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Abstract. In this paper, we propose a high-order accurate discontinuous Galerkin
(DG) method for the compressible Euler equations under gravitational fields on un-
structured meshes. The scheme preserves a general hydrostatic equilibrium state and
provably guarantees the positivity of density and pressure at the same time. Compar-
ing with the work on the well-balanced scheme for Euler equations with gravitation
on rectangular meshes, the extension to triangular meshes is conceptually plausible
but highly nontrivial. We first introduce a special way to recover the equilibrium state
and then design a group of novel variables at the interface of two adjacent cells, which
plays an important role in the well-balanced and positivity-preserving properties. One
main challenge is that the well-balanced schemes may not have the weak positivity
property. In order to achieve the well-balanced and positivity-preserving properties
simultaneously while maintaining high-order accuracy, we carefully design DG spa-
tial discretization with well-balanced numerical fluxes and suitable source term ap-
proximation. For the ideal gas, we prove that the resulting well-balanced scheme, cou-
pled with strong stability preserving time discretizations, satisfies a weak positivity
property. A simple existing limiter can be applied to enforce the positivity-preserving
property, without losing high-order accuracy and conservation. Extensive one- and
two-dimensional numerical examples demonstrate the desired properties of the pro-
posed scheme, as well as its high resolution and robustness.
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1 Introduction

In this paper, we develop high-order accurate positivity-preserving well-balanced dis-
continuous Galerkin (DG) methods for the compressible Euler equations with gravitation
on unstructured meshes. This model has many interesting astrophysical and atmospheric
applications, and takes the form

U+ V-F(U)=S(U,V¢), (1.1)

in the d-dimensional case, with

P pu 0
U=| m |, FU=| puu+pl; |, SWUV)=| —pVe¢ |, (1.2)
E (E+p)u —m-V¢

where m = pu denotes the momentum vector; p,u, p denote the fluid density, velocity and
pressure; I; is the identity matrix of size d; E = 1p||u[|*+pe (e is specific internal energy)
is the non-gravitational energy; ¢(x) is the time independent gravitational potential. The
pressure p is linked to the density p and the internal energy e. In this paper, we consider
the ideal gas with the following equation of state

(- 1)pe=(y_1) (£ ImI?
p=(r—Dpe=(r—1(E-—="), (1.3)
0
where 7 is the ratio of specific heats.

The Euler equations under gravitation fields admit hydrostatic equilibrium solutions,
in which the gravitational source term is exactly balanced by the flux gradient. Two
well-known hydrostatic equilibrium states are the isothermal and the polytropic equi-
libria. For these hyperbolic balance laws, the well-balanced schemes are introduced to
exactly preserve the equilibrium states at a discrete level. An important advantage of
the well-balanced schemes is that they can effectively and accurately resolve the nearly
equilibrium flows on relatively coarse meshes. These nearly equilibrium flows are small
perturbation of the hydrostatic equilibrium states, and often appear in the astrophysical
and atmospheric applications. Well-balanced methods for the shallow water equations
with source term have been extensively studied in the past few decades, see [1,4,7,18,21,
29,42,44] and the review papers [28,46]. Recently, research on well-balanced schemes for
the Euler equations with gravitation has attracted much attention. Such method was first
studied by LeVeque and Bale [30] based on the quasi-steady wave propagation meth-
ods designed for the shallow water equations. After that, extensive well-balanced meth-
ods for the Euler equations with gravitation have been designed and studied within the
framework of finite volume [2,3,5,8,9,11,17,22,25,27,31,38], finite difference [19,26,33,45],
finite element discontinuous Galerkin (DG) [10, 32, 34, 39] and gas-kinetic schemes [47],
and both first order and high order methods have been investigated. Recently, there are
increasing interests in designing well-balanced methods for general equilibrium state.
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In [27,39], well-balanced methods for moving equilibrium states of Euler equations with
gravity are studied based on explicitly given equilibria. The well-balanced methods
requiring no a-priori knowledge of the equilibrium were also studied in [3, 17, 26, 35].
In [39], the comparison of numerical performance of high order DG and well-balanced
DG methods is studied, which demonstrated the advantage of well-balanced methods in
multi-dimensional applications.

Another well-known numerical challenge in the numerical simulation of the Euler
equation appear when the density and/or pressure is small. Physically, both the density
and the pressure should stay positive, however, this may not be preserved numerically,
and the appearance of negative density or pressure may cause the breakdown of the nu-
merical simulations. Most commonly used high order numerical schemes for solving
hyperbolic conservation laws do not in general preserve the positivity of these quantities
automatically, and there have been many studies on the design of high order bound-
preserving numerical schemes for conservation laws, including the Euler equations. We
refer to the recent articles [23,24,36] and the references therein for the recent development
and discussion along this direction. Among these approaches, one idea is to utilize a sim-
ple scaling limiter [48], which maintains the local conservation and high order accuracy
of the original method. This technique has been used to design high-order positivity-
preserving DG schemes for Euler equations without source term [48] and with source
terms [49].

The high order finite element DG method will be considered in this paper. It is a pop-
ular high-order method for solving hyperbolic conservation laws. The Runge-Kutta DG
methods have been analyzed by Cockburn, Shu et al. in a series of papers, e.g. [12-16],
and have been successfully utilized in a wide range of applications. There have been
two approaches in the DG framework to obtain well-balanced property for the Euler
equations with gravity. The first approach is based on the reformulation of the source
term technique originally proposed for the shallow water equations in [43], and later
applied to the Euler equations in [10,19,31,32,45]. Recently, a positivity-preserving well-
balanced DG scheme has been developed in [40] for the Euler equations with gravity.
The well-balanced idea therein was adopted from this type of approach studied in [32],
with a properly modified Harten-Lax-van Leer-contact (HLLC) flux. Rigorous positivity-
preserving analyses are carried out based on some technical decompositions as well as
several key properties of the admissible states and HLLC flux. It was demonstrated
that a simple existing rescaling limiter can be used to effectively enforce the positivity-
preserving property, without losing high-order accuracy and conservation. The other
approach to achieve well-balanced property is to decompose the solution into equilib-
rium and non-equilibrium components, and then utilize the hydrostatic reconstruction
idea originally proposed in [1] and widely studied for the shallow water equations. The
well-balanced DG scheme based on the generalized hydrostatic reconstruction technique
has been developed for the Euler equations in [34] to preserve the isothermal and poly-
tropic equilibrium states.

In this paper, we propose to develop high-order positivity-preserving well-balanced
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DG schemes for the Euler equations with gravitation on unstructured meshes. The ob-
jectives of this paper are threefold. First, the well-balanced technique to be introduced is
built upon and improves the one studied in [34]. We have found out that, although the ac-
curacy test carried out in [34] demonstrated the optimal convergence rate of the proposed
well-balanced DG method, some extra tests with manufactured solutions suggest that
suboptimal convergence rate could be observed numerically. Therefore, we propose an
improvement of the source term approximation to ensure optimal convergence for all the
numerical tests we tried. In addition, we note that our proposed well-balanced methods
don’t need to assume an explicitly given equilibrium state, but only the a-priori knowl-
edge of it. Second, in order to achieve the well-balanced and positivity-preserving prop-
erties simultaneously while maintaining high-order accuracy, we carefully design DG
spatial discretization, and prove that the resulting well-balanced scheme, coupled with
strong stability preserving time discretizations, satisfies a weak positivity property. The
same simple existing limiter in [40] can be applied to enforce the positivity-preserving
property. We would like to remark that the rigorous proof of the weak positivity property
is very different from the one in [40], which could be useful for other applications. Last,
most of the works on well-balanced methods for Euler equations are introduced in one
dimension and two dimensions on rectangular meshes. In this paper, the unstructured
triangular meshes will be considered, which brings additional challenge in the design of
well-balanced methods.

The rest of this paper is organized as follows. In Section 2, we introduce the hy-
drostatic equilibrium states and some necessary notations for DG methods. The well-
balanced DG methods for the Euler equations with gravitation are presented in Section
3. In Section 4, we show that our scheme has a weak positivity property, and a simple
scaling limiter can be applied to preserve the positivity of density and the pressure under
suitable time step. In Section 5, we provide numerical examples both for the isothermal
and polytropic equilibrium states to verify the well-balanced property, high-order accu-
racy and positivity-preserving property in one dimension and two dimensions on trian-
gular meshes. Finally, we will give some concluding remarks in Section 6. In Appendix A
and B, we show proofs in Section 4 that are too long in the article to increase readability.

2 Mathematical model and notations

This section introduces the hydrostatic equilibrium states of (1.1), the admissible state set
and some necessary notations of the DG methods.

2.1 Hydrostatic equilibrium states

The model (1.1) admits the hydrostatic equilibrium states of the form

p=p(x), u=0, Vp=—pV¢, (2.1)
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where x € R? is the spatial variables. Two important equilibria arising in the applications
are the polytropic [25] and isothermal [41] hydrostatic states.
An ideal gas satisfies

p(x) =p(x)RT(x), 22)
with R being the universal gas constant. If the temperature T (x) =T, becomes a constant,
we have the following isothermal equilibrium state

pzpoeXP<_Ri%0>/ u=0, p:poexp<—Ri%0>, (2.3)

with Po= poRTo.
The other polytropic hydrostatic equilibrium is characterized by

p=rxop”, (2.4)
which will lead to the form of
1 i
7—1 > 7T = (7—1 > 7T
= C— , u=0, =x, | ——(C— , 2.5
p < oy (C7¢) p=ro |~ (C—9) 2.5)

where C and «( are both constants. An equivalent formulation is given by
u=0, h+¢=C, (2.6)
with h=e+ % being the specific enthalpy.

2.2 The admissible state
Physically, both the density p and the pressure p stay positive, therefore we can define
the physically admissible states
=lu= T —p_lml?
G:=:U=(pmE)" | p>0,G(U):=E 20 >0, (2.7)

where the condition G(U) >0 is equivalent to the fact that the pressure p is positive.

2.3 Notations

We assume that the computational domain Q € R? is partitioned into an unstructured
mesh T, such that

Q= {K|KeT},
and we denote the volume of cell K by Ag. The d+1 vertices of each cell KE7T are denoted
by xk 1, -, %k 4+1. We denote the cell boundary of the element K by

d+1
oK:= | J F¢, (2.8)

v=1
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where FY, v=1,---,d+1, are edges of K. We also denote the length of F{ by |F{| and the
outward unit normal vector of K with respect to the edge Fy by n¥.

The finite element space of discontinuous piecewise polynomial functions is defined
as

VE={p(x) €12(0) | p(x)|x €P¥(K), ¥KE T, 2.9)

where IP¥(K) is the space of polynomials with total degree up to k in cell K. For the system
of Euler equations, we define the finite element space

IIZ::{(q)l,---,godﬁ)T]qoier,for i:1,---,d+2}, (2.10)

which consists of d4-2 components in the d-dimensional setting.
Since the values of ¢ € V¥ can be discontinuous on the interface of two adjacent cells,
we define the limits at the cell boundary 0K as

P (x):= Tim g(x—eny), ¢ (x):= lim g(x+eny), VxeFL

e—0t e—07T
With an abuse of notation, we denote the numerical solution by U. The standard semi-

discrete DG methods for (1.1) are given as follow: for any test function p€II¥, find U€ITk,
such that

d _ . _ f intg pyextx . .
a/Ku (pdx—/KF(ll).V(pdx /aKF<U U n) (pds+/KS(u,V4>) gdx, (2.11)

where we employ the notation : such that A:B=}; ;a;;b;; for any matrices A= [a;] and B=
[bi]-] €R™™, F denotes the numerical flux, and the simple Lax-Friedrichs (LF) numerical

flux

E(u,un) = % (F(u") ntF(U™)m—a(u=—u)), @12

is used in this paper, where

=  max (]u-n[%—\/'yp/p). (2.13)

Ue { Uz‘nt’uext}

3 The well-balanced DG methods

In this section, we present the well-balanced DG methods for the Euler equations with
gravitation. The proposed methods are established on triangular meshes, extending the
result in [34].
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3.1 Recovery of equilibrium states

We begin with the recovery of equilibrium states in the design of well-balanced methods.
At each time step, the equilibrium state will be recovered from the numerical solution
U. One useful tool is a projection into the DG space while matching the value at the cell
interface, presented in [6,34] for the one-dimensional (1D) case and two-dimensional (2D)
case with rectangular mesh. We refer to [34] for the detailed discussion and motivation
of such projection. For unstructured meshes, the same projection is no longer applicable
and a different projection will be defined below to achieve our goal.

One hopes that this projection can keep the function value unchanged at the boundary
of the cell K, and then we can recover a reference equilibrium state from the numerical so-
lution with the aid of the unchanged point values. There are many high-order projections
that meet this goal and we choose the continuous finite element projection to simplify the
well-balanced procedure. We note that although the continuous finite element projection
is used, our proposed scheme is based on DG methods and the projection is used for the
initialization and recovery of equilibrium states only.

For any function ¢ € L2(Q)), the projection P¥¢ utilized in this paper is given as fol-
lows:

Pro(xki) = (xk,), (3.1)

for any point {xK,i}?:l in the given cell K, with b = % denoting the dimension of

d-dimensional space IP¥. For one dimensional case, the points {xK,i}?:l uniformly dis-
tribute over the entire cell K containing the two endpoints. For the cases of k=1,2,3,
these points are the black solid dots in Fig. 1, and similar case for higher-order polynomi-
als can be derived. For two dimensional case, there are k41 uniformly distributed points
on each triangle face Fy including the vertices of cell K, and other points, if existed, lo-
cates in the interior of the element K. For the cases of k=1,2,3, these points are the black
solid dots in Fig. 2, and similar case for higher-order polynomials can be derived. We
define the numerical initial condition of the DG methods as

UO = 7Dkllex (x,O), (32)

and note that these two functions share the same function values at the points {xK,i}?:l.

Another important component in the design of well-balanced methods is the intro-
duction of a “local” reference equilibrium state, denoted by U, which will be computed
at each time step following the procedure outlined below. The goal is to recover the
targeting (isothermal or polytropic) equilibrium, i.e., U" = U,;, when the numerical so-

K K K
° ° ° ° ° ° ° ° °

Figure 1: The points {xK,i}?zl in the cell K are denoted by the black solid dots for one-dimensional case. From
left to right: the case of k=1,2,3 with k being the polynomial degree.
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Figure 2: The points {xK,i}?zl in the cell K are denoted by the black solid dots for two-dimensional case. From
left to right: the case of k=1,2,3 with k being the polynomial degree.

lution reaches the equilibrium state (i.e., U" = Pklleq for some n with the same projec-
tion P¥ defined above). The first step is to pick one point (denoted by xp) from the set
{xK,i}?:l. In our numerical implementation, we choose the right endpoint of the cell for
one-dimensional case and the point xg; for two-dimensional case. Then the reference
equilibrium state Uy = (p%,m%,E}()T in each cell K is constructed as follows.

e For the isothermal equilibrium

ro__ C1_¢ ro__ ro__ C1_¢
pK—exp< RT, >, ux =0, pK—RToexp< RT, >, (3.3)
where (x0)
P (X0
To=———-", Ci=Tylo x0)+Px(x0)- 3.4
= Rox (x0) 1= Tologpx (x0) +¢x(x0) (3.4)

e For the polytropic equilibrium

b= (Lhe-0)" w0 peer(Theme) T e

C, = 1Px(x0)

__px(x0)
(7—1)PK(XO)+¢K(xO), K= . (3.6)

(ox(x0))”

Here Uy = (px,mx,Ex)" denotes the numerical solution in the cell K. If other type of
equilibrium state is reached, similar approach can be used to construct Uy.

Remark 3.1. We note that our selected projection (3.1) is similar with the work in the
nodal DG framework [10], as one of the motivations is to ensure that the projection is
continuous on the cell boundaries so that the consistency of the numerical flux can be
used at the equilibrium state. One of the difference of these two works is that our ap-
proach is designed on unstructured triangular meshes and the Gauss-Lobatto-Legendre
points cannot maintain high-order accuracy and continuity on cell boundaries at the
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same time. Also, our work involves the recovery of equilibrium states, which leads to
different source term approximations. Such approach can aid in the positivity-preserving
property, which will be introduced in Section 4.

3.2 The well-balanced modification

The standard DG methods (2.11) may not be able to preserve the equilibrium state auto-
matically, and we will discuss the modification to achieve well-balanced property. We fol-
low the well-balanced approaches in [34], and take in consideration the additional chal-
lenge due to the unstructured mesh and the compatibility with the positivity-preserving
issue. We will introduce a series of boundary modifications and corresponding source
term approximation in this section and prove the weak positivity property in the next
section.

3.2.1 Decomposition

We first decompose the numerical solution U into two parts:
u=prPu, u=u-ue (3.7)

where U is the “local” reference equilibrium state introduced in Section 3.1. In this
decomposition, U* stands for the equilibrium component and U/ denotes the fluctuation
component. Note that U and U/ both belong to IT§ while U" ¢ IT5. Moreover, if the
initial condition U, is in equilibrium state and the numerical initial condition is defined
as U="P*U,,, we have U°=U and U/ =0.

3.2.2 The source term approximation

Next, we will present the approximation of the source term [, S(U,V¢)-@dx. In [34], the
source term approximation is designed as follows:

/K s (U, Vg, ) pdx— /K F(U°): Vepdx + /a ) (F(uei)-n) gds,  (38)

where S(U,V¢y,) is decomposed into the sum of S(U/,V¢,) and S(U¢,V¢y), and the
approximation of the last term is converted into the flux, using equation satisfied by the
equilibrium state. Here, ¢y, is the projection of ¢ in space V* (for example, the standard
L? projection is often used). We have found out that, although the accuracy test carried
out in [34] demonstrated the optimal convergence rate of the proposed well-balanced
DG method with this choice of source term approximation, some additional numerical
tests with manufactured solutions suggest that suboptimal convergence rate could be
observed with this choice of source term approximation. Therefore, we propose an im-
provement of the source term approximation to ensure optimal convergence for all the
numerical tests we tried.
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Since ¢y, is the projection of ¢ in space V¥, taking its derivative in (3.8) might cause the
lost of optimal convergence rate. Utilizing the fact that U} is the reference equilibrium
state, we have

Vo=—Vpr/pk, (3.9)

following the definition of the equilibrium state (2.1). Therefore, we introduce a projec-
tion with one degree higher

u=pur (3.10)
to provide a high-order approximation of V¢, which is then defined as
Vo =Vpi/pi (311)
where p? can be computed from U°. In addition, since U} is in equilibrium state, we have
r . —_ ry. rintg \ | | ointg
/KS(U V)-gdx /KF(U ).V(pdx+/aK (F(uri).n) g"<ds, (3.12)
which yields the following high order approximation
e . ~ — e . E,z'ntK . . z'ntK . .
/KS(U V)-gdx /KF(U) V(pdx+/aK (F () n) pi"ixds (3.13)
With all these information, we can present our source term approximation Sk as

e
SK:/ S (Uf,—vf
K p
Note that for the high-order accuracy, we change the approximation of the derivative of
¢ in the first term of (3.14). In addition, we modify the cell boundary integral by utilizing
U? instead of U¢, for the purpose of simplifying the proof of the positivity-preserving
property. We refer the proof of Proposition 4.1 in Appendix B for the details.

> -(pdx—/KF(Ue):V(pdx—i—/aK <F (Ué’i”t’(> -n) @Mkds.  (3.14)

3.2.3 Modified boundary values

We modify the boundary values to be used in the evaluation of well-balanced numerical
fluxes. The modified boundary values U%/¢¥x € G are given by

pb,th — max <OIP*'th) , pb,extK — max (Olp*,extK) ,
mb,zntK — pb,zntkuth, mb,extK — pb,extK uextK/
(3.15)

il’ltK 2

Eb,intK — max <O,g(u*,int1<)> + %pb,intk

u

7

Eb,EXtK —max (O,g(u*,EXtK)) + %pb,EXtK HuextK 2

7

where the operator G is defined in Section 2.2, and u*intx, =¥« take the form

u*,intK — uE,i?’liK + uf,intK, u*,exf[( — uf,exi[( + uf,EXfK‘ (316)
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Remark 3.2. One obvious difference between this approach and that in [34] lies in the
choice of cell boundary values defined in (3.15). They play an important role in the proof
of positivity-preserving property as outlined in the next section. In most cases, although
the cell boundary values U™*/¢¥x € G for the positivity-preserving schemes, the well-
balanced cell boundary values U*"*/¢* may not belong to G. These cell boundary values
are chosen to be in the admissible state G and to keep the fluid velocity unchanged, which
is crucial and greatly simplifies the proof process for the positivity-preserving property.

Another important change is the introduction of a higher-order polynomial U? in the
source term approximation, which can prevent the well-balanced scheme from yielding
a sub-optimal convergence rate on some accuracy tests. We note that one can replace U°
with U° in our well-balanced scheme and the obtained scheme still has the well-balanced
and positivity-preserving properties.

3.2.4 The semi-discrete well-balanced scheme

The semi-discrete well-balanced DG scheme is defined as follows: for any test function
Qe H’;, find U e H’{;, such that

i/ U-pdx= Ly (U) (3.17)
dt Jx
holds, with the right-hand side given by
L(U)= / F(U):Vedx— /a B (Uit ubexts ) - pds+ S (3.18)
K K

Here the source term approximation Sk is defined in (3.14). The numerical flux F is a
monotone numerical flux of F(U) with U%" and U"¢**x defined in (3.15). In this paper,
the simple LF flux defined in (2.12) is used.

The fully discrete Runge-Kutta discontinuous Galerkin (RKDG) method can be ob-
tained by coupling the semi-discrete method with high-order strong stability preserving
(SSP) Runge-Kutta time discretizations [20]. The following third order SSP Runge-Kutta
methods:

/Kum.(,,dx:/Kuﬂ.(deAtLK(u”),

/U(z).q,dx:E/ w«.quer1 </ UM .gdx+AtLy <u<1>)>, (3.19)
K 4 K 4 K

K K K

is used in this paper, where L (U) is defined in (3.17).

Remark 3.3. One can observe that the proposed scheme (3.17) has a simpler numerical
flux, when compared with the well-balanced methods in [34]. We choose the special
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projection P¥ which is continuous at the cell boundaries if the numerical solution equals
the equilibrium states. This helps us to simplify the well-balanced numerical flux and the
proof of the positivity-preserving property in the next section. Similar numerical flux has
been introduced in [10] based on nodal DG methods.

3.3 Well-balanced property

Following the steps in Section 3.2.4, we establish a well-balanced RKDG method for the
Euler equations with gravitation. We first summarize all the variables in our scheme
before proving the well-balanced property:

o Uy ¢ P¥(K), the recovery equilibrium, is defined for each cell K in Section 3.1;
o Uf=Pkuy e P¥(K), is the equilibrium part of Ux in (3.7);

o UI{ = U — U € P¥(K) is the fluctuation part of Uk in (3.7);

ué =P*1ur e PF1(K) is the projection of U into a polynomial with degree k+1,
defined in (3.10). It is introduced for the optimal source term approximation;

UIIQ in (3.15) is defined on dK, and is used in the numerical flux.

Proposition 3.1. The RKDG scheme for the Euler equations with gravity described in
(3.17) coupled with (3.19) maintains the polytropic and the isothermal equilibrium state
exactly in discrete level.

Proof. Suppose that the initial condition U,y (x,0) is the polytropic or the isothermal equi-
librium state, or any other known zero-velocity equilibrium state. In order to prove our
methods can maintain the equilibrium state in discrete level, it is sufficient to show that
Lyx(U)=0.

By the definition of U" in Section 3.1, we note that U” = U,, under the assumption
that U,y are the equilibrium state. Therefore, we have U°= U and uf=o0 following the
definitions in (3.7). Moreover,

Ub,intK — Uh,extK — ué,ii’ltK’ (320)
and the well-balanced numerical fluxes satisfy
15 (ub,intK, ub,extK’n) :1’;\ (Ub,intK’ Ub,intK,n> —F (ué,intk> n, (321)

where the first equality is due to (3.20) and the second equality use the consistent prop-
erty of the numerical flux
F(V,V,n)=F(V)-n.
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Therefore we have

/P ): Vepdx— / <F (Ue th) ) @™k ds+ Sk
—/F ): Vepdx— / (F (U“ th> > intkds
/F qudx+/ ( U" ’”tK) ) MK ds

where the first equality is due to the definition of L (U) and (3.21), the second equality
is due to (3.14) and Uf =0 and U°=U. We conclude that L (U) =0 when the initial
condition U,y is the equilibrium state. When we apply the time discretization (3.19), the
numerical solution won’t change over time, which means that our method maintains the
equilibrium state exactly in the discrete level. O

4 Positivity-preserving well-balanced DG methods

In this section, we show that the well-balanced DG scheme (3.17) has a weak positivity
property under a suitable condition for the time step. With such weak positivity, a simple
scaling limiter can enforce the positivity-preserving property without losing conservation
and high-order accuracy.

4.1 Properties of admissible states

We start by introducing some properties of the admissible states (2.7), which will be used
to prove the weak positive property. The first two properties are taken from [49].

Lemma 4.1 (49]). The set of admissible states G defined in (2.7) is a convex set.
Lemma 4.2 (49]). Forany U € G and ||n||=1, we have
—nF(U) negG, (4.1)

if n €R satisfies
agln| <1, (4.2)

where

Ko = (4.3)

p
pV2e
The next two lemmas are introduced to analyze the impact of the well-balanced nu-
merical fluxes in the proof of weak positivity property.
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Lemma 4.3. For any U, U* € G with the same velocity u=u*, we have

U—-nU*egG, (4.4)
if the positive constant 11 > 0 satisfies
aon <1, (4.5)
where
so=max(£,L).
PP

Proof. 1t is straight forward to observe that the first component of U —#nU* is positive:

Py

] P
— > __> f— = U.
PPt p 2P

Therefore, we only need to show the pressure is also positive, which follows from the
following steps:
1 [Jm—ym|> _
2 p—np

1 « 1, 1 .
—pe-+ g0l = ((pe)+ 5" [ ) =5 010"

p p* p* 1P*>
=L _p I _—(1-n=—)pe>(1——2)pe>0,
r—1 ;77—1 < UP>p ( Xo p pe=

where the second and third equalities utilize the fact that u = u*, the fourth and fifth
equalities follow from the definition of p=(y—1)pe, and the last two inequalities holds
under the condition (4.5). This finishes the proof. O

* * * 1 *
G(U—qU")=E—yE*~ —nE* =5 (p—np")||u*

Lemma 4.4. For any U, U* € G with the same velocity u=u* and ||n|| =1, we have

U—yF(U*) negG, (4.6)
if n >0 satisfies
woo <1, 4.7)
where
_ P p*) _ p
Kp=max| —,— |, way=|u-n|+ .

The proof of this lemma is shown in Appendix A.
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4.2 Positivity of the high order DG methods

In this subsection, we will prove a weak positivity property of the proposed well-balanced
DG scheme.

We begin with presenting the quadrature rule used to approximate the integrals.
Let us denote a set of 2D quadrature nodes with positive weights on the cell K by
{xK,wI’é}l <u<r and introduce the following quadrature rule

/Kg(u) dx:yilw;;g(uK (x;g)). (4.8)

On the edge Fy of the cell K, we introduce a set of 1D quadrature nodes with positive
weights by {xFV,cOﬁ}l <u<N’ and the following quadrature rule

/p,zg (e é‘f’?&g (u" (=) (49)

In our computation, the Gaussian quadrature rule is used for both 1D edge and 2D vol-
ume integrals. We choose enough quadrature points such that the quadrature rule is
exact for integrals of polynomials up to k on the cell K and k+1 on the face Fy.

Further, another special quadrature rule is needed (only) in the proof of weak posi-
tivity property. Such special d dimension quadrature on the cell K should satisfy:

e The quadrature rule has positive weights and is exact for integrals of polynomials
of degree up to k on the cell K;

e The set of the quadrature points must include all the quadrature points 32;[%, U=
-,N on the edges Fy €dK, v=1,---,d+1.

In one dimension, we note that the Gauss-Lobatto quadrature rule is an eligible choice.
For two-dimensional case on triangular meshes, some examples of these quadrature rules
are presented in [50]. This quadrature rule ensures that the cell average of the computa-
tional variable can be written as follows,

d+1 N

L
U=y Zw” it () + Zwﬁ (e (4.10)

v=1p=

where {i;}z } are quadrature points on the boundary of K and {# } are quadrature points

inside K, and {d)?;(} and {@}} are the corresponding quadrature weights.
We define the following set

Sk={ &y, =1, N, v=1, d+1 ) J{= p=1, L} U{&k p=1- L},
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that includes all the quadrature points discussed above, and the set of all the quadrature
points on the boundary of K

QK:{QZ&,yzl,---,N,uzl,---,d—H}. 4.11)

Again, we would like to emphasize that the quadrature rule (4.10) is introduced to be
used in the proof, and only the quadrature rule (4.8) for the volume integral on K and the
quadrature rule (4.9) for the line integral over dK are applied in the implementation of
our proposed scheme.

Next, we are ready to present the weak positivity property of our scheme.

Proposition 4.1. Consider the well-balanced numerical methods in (3.18)-(3.19). If
U} (x) € G holds for any x € Sk, we have

e, (4.12)
under the CFL-type condition
RoAt<1, (4.13)
with
Ro=0&r+0&sg,
AH v
@5y |FY| b b
&r==&10max jlf K &1 =max pﬁ(x)/ps(x) ,
Vit @p A xeQ \ Px ()" pi(x)
K
\V4 é e
&s=ma I pK(x)/PK(x)H,
x€Sk 2e% (x)

and « being the parameter of LF flux defined in (2.13).
The proof of this proposition is shown in Appendix B.
Remark 4.1. We note that the term
~H v
Oy [Fg|

max—
Vil @py Ak
K

in the definition of &r depends on the chosen quadrature rule. A few examples are pro-
vided below to demonstrate its value.

¢ In the one-dimensional case, if the Gauss-Lobatto quadrature rule is used, we have

1
, fork=2,3, d)llfl2 =1 for k=4,5,
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and Cb;zﬁ =1and |F{|=1. Therefore,
5(1:265610(/AK, for k:2,3

and
561: = 1256106/AK, for k:4,5.

¢ In the two-dimensional case, we can use the quadrature rule shown in [50, Figure
3.2]. For k=2, we have

which means that
_ 9&amax, |Fy|

Ap=
Ak

For example with a 30-60-90 triangle, we have

2
FY 3 3
max| i =2 ﬁ, &pmlg 3o¢1a'
v AK AI( \/AK

Remark 4.2. In the one-dimensional case, one can show that &#; =1, which simplifies the
definition of &g. This follows from the fact that both U? and U¢ share the same value with
U" at the cell boundaries, which consist of the end points of the interval and equal to
the point set Qg in the 1D setting. Therefore, one can conclude that U*"x(x) = U (x)
for any x € Qk, and also U%"(x) = U™ (x) due to the assumption of Proposition 4.1
that U™« (x) € G. Similarly, U"***x(x) = U**¢(x) can be obtained, which leads to the
conclusion that &; =1.

In the two-dimensional case, the value of &; is more complicated, as the sets of
quadrature points and projection points may not be the same. But we can show that
&1 =1+ O(K*1) with k being the polynomial degree, namely, it will decrease to 1 as mesh
is refined. In the numerical examples, we also track and report the value of &;, which
confirms this result.

4.3 Positivity-preserving limiter

If the weak positivity property holds, i.e. Uk €G at the time step ", a simple positivity-
preserving limiter [50] can be applied to enforce that Ux(x) € G, Vx € Sx. We define the
positivity-preserving limiting operator © as

Uk =0 (Ux(x)—Ux) + Uk, (4.14)
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602 —min (19U =€ , '

k =min (1 Q(UK)—minxegKg (UK(x)) (4.15)

U (x) = (px (x),mk (%), Ex(x))", (4.16)

px =04 (px—PK)+ 0k, (4.17)
. PK—€

0’ =min (1, B —minycs, oK (%) > . (4.18)

Here € is a sufficiently small positive number, introduced to avoid the effect of the round-
error. For example, we can take e =min (10~'%,0x,G (Uk)). The limiter © doesn’t destroy
the high-order accuracy and keeps the mass conservation. We refer to [50] for the details
and the proof.

We apply the limiter © to Uk at each Runge-Kutta stage in our methods. Based on
Proposition 4.1, the resulting DG methods have the positivity-preserving property under
suitable time step conditions.

4.4

Algorithm

Finally, we summarize the steps of our high-order positivity-preserving well-balanced
DG scheme as follows:

1.

For any given initial condition U,,(x,0), we project it into the piecewise polynomial
space Ik to obtain the numerical initial condition:

UOZPk(uex(xlo)); (4.19)

At each Runge-Kutta stage, a reference equilibrium state U" is computed following
the idea in Section 3.1. We then decompose the numerical solution U into two parts:
the equilibrium part U¢ and the fluctuation part U/. We also compute U? following
the definition in Eq. (3.10);

Update U by applying the positivity-preserving limiter ® defined in (4.14):
u=0u. (4.20)

We still denote them by U for simplicity;

. Evaluate the modified cell boundary values (3.15) and apply the LF numerical flux

(2.12). We note that for the steady state solutions, the modified cell boundary values
ubintx = bt and the dissipation term in LF flux turns out to be zero due to the
consistency of LF flux;

Compute the source term approximation in (3.14);
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6. Evaluate the spatial operator Lx(U) in (3.17), and apply the SSP Runge-Kutta
method (3.19) to advance in time. For each Runge-Kutta stage, we repeat the steps
2-5.

5 Numerical examples

In this section, we provide some one- and two-dimensional numerical results to demon-
strate the numerical performance of the proposed scheme. In most of our examples, we
use IP? piecewise polynomials unless otherwise stated. In most of the two-dimensional
examples, the uniform criss-triangles are used. In all the examples, the time step size is
set as

At=0.8/4d, (5.1)

where & satisfies the time step constraints (4.13) in all cells K for one-dimensional and
two-dimensional cases.

5.1 Numerical examples in one dimension

Example 5.1. Test for the accuracy in one dimension.

In this example, we test the orders of accuracy of the proposed methods in the one-
dimensional setting. We follow the setup in [33] and consider the simple steady-state
exact solution given by

on a unit domain [0,1] with gravitational field ¢ (x)=3x2. The exact solutions are applied
at the ghost cells near the boundaries. We set the stop time T =0.1. We choose the
isothermal equilibrium recovery in this example. The L! errors and orders for cases k =
1,2,3 are shown in Table 1, from which we can see that our scheme have the desired high
order accuracy.

Example 5.2. Additional 1D accuracy test for comparison with the scheme in [34].

Optimal convergence rate of the proposed positivity-preserving well-balanced DG
method was observed in the previous example, for which the method in [34] also demon-
strated optimal convergence. In this example, we will provide another accuracy test, and
show that these two methods demonstrate different convergence rates for this example.
We consider a manufactured exact solution of the form

p(x,t)=exp(x—t),
u(x,t)=1,
p(x,t)=1,
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Table 1: Example 5.1, LY errors and orders of accuracy with the case k=1,2,3.

k=1 0 ou E
N LY error | order | L! error | order | L! error | order
40 | 2.60E-05 - 6.69E-06 - 4.69E-05 -

80 | 6.51E-06 | 2.00 | 1.67E-06 | 2.00 | 1.17E-05 | 2.00
160 | 1.63E-06 | 2.00 | 4.16E-07 | 2.00 | 2.94E-06 | 2.00
320 | 4.07E-07 | 2.00 | 1.04E-07 | 2.00 | 7.34E-07 | 2.00

k=2 0 ou E
N L' error | order | LY error | order | L! error | order
10 | 5.07E-06 - 2.13E-06 - 8.57E-06 -

20 | 6.35E-07 | 3.00 | 2.60E-07 | 3.04 | 1.08E-06 | 2.99
40 | 793E-08 | 3.00 | 3.22E-08 | 3.01 | 1.35E-07 | 3.00
80 | 9.91E-09 | 3.00 | 4.01E-09 | 3.01 | 1.69E-08 | 3.00

k=3 0 ou E
N LY error | order | L! error | order | L! error | order
10 5.41E-08 - 5.05E-08 - 1.43E-07 -

20 | 3.08E-09 | 4.13 | 2.65E-09 | 4.25 | 7.60E-09 | 4.24
40 | 191E-10 | 4.01 | 1.76E-10 | 391 | 4.78E-10 | 3.99
80 | 1.19E-11 | 4.00 | 1.09E-11 | 4.01 | 2.97E-11 | 4.01

which satisfies the modified Euler equation given by
U;+0,F(U)=S(U,px) +P, (5.2)

with
¢(x)=exp(x), ®=(0,exp(2x—t),exp(2x—t))T.

The computational domain is set as [0,1]. The exact solutions are applied at the ghost cells
near the boundaries. We set the stop time T =1. We choose the isothermal equilibrium
recovery in this example. The L! errors and orders for cases k=1,2,3 of our proposed DG
methods are shown in Table 2, from which we observe the desired high order accuracy
for all choices of k. The results of the DG methods in [34] are shown in Table 3, and
suboptimal convergence rates are observed for k=1 (the variables p, pu and E), k=2 (the
variables p, pu and E) and k=3 (the variables p, pu and E). This justifies the high order
modification of the source term approximation, described in the Section 3.2.

Example 5.3. Accuracy test for low density.

In this example, we test the orders of accuracy when the solution involves low density
and the positivity-preserving limiter takes effect in one dimension. We consider another
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Table 2: Example 5.2, L! errors and orders of accuracy with the case k=1,2,3.

k=1 0 ou E
N L' error | order | L' error | order | L! error | order
40 | 1.08E-03 - 3.07E-04 - 3.46E-03 -
80 | 2.64E-04 | 2.04 | 7.73E-05 | 1.99 | 8.25E-04 | 2.07
160 | 6.12E-05 | 2.11 | 1.88E-05 | 2.04 | 1.92E-04 | 2.10
320 | 1.47E-05 | 2.06 | 4.62E-06 | 2.03 | 4.61E-05 | 2.06
k=2 0 ou E
N LY error | order | L! error | order | L! error | order
10 | 9.14E-04 - 2.61E-04 - 3.00E-03 -
20 | 1.05E-04 | 3.12 | 2.65E-05 | 3.30 | 3.27E-04 | 3.20
40 | 1.20E-05 | 3.14 | 2.67E-06 | 3.31 | 3.51E-05 | 3.22
80 | 1.43E-06 | 3.07 | 3.12E-07 | 3.10 | 4.10E-06 | 3.10
k=3 0 ou E
N L' error | order | L' error | order | L! error | order
10 | 1.66E-05 - 4.94E-06 - 5.60E-05 -
20 | 6.82E-07 | 4.60 | 1.94E-07 | 4.67 | 2.29E-06 | 4.61
40 | 3.59E-08 | 4.25 | 1.03E-08 | 4.25 | 1.21E-07 | 4.24
80 | 1.91E-09 | 423 | 5.72E-10 | 4.16 | 6.63E-09 | 4.19
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Table 3: Example 5.2, L' errors and orders of accuracy with the case k=1,2,3, of the DG method in [34].

k=1 0 ou E
N L' error | order | L' error | order | L! error | order
40 | 6.95E-03 - 2.55E-03 - 2.29E-02 -
80 | 359E-03 | 0.95 | 1.32E-03 | 0.95 | 1.18E-02 | 0.96
160 | 1.77E-03 | 1.02 | 6.57E-04 | 1.00 | 5.83E-03 | 1.01
320 | 8.68E-04 | 1.03 | 3.26E-04 | 1.01 | 2.87E-03 | 1.02
k=2 0 ou E
N LY error | order | L! error | order | L! error | order
10 | 6.03E-04 - 2.42E-04 - 2.04E-03 -
20 | 1.41E-04 | 2.10 | 5.85E-05 | 2.05 | 4.63E-04 | 2.14
40 | 3.37E-05 | 2.07 | 1.41E-05 | 2.05 | 1.11E-04 | 2.06
80 | 7.87E-06 | 2.10 | 3.39E-06 | 2.06 | 2.61E-05 | 2.09
k=3 0 ou E
N L' error | order | L' error | order | L' error | order
10 | 1.64E-05 - 4.61E-06 - 5.42E-05 -
20 | 1.28E-06 | 3.68 | 3.93E-07 | 3.56 | 4.14E-06 | 3.71
40 | 1.39E-07 | 3.21 | 4.08E-08 | 3.26 | 4.34E-07 | 3.25
80 | 1.64E-08 | 3.08 | 4.90E-09 | 3.06 | 5.16E-08 | 3.07
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Table 4: Example 5.3, LY errors and orders of accuracy with the case k=1,2,3.

k=1 0 ou E
N LY error | order | L!error | order | L!error | order
20 | 2.13E-01 - 3.41E-01 - 3.99E-01 -
40 | 4.23E-02 | 2.33 | 6.95E-02 | 2.29 | 7.76E-02 | 2.36
80 | 9.60E-03 | 2.14 | 1.63E-02 | 2.09 | 1.83E-02 | 2.09
160 | 2.30E-03 | 2.06 | 3.96E-03 | 2.04 | 4.45E-03 | 2.04
k=2 0 ou E
N L' error | order | L' error | order | L! error | order
10 | 6.44E-02 - 1.47E-02 - 1.74E-01 -
20 | 6.69E-03 | 3.27 | 1.58E-03 | 3.22 | 2.12E-02 | 3.03
40 | 5.38E-04 | 3.64 | 1.36E-04 | 3.54 | 1.66E-03 | 3.68
80 | 7.12E-05 | 2.92 | 9.54E-06 | 3.83 | 1.55E-04 | 3.41
k=3 0 ou E
N LY error | order | L!error | order | L!error | order
10 | 1.59E-02 - 9.94E-03 - 4.10E-02 -
20 | 8.41E-04 | 424 | 2.75E-04 | 5.17 | 2.01E-03 | 4.35
40 | 5.28E-05 | 3.99 | 1.42E-05 | 4.28 | 1.18E-04 | 4.09
80 | 3.13E-06 | 4.08 | 8.09E-07 | 4.13 | 7.38E-06 | 3.99

exact solution of equation (5.2):

p(x,t) =140.99sin(x—t),

with y=1.4,
o(x)=x, ®=(0,140.99sin(x—t),1+0.99sin(x—1))T.

The computation domain is set as [0,277] and periodic boundary condition is applied.
The minimum density for this test is 0.01. Without the positivity-preserving limiter, the
standard DG scheme has trouble in long time simulation. We can use this example to
test the accuracy when the positivity-preserving limiter takes effect. In this test, we set
the stop time t =4 and choose the isothermal equilibrium recovery in this example. In
Table 4, the L! errors and orders for k=1,2,3 of our proposed DG methods are shown. We
observe the optimal convergence rate for all variables and polynomial degree k, which
means that the positivity-preserving limiter does not affect the high-order accuracy.

Example 5.4. Test for the well-balanced property of the 1D polytropic equilibrium.
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Table 5: Example 5.4, L! errors for the polytropic equilibrium with different precisions.

N | precision Y pu E
100 double | 9.31E-15 | 3.41E-15 | 9.97E-15
quadruple | 9.51E-33 | 2.67E-33 | 8.57E-33
200 double 1.40E-14 | 5.13E-15 | 1.53E-14

quadruple | 1.53E-32 | 4.38E-33 | 1.62E-32

This example is used to verify that the proposed DG scheme can maintain the poly-
tropic equilibrium exactly for the 1D Euler equations and its ability to capture small per-
turbation of such equilibrium. We consider the following equilibrium state

(
u(x)=0, (5.3)
(

on a computational domain [0,2] with the linear gravitational field ¢(x)=x and 7=5/3.
We set the stop time T=2 and the L errors of the numerical solutions with different pre-
cisions are shown in Table 5. It can be observed that our scheme maintains the polytropic
equilibrium state at a discrete level, and this confirms its well-balanced property.

Next, we impose a perturbation to the polytropic equilibrium (5.3) and test the capa-
bility of our scheme in capturing the propagation of this small perturbation. At the left
boundary x =0, we add a periodic velocity perturbation of the form

u(0,t) = Asin(4rtt),

with a small perturbation A =10"°. The stop time is set as T = 1.5, and 100 uniform
cells are used. The numerical solutions are shown in Fig. 3. For comparison, we in-
clude the reference solutions computed on the refined mesh with N = 2000, and also
show the results of the third order traditional non-well-balanced (non-WB) DG method
in the same figure. We can observe that the well-balanced DG method produces numer-
ical results consistent with the reference solutions, while the solutions of the non-WB
method does not agree well with the reference solution, especially in the region near the
right boundary. In addition, we record the CPU time of our proposed scheme and stan-
dard DG scheme for this test. The CPU time of standard DG scheme is 3.78s and that of
our proposed scheme is 4.94s. We find that although our proposed scheme carries some
overhead and is slower than standard methods, the numerical solution of our proposed
scheme performs much better than standard DG scheme.

Example 5.5. Test for the well-balanced property of the 1D isothermal equilibrium

In this example, we will demonstrate that our scheme can maintain the isothermal
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Figure 3: Example 5.4: The comparison of numerical solution with small amplitude waves A =10"°% and 100
cells at T=1.5.

Table 6: Example 5.5, L! errors for the isothermal equilibrium with different precisions.

N | precision Y pu E
double 1.24E-14 | 6.88E-15 | 4.70E-14

quadruple | 7.03E-33 | 5.67E-33 | 1.63E-32
double 1.29E-14 | 6.74E-15 | 3.37E-14

quadruple | 2.45E-32 | 1.38E-32 | 1.11E-31

100

200

equilibrium state exactly. We consider the following isothermal equilibrium

p(x) =exp(—x),
u(x)=0, (54)

p(x) =exp(—x),

on a computational domain [0,1] with v =1.4 and gravitational field ¢(x) =x. The stop
time is set as T =2. The L! errors of the numerical solutions with different precisions
are shown in Table 6. It can be observed that our scheme maintains the equilibrium state
with a round-off error, and this confirms its well-balanced property.

Example 5.6. Rarefaction test with low density and low pressure.

In this test, we consider an extreme rarefaction test to demonstrate that our scheme
can keep the density and pressure positive. The initial condition is a Riemann problem
given by
-1 x<0,

=7, =02, u=
P P {1 x>0,
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Figure 4: Example 5.6, numerical solutions at T=0.6 with 800 cells (blue squares) and 6400 cells (black solid
lines). Bottom right is the figure of time stepping size At versa time t€[0,0.6].

with 7y =1.4 on the computational domain [—1,1], and the gravitation field ¢ = x?/2 is
considered. The outflow boundary conditions are imposed at both ends. The final time is
set T=0.6 and 800 uniform cells are used. We choose the isothermal equilibrium recovery
in this example. The numerical solutions at the final time are shown in Fig. 4, and we also
include the reference solutions obtained with refined 6400 cells for comparison. We can
see that the low pressure and the low density are both captured well by our methods.
We also show the time stepping size at each time in the simulation in Fig. 4. We can see
that our scheme can maintain sufficiently large time stepping size, which is similar to the
standard DG scheme, in the whole simulation even the numerical solution involves low
density and pressure. The minimum of density and pressure are shown in Table 7, which
are indeed greater than 0.
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Table 7: Example 5.6, the minimums of density and pressure for rarefaction test.

N 800 6400
0 | 9.95E-03 | 1.89E-03
p | 2.89E-04 | 2.84E-05

5.2 Numerical examples in two dimensions
Example 5.7. Test for the accuracy in two dimensions.

In this example, we test the orders of accuracy in two-dimensional case when the
triangular meshes are used. We consider the exact solution given by

p(x,y,t) =14+0.2sin(rt(x+y—2t)),

u(x,y,t)=1,

v(x,y,t)=1,

p(x,y,t) =4.5+42t—x—y+02cos(m(x+y—2t))/m,

on a square domain [0,2] x [0,2] with the gravitational field satisfying ¢, = ¢, =1 and
7 =1.4. We apply the exact solutions at the boundaries. We set the stop time as T =0.1.
We choose the isothermal equilibrium recovery in this example. Both the P! and IP?
piecewise polynomials are considered. The L! errors and the corresponding orders are
shown in Table 8, from which we can see that our scheme have the desired high order
accuracy.

Table 8: Example 5.7, two dimensional LY errors and orders of accuracy.

k=1 0 ou 0V E
N Llerror | order | L error | order | L! error | order | L! error | order
200 | 2.70E-03 - 2.65E-03 - 2.65E-03 - 2.98E-03 -

800 | 6.76E-04 | 2.00 | 6.65E-04 | 1.99 | 6.65E-04 | 1.99 | 741E-04 | 2.01
3200 | 1.68E-04 | 2.00 | 1.66E-04 | 2.00 | 1.65E-04 | 2.00 | 1.84E-04 | 2.01
12800 | 4.21E-05 | 2.00 | 4.14E-05 | 2.00 | 4.14E-05 | 2.00 | 4.58E-05 | 2.00

k=2 0 ou 0V E
N L error | order | L' error | order | L! error | order | L! error | order
200 | 1.13E-04 - 1.14E-04 - 1.14E-04 - 1.01E-04 -

800 | 1.64E-05 | 2.79 | 1.63E-05 | 2.80 | 1.63E-05 | 2.80 | 1.50E-05 | 2.75
3200 | 2.19E-06 | 290 | 2.18E-06 | 291 | 2.18E-06 | 2.91 | 2.06E-06 | 2.86
12800 | 2.82E-07 | 2.96 | 2.80E-07 | 2.96 | 2.80E-07 | 2.96 | 2.70E-07 | 2.93

Example 5.8. Test for the well-balanced property of the 2D polytropic equilibrium.
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) is considered.
off error, and

Since this equilibrium state is axisymmetric, the computational domain is set as a disk

2sin(ar
ar

2. The L! errors of the

numerical solutions with different precisions are shown in Table 9. It can be observed

oV
1.25E-15 | 2.12E-16
1.20E-33 | 2.04E-34

L! error

ou
1.10E-15

1.19E-33
2 and consider the polytropic equilibrium given

Left: 1222 triangles for the well-balanced test; Right: 4826

9.21E-16
9.36E-34

v27t. The gravitational field ¢(r)

double
quadruple

precision
with radius 0.5. We choose a mesh with 1222 unstructured triangles

,0)

0

(

as shown in the left part of Fig. 5. We set the stop time T

x2+y? and «

This example is used to verify that our scheme can maintain the polytropic equilib-

rium for 2D Euler equations. We take vy

b

Next we impose a small perturbation to the polytropic equilibrium and test the ca-
pability of our scheme in capturing the propagation of the small perturbation. A small

y

Table 9: Example 5.8, L! errors for the 2D polytropic equilibrium with different precisions on triangular meshes.

that our scheme maintains the polytropic equilibrium state with a round-

this confirms its well-balanced property.

Figure 5: Example 5.8, the triangular meshes.
triangles for the small perturbation test.

with r
centered at



798 W. Zhang et al. / Commun. Comput. Phys., 31 (2022), pp. 771-815

1.8E-07 1.6E-07

1.6E-07 1.5E-07
1.4E-07 14E-07
1.3E07
1.2E-07
1.1E-07

1E-07

1.2E-07
1E-07
8E-08
6E-08
4E-08
2E-08

9E-08
8E-08
7E-08
6E-08
-2E-08 5E-08
4E-08

-6E-08

4E-08
3E-08
-8E-08 2E-08

1E-08

-1E-07

(a) Well-balanced scheme: pressure (b) Well-balanced scheme: /12 + 02

| |

(c) Non-well-balanced scheme: pressure (d) Non-well-balanced scheme: v/u2+ 0?2

Figure 6: Example 5.8, contour plots of the numerical results on 4826 triangular cells at +=0.2.

Gaussian hump perturbation is added to the pressure such that
p(r)=p(r)*+ Aexp(—100r).

where the amplitude parameter A is set as 107°. The stop time is set as T =0.2. The
computational domain is discretized by a mesh with 4826 triangles mesh, as shown in the
right part of Fig. 5. We show the velocity and pressure perturbation of the well-balanced
DG methods at the final time in Fig. 6. For comparison, we also show the results of
the third order traditional non-WB DG method. We can observe that the well-balanced
DG method can capture the small perturbation well, while the solutions of the non-WB
method produces the non-physical wave with a much larger amplitude.
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Example 5.9. Test for the well-balanced property of the 2D isothermal equilibrium.
In this example, we aim to preserve the isothermal equilibrium, which takes the form

_%( _%(

p” p” Hy)),

p(x,y):poeXp( x+y)), u=0, P(x,y)zpoeXp(
with pg=1.21, pg=1 and y=1.4. The gravitational field is given by ¢(x,y) =g(x+y) with
¢=1. The computational domain is set as () =[0,1]2, which is discretized by 800 trian-
gular meshes. We set the stop time T=5. The L! errors of the numerical solutions with
different precisions are shown in Table 10. It can be observed that our scheme maintains

the equilibrium state with a round-off error, and this confirms its well-balanced property.

Table 10: Example 5.9, L! errors for the 2D isothermal equilibrium with different precisions on triangular meshes.

L! error
0 ou oV E
double 6.26E-16 | 9.67E-16 | 9.38E-16 | 9.16E-16
quadruple | 5.56E-34 | 8.74E-34 | 9.33E-34 | 7.91E-34

precision

Next, we impose a small perturbation to the isothermal equilibrium and test the ca-
pability of our scheme in capturing the propagation of the small perturbation. A small
Gaussian hump perturbation is added to the pressure such that

p(xy) = %p(x,y)+eexp(—121((x—0.3)2+(y—0.3)2)).

where the amplitude parameter € is set as 10~2. The stop time is set as T=0.15 on 12800
triangular meshes. The numerical solutions of both well-balanced and non-WB methods

are provided in Fig. 7, which shows that our numerical solution capture the propagation
of the small perturbation correctly.

Example 5.10. Rarefaction test with low density and low pressure in two dimensions.

We use this 2D example to demonstrate the positivity-preserving property of the pro-
posed DG method. We follow the 1-2-3 rarefaction test in [37], and consider the initial
condition given by

p(xy)=exp(=2.5¢(x,y)), p(x,y)=04exp(—2.5¢(x,y))

-2 x<0.5,
u(x,w:{z e =0

with the gravitational field ¢(x,y) = 3((x—0.5)24(y—0.5)?) on the domain Q = [0,1]%.
Transmissive boundary conditions are considered. The computational domain is dis-
cretized by 12800 triangular meshes, and the stop time is set as T =0.1. We choose the
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08 0.8

(a) Well-balanced scheme: pressure (b) Well-balanced scheme: density

I N
0 0.2 0.4 0.6 0.8 1
X

(c) Non-well-balanced scheme: pressure (d) Non-well-balanced scheme: density

Figure 7: Example 5.9, perturbation on the isothermal hydrostatic solution with e=0.001 at time t=0.15. Left:
the pressure perturbation with 20 uniformly spaced contour lines from —0.0003 to 0.0003; Right: the density
perturbation with 20 uniformly spaced contour lines from —0.001 to 0.0002.

CFL number to be 0.03. The numerical solutions of density, pressure and velocity at the
final time are shown in Fig. 8. The minimum of density p is 5.35E-03 and the minimum
of pressure p is 3.44E-03 at time T =0.1. We choose the isothermal equilibrium recovery
in this example. We can observe that the low pressure and the low density are both cap-
tured well by our positivity-preserving DG methods. We show the time stepping size At
versa time ¢t in Fig. 8 and calculate the maximum of &; in (4.13) that

max &1 =1.00126,
VK,t<0.1
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Figure 8: Example 5.10, numerical solutions by 12800 triangular meshes at T=0.1.

which means that the time stepping size of our proposed scheme is similar to the stan-
dard DG scheme and &; very close to constant 1 in the simulation.

Example 5.11. Inertia-gravity waves.

The inertia-gravity wave [19] is a two-dimensional benchmark for atmospheric mod-
els that involves the evolution of a potential temperature perturbation. Follow the setup,
the domain is chosen to be 300000 x 10000. Periodic boundary conditions are applied
on the left and right boundaries and inviscid wall boundary conditions are applied on
the bottom and top boundaries. The initial flow is a perturbation added to a stratified
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atmosphere in hydrostatic balanced background, and is given by

> 1

) )"

__P (v—1)g?
P0d) = RaCey) <1+ YRTGA2 (exe (-

) -

p(xy) =po (H% (exp (—%y) —1)> o

where the reference pressure and temperature at y =0 are po = 10° and Ty = 300, the
buoyancy frequency N =0.01, the gravitational force g=9.8, universal gas constant R =
287.058 and -y =1.4. The potential temperature 6 takes the form

0(x,y) =00+A0(x,y),

where 6) =T exp(N?zy),

AB(x,y) =6.sin (Z—Cy) <1+ <x;Cxc)2> 71,

with 6, =0.01, h, =10000, a, =5000, x. =100000 and 7t being the Archimedes constant.

We simulate this problem up to T =3000s on a grid of 30000 triangular meshes. We
choose the polytropic equilibrium recovery in this example. Fig. 9 shows the potential
temperature perturbation Af at different times T=0,1000,2000,3000. We observe that the
evolution of potential temperature perturbation is correctly resolved, and they agree well
with the results in [19].

Example 5.12. A shock wave diffracts at a convex corner.

A shock wave diffracting at a sharp convex corner [16,50] is a classical benchmark
problem in computational fluid dynamics. When the Mach number of the shock wave
becomes larger, low density or pressure may appear. In this example, we study a Mach
10 shock diffracting at a 120° convex corner. We choose uniform right triangular meshes
to discretize the domain, and use the shortest side of the triangular element to represent
the mesh size. See Fig. 10 for the illustration of the computational domain with mesh size
17/30. The initial condition is a pure right moving shock with Mach 10, initially located
at the boundary x=3.4 and 6 <y <11, moving into an undisturbed air ahead of the shock
with

$(x,y)=0.01x, p(x,y)=14, m(x,y)=0, p(x,y)=1.0476—¢(x,y). (5.5)

The boundary conditions are inflow at x=3.4,6 <y <11; outflow at x=13.6,0<y <11 and
y=0,0<x<13.6 and y=11,3.4 < x <13.6; reflective at other boundaries. We choose the
isothermal equilibrium recovery in this example.
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Figure 9: Example 5.11, potential temperature perturbation contour plots at time T'=0,1000,2000,3000 (from
top to bottom).
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Figure 10: Example 5.12, the computational domain with triangular meshes of size 17/30.

Table 11: Example 5.12, the minimums of density and pressure for three different mesh sizes.

mesh size % 61—&) %(7)0
0 0.0144 0.0841 0.0947
p 1.73E-03 | 6.08E-04 | 8.27E-06

Our proposed DG scheme exhibits good robustness in the whole simulation. The
density and pressure generated by the positivity-preserving DG methods at time T=0.9
are plotted in Fig. 11, with three different mesh sizes (of 17/300, 17/600 and 17/1200,
respectively). We also report the minimal values of the density and pressure in Table 11.
These numerical results are very consistent with the previous study in [50], and the pro-
posed positivity-preserving limiter works well to maintain the positivity of the density
and pressure.

6 Conclusion

In this paper, we developed the positivity-preserving well-balanced DG methods for the
Euler equations with gravitation on triangular meshes. Our methods can preserve the
polytropic and the isothermal equilibrium state. A modified LF well-balanced numeri-
cal flux together with a novel source term approximation are introduced to ensure the
high order accuracy and the well-balanced property of the proposed methods. We also
prove that our well-balanced scheme enjoys a weak positivity property, which implies
that a scaling existing limiter can enforce the positivity-preserving property without los-
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Figure 11: Example 5.12, 15 uniform contour plots of density from 0.5 to 7.5 and pressure from 0.5 to
time T=0.9.
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ing conservation and high-order accuracy. Moreover, our scheme is presented based on
the triangular meshes. Both 1D and 2D numerical examples were provided to demon-
strate the good features of our scheme. We plan to explore the extension of the proposed
methods in the moving mesh framework in the future.
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Appendices

A Proof for Lemma 4.4

Following the definition of y and a1, one can conclude that

* 1
1—;7p—u-n>1—770c0]u~n] >1——|u-n|>0,

P !

P 1
1-y—=u-n>1—nag|lu-n|>1——|u-n|>0.

p a1

Therefore, the first component of the vector in (4.6) stays positive since

p—ym*-n= <1—17%u-n>p>0,

by utilizing the assumption # = u*. Next, we show that the pressure is also positive,
which follows from the following derivation:

L m—y((u* mym* +pn)|?
2 po—no*u*-n

:L_i_lpHuHZ_n p* +19*Hu”2 u—l—p*u 'n_lHP”"?(”'")P*”_WP*"HZ
y—1 2 — 2 p—np*u-n

G(U—yF(U*) n)=E—n(E*u*+p*u*)-n
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PSS RTERTE SO ) SSSNE ¥ NTRTE S
—pe-s g0l (2 pe 32 plul )

(p—np*u-n)*||u|* =27 (o—no*u-n) p*u-n+n?(p*)*
2(p—np*u-n)

(1) o) o

=pe|ll—n—un|+zplu|" (1-yp—un)—nyp un

p( % Pl (1= np
4

1 2( : > . 7 (r)°
—=p||u l-n—u-n|+ygp'un— ———
Pl (1= p 2o—ypru-n)

* 2 (%2 2
=pe 1—77p—u-n— 1 (*P) > pe 1—l|u-n]— (70p)
p 2(1—17%u-n>p26 ! 2( —l]u-nl)pze

1
>pe|1——|u-n|—

where we again use the assumption that # =u*. The last equality follows from the defi-
nition of a; which leads to

1 1 p
1-—|unj=— .
X1 oe-n] &1 py/2e
Therefore we can conclude (4.6) and this finishes the proof. O

B Proof for Proposition 4.1

Since the SSP Runge-Kutta methods can be written as the convex combination of the
forward Euler methods, we only need to prove the result for the semi-discrete scheme
(3.17) coupled with forward Euler time discretization, which takes the form

/ u;g“-(pdx:/ UL -gdx+ ALLk (U, (B.1)
K K

with L (U") defined in (3.18).
By taking the test function ¢=1, one can obtain the equation satisfied by U} !, which
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can be further decomposed into two parts as follows:

u}’é""l UK+/\ < / A <ub i?’lt[( ub,extK’n) ds

+ s < >d + [ F(ue) nds>

=Wi+W,,
with
Wi =g — A / B (tints, uberts ) ds, (B.2)
oK
Ws = 19UK+A< / s(uf VP >dx+ F(Ué'i”tK>-nds>, (B.3)
K 0° 9K
where
(=2E 9= satisfying {+8=1, (B.4
” ” ying

and A = AA—;. To show that L_Il’éJrl € G, we only need to prove that W;, W, € G, since G is a
convex set.

e Step 1: The proof of W; € G.

Since U} are polynomials on K, we can rewrite the average U} as (4.10). Following
quadrature rule (4.9) and the LF flux defined in (2.12), we can rewrite W; as

d+1 N L
(2522 ~ 1 unth< ) Z “LIK

v=1u=1
d+1 N

K=
A Vzwgwp,pd( (vt () ) o F (b (s, ) ) o
—aubextx ( ¥y > +albintc (x}FV) >>
K
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Ad-i—l N . .
+5 ¥ Yok IR (aubfexfk (=) —F (ubes (=, ) ) on
v=1pu=1
@k,
K nintg [ <H \ b,intg [ <M
+§7/\@y”p’u (xF%> all <xF£)
F itk
@k,
K nintg [ &H \ bintg [ =M .
AT CARICENCH) ">
FyIFK
=: I4+II+1I1+41V,

where |F}| denotes the area of edge Fy. Since the admissible state G is convex and W is
decomposed into four parts, the goal is now to prove that all of these four parts belong
to G. Note that the parameters 7, A, |Plz |, and the quadrature weights (IJ;, (D?%’ @?% are all

positive, hence we only need to prove the following four claims:
1. U} (i) €G.
This follows from the assumption that

Ug(x)eG, for xeSk.

2. bt (=), ) —F(Ube(),) ) meG.

Using the definition of « in (2.13), we have

b,L’XfK
b,ext [ nymb,ext b,ext bexty p
K> u K-n‘ /EXIK ’ K>‘u -n‘ _—, B.5
‘ + ,)/p /p +pb,ext1<,/2eb,ext1< ( )

since 22 =1—1 <2 holds for any y > 1. It indicates that 7 =1/« satisfies the

constraints in (4.2). By utilizing Lemma 4.2 and the fact
ub,extK <5Z§—"l}é) c G,

we have
alt" ' (g, ) ~F (P (g}, ) ) neG. (B.6)

~H

(UFV . .
K nintg [ &H >_ bintx [ <M )
3 Uty U () —autit (g, ) €G.
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Following the definition of &1, &g, & in (4.13) and that of { in (B.4), we have
~ }l ~H

Wro aF AK“’PIg &y

Acoﬁ% |Fy| & At@g2 |FY| ~ &oAt

pbintx (fﬁg) pb th< é)
p

¢

> {1 > max o, (B.7)
pn,intK (52}[1/> n,intg < }’V)
FK FK
which leads to
b,intg (~Pl ) b,intg <~Pl ) 1oy
max p Ypy) P Tpy ) | «AQp |Fy|
- i - ~H
pn,zntK (x;£> pn,th (x;£> CwF}é
This suggests that
~ }[
. aA@p, [Fg|
h

satisfies the constraints in (4.5). By combining Lemma 4.3 with the fact that
uv Jintg (xp> ub intg (xp> c G

we have

o,

é’ Ul’l,il’lt[( (.'x-',gv> _ ub,iﬂt]( (ill/:lv> c G'
aA@k, |FY| K K
K

(,(N}V
=M b,i ~H
4 i ’FHLI” ante (2, ) —F (ubnte (%, ) ) meG,

The combination of Egs. (B.7) and (B.5) leads to
H

w bjintx ,,b,intg
Fl/
57>zx10¢>max P ,p ‘
/\ﬂp ’FIQ pn,th pn,th

n,intg
un,intK ‘n‘ + p
. n 7
pn,th A /2en,zntK &
Fy
K

which indicates that »

Al |FY
N=—
4 wﬁz

satisfies the constraints in (4.7). By utilizing Lemma 4.4 and the fact

uintc (xF ) ubintc (xFV> €G,
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we conclude that
oo () (s ()

The combination of all the claims above yields the conclusion that W; € G.
e Step 2: The proof of W, € G.

Notice that m%"x =0 and

0
r (ué,intK> — ( (,),_1)Eé,int1<1d ) ,

0

which suggests that every component of F (U%"x) is a polynomial in dK. Therefore it
can be exactly integrated by the quadrature rule (4.9), and one can use the integration by
parts and the 2D quadrature rule (4.8) to rewrite W, as

TN f vpé ¢
oup+A( [ s(w,~2L ) dx+ [ VF(Uf)dx
K o K

3 (st o o) 5 g, T ) )

W,

Since G is convex and all the quadrature weights are positive, it is sufficient to prove, for
U= 1/ Tty L/

Wi = 90Uy (£4) +At (v-F (Ui (%k)) +8 (U{i (%) ———my

The first component of W)’ reduces to 9p% (#/) which is automatically positive. In order
to show that G (W}') >0, we have

2

. vy Hﬂm}HAt(WiHﬁVp’éi)
G (W) = SR+ Atmy - — K — . f
( 2) K K 0% 219PK
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1 2
- n Pk é
K p% 200%
VP A M |5 vri HZ
— 8(0e) 4+ Atml S LK _ApTK gt a2 2L
(o )K K 0% o Pk 2007

0 vk /o
— 8(oe 1_At2m
(p )K( 21926%

7
N
Xk

where p°+pf = p" is used in the second equality, and mf = m" is used to derive the last
equality. Following the definition of ¢ in (B.4) and &, &5 in (4.13), we have

G 2 & 2
2[VPR /0™ o a1V PR /0]
At 26% = (RoAt) 2 <1,
hence it follows that G (W}') >0, ie., W> €G. O
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