;f) =1I, {Z [Ow (UEf) + 51@AtnLh(U§f))> } } ; (27)
£=0
(iif) set UPT = UM,
where the SSP Runge-Kutta method has been written into a convex combination of the forward Euler
method, and the associated parameters a;; and 3y are all non-negative and satisfy Zz;é aip = 1.
Some SSP Runge-Kutta methods can be found in [12, 28], e.g., a commonly-used three-stage third-
order version is given by

ap=1, a=3/4, a1 =1/4, az0=1/3, az =0, azs =2/3,
Bro=1, B =0, Por =1, B30=0, B31 =0, Bz2=1.

Remark 4.3. At each Runge-Kutta stage, the PCP property of the above fully discrete DG
schemes is enforced by the operator I, which can only act on functions in @2. That is, we re-
quire the convex combination Zz;é [aig (Ugf) + BigAtnLh(UEf)))} € @]Z, which is guaranteed by the
weak PCP property (25) and the convexity of @]Z. On the other hand, the PCP limiting operator

II;, enforces Ug) € G’,?L, 0 < ¢ < i, which provides the condition required by the weak PCP property
(25) for the next Runge-Kutta stage evolution. Therefore, the weak PCP property (25) and the PCP
limiting operator IT; are two key ingredients of the proposed PCP schemes.

(28)

In what follows, we shall describe in detail the operators L; and II,, and also specify the point
set Sk in the definition (24) of GZ. We will prove the weak PCP property (25) of the DG spatial
discretization in Theorem 4.4 and the PCP property of the fully discrete DG schemes in Theorems
4.9 and 4.10.

4.2. The operator L; and the weak PCP property. We now derive a suitable spatial
discretization such that the resulting operator Ly, satisfies the weak PCP property (25). Following our
previous work on the ideal non-relativistic MHD [35, 37], we consider the following locally divergence-
free DG methods for the symmetrizable RMHD system (9):

i/ Up(x,t) - udx = / F(Up) - Vudx
dt Jx K

S / uint(K).{ﬁ‘ (U, U )
&

EECOK " °

1 X in in
+ {2 < 6., B Bht(K)> S(Uht(K))} }ds, Yu e W, (29)
where 0K denotes the boundary of the cell K; neg g is the outward unit normal to the edge & of
K; the inner product (-,-) is defined in (21); the superscripts “int(K)” and “ext(K)” indicate that
the associated limits of Uy (x) at the cell interfaces are taken from the interior and exterior of K,
respectively. In (29), F denotes the numerical flux, which we take as the global Lax-Friedrichs flux

P (Ui}?t(K)’ szt(K); H&K)
1

int(K ext(K ext(K int(K
= 3 ((neuc FUP ) + FUE)) — a(Up ) — U 19))

(30)
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where the numerical viscosity parameter a is taken as the speed of light ¢ = 1, a simple upper bound
of all wave speeds. The term inside the square bracket in (29) is derived from a suitable discretization
of the source term in the symmetrizable RMHD system (9), where the locally divergence-free property
of Bj, has been taken into account. This term is proportional to the jump of the normal magnetic
component across cell interface, which is zero for the exact solution and is very small (at the level
of truncation error) for numerical solutions. The inclusion of this term is crucial for achieving the
property (25), as demonstrated by our theoretical analysis later.

Of course, we have to replace the boundary and element integrals at the right-hand side of (29)
by some quadrature rules of sufficiently high-order accuracy (specifically, the algebraic degree of
accuracy should be at least 2k). For example, we can approximate the boundary integral by the
Gauss quadrature with @ = k + 1 points:

i - in ex 1 ex in in
/ it () [F (Uht(K)th 6K, ng,K) +3 <ng7K, BS t(K) Bht(K)> S(Uht(K))] ds
&
Q . A
~ 6]y wu™ O (x) [F (U 2,0, U (<2, 1) i )

+ <n£’K,BZXt(K)( (9) ) — Blnt(K)( ng)l)’t)> S (Ui}?t(K) (ng?),t)) :|7

N =
i

where |&| denotes the length of the edge &, {xf;)}lquQ are the quadrature points on &, and
{wq}t1<q<q are the associated weights with ZQ_l wg = 1. The element integral [, F(Uj)- Vudx can

also be approximated by some 2D quadrature | K| Zq 1 W F (U (x(q) t)) - Vu()“(%)), where i%) and
w, denote the quadrature points and weights, respectively.
Thus, we finally obtain the weak formulation:
d k
— | Uy -udx = Jx(Up,u), Yu € Wy, (31)
dt Jx
where Jx (Up,u) = 2% 719 (Up, u) with
1) int(K) ext(K in
T == {|£| > wgf (U ), U O () ms i) - t<K><xS;>>} :
E€OK
(2) : t(K) ( (q) int(K) «_ (q) int(K) «_ (q) i (q)
! Z {|g S wq {nec, B0 () - B (x)) 8 (U0 () ) - it (0 )}7
cE"EBK q=1

Q
=KD 6, F(U ) - Vux),

q=1

and for notational convenience, the ¢t dependence of all quantities is suppressed hereafter, unless
confusion arises otherwise. As the standard DG methods (cf. [5, 4]), the weak form (31) can be

rewritten in the ODE form as

d

—Uj, = Ly (Up), (32)
dt
after choosing a suitable basis of W} and representing Uy, as a linear combination of the basis func-
tions; see [5, 4] for details. Note that the corresponding cell average, denoted by Uk := ﬁ f r Undx,

satisfies the following time evolution equation

d
EUK = JK(Uh) VK € 77“ (33)
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where T xc(Up) = T2 (Un) + T2 (U,) with

’“(1 1n ex
jK (Uh) | | Z {|g|2wq ( t(K( ég)%Uh t(K)(Xg]));ng,K>},

EcOK
Q
~(2) 1 X in in
Ti (U0 = =57 3 {wzwq (nese, B ) — B () 8 (U0 () ) }
€K q=1

We are now in a position to rigorously prove that the above DG spatial discretization satisfies
the weak PCP property (25). To this end, we first need to specify the point set Sk in the definition
(24) of G¥. Assume that there exists a special 2D quadrature on each cell K € T, satisfying:

(i) The quadrature rule is with positive weights and exact for integrals of polynomials of degree
up to k on the cell K. N
(ii) The set of the quadrature points, denoted by Sk, must include all the Gauss quadrature
points x(q) g=1,...,Q, on all the edge & € OK.
In other words, we would like to have a special quadrature such that

IK/ Kdx = 3 Zwm) X@) +ZW“ 29). vy € PH(K), (34)

E€OK q=1

(2)

where {X } are the other (possible) quadrature points in K, and the quadrature weights w,’ and o,

are positive and satisfy ) ocqx Z g1 ! g ) 4 Z ~_, wq = 1. For rectangular cells, such a quadrature
was constructed in [46, 47] by tensor products of Gauss quadrature and Gauss—Lobatto quadrature.
For triangular cells and more general polygons, see [48, 32, 8] for how to construct such a special
quadrature. We remark that this special quadrature is not used for computing any integrals, but
only used in the following theoretical PCP analysis and the PCP limiter presented later.

Given this special quadrature, we define the point set Sk required in (24) as

Sk =§KUSK, (35)

where Sg = {x(q) 1<q< Q} are the quadrature points involved in j(g). The inclusion of Sk

means that we require Uy, (x (q)) € G. This special requirement does not appear in the non-relativistic
case; it is used here to ensure the existence and uniqueness of the physically admissible solutlon of
the nonlinear equation (6) and thus obtaining the physical primitive variables from Uh(x ¥ ) by (7),

so as to successfully compute F(Uh(x%))) in jl(( ). Such a consideration is due to that the flux F(U)
and source S(U) cannot be explicitly formulated in terms of U for the RMHD and thus must be

computed using the correspondlng primitive variables. Note that the edge quadrature points {x }

involved in Jp () and j '« » are already included in SK.
Based on the point set Sk defined above, we establish the weak PCP property (25) for the
high-order semi-discrete DG scheme (32) as follows.

THEOREM 4.4. Let G% be the set defined by (24) with Sk specified in (35). Then, the weak PCP
property (25) holds under the following CFL type condition

| ‘ (9)

&
At orsa(Un) < S5 1505Q, V6 €OK, VK €T, (36)
q

where ok 6,4(Un) = %‘<n5 KaB?;K EXt ‘/\/ m’t with the shortened notations
)

Uint(K) — U;lnt(K) (X(;) and Uext(K) Uext(K)( (q)

&,q
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Proof. In order to prove Uy, + AtLy,(Uy) € @i in (25), it suffices to show
UL =Ux +AtT(Up) €G, VK €T, (37)

under the CFL type condltlon (45) and the condition that Uy € Gk Substituting the formula of the

numerical flux (30) into ._’7 K (Uh), we reformulate j K (Uh) and decompose it into three parts:

|£] qu <Ug§tq(K) 1 <ng’ K (Umt(K))>>]

~(1)

€K q=1
a < t(k) 1 t(K)
+72\K| Z |£|qu (Uéo,q —g<ng,K,F(U£’q )>>]
EcOK qg=1
int(K (1,1) (1,2)  ~(1,3)
T IK| Z<|5|Z U )> T T T
€K
Then U%! can be rewritten as
UR' =B + By + B3 + By, (38)

~ (1, _ ~ (1,3
with , B = AtT i = 1,2, By = U + AtT 0" and

=, @) pia ) -
== 2T = 0 3 |13 (e B B s (02)

2|K| sedi

Since G = G as shown in Lemma 3.2, it remains to prove [_JAt € Gy, VK € Tp,.
We fist show DAt > 0. Because Uy, € Gh and SK C Sk, we have Umt(K) € G and UZBX_Z(K) € G for

all1 < ¢ <Q, & € 0K and K € Tj,. Note that the first component of UI;L(K) — %<ng,K, F(Ugtq(K)»

equals Dmt(K)(l — 7<n(aK gt(K)» > D:;t(K)(l — 1| mt(K)D > 0, which implies that the first
component of E; is positive. Similarly, we know that the first component of Zs is also positive.
Notice that the first component of =y is zero. Therefore, the first component of U%? is larger than

that of E3. It gives

_ _ alAt in
DIA(t>DK—W Z <|<§’|Z D tK))

EcOK
Z Z (q)Dlnt(K)+Z Dlnt(K) (q)) alt Z <|g|z Dmt(K))
geaKq 1 ‘ | EE€OK
( )
é”EBKq 1 wq |K‘

where we have used in the above equality the exactness of the quadrature rule (34) for polynomials
of degree up to k, and in the last inequality the condition (36).
We then prove that Ut - £€* + p*, > 0 for any auxiliary variables B* € R® and v* € B;(0). It
follows from (38) that
Bt =N+ L+ I3+ 14 (39)

with Iy := Bq1-&*+n, Iy :=E1-&4n, I3 .= B3-*+pl,—2n, [, := By-£*, and n := ;‘—% Yo scor |05
We now estimate the lower bounds of I; for 1 < i < 4 respectively. Using Lemma 3.7, we deduce that

At 1n 1 in * *

EE€OK
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P

E€OK q=1
Q
int(K) * *
2|K| gé:K{l(ﬂqz;w (—(nereBEy) v B ))}
. V B* 1nt(K) . At(V* i B*) in
S P VAT Tt L

where we have used the exactness of the Q-point quadrature rule on each interface for polynomials
of degree up to k. Similarly, we obtain

At V B* cxt(K) At(v* . B*) ext
I> - S ds = — 20V 2 ) giyextp 41
2= TR geaK/ ne.xK > s ol KN (41)

Note I3 = Ug - & +p};, — (III%F Yook <|a§o| E L Wy (U?’tq(K) & +p,j‘n>) . Based on the exactness of
the quadrature rule (34) for polynomials of degree up to k, one has

Q
R (U2 e +pn) + > (UD€ + i)

E€IK q=1 q=1

> T Sl (VR 1),

E€OK q=1
where Ui}?t(K) (ig?)) € G = Gs has been used. It follows that
ln (’7@
L> Y Z (U 4 py) ( _ aAtwq|K|> . (42)
€K q=1

Thanks to the inequality (17) constructed in Lemma 3.5, we have

HS(U)-€) > v’ BY) — (U +7),  WER VUEG.

It follows that
(mose, B~ B S(ULY) € > (mese, BEY - B (v BY)

1
int(K int(K)\ 2 int(K ext(K it (K . i}
(o) (mee B B (U2 € )

Let Is == — 35 Yscox > wan7g7q(U?féK) - & +p},). We then obtain a lower bound for I4:

LT D

ECOK

|(g;| qu <1’1g K, ext(K) Bl(;lfq(K)> (V* . B*) + I5

At(v

= 2|K|) (dwe"tB;, — dw’“tBh) + Is. (43)

Thanks to the locally divergence-free property of By (x), we have

lemtBh _ Z / Ilg 1nt(K)> ds = / V- B;lnt(K) (X)dx =0, (44)
EEOK K
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where Green’s theorem has been used. Combining the estimates (40)—(43) and using (44) and (39),
we obtain

et > Y Z (U‘“t(K) ¢ +p:i,L> ( @ _ o Atw, ||f{|) iy .

E€OK q=1

Q (a) &
-y qu< URO ey p )[ww —At||K|(a+aK,g,q)1 >0,

ECOK q=1 a

where the condition (36) has been used in the last inequality. Therefore, we have
UL ¢ +p5, >0, VB* R’ wW* eB(0),

which, along with D£! > 0, yield U2' € Go = G. The proof is complete. O

Remark 4.5. The quantities diviz' By, and diviX' By, defined in the lower bounds in (40) and (41)
respectively, denote discrete divergence. They are also defined in [39] to quantify the influence of
divergence error on the PCP property of the standard DG schemes, for which the discrete divergence-
free condition dlve"tBh = dlvlnt = 0 is required. However, the present DG schemes are proven
to be PCP without requiring such discrete divergence-free condition, thanks to two key ingredients:
the locally divergence-free DG element and a sultable discretization of the source term in the sym-
metrizable RMHD system (9) which glves T pa (Uh, u) in (31). The former leads to zero divergence
within each cell, so that the term d1v “B), vanishes. The latter brings some new divergence terms, as
shown in the lower bound in (43), which exactly offset the divergence term in (41). In other words,
these key ingredients help eliminate the effect of divergence error on the PCP property. This feature
is similar to the continuous case that the inclusion of source S(U)V - B makes the modified RMHD
system (9) able to retain the PCP property even if the magnetic field is not divergence-free. Again,
these findings indicate the unity of discrete and continuous objects.

For the first-order DG method (k = 0), we have Uh|K(x) = Uk and GF = @Z so that the PCP
and weak PCP properties are equivalent in this case, and the PCP property can be proven under a
sharper CFL condition as shown in Theorem 4.6.

THEOREM 4.6. For the first-order version (k =0) of the semi-discrete DG scheme (31) or (32),
the PCP property (25) holds under the following CFL type condition

|d1vKBh|>
&l + — | <1, VKE€T,, (45)
( &;:K’ ’ VhxHk

where divg By, denotes a discrete divergence of By, on the cell K defined by

. 1 Bx +Bx
divgBp = — & —_—f 46
o= iy 32 141 {naae ) )

with Kg denoting the adjacent cell that shares the edge & with the cell K. In (45)—(46), the notations
PK Hy and B denote the rest-mass density, specific enthalpy, and magnetic field corresponding to
Ugx, respectively.

Proof. The proof is similar to that of Theorem 4.4 and is thus omitted. ]

4.3. The PCP limiting operator II;. We now present the PCP limiting operator ITj :
@i — Gk, which limits the numerical solutions from @Z to GF via a simple scaling PCP limiter
[39] as extension of the positivity-preserving limiter [47]. For any Uy, € @:, we construct the limited

solution II, Uy =: I~Jh S GZ as follgws.
Let Uh’K =: Uk (x). Note Ugx € G = G, VK € T. To avoid the effect of the rounding

error, we introduce a sufficiently small positive number € such that Ug € G, for all K € Tj, where
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G. = {U =(D,m,B,E)": D>¢ q(U)>¢ ¥ (U)> O} is a convex set [39], with ¥.(U) := ¥(U,)
and U, := (D,m,B,E — e)T. For each K, to construct Ug(x) := INJ';L|K,
First, we define Ug (x) := (D (x), mg (x), B (x), Ex(x)) " with Dg(x) = 61 (D (x) — D) + D,
and 6; = min {1, (Dx —€)/(Dx _,?Qig?( Dg(x))}. Then, we define Uk (x) := (Hg(ﬁK(x) — Dg) +

we proceed as follows.

Dk, 65(mg(x) — mg) + mg, Br(x), 0(Ex(x) — Ex) + Bx) ' with 6, = min {1, (¢(Ux) —
€)/(¢(Uk) — }{relérll{ q(Uk(x)))}. Finally, we define

Uk(x) = 03(Uk(x) — Ug) + Uk, (47)

where 03 = misn 0(x). Here O(x) = 1 if U (Ug(x)) > 0; otherwise 6(x) € [0,1) solves T ((1 -
XESK
0)Ug + éUK(x)) = 0, which has a unique solution for the unknown 6 € [0,1).

LEMMA 4.7. For any Uy, € @:, one has I1, Uy, = INJ'h S Gﬁ,

Proof. The above procedure indicates that, for VK € Tj, the limited solution defined by (47)
satisfies Ug(x) € G. C G1 = G, Vx € Sk, and ﬁ fK Ugkdx = Ug. Besides, the limited magnetic
field B (x) keeps locally divergence-free within K. O

Remark 4.8. The PCP limiting operator ITj keeps the conservativeness (26). Such a limiter does
not destroy the high-order accuracy; see [46, 47, 45].

4.4. The PCP property of fully discrete schemes. The PCP property of our fully discrete
Runge-Kutta DG scheme (27) is proven in the following theorems.

THEOREM 4.9. Assume that UELO) =Uyp € Gﬁ, then the solutions U;Li), 1 <i < N, computed by
the proposed DG scheme (27) belong to G’fL, under the CFL condition

At,, < min wi@q)”“ G )
B Biwg (a + JK,é",q(U}:))> 1€

1<q¢<Q,VE €K, VK €Ty, (48)

Proof. We prove it by the second principle of mathematical induction for . The hypothesis
implies Ug) S Gi for + = 0. Assume that Ugf) € Gﬁ, 1 < /¢ <4—1. Thanks to the weak PCP
property (25) in Theorem 4.4, we have Ugf) + ﬁMAtnLh(Ugf)) € @Z, 1 < ¢ <i—1 under the CFL
condition (48). The convexity of @: in Lemma 4.2 implies Zz;é [Oéig (Ug) —|—,8igAtnLh(U§f))ﬂ € @Z.
Since the PCP limiting operator IT; maps the numerical solutions from @Z to GZ» we obtain U;f) € GZ
by (27). Using the principle of induction, we have US) € G} for alli € {0,1,...,N,}. O

THEOREM 4.10. Under the CFL condition (48), the proposed fully discrete Runge-Kutta DG
scheme (27) always preserves U} € GF for all n € N.

Proof. Since P,,(U(x,0)) € @Z as indicated by Lemma 4.2, we known U9 € G¥. With the help
of Theorem 4.9, we obtain the conclusion by induction for n. 0

4.5. Illustration of some details on Cartesian meshes. Assume that the mesh is rectan-
gular with cells {[x;_1/2, Zit1/2] X [Yr—1/2, Yes1/2]} and spatial step-sizes Az; = ;1 1/2 — 2;_1/2 and
Ayy = Yor172 — Yo—1/2 n - and y-directions respectively. Let S¥ = {JZZ(-q)}qul and SY = {yéq)}qul
denote the Q-point Gauss quadrature nodes in the intervals [2;_1 /2, Ziy1/2] and [ys_1/2, Yey1/2] TE-
spectively. For the cell K = [x;_1/2,Zi11/2] X [Ye—1/2,Yet1/2), the point set Sk required in (35) is
S¥ @ SY, and the set Sk is given by (cf. [46])

Sk=(Srest)u(stes), (49)
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where §¢ = {z"}L_, and §Y = {g* )}/ﬂzl denote the L-point (L > ££3) Gauss-Lobatto quadrature

nodes in the intervals [x;_1 /2, Zi41/2] and [ys_1/2,Yes1/2] respectively. With Sk in (49), a special
quadrature [46] satisfying (34) can be constructed:

Q
Ax;w
|K|/ dx = A$Z+A1ygzwq( ( (q)’yé—*)—i_u( (')7ye+%)>

0
Ayplo
 Ruvt Ay ;“’q (w(wimg i) +u(@iy.u?) )

A 10 (50)
Li (Q) ~(1)
Zzwﬂwq 9")
Aﬂc —i—Ang st
L-1 Q
Ax +A Zzwqu j ’yéq))’ Vu € P¥(K),
yéﬂ 2g=1

where {@#}hzl are the weights of the L-point Gauss—Lobatto quadrature. If labeling the bottom,
(q) Ax;D1wg

right, top and left edges of K as &1, &3, &3 and &4, respectively, then (50) implies w = Anihy J =
1,3; w((;) = %7 j = 2,4. According to Theorem 4.9, the CFL condition (48) for our PCP
Schemes on Cartesian meshes is
1 1 w1
At ( +)<min , VK eT,, 1<j<4, (51)
T\Aw - Aye) T mea g (0t ok, (U}")) L

where @ = ﬁ Since o'Kygj’q(U;Lm)) depends on the numerical solutions at intermediate Runge-

Kutta stages, it is difficult to rigorously enforce the condition (51). Note that O'K7gj,q(U§Lm)) is
proportional to the jump of the normal magnetic component across cell interface, which is zero for
the exact solution. Thus o & 4 is small and at the level of truncation error. Thus we suggest

Aty = —Lei (L4 L)‘l, with the CFL number C.q (slightly) smaller than @, which works

amaXm, s Bms \Ax; Ay

robustly in our numerical tests. For the third-order SSP Runge-Kutta method (28), max,, s Sms = 1.

5. Numerical tests. This section conducts numerical tests on several 2D challenging RMHD
problems with either strong discontinuities, low plasma-beta 8 := p/py,, or low rest-mass density
or pressure, to demonstrate our theoretical analysis, as well as the accuracy, high-resolution and
robustness of the proposed PCP methods. Without loss of generality, we focus on the proposed PCP
third-order (k = 2) DG methods on uniform Cartesian meshes, with the third-order SSP Runge-
Kutta time discretization (27)—(28). Unless otherwise stated, all the computations are restricted to
the ideal EOS (3) with v = 5/3, and the CFL number is set as 0.15.

5.1. Smooth problems. Two smooth problems are tested to check the accuracy of our method.
The first one is similar to those simulated in [38, 24], and its exact solution is (p,v,B,p)(x,y,t) =
(1 + 0.9999999 sin (27r(w +y — 1.1t)),0.9,0.2,0, 1,1,1,1072), which describes a RMHD sine wave
(with very low density and low pressure) fast propagating in the domain Q = [0,1]? with a large
velocity |v| & 0.922¢. The second problem describes Alfvén waves propagating periodically in Q =
[0,4/2]% with a speed of 0.9¢ higher than that in [49]. The exact solution of this problem is given
by p(z,y,t) = 1, vi(z,y,t) = —0.9sin(27(s + t/k))sinc, va(z,y,t) = 0.9sin(27(s + t/K)) cos v,
vs(z,y,t) = 0.9cos(2n(s + t/k)), Bi(z,y,t) = cosa + kv1(z,y,t), Ba(z,y,t) = sina + kv (z,y,1),
Bs(z,y,t) = rkvus(z,y,t), p(x,y,t) = 0.1, where k = /14 pHW? and ¢ = zcosa + ysina with
a=m/4.

In the computations, the domain 2 is divided into N x N uniform rectangular cells with N €
{10, 20, 40, 80, 160, 320, 640}, and periodic boundary conditions are used. Fig. 1 shows the numerical
errors at t = 1 in the numerical solutions computed by the PCP third-order DG method at different
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grid resolutions. It is seen that the magnitudes of the errors are reduced as we refine the mesh.
Moreover, the expected third-order convergence rate is observed, indicating that our discretization
of the added source term in the symmetrizable RMHD system (9) and the PCP limiting procedure
both maintain the desired accuracy, as expected.

10+ T : 1079 1 ; i
—eo—1[" errors in p —eo—1[" errors in By
F -+—-12 errors in p - %--12 errors in By
1031 1021 1
10° 105+ 1
1081 1081 ‘ 1
10’ 10° 10 102 10°

Fig. 1: Numerical errors in I' and [? norms at ¢t = 1 for the first smooth problem (left) and the second
smooth problem (right). The horizontal axis represents the value of N.

To verify the capability of the proposed PCP methods in resolving complicated wave configura-
tions, we will simulate an Orszag-Tang problem, three blast problems and two astrophysical jets. For
these problems, before the PCP limiting procedure, the WENO limiter [25] with locally divergence-
free WENO reconstruction [49] is implemented with the local characteristic decomposition to enhance
the numerical stability of high-oder DG methods in resolving the strong discontinuities. The WENO
limiter is only used in the “trouble” cells adaptively detected by the indicator in [16].

5.2. Orszag-Tang problem. This test simulates an Orszag-Tang problem for the RMHD [31].
Initially, the domain Q = [0, 27]? is filled with relativistically hot gas, and periodic boundary condi-
tions are used. We set the adiabatic index I' = 4/3, the initial rest-mass density p = 1 and thermal
pressure p = 10. The initial velocity field of the fluid is v(x, y,0) = (—Asin(y), Asin(z), 0), where the
parameter A = 0.99//2 so that the maximum velocity is 0.99¢ (corresponding Lorentz factor ~ 7.09).
The magnetic field is initialized at B(x,y,0) = (—siny,sin(2z),0). Although the initial solution is
smooth, complicated wave structures are formed as time increases, and turbulence behavior will be
produced eventually. Fig. 2 gives the numerical results computed by the third-order PCP method on
600 x 600 uniform grids. One can see that the complicated flow structures are well captured by our
method with high resolution and agree with those presented in [31, 36]. In this test, we observe that
it is necessary to enforce the DG solution in G by the PCP limiting procedure, otherwise the code
would break down at time ¢ ~ 1.98.

5.3. Blast problems. Blast problem is a benchmark test for RMHD numerical schemes. Simu-
lating a RMHD blast problem with strong magnetic field is difficult, because nonphysical quantities,
e.g., negative pressure, are very likely to be produced in the numerical simulation. Our setup is
similar to those in [21, 7, 1, 44]. Initially, the domain = [—6,6]? is filled with a homogeneous gas at
rest with adiabatic index I' = 4/3. The explosion zone (r < 0.8) has a density of 1072 and a pressure
of 1, while the ambient medium (r > 1) has a density of 10~ and a pressure of p, = 5 x 10~*, where
r = y/x2 + y2. A linear taper is applied to the density and pressure for r € [0.8,1]. The magnetic
field is initialized in the z-direction as B,. As B, is set larger, the initial ambient magnetization
becomes higher (8, := p,/pm becomes lower) and this test becomes more challenging. In the lit-
erature [21, 7, 1], B, is usually specified as 0.1, which corresponds to a moderate magnetized case
(Ba = 0.1). A more strongly magnetized case with B, = 0.5 was tested in [44], corresponding to a
lower plasma-beta 8, = 4 x 1073, Many existing methods in the literature require some artificial
treatments for the strongly magnetized case; see e.g., [15, 21, 7]. It was reported in [7] that the
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Fig. 2: Schlieren images of log(p) at t = 2.818127 (left) and t = 6.8558 (right) for the Orszag-Tang problem.

RMHD code ECHO was not able to run this test with B, > 0.1 if no ad hoc numerical strategy was
employed.

In order to examine the robustness and PCP property of our method, we run this test with
different B, € {0.1,0.5,20,100,2000}. These five configurations include the two in [21, 7, 1, 44]
and three much more challenging cases. We observe that our PCP methods are able to successfully
simulate all these test cases without any artificial treatments. Fig. 3 shows our numerical results at
t = 4, obtained using our third-order PCP method on 400 x 400 mesh grids, for three configurations:
a moderate magnetized case (B, = 0.1), a relatively strongly magnetized case (B, = 0.5), and a
extremely strongly magnetized case (B, = 2000). For the first two cases, our results agree quite
well with those reported in [44, 1, 39]. The wave patterns for B, = 20 and B, = 100 are similar to
that for B, = 2000 and thus omitted here. From Fig. 3, we see that the wave pattern for B, = 0.1
is composed by two main waves, an external fast and a reverse shock waves. The former is almost
circular, while the latter is elliptic. The magnetic field is essentially confined between them, while
the inner region is almost devoid of magnetization. In the case of B, = 0.5, the external circular fast
shock is clearly visible but very weak. For B, > 20, the external circular fast shock becomes much
weaker and is only visible in the magnetic field.

As far as we know, successful simulations of an extreme RMHD blast test with B, = 2000 and
so low plasma-beta (3, = 2.5 x 1071%) have not been reported in the literature. We also notice that,
if the PCP limiter is turned off in the strongly magnetized tests (B, > 0.5), nonphysical numerical
solutions exceeding the set G* will appear in the simulations, and the DG code will break down. We
have also performed the above tests by dropping the discrete symmetrization source term 7, I(f) (Up,u)
in our PCP scheme (31) and keeping the PCP and WENO limiters turned on. The resulting scheme
is actually the locally divergence-free DG method with PCP and WENO limiters for the conservative
RMHD system (1). We observed that this scheme, which is generally not PCP in theory [39], cannot
run the tests with B, € {100,2000}. This demonstrates the importance and necessity of including
the proper discretization of the symmetrization source term for the PCP property of the DG schemes.

5.4. Astrophysical jets. The last test is to simulate two relativistic jets, where the internal
energy is exceedingly small compared to the kinetic energy so that negative pressure could be easily
produced in numerical simulation. Moreover, there may exist strong shock wave, shear flow and inter-
face instabilities in high-speed jet flows. Successful simulation of such jet flows is indeed challenging;
cf. [47, 38, 24, 40, 35].

We consider a pressure-matched highly supersonic RHD jet model from [40] and add a magnetic
field so as to simulate the RMHD jet flows. Initially, the domain [—12,12] x [0, 25] is filled with a static
uniform medium with an unit rest-mass density. A RMHD jet of Mach number M; = 50 is injected
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Fig. 3: Contour plots of log(p) (left) and |B| (right) for the blast problems at ¢t = 4. Forty equally spaced
contour lines are displayed. Top: the moderate magnetized case (B, = 0.1, 3, = 0.1); middle: the relatively
strongly magnetized case (B, = 0.5, B = 4 x 107%); bottom: the extremely strongly magnetized case
(Ba = 2000, B, = 2.5 x 10719).
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in the y-direction through the inlet part (Jz| < 0.5) on the bottom boundary (y = 0) with a density
of p, = 0.1, a pressure equal to the ambient pressure, and a speed of v, = 0.99¢c. The corresponding
initial Lorentz factor W = 7.09 and the relativistic Mach number M, := M,W /W ~ 354.37, where
Ws = 1/4/1 — ¢2 is the Lorentz factor associated with the local sound speed c;. The exceedingly
high Mach number and large Lorentz factor render the simulation of this problem very challenging.
The fixed inflow condition is specified on the nozzle {y = 0, || < 0.5}, while the other boundary
conditions are outflow. A magnetic field with a magnitude of B, is initialized along the y-direction.
The presence of magnetic field makes this test more extreme. We simulate a non-magnetized case
with B, = 0 and a strongly magnetized case with B, = 4/2000p (the corresponding plasma-beta
Ba = 1073). The computational domain is taken as [0, 12] x [0, 30] and divided into 240 x 500 uniform
cells with the reflecting boundary condition on {x = 0,0 < y < 25}.

25 25 25

20 20 20
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20
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Fig. 4: Schlieren images of log(p) for the relativistic jets at ¢ = 10, 20, and 30 (from left to right). Top: the
non-magnetized case; bottom: the strongly magnetized case.

Fig. 4 displays the schlieren images of the rest-mass density logarithm within the domain [—12, 12]x
[0,25] at t = 10, 20 and 30, computed by using the proposed third-order PCP DG method, for the
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non-magnetized case and the strongly magnetized case, respectively. Those plots clearly show the
dynamics of the relativistic jets. We observe that the Mach shock wave at the jet head and the
beam/cocoon interface are well captured during the whole simulation. The wave patterns for the
non-magnetized case are in good agreement with those computed in [40]. Due to the effect of the
strong magnetic field, the flow structures of the strongly magnetized case are quite different from
those of the non-magnetized case. Our PCP method exhibits good robustness in such extreme tests.
It is observed that if the PCP limiter is turned off, the simulation will break down after several time
steps due to nonphysical numerical solutions. In addition, if dropping the discrete symmetrization
source term J}?(Uh7 u) in our PCP scheme (31), we find the cell averages of the DG solutions will
exceed the set G; and the scheme will fail in the strongly magnetized test. Again, this demonstrates
the importance of including the proper discretization of the symmetrization source term for the PCP
property.

6. Conclusions. We have proposed a framework of constructing provably PCP high-order DG
schemes for the multidimensional RMHD with a general EOS on general meshes. The schemes are
based on a suitable, locally divergence-free DG discretization of symmetrizable RMHD equations,
which have accommodated the PCP property at PDE level. The resulting DG schemes with strong-
stability-preserving time discretizations satisfy a weak PCP property, which implies that a simple
limiter can enforce the PCP property without losing conservation and high order accuracy. Most
notably, we rigorously prove the PCP property by using a novel “quasi-linearization” approach to
handle the highly nonlinear physical constraints, technical splitting to offset the influence of di-
vergence error, and sophisticated estimates to analyze the beneficial effect of the symmetrization
source term. Several demanding numerical examples, including strongly magnetized bast problem
with extremely low plasma-beta (2.5 x 1071%) and highly supersonic RMHD jets, have been tested
and demonstrated the effectiveness and robustness of the proposed PCP schemes. In the context
of RMHD, our findings furthered the understanding, at both discrete and continuous levels, of the
intrinsic connection between the PCP property and divergence-free condition, indicating the unity of
discrete and continuous objects.

Appendix A. Proof of Proposition 2.1. Due to the assumption that the the strong solution
of the initial-value problem exists for x € R and 0 < t < T, the Lorentz factor W does not blow
up, and then |v(x,t)| < 1 forall x € R and 0 < ¢ < T. Let % = % + v(x,t)V- be the directional
derivative along the direction

d

dit‘ = v(x,1). (52)
For any (%,7) € RIxR, let x = x(t; X, ) be the integral curve of (52) through the point (%,f). Denote
xo(X,t) := x(0;%,1), then, at ¢ = 0, the curve passes through the point (xo(X,),0). Recall that, for
smooth solutions, the first equation of the system (9) can be reformulated as D(Z’;ZV) = —pWV .v.
Integrating this equation along the curve x = x(t; X, t) gives

pW(i,i) = pOWO(XO()ZvE))CXp <_A V- V(X(ﬂX,BJ)dt) > 0,

which, along with W (%,%) > 1, imply p(X,f) > 0 for all (%,f) € R3> x R;. For smooth solutions
-r

of the modified RMHD system (9), one can derive that %;) = 0, which implies pp~ T (x,1) =

popy " (%0(X, %)) > 0. Tt follows that p(x,%) > 0 for any (%,#) € R? x R Tt is shown in [36] that, for

smooth solutions of (9), the quantity Z{}VB is constant along the curve x = x(t; X,t), which implies

(12). The proof is complete.
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