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Abstract

All the existing entropy stable (ES) schemes for relativistic hydrodynamics (RHD) in the
literature were restricted to the ideal equation of state (EOS), which however is often a poor
approximation for most relativistic flows due to its inconsistency with the relativistic kinetic
theory. This paper develops high-order ES finite difference schemes for RHD with general
Synge-type EOS, which encompasses a range of special EOSs. We first establish an entropy
pair for the RHD equations with general Synge-type EOS in any space dimensions. We rig-
orously prove that the found entropy function is strictly convex and derive the associated
entropy variables, laying the foundation for designing entropy conservative (EC) and ES
schemes. Due to relativistic effects, one cannot explicitly express primitive variables, fluxes,
and entropy variables in terms of conservative variables. Consequently, this highly compli-
cates the analysis of the entropy structure of the RHD equations, the investigation of entropy
convexity, and the construction of EC numerical fluxes. By using a suitable set of parameter
variables, we construct novel two-point EC fluxes in a unified form for general Synge-type
EOS. We obtain high-order EC schemes through linear combinations of the two-point EC
fluxes. Arbitrarily high-order accurate ES schemes are achieved by incorporating dissipation
terms into the EC schemes, based on (weighted) essentially non-oscillatory reconstructions.
Additionally, we derive the general dissipation matrix for general Synge-type EOS based on
the scaled eigenvectors of the RHD system. We also define a suitable average of the dissipa-
tion matrix at the cell interfaces to ensure that the resulting ES schemes can resolve stationary
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contact discontinuities accurately. Several numerical examples are provided to validate the
accuracy and effectiveness of our schemes for RHD with four special EOSs.

Keywords Entropy stable scheme - Entropy conservative scheme - Relativistic
hydrodynamics - Equation of state - Dissipation matrix

1 Introduction

This paper is concerned with the development of stable high-order numerical methods for
simulating the relativistic hydrodynamics (RHD), which have important applications in astro-
physics, high energy physics, etc. The governing equations of d-dimensional special RHD
can be written as a system of hyperbolic conservation laws:

d

U JdF; (U)
— =0, 1
at ; 0x; @
where
D DU,’
U=|m|, F;U=|vm+pe (2)
E m;

with the mass density D = py, momentum vector m = phy?v, and energy E = phy? — p.
Here, p, v = (v, v2, -+, vg) T, and p denote the rest-mass density, the fluid velocity vector,
and the pressure, respectively. The vector e; denotes the ith column of the identity matrilx of
size d. The velocity is normalized such that the speed of light is 1. Additionally, y = N
is the Lorentz factor, h = 1 + ¢ + % represents the specific enthalpy, and e is the specific
internal energy.

The RHD system (1) is closed by an equation of state (EOS). A general EOS may be

written as

h = h(p, p),

which typically satisfies the following inequality [71] for relativistic causality:

1 oh oh

h (* - f(p,p)> <—(p.p) <0 3)
p dp ap

such that the local sound speed ¢y < 1; see [71] for more details. In this paper, we assume

that i only depends on %, namely,

h=h©) =1+e@®) +0 with 6:=2, )
0

where 0 is a temperature-like variable. For convenience, we will refer to such a general class
of EOS (4) as Synge-type EOS, because the Synge EOS (7) for perfect gas and its common
approximations belong to this type. Then the condition (3) can be equivalently reformulated
as

0 (14 ®)

ho) > o0

. €O)>0, (&)
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which are used throughout this paper. The condition (5), along with limgy_, ¢+ e(#) = 0,
implies that e(#) + 1 > +/6% + 1 or equivalently #(6) > ~/62+ 1 + 6. Note that this
requirement is less stringent than the Taub inequality, (h —0)(h —46) > 1, proposed in [59].
Consequently, our assumptions on the general EOS (4) are rather mild, accommodating a
wide range of commonly used EOSs. A special example of such EOSs is the ideal EOS:

r

h(G)_l—i-F_lO, (6)
where the constant I € (1, 2] stands for the adiabatic index. The ideal EOS (6) is commonly
used in non-relativistic fluid dynamics and has also been borrowed to the study of relativistic
flows. However, for most relativistic astrophysical flows, the ideal EOS (6) is a poor approx-
imation due to its inconsistency with the relativistic kinetic theory (see [59]). Furthermore,
when the adiabaticindex I > 2, the ideal EOS (6) allows for superluminal wave propagation,
which violates the principles of special relativity. In the relativistic case, the correct EOS for
the single-component perfect gas was given by Synge in [56]:

L _ Ks(1/0)

= , 7
K»(1/0) @

where K, and K3 are the second kind modified Bessel functions of order two and three,
respectively. Due to the presence of the complicated modified Bessel functions, the EOS (7)
is computationally expensive and thus rarely used in the literature. Several efforts have been
made to derive simplified EOSs that offer greater accuracy than the the ideal EOS (6), while
being simpler than the EOS (7). Ryu, Chattopadhyay, and Choi [54] proposed the following
EOS

2(60% + 46 + 1)

hO) = —— 75— ®

Sokolov, Zhang, and Sakai [55] suggested the following EOS

h(0) =20 + 1 +462. ©)

Mathews [41] gave the following EOS

5 9
h(®) = =6 1+ =62 10
O) =50+ 1+ 0% (10)

which was later employed by Mignone, Plewa, and Bodo [45] in numerical RHD. Following
[45, 54], we will abbreviate the EOSs (6), (8), (9), and (10) as ID-EOS, RC-EOS, IP-EOS,
and TM-EOS, respectively. We remark that the above EOSs (6)—(10) all belong to the general
class of EOSs in the form (4) and satisfy the condition (5).

The study of the RHD system presents significant difficulties due to its inherent nonlin-
earity, making analytical approaches difficult to employ. As a result, numerical simulations
have become the primary method for investigating the underlying physical principles in RHD.
To the best of our knowledge, the earliest numerical studies of RHD can be traced back to
references [42, 62], in which finite difference methods incorporating the artificial viscos-
ity technique were employed to solve the RHD equations in either Lagrangian or Eulerian
coordinates. Over the past few decades, numerous high-resolution and high-order accurate
numerical methods have been developed to numerically solve the RHD equations. These
methods encompass a variety of techniques, such as finite volume methods (e.g. [3, 13, 44,
60]), finite difference methods (e.g. [16, 17, 49, 69]), and discontinuous Galerkin methods
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(e.g. [34, 48, 61, 73]). Adaptive mesh refinement [72] and adaptive moving mesh [30] tech-
niques have been developed to further enhance the resolution of discontinuities and complex
RHD flow structures. The physical-constraint-preserving high-order accurate schemes were
also designed to maintain the positivity of density and pressure as well as the subluminal
constraint on the velocity; see [14, 64, 65, 67-71]. For more related works, interested readers
can refer to the review articles [39, 40], the textbook [52], a limited list of some recent papers
[23, 38, 43, 66], as well as the references therein.

The RHD Egs. (1) exhibit a nonlinear hyperbolic nature, leading to solutions that may be
discontinuous with the presence of shocks or contact discontinuities. To address this, weak
solutions are typically considered. However, weak solutions may not be unique. To identify
the physically relevant solution among the set of weak solutions, admissibility criteria in the
form of entropy conditions are commonly imposed. Numerically, it is desirable to develop
schemes that satisfy a discrete version of the entropy condition, known as entropy stable (ES)
schemes. Such ES schemes ensure that entropy is conserved in smooth regions while being
dissipated across discontinuities, thereby following the entropy principle of physics in an
accurate and robust manner. Moreover, the ES methods allow for controlling the amount of
dissipation introduced into the schemes to guarantee entropy stability. Thus, the development
of ES schemes for the RHD Egs. (1) is both highly desirable and meaningful.

The study of entropy stability analysis has been extensively carried out for first-order
accurate schemes and scalar conservation laws; see [15, 29, 46, 47]. For hyperbolic systems
of conservation laws, most of the attention has been paid to exploring ES schemes that focus
on a single given entropy function. The framework of ES schemes originates from Tadmor
[57, 58], who systematically established a solid foundation for constructing the second-order
entropy conservative (EC) numerical fluxes and first-order ES fluxes. Lefloch, Mercier, and
Rohde [35] proposed a general approach for constructing higher-order accurate EC fluxes.
Building upon these developments, Fjordholm, Mishra, and Tadmor [25] developed a general
approach to construct ES schemes with arbitrary order of accuracy. This approach combines
high-order EC numerical fluxes with the essentially non-oscillatory (ENO) reconstruction
that satisfies the sign property [26]. On the other hand, high-order ES schemes have also been
constructed via the summation-by-parts (SBP) procedure [9, 24, 27]. ES space-time discon-
tinuous Galerkin schemes have been investigated in [4, 5, 31], where the proof of entropy
stability requires exact integration. Recently, a framework for designing ES high-order dis-
continuous Galerkin methods through suitable numerical quadrature has been proposed in
[12]. In this study, the SBP operators established in [9, 24, 27] were used and generalized
to triangles. The key building blocks of high-order accurate ES schemes are the two-point
EC numerical fluxes. In [57, 58], Tadmor proposed a general way to derive the two-point
EC numerical fluxes, whose formula contains a path integration. This leads to difficulties or
much cost during the computation since the integration may not have an explicit formula.
Consequently, researchers have focused on developing affordable two-point EC numerical
fluxes with explicit formulas. Several notable advancements have been made in this area for
various equations, including the compressible Euler systems [10, 32, 36, 50, 53, 74], shallow
water equations [21, 28], and magnetohydrodynamics (MHD) [11, 37, 63]. In [1], Abgrall
proposed a general framework for residual distribution (RD) schemes to satisfy additional
conservation relations, leading to the construction of EC and ES schemes by incorporating
suitable correction terms. This entropy correction approach was further extended to time-
dependent hyperbolic problems by Abgrall, Offner, and Ranocha in [2] to design schemes that
simultaneously satisfy multiple desired properties. For the first time, the entropy correction
method was used in [2] to obtain fully-discrete EC/ES RD schemes.
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In recent years, significant efforts have been devoted to developing effective ES schemes
for RHD; see [6, 8, 18, 20, 22]. The focus of these studies was on the RHD Eqgs. (1) with
ID-EOS (6). The authors of [18] and [6] proposed high-order accurate ES finite difference
schemes for RHD using two-point EC fluxes and suitable entropy dissipation operators.
In subsequent work [20, 22], Duan and Tang extended these schemes to adaptive moving
meshes in curvilinear coordinates. Additionally, the study of ES schemes was extended to
the relativistic MHD equations in [19, 66]. It was proven in [66] that conservative relativistic
MHD equations are not symmetrizable and do not admit a thermodynamic entropy pair,
and a symmetrizable relativistic MHD system with convex thermodynamic entropy pair was
proposed in [66]. Based on the symmetrizable relativistic MHD equations, high-order ES
schemes were developed within the finite difference framework [66] and the discontinuous
Galerkin framework [19]. The high-order ES adaptive moving mesh methods were also well
studied for relativistic MHD in [22].

Itis worth noting that all the existing work on EC and ES schemes for RHD and relativistic
MHD was limited to the ID-EOS (6). The study of ES schemes for RHD with more accurate
EOSs has not been explored yet. This paper makes the first effort on constructing explicit EC
fluxes and developing high-order ES schemes for the RHD Egs. (1) with general Synge-type
EOS (4), which covers a wide range of EOSs (6)—(10) as special examples. The difficulties
of this work are multi-faceted and include the following aspects:

e The convex entropy and entropy fluxes for the RHD system with a general EOS are
unclear.

e Due to the nonlinear coupling between the RHD Eqs. (1), the primitive variables V :=
(p,v, p)T, the fluxes, and the entropy variables all cannot be explicitly expressed by the
conservative variables U = (D, m, E)T. This makes it difficult to analyze the entropy
structure of the RHD Egs. (1), study the convexity of entropy, and construct EC numerical
fluxes.

e Developing a unified EC flux formulation for RHD with general EOS is quite nontrivial.

The efforts in this paper are summarized as follows:

e We discover an admissible entropy pair for the RHD equations with general Synge-type
EOS (4) in any space dimension. We rigorously prove that the found entropy function is
strictly convex, under the relativistic causality condition (5). Furthermore, we derive the
entropy variables associated with the convex entropy. These findings lay the foundation
for designing EC and ES schemes for RHD with general Synge-type EOS. Due to rela-
tivistic effects, the formulation of the Hessian matrix of the entropy function with respect
to the conservative variables is quite complicated, making it very difficult to study the
convexity of the entropy function.

e We construct the novel two-point EC fluxes in a unified form for RHD with general Synge-
type EOS. The construction involves carefully selecting a set of parameter variables that
can express the entropy variables and potential fluxes in simple explicit forms. We remark
that constructing EC fluxes is highly technical and involves complex reformulation and
decomposition of the jumps of the entropy variables.

e We develop semidiscrete high-order accurate EC and ES schemes for the RHD equations
with general Synge-type EOS. Second-order EC schemes use the proposed two-point
EC fluxes, while higher-order EC schemes are constructed by linearly combining the
two-point EC fluxes. Arbitrarily high-order accurate ES schemes are obtained by adding
dissipation terms into the EC schemes, based on ENO or weighted ENO (WENO) recon-
structions. Moreover, we derive the general dissipation matrix, based on the scaled
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eigenvectors of the RHD system, for general Synge-type EOS. We also define a suit-
able average of the dissipation matrix at the cell interfaces, ensuring that the resulting
ES schemes can resolve stationary contact discontinuities exactly.

e We implement the proposed one-dimensional (1D) and two-dimensional (2D) high-order
EC and ES schemes coupled with strong-stability-preserving high-order Runge—Kutta
time discretization. Several numerical examples are provided to validate the accuracy
and effectiveness of our schemes for RHD with various special EOSs.

This paper is structured as follows. Section 2 presents the entropy pair for the RHD system
with general Synge-type EOS (4), and establishes the convexity of the associated entropy
function. Additionally, this section derives the relevant entropy variables. In Sect.3, we
construct the 1D EC and ES schemes. We further discuss the extensions to 2D in Sect.4.
Section 5 presents the numerical experiments, and finally, Sect.6 provides the concluding
remarks.

2 Entropy Analysis for RHD Equations

In this section, we seek an admissible entropy pair for the RHD Egs. (1) with general Synge-
type EOS (4). Furthermore, we will prove that the found entropy function is strictly convex,
and then derive the entropy variables associated with the convex entropy.

2.1 Entropy Pair

First, we recall the definition of an entropy pair.

Definition 1 For the d-dimensional RHD system (1), a continuously differentiable function
n : RY — R is called the entropy function if there exist d functions ¢; : R — R, called
entropy fluxes, such that

(%)T 1ﬁ=<%>—r i=1,---,d. (11)
In this case, we call (1, q) an entropy pair of (1), where q = (¢q1, - - -, qd)T, d=1,2,3.
Theorem 1 Define
n(U) :=-DS, q(U):=-DSv (12)
with
S:=—Inp+ /9 e/ix)dx. (13)

Then (n(U), q(U)) forms an entropy pair for the RHD system (1) with general Synge-type
EOS (4).

Proof Let us verify that (n(U), q(U)) satisfies the condition (11). Unfortunately, direct cal-

culations of g—g, % and % are very difficult, because these quantities cannot be explicitly
formulated in terms of U. Since 1, F;, ¢;, and the conservative variables U can all be explic-

. . . . T ay  IF; dqi
itly expressed by the primitive variables V = (p, v, p) ', we can calculate U 30 and U
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following the chain rule

an\' _ (" av
au/) ~ \av) ouU’
oF; oF;, oV

A 14
30 W U | ,2,000,d, (14)

ag\' _ (dq\" av
au/) ~ \av) ou’

where the matrix % can be calculated through the inverse of % which is easy to compute:
y pyivh 0
% _ yz(h —0(1+€) )v phy?ly + 2phyvw ! 2 1+e@)v |. (15)
(-0 (1+e®)) 20hyNT Y2 (14€0) — 1
Calculating the inverse of % gives
hy=' (/@) — |v?) —(E@ +IvP)vT (1+€©)Iv]?
— / vl2
WV_ Ll Z(h-e(+e@))v M, — (IO
U 4
~hy T (h =6 (14+¢©)) =(h+6 1+ @) )T h+06(1+¢©®) Iv]

(16)

where 89 = he'(0) — (1 +¢/(0))|v|%, and M is a d x d matrix for the d-dimensional RHD
system and is defined by

1—|v?
M =
ph

(591d + (o (1+e®) )va>

with I; denoting the d x d identity matrix. For d = 1, 2, 3, the formulas of g—g, %—1:;' and %
(i=1,---,d) can also be directly calculated as

327 , o T
Vo (y (1+8(9)—S),—p)/3SVT,—VT(m) , (17

yvi /oy3(v,-vT + (1= 1vP) eiT) 0
y?(h =60 +¢'©))uv M, Y21+ @)y + e
y(h=00+e©))u phy* (20T + (1= VP ) 20+ @)
(18)

oF;
v

with My being a d x d matrix given by
M, = phy4<2viva (= v (vl + vel-T)),
and

0qi 1oy 3 Cvi2) el vT) _rd®wv; T
B—V_(y(1+e(9) S) vi, — py s((l vI°) e 4+ uiv ) T) - (19)

Based on (16) and (17), we can use the chain rule (14) to calculate the derivatives of the
entropy function 1 with respect to the conservative variables U:

an\'_(on\" v
au/) \av/) au’
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Let ¢; be the ith column of the matrlx Then we have

.
(%) a=i (h(1+6(9) 5) (€'®) — V) — (7 — 6(1 + €/ 6))) S|v]?
0

L he®) (h—60 + e’<9))))

0
1 , , h2e' (0)
3( —he' () +0(1 + €' O))V]*) S — h(1 + €' ©)|v]* + 5 )
1 , , h h—6s
8—( he' ) +6(1 + ¢ 0)|v|?) <S—5)= T

.
(8—") e = é (—y(l 1) — S)E®) + vV

A h

1 <hye @ e+ e/(e))> vT
5\ 0
/ 2
- si (yS <e/(0) v et ( +9(1h+ ¢'©)) vl ) vT
0

4@V + WVT)

he'(0) , AV AN
39< 2 (1+e(6))|v|)v =7

877 ! 1 ’ ’ 2 / 2
(W) e = *(V(1+e(9)—S)(1+e(9))IVI +yS(L+e @)y

_YO) g+ @y ))

he/(G))_ 4
)=

_r / 2 _ _Y
=% ((1 + e 0)v] g

Hence, we obtain

an 1 T T
— =—(h—-068S, , — .
30 0( yYv .. =v)

Let %F =: (F(l) F(Z) F(3)) and ‘)q’ =: (cjl.(l) (1;2) @;3)). Then we have

an\' . . h—6S v
(l> FY -4 = — yvl+y—y( —0(1+¢0))uv

U 0
4
Ly (n =01+ O))v —y (14+€©) = 5)u
N _gesyvi - V;" (h—6(1 +€©0)) — yvi(1 +¢'0) — S
. (h —995 _h _9(19+e ) —e’(9)+s>
=0,
am\ | . ) h—0S
(ﬁ) Flgz) _ ql@ _ pr3(vivT +(1-1vP) e;l')
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yv'
0
y
- 5,0hy4(2vivT . |v|2)e,T) + p)/3S( (1—1vP) e + vivT)

+ phy* (211,-VVT +(1-— |v|2)(v1—Id + ve,«T))

h 3
= % (ZUiVT + (1 _ |V|2) e;r + 2y2Ui|V|2VT + |V‘zeiT . ZVZUiVT B eT)

1

phy?
= Ty (2v,-vT — 2y2v,-vT(1 — |v|2)>

=0,

aU ! ! 0
i+ )

P T R T 3
(—") PO 40 = 2 20+ d@)uiv+e) — %(1 T+ ¢ 0))v;

yvie,  ye ©)v;

=2 0 A=)+ —
) (=1 + 5 + 9
=0,
which imply
an\' oF;,  [0g;i\'
B e T 2 (1)
U A% A%
Multiplying both sides of the Eq. (21) by % from right, we obtain (11), which indicates that
(n(U), q(U)) forms an entropy pair. The proof is completed. ]

As direct consequences of Theorem 1, we have the following remarks for four specific
EOSs.
Remark 1 (ID-EOS) For the ideal EOS (6), we have
e(0) = L (22)
r—1
Then by (13), we obtain

1 1 1 1 p
Sipi=—Inp+ —— | =df=—Inp—+ Inf = In

a 23
r-1J)e r—1 r—1 pf @3)

Our entropy pair (—DS;p, —DS;pv) for the RHD system (1) with the ideal EOS is consistent
with the result in [18].

Remark 2 (RC-EOS) For the RC-EOS (8), we have

3030+ 1)

«®) =312 24

Then by (13), we obtain

3 9 9
Ske = —1 2 0
ke np+/<29+2(39+2)+(39+2)2>

3 3

30 +2°

Hence (—DSgc, —DSgrcv) forms an entropy pair for the RHD system (1) with the RC-EOS
().
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Remark 3 (IP-EOS) For the IP-EOS (9), we have

e(@) =0 —1++/1+402. (25)

Then by (13), we obtain

| 4
Slp=—1np+/<f+7>d9
0 J1+462
:—lnp+ln9+21n(29+\/1+492>.

Hence (—DS;p, —DS;pv) forms an entropy pair for the RHD system (1) with the [P-EOS
9).

Remark 4 (TM-EOS) For the TM-EOS (10), we have

3 [ 9
0) ==60—1+,/1+ =062 26
e®) =3 +yl+g (26)

3 20
Sty =—Inp+ -+

2 9
J1+ 37602
1 +319+31 39+ 1+992
=—In —1In —In| = -0 .
T3 2 M\ 27TV Ty

Hence (—D STy, —DStpmv) forms an entropy pair for the RHD system (1) with the TM-EOS
(10).

Then by (13), we obtain

do

2.2 Convexity of Entropy Function

In this subsection, we show the convexity of the entropy function 1 (U) defined in (12).

Theorem 2 For the RHD system (1) with general Synge-type EOS (4) satisfying the condition
(5), the entropy function n(U) defined in (12) is strictly convex with respect to the conservative
variables U, provided that U € G with G = {U = (D, m, EYT:p>0,6>0}.

Proof To show the convexity of the entropy function 7, it suffices to verify the positive
definiteness of the Hessian matrix of the entropy function n, which can be written as

9% T T

502 (e15y + Sue; uu)

where ¢; = (1, OJH)T, and 044 is the (d + 1) x 1 zero vector. As S can be explicitly
expressed by V but not U, we can calculate Sy and Syy following the chain rule

nou =

- (as)T v 92s  9%s 9V v
SU == - ==

2 2L LA L A S S 27
av) au W=502 ~ svauau - WU @7

Due to the explicit relation between S and V, we can derive % directly as

S [ 110 oT ¢®)"
a—v_(— /0 g pg) . (28)
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Combining (28) with (16), we obtain
1 T
Su=— (=hy=t —vT 1) . 29
U= (=hy vl (29)
The derivative of Sy with respect to V gives

14+e'(0) hy v Iz 9(1+e(9))

oy oY ) o 19 %
Suv=1 04 0 L 7 \ , (30)
0 0, — 27

where I; denotes the d x d identity matrix. Therefore, we have

aj anT as

A% 1
nuu=— (eISU —+ SUel + DSUV aU) azv Al asyv |,
P03 (1+¢©) (5—1v7)

as a4VT as

where c; denotes the sound speed with

>, 0(1+0)

c5 = he' () €0, 1) 31)

under the condition (5), and

ar:=hy'A, A= ph? — p0h (2+ [VI*) + p6% (1 +'8)),
a = p(h2 —ORV2 =02 (1 +€©)) ) a3 = —p(h2 —0h— 0% (1+¢©) |v|2),

Al = p (6 (=h+(1+®)(h— 0|v|2))
14

h
ag:=—py (h+0 (1+€®)), as:=py (h+0(1+©®)Iv]?).

Li+y(h+0(1+e®))(h+06(1-1v?) va> .

We observe that A > 0 and a; > 0, because

A = ph® — pfh (2+ |V*) + pb2 (1 + €' (9))
> ph* —3p0h + p6* (1 +¢'(9))

> ph? —3p0h+p92h —5

h
=P -2 >0,
h—0

where the condition (5) has been used. Let us define the invertible matrix
1 0j0
P] =1 — LV Id 0[]
d% OT 1
ai

Then we have

1 a 0
PinuuP| = < d“)
293 (14 ¢€'(9)) ( |V|2) 0d+l SA;
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with
0% (14¢' (0 1 o T
5. P (1L4©) (7 _ |v|2) >0, md Ayim (A (1= V) Iy + 33wy a]v) |
ai S —81v &
where
81 = ,o(h2 +0h|v* + 6 (1 + e’(e))) — A+2p0h(1 + |v]?) > 0,
8 = p(hzlvl2 +0h+62 (14 0) |v|2) — AWVP 4+ p0h(1+ V)2 >0,  (32)

5y = p(h2 + (2= V) on+62 (1 + e’(e))) — A +4p0h > 0.

Let us study the matrix A;. We consider
| Sty
P, = o),
’ (0[7 1 )

T B— lywT 0,
P,AP] = % .
0, &

and we have

Note that the eigenvalues of

82 82
C:=B- ivvT =A(1= V)1 + (85— i w'

§2 1 2
m i 2 2
A =A+(83—82—A)|v| =82p9h(1—|v|) A >0,
W == = A1 v?) >0, ifd=2.

This implies that the matrix C is positive definite, yielding that PZAZP;'— is also positive
definite. Hence, the matrix A, is positive definite, implying P nUUP;r is also positive definite.
Since Py r;UUPlT and nyy are congruent, the Hessian matrix nyy is positive definite. The proof
is completed. o

2.3 Entropy Variables

In this subsection, we derive the entropy variables corresponding to the convex entropy 7,
which will be useful for constructing the ES schemes.

Theorem 3 The entropy variables W associated with the entropy function n defined in (12)
are given by

1
W= (=08, yvi, =), (33)
and the associated entropy potential fluxes are

Yii=pyv, i=1,---.,d, (34)
where h represents the specific enthalpy, and S is defined in (13).
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Proof By definition, the entropy variable W is the gradient of the entropy function n with
respect to the conservative vector U, which we have obtained in (20). The potential flux ;
is defined as v¢; := WTF,; — qi, which can be calculated by using (2) and (12) as follows:

_h-06§ yv’

vi Dv; + e (vim + pe;) — gmi + DSv;

h Y a phy3v;
= —pyv; + — E hy?v? + pyv; — :
9,07/ i ) ,-_lp YU T Py )

h h 5 ho 5
= 5PV +5py ViV + pyvi — 5phy v;

= pyv;, i=1,---,d.

3 1D Entropy Stable Schemes

In this section, we construct the ES schemes for the 1D RHD equations.

3.1 Two-Point Entropy Conservative Flux

We first derive the unified formula of two-point EC numerical flux for the 1D RHD system
with general Synge-type EOS (4).

Definition 2 ([58]) A consistent two-point numerical flux flEC (U, Ug) is ECif

(Wg — WL)TEEC(UL’ Ur)=vir—Vir, i=1,...,d, (35)

where the entropy variables W are defined in (33), and v; is the potential flux defined in
(34). The subscript L and R means that the quantities are associated with the “left” state Uy,
and the “right” state Ug, respectively.

For convenience, we introduce some notations. The jump and the arithmetic average of a
quantity a across a cell interface are denoted by

[all :=agr —ag, (36)
and
flay = 2L, 37
respectively. Based on these notations, we have the following useful formulas
[abll = {a}o] + lalfD}, (38)
[ = 2{a}llal, (39)
aq _ lal =161 {{5}}
[ R “o
el
Jal = —el @1
el =syva
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We will also employ the logarithmic mean

[al

flatin = m .

(42)

which was proposed in [32].
To design a simple two-point EC numerical flux, we choose a set of variables z =
(z1,22.23) " as

)
21 =p, zz=;, 3 =Yyv] (43)

following [66]. After careful investigation, we find a unified simple two-point EC flux (44)
for the 1D RHD system with general Synge-type EOS (4).

Theorem 4 The two-point EC numerical flux for the 1D RHD system with general Synge-type
EOS (4) can be written into a unified form as

.
Frow,, ug) = ({{zl}}ln{{u}}, phiizs)? + g%g pAh{{J/}}{{Z,%}}) (44)

with

e 4tz hiné

= _ )
{yy? — {392’
_ [Will — [nz1

E:
[[z21

(45)

Here, € can be reformulated as

1 1
5:1+/ e< )ds, (46)
0 2,10 + 5@, —22,1)

where z2 1 and zp g represent the “left” and “right” states of the parameter variable z,
chosen in (43), respectively, and the explicit calculation of £ depends on the particular
choice of the EOS and will be given in Theorem 5.

Proof By using the set of variables (43), we can express the entropy variables and the potential
flux as

-
W= <Zzh =S8, z320, —224/ 1 + z%) ;
Y1 = 2123
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Then we write the jumps of entropy variables W and the potential flux v in terms of jumps
and arithmetic averages of the variables (43) as follows:

45
w2

[W2] = IIZ322]] {{23}}[[22]] + [z3l{{z2}}),

= [177]

D i) - (2D [[\/1 + zéﬂ 7)

2
D gy - {{Zz}}II k|
207}

3 LTy ) - (22 {{Zi{}"[}f]],

(11 = [[ZlZ%]] {{Zl}}[[Z3]] + [z11{{z3}},

5|Iz2]] + [[ln z1]l,

According to Definition 2, the two-point EC numerical flux ch (UL, Ug) =: (f 1(1), F 1(2),

~an\ T
F 1(3) ) for the 1D RHD system satisfies

IWiIF + W21 F2 + W31 FY = [y (48)

Substituting (47) into (48), we obtain

(Elza0 + Mn 21D FO 4 (23D 20 + 23Tz B2 — <[[Zz]]{{)/}} + () {{Z3}}[[Z3]]> FO

) !
= {{z1 }lz3] + Mz Tdz3 -

Collecting the terms containing [z1]], [z2]l, and [z3]], respectively, the above equation can
be reformulated as

FO N
( ‘ —{{23}}) L2l + (6F" + @b B — ) 22

1
FO _ flzo W z3
i <{{ZZ}} ‘ )

FP - {{m}}) 23] = 0.

Hence, the coefficients of [z1]], [z2], [z3] should all equal zero. Specifically, we have
FO
f{zi}n

EFV 4 {z3) FP — iy FP =0,

FO _ fzaBlzsh (3)
{2} F W = {{z1}}-

= {z3}}.
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~ i e\ T
Solving the above equations for (F 1(1), F 1(2), FI(S) ) , we obtain

FY = {21 pnlizs
~2) = 2, {zi}
)7 = phf{zs}” + —.
! fiz2})
F? = phily Miza).
which leads to (44). Next, we verify that £ defined in (45) can be reformulated as (46). Using
(33) and (13), we recast £ as

_ Wl —nzi] 33) [zah = S1— [z

&
[z21 [z21
5w (49)
13 [[th =5 dxﬂ @ IF@)]
221 Il

1,
where F(z2) := z20h(z2) — f 2 ej(c—x)dx is a function of the parameter variable z, with its

derivative given by
1 1 1
Flz)=h (*) - — (i) I+e (—) . (50)
22 22 22

1
LFG)] = Fleag) — Fleanr) = /0 Fleas +s(ag — 22.0) 22k — 22.0)ds,

Note that

from which we can deduce that

F(z !
g= 1l / F(za1 +5(za.r — 22.0))ds
[[z21 0
! 1
Oy / e( >a’s
0 22,0 +s(z2,r — 22,L)
Hence, we obtain (46) and complete the proof. O

Theorem 4 provides a unified formula of the two-point EC flux for 1D RHD with general

Synge-type EOS. Note that the quantity £ involved in the formula requires the evaluation

1
22, +s(22,R—22,1)
EOS. In order to exactly achieve the EC property, this integral should be calculated exactly.

For some EOSs, it may be difficult to explicitly express this integral, if the function e(0) is
very complicated. In the following, we provide an alternative way to derive the explicit forms
of & for four special EOSs.

of an integral fol e ( ) ds, which depends on the specific form of the adopted

Theorem 5 For the 1D RHD equations with ID-EOS (6), RC-EOS (8), IP-EOS (9), and TM-
EOS (10), the two-point EC numerical fluxes are all of the unified form in (44), where £ can
be calculated as follows:

e For ID-EOS (6), we have
1

E= T T T D

D
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e For RC-EOS (8), we have

3 3
E=1 — . 52
e, 222 4 3 ©2)

e For IP-EOS (9), we have

2

<]
.

53]

I | A _{{%” {{22}}{{%”_ G
f{z2fn H ” {{z2} {{\/@“ {{%4‘ =

(53)

e For TM-EOS (10), we have

€= 2
2{{z2}m 472

S =1 EETE R
(54)

Proof We verify the formulas of £ for the four special EOSs separately, by first rewriting the
jump of W; and then substituting it into (45) to calculate £. One can also follow (46) to give
a direct calculation of €.

ID-EOS: From (33) and (23), we can reformulate the jump of W; as follows:

r
(Wil = [[ﬁ +22— SID]] = [zl = [Sip].

1
= [[z2] — |:|:—1H(Z1) i 1H(Z2)H

1
= [zl + Mn(z )T + ﬁ[[ln(zz)]].

Substituting it into (45), we have
e [z2] + [nD1 + 5 [InG2) ] — [InGz)]

[[z21]
1
(I' = Dlz21
42) 1
(I = Difz2hn
Since the function e(f) = % is very simple, the explicit form of £ can also be easily
derived by using the integral formulation (46):
1 : 1
E=1 =+ ds
I'—1Jo z2L +s(z2,r —22,L)
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[n(z2)]] 42 1

=1 —_,
My T — Dic2hn

which is consistent with (55).
RC-EOS: From (33), we can derive the jump term of W by

[Will = [[z2h — Skrcll

= [[4 + z2 +In(z1) + 31n(z2) — %ln(Zzz + 3)ﬂ

3
= [[z2] + [In(z) ] + 3[In(z2)1 — 3 [In(2z2 +3)1.
Substituting it into (45), we have

_ [z2] + [n(z)T + 3[In(z2) ] — 3[In(2z2 + 3)] — [n(zp)]]

&
[[z211
1 In(2 3
4 sl nez +3)) 56)
[z21 [z21
42 | 3 _ 3
flzahn 222+ 3%
On the other hand, since the function e(6) = %ﬁ;l) is fairly simple, the explicit form of £
can also be easily derived by using the integral formulation (46):
c— 1+/1 33 +z2,L +5(z2,r — 22,1)) s
0 z2L +s(z2,r —22,0)) +3) (22, +5(z2,r — 22,1))

1

=1 —l—/ ( 3 — 3 >ds
o \z22,L +s(z2,r —22,1.) 2(z2,L +5(z2,r —22,1)) +3

3[n@z2)l  3lIn2z2 +3)] 42) 1 3 3

[z21 2[[z2]] - {zohn {222+ 300’

which is consistent with (56).
IP-EOS: From (33), we can derive the jump term of Wy by

(Wil = l[z2h — Sip]l

4 2 4
= |:|:2+22 1+ — +In(z1) +1n(z2) —2In <+ 1+ i|i|
\ 25 2 75
4 4
W 21 H 1+ 2” + {2} H I+ = } +[n(z) 1 + [n(z)]
5] 2
2 4
22 Zz

42) 4 4
=" [z2] { I+ ” + {{z2} |:|: 1+ Z2:|:| + [n(z)] + [n(z2)]

2
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@D o L e HH()ZH 4 InGoT + [nG)]
sl o e
e . [@]

(R
D 12 “ b ;f%” o hzz] + ;;H

\S}

SIS
——
==

=

N -]
S [ | O R (3 ( i }}) 2
“ ” H\/@” {{%+ 1+;4%”]“ {{z2}

+ [In(z)] + [In(z2)]. (57)

Substituting it into (45), we have

ealfz)  \ R |2
[[z]]“ /1+%”— 2y - L+ [In()]
B e I et
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g 1+4”_u;}} e lz) U

)

+ .
2 {{z2} H e ” H 2 7 ” {{z2}n
fi+% 24 1+%
) 2 2 )

TM-EOS: From (33), we can derive the jump term of W; by

(Wil = [z2h — STm]l

5 / 9 3 3 3 9
:[|:2+Zz l+4Z%+ln(Zl)+21ﬂ(Zz)_21n<zzz+ 1+@ i|i|
38 9 9 3
=" [[z2] {[ 1+ 42 ” + {{z2} |:|: 1+ 42 ﬂ + [In(z)] + 2[[111(12)]]

_3 In 3 + [1+ 2

2 2z 423

“2) 9 9 3
=" [z2] {[ 1+ 12 ” + {z2} |:[ 1+ P j| + [n(z)] + 2[[111(12)]]

3 z
2] 3 9 3 9 9
“E+ 1+@” 2“E+ T+ 21+ %
2 ) 1n 2))1n
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e {f ] - fl=all) | ealiz )

40) 9
-l {{ ”45”‘ ; ; : ()
ezl iz,

3
+ [nzp) + 5[[111(22)]]- (58)

Substituting it into (45), we have

3+
9
23] 2 HP” 2] =
e -t L et
3 { 1+4§%” {2§2+ 1+4j%“
&
[z21

eff map e et Ul

i — + .
{{z2}) H 1+%” ”;2 " 1+%}}1 2{{z2hn

4z%

The proof is completed. O

Remark 1 1t is easy to verify that the two-point EC numerical flux F {SC (Ur, Ugr) in (44)
is consistent with the flux function F;{(U) in the 1D RHD equations, and £ — 1 =

1 1 . . . . .
fo e (m) ds is consistent with the specific internal energy e.

Remark 2 1t is worth mentioning that the choice of parameter variables in (43) follows
[66] and is different from [18]. Thanks to this choice, we obtain the EC numerical flux
ffc (Ur, Ugr) in a unified form (44) for general Synge-type EOS. Moreover, in the case of
ID-EOS, the expressions of our EC numerical flux are simpler than those obtained in [18]
via a different set of parameter variables.

3.2 Entropy Conservative Schemes

In this subsection, we construct EC schemes for the 1D RHD equations. To avoid confusing
subscripts, we use x to denote the 1D spatial coordinate, F to denote the 1D flux function
Fi, and ¢ to represent the entropy flux associated with the convex entropy function 7 in the
x-direction. The spatial domain is divided into cells I; = (x;_ 1 X, 1 ) by uniform meshes

X] < x3 < --- < xpn, with the mesh size Ax = x;;+1 — x;. A semi-discrete finite difference
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scheme of the 1D RHD equations can be written as

(59)

v+ Fiy®-Fy0 _
dr Ax o

where U; (1) =~ U(x;, t), and the numerical flux T is consistent with the flux F.

Definition 3 ([58]) The semi-discrete scheme (59) is EC if its numerical solutions satisfy a
discrete entropy equality

En)+ 1= (7~ ) =0 (60)

for some numerical entropy flux ¢ consistent with the entropy flux ¢.

3.2.1 Second-Order Entropy Conservative Schemes

If we take I?l 11 as the two-point EC numerical flux ﬁIE cw;, U;+1) in (44), then the scheme
(59) becomes
du;  FfOWU;, Uip) —FFCU, U) 1)
dt Ax ’

which is second-order accurate. To verify the EC property of this scheme, we follow the
framework of Tadmor [57, 58] to show the discrete entropy equality (60). Note that

_wT (ﬁfC(Ui, Uip) — 'Ff%U,-_],Uo)
- ' Ax '

(62)

Recalling that the definition of jump and arithmetic average operators in (36) and (37), one
obtains

Wi=1{Wh, - IIW]],+, Wl + 5 IIW]],_, (63)

Combining (62)—(63) with the property (35) of the two-point EC flux, we have

T~ ~
a o (W - BIWEL ) FEC U — (WD + W) FECU 1, U
En Ax
(WIT, FECUL Ui — (WD, FEC U1 U = (Il + 1000,y )
- Ax
1
=~ ((own] FFC @ Ui = )y ) = (W] FEC im0 — ()

If we take the numerical entropy flux g; +18s
Ui, Uiyy) = T FECWU;, Uiy — 64
qUi, Uiyy) = {{W}}H% 1 Ui Ui = {1 (64)
then the discrete entropy equality (60) is satisfied. Moreover, the numerical entropy flux (64)

is clearly consistent with the entropy flux g. Therefore, the scheme (61) is a second-order
EC scheme with the corresponding numerical entropy flux given by (64).
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3.2.2 High-Order Entropy Conservative Schemes

The semi-discrete EC scheme (61) is only second-order accurate in space. To obtain higher-
order EC schemes, we can consider a linear combination of the two-point EC fluxes (cf.
[35]):

k r—1
By =2 e ) FPCWi, Ui, (65)
r=1 s=0

where the constants {oy .} satisfy

k k
Z”Olk,r =1, Zrzs_lak,r =0,s=2,---,k. (66)
r=1

r=1

For example, the fourth- and sixth-order EC fluxes are given by

~ 4~ 1/~ ~
F, =3F U, U - ¢ (FFC Wi Uis) + FEC -1, Ui

~ 3~ 3 /~ ~
O, =FFCU Ui — 5 (FFCUL Up) + FEC U1, Ui
i+ 2 10
1 /~ ~ ~
35 (FFCUL Uiin) + FFC U1 Vi) + FFC U2, Ui).

If we take the numerical flux Fi +1 in (59) as f?_]f_ | » then we obtain a 2kth-order semi-
2

discrete scheme

P
dUi __ l+% 1—% ] (67)
dt Ax

Following [35], one can verify that the high-order scheme (67) is EC with the corresponding
numerical entropy flux given by

k r—1
‘7;241;1 = Zak,r Z qUi—s, Ui—s4), (68)
2 r=I1 s=0
where the constants {o -} are defined in (66), and g is defined in (64).

3.3 Entropy Stable Schemes

The above EC schemes may produce oscillations when solutions of the RHD equations
contain discontinuities. Hence, we need to add some dissipation terms to guarantee the
entropy stability [57, 58].

If the numerical flux in (59) is taken as

F, 1 =F

1
i+ i+3 *Di+% IIW]]:’JF%’ (69)

2

where Fi + is an EC flux, and D, 1 is a positive semi-definite matrix, then the scheme (59)
is first-order accurate and satisfies the discrete entropy inequality

d 1/ -
E’?(Ui) + E(q‘*% - q,-_%)
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1
- _—([[W]] (D g TWI g+ WL

e LD IWI_y) 0 (0)

i—
with

~ ~ 1 T

ql'.g_% = qi+% - E{{W}}l+%Dl+%IIW]]l+% (71)

Therefore, the resulting scheme (59) with (69) is ES, and the corresponding numerical entropy
flux is given by (71).

In the following, we will discuss how to define the positive semi-definite matrix D, 1 and
how to generalize the first-order ES scheme to design high-order ES schemes.

3.3.1 Dissipation Matrix

The positive semi-definite matrix in equation (69) is referred to as the dissipation matrix. It
can be defined as follows:

D, (72)

=Ry Ay

i+4’

where the matrix R is formed by the suitably scaled right eigenvectors of the Jacobian matrix

oF = (U) of the 1D RHD system, and it satisfies
oF ou
Z1_RAR!, = —RR". (73)
ouU A%

The formula of R is derived in Theorem 6. In (73), the diagonal matrix A = diag{\{, A2, A3},
where

V] — C, v +c¢
M=—— l=v, M=—.
1 —vcy 14+ vicy

are the three eigenvalues of the Jacobian matrix %{(}U). There are two common ways to define

|A]in (72):

|A| = diag{|A1], [22]. [A3]}, (74)
or

|A] = max{|Ai], [A2], [A3[}L. (75)

The definition (74) gives the Roe-type dissipation term, while (75) leads to the Rusanov-type
dissipation term.

Theorem 6 Forthe 1D RHD system with general Synge-type EOS (4), the scaled eigenvector
matrix R satisfying (73) is given by

1 1 1
Vdi 00

R:=RVD = | i —cohy (h—9(1+6’(9)))yv1 (1 +co)hy (0 Jb 0)

(1 = vie)hy (h—@(l—l—e/(B)))y (+viehy )] VO 0 Vd3
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where the scaling coefficients d;, j =1,2,3, are defined as

d—( pe'(0) _p9v1>
'S\ 20 1e0) " 2eh) 7V

Yy
= ——,
2T 110 7
e® Ov
ds = pe'(0) L, o ,.
2(1+€(0))  2csh
Proof Note that R defined in (76) is a right eigenvector matrix of the Jacobian matrix BF(.;I(JU) ;

see [73]. Since \F D is a diagonal matrix, we know that R = lif D is also a right eigenvector
matrix of 3F1(U) . Thus, R satisfies BF‘ = RAR™!. We only need to verify that R satisfies

3& = RRT Next we would like to derlve the formula of g U Since U cannot be explicitly
formulated by W, we derive 3U by the chain rule
oU  oU oV
= o (78)
oW dVIW
where w 1s the inverse of W AsWis explicitly expressed by V, a direct calculation gives
h 0—h
b 0o 2=
p0 02
IW N AU v _pm 79
W = 00 [ 002 | (79
_Y _yu vy
po 0 po?
and we then obtain the inverse g“,’v as
v _ g pyvl(jz 0) py(gzu1 0) )
oW 4 '

pt  phydv phy@
Combining (80) with (15) for the case d = 1, we can compute by (78) as

U Py phy?vy p(—=0 + hy?)
| orv?u  op3 (9%%(1 1) +0h+h2v]2) py3v; (92(1 +e/(0))+h2+9hvl2>
W\ oo+ mp2) pyiu (92(1 1 @) +h+ 9hv12) o3 (92(1 @)+ h? —20h+ 39hv%)

1)

Then we substitute the scaling coefficients d;, j = 1,2, 3,in(77) into the scaling eigenvector
matrix (76) to compute RR . Let r; be the ith row of the scaled eigenvector matrix. We have

pe @)y PY U
1+e®) 1+e@ VT w
1'11‘2 (v1 —co)hydi + (h—60(1 + ¢ (9)) yvidy + (v + Cs)h)/d3

pe'(6) ,p0v1  phy?u; 2 5 oU
why? L e phvoL 0 = phyv; = [ ——
Tre@ T " Tixee Y=L =Gy

r1r3T = (1 —vicy)hyd) + (h -0+ e/(Q)) ydy + (1 + vicg)hyds

, pe'(0) pOviy | phy? ) ) oU
L) ek — 0720 = phy? — po = (=
Tte@ N T e YA W

rr] =d +dy+d3 =
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o) = (v1 — )22y 2d) + (h — 01 + €' ©))” y*v}ds + (v1 + ¢,)2h?yd3

2 L 22,3 e e'(9) 2. 3P0V 5 55 pY
= hoy?—— +2 hey h —
(v +¢) g /(0)4— V1Cs o + yv11+e/(e)

+ 0% (14 € Oy vf = 20h(1 + ¢ @)y vl +W/<9>

= ph?y3v? + pohy? 4 p6* (1 4 €' )y v}

aU
= py? (h*v} +0h +0%0](1 +€(0))) = (W)

rr] = (v —c)(1 — vic)h*y?dy + (h — 9(1+e(9)) v2vids + (1 + ¢5) (1 + vicy)h2y2d;

pe'(9)
= h?ydu Tre® (1+¢2) + (1 +vHny?

povr  pyiu Y
LYV g+ €0
coh +l+e/(0)( (1+€'@)

h2e _ , 2
= py’vi (‘3(9) @t 4 01+ ©) )

1+¢€(0) 1+¢(0)

U
= oy v (h? +02(1+ ' 0) + hov]) = | ——
W /23

r3r] = (1 —vie)? W2 2d) + (h— 01 + €' 0))) v2da + (1 + vicy) 2Py ds

Ovyy 2 ,0)’3
- 2)42y 26O 22PN a4 ey LY
( +U cs) g /(0) + 2vich”y th 'i‘( (I4e( ))) 1+€/(9)

27 / 2 _ / 2
:py3< h2e' () (1 L0 te (6)v1> L2t (h— 001 +¢6))) )

1+¢€(0) he'(0) 1+¢€(9)

U
= py® (B2 +30hv? =20 +6°(1+0)) = [ | -
oW /5,

Noting that both matrices RR T and % are symmetric, we have

aU aU U
i (8), o (8), = ()

Hence, we have verified that - aw = RR. The proof is completed. O

The dissipation matrix D, il is defined at the cell interface x, 1. In order to calculate
it, we need to estimate the * averaged” states at x; i+l Following the discussion in [10] for
the non-relativistic Euler equations, we seek an approprlate average for D, 1 such that the

resulting ES scheme can accurately resolve stationary contact discontinuities. Consider the
following initial condition

pr, x <0,
px,0) = v1(x,0) =0, p(x,0) = p=const, (82)
or, x>0,
which represents a stationary contact discontinuity corresponding to the A, —field. For the

above initial condition, our EC numerical flux reduces toF = = (0, p, 0)T Hence, in order
to preserve the stationary contact discontinuity, we require for all i that F =(0,p,07,

or equivalently,

w

DH—% [[W]]i-i—% =0. (83)
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Theorem 7 Assume that the “averaged” specific enthalpy h; + in the dissipation matrix
D, ! satisfies

1
h..1 =&

1= 1+ ——, (84)
i+3 i+5 {{ZZ}}ln,H%

where 73 = % = % and the calculation of £ is given in Theorem 5. Then, the ES scheme

(59) with numerical flux (69) and Roe-type dissipation term can exactly resolve stationary
contact discontinuities.

Proof For the stationary contact wave (82) with v; = 0, the dissipation matrix D reduces to

1 1 1\ [c;00\ (di 00 1 1 1\ "
D=\ —ch 0 csh 000 0dy O —csh 0 csh
h h—6(1+e©®) h 00c/ \0 0d; h h—0(1+€©®) h
(85)
with
pe' () o
di=ds=— -, do=——. (86)
2(1 +€'(9)) 1+€()
Taking vy = 0 and zp = é, the entropy variables in (33) become
W= (22h—S0-2)". (87)
It follows that
1
pi+%e/(9i+%)
. = ] —S1..1 —h. ) 0
Dy IWD g = @y Ty (L2 = Shiay —hyy Ll ) | O | 69
2 it+s

For the stationary contact wave (82) with constant pressure, we have
npliy =0, DNzl =0npl,y —[npl,y =Mnpl,;. (89

If hi+% satisfies (84), we obtain

1

ho1=E 1 +—+—

T
(42) [[h'l(Zz)]],-_,_%
= L1 _—

+2 [z2ll;y 1
e

: 220l 41

45) (Wi = In(p); 1 . Mn(o); ;1
2y 1 (1 P!
B [[Wl]]H% B [z2h — S]]i+%

lz2ll; 41 2204 1
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which implies
lzoh = STy =Ry lzalliy 1

This together with (83) yields D, 1 (W1, . 1= 0. The proof is completed. O

The formula (84) determines the averaged state 7, 1 with (z2); 1= {{12}}11“. 41 We

take 6. . The rest-mass density p and the velocity v| can be evaluated by either

1
i+t3 = {{22}}1n./+%
the arithmetic or logarithmic average. In this paper, we choose the logarithmic average for
Pit} and the arithmetic average for (vy). il Other quantities in D; +1s such as ¢y, v, €/(0),

are computed by using the averaged states 91 1Pyl and (v1); il

Remark 3 For ID-EOS (6), the evaluation for /. i)
calculated by taking (z2); 1as the logarithmic average. This is consistent with our result in

in the dissipation matrix D._ 1 in [18] is
i+5

Theorem 7, because

1
1T
S 1 1
= 1+ +
T =Dl el
r
=14+

Tr-1n {{Zz}}ln’l’+% .

3.3.2 High-Order Entropy Stable Schemes

As mentioned previously, the numerical scheme (59) using the numerical flux (69) is only
first-order accurate. This is due to the calculation of the jump [W]. i+l at the cell interface

Xigd using only W; and W;_. To achieve higher-order accuracy for the ES schemes, it is

necessary to estimate the jump more precisely [25]. This can be accomplished by employing

ENO or WENO reconstruction techniques for the scaled entropy variables w := RiT W.
2

The reconstructed values of the scaled entropy variables @, denoted by @~ i+ andw? ! , for the

left and right limiting values at the interface x; s respectively. For the ENO based method

[25], the corresponding 2kth-order ES flux is deﬁned by adding the 2kth-order dissipation
terms to the 2kth-order EC flux:

T2k T2k ENO
P =F - ER ’Al% (@) (90)
where FZI‘ is the 2kth-order EC flux defined in (65), R + and A, 1) are defined in (72), and
2
(@) 1E+N 0 w++ L= wi+ , denotes the jump of the scaled entropy variables at the interface
2 2
Xl For the scheme (59) using the 2kth-order ES numerical flux defined in (90), we have
T (F2k T2k ENO ENO
J W, —F% ) W (R A [(0)EN =Ry (A, (@)2)
En(Ui) - Ax + 2Ax
ENO ©h
ok _ =0k 1 T
_ Gy Tyt ('I“’“z+ Ay [ €Y + 101 [A,y | (@) f)
- Ax ’
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where
1
2k _ ~2k _ 1 T ENO
T =T SO R (A (@) 92)
with ’q‘?jﬁ , defined in (68). Since the ENO reconstruction satisfies the sign property [26]:
2
sign((@) 1) = sign(l,1). 93)

then we have
d U (o
a" Tt Ay (M e
! T
T 4Ax ([[w]]i"‘%
which implies the discrete entropy inequality (70) for the numerical entropy flux (92). Hence,
the scheme (59) with the ENO-based numerical flux (90) is ES.

For the WENO-based method, we follow the idea in [7]. The WENO-based high-order
accurate ES flux is defined as

ENO
Ay | (@) + 101,

Ay| (@) <0,

=2

(@) 3" (94)

WENO

where the /1h component of the jump (@), L1 of the scaled entropy variable at the interface
2

Xipl is defined by

WENO _ + -
(@5 =0,y (o~

with
1, if(of | —w”. will. . 1 >0,
by = : et Stk (95)
Jitg .
0, otherwise.
The switch operator 6, ; ! in (95) is introduced to ensure the sign property
. WENO :
mgn(((w))H_% )= 51gn(|[a)]]i+%). (96)

Hence, by using the same approach as ENO-based method, we can verify that the scheme (59)
with the WENO-based numerical flux (94) is ES, and the corresponding numerical entropy
flux is given by

(w)VENO 97)

1
2k 2k LawnT
2{{ }}i+%Ri+% A, it

91 =911

+

4 2D Entropy Stable Schemes

The EC and ES schemes for the 2D RHD equations can be constructed in a dimension-by-
dimension fashion, and the construction is analogous to the 1D case. Hence we only present
the derivation of two-point EC fluxes and the dissipation matrix, which are the key ingredients
of EC and ES schemes.
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4.1 Two-Point Entropy Conservative Flux
In this subsection, we derive a unified formula of two-point EC numerical fluxes for the 2D
RHD equations with general Synge-type EOS (4), based on the entropy variables (3) and the

entropy potential (34). To design a simple two-point EC numerical flux, we choose a set of
variables z = (z1, 22, 23, z4)T as

P
1 =p, zz=;, 3 = YV1, Z4 = YU2. (98)

Theorem 8 The two-point EC numerical fluxes for the 2D RHD equations with general
Synge-type EOS (4) can be written into a unified form as

.
Fi* W, ug) = ({{m}}m{{za}}, phiiz3 ) + % phiiz3)za}), my}}{{zg}}) :
(99)

and

.
B, vg) = ({{zl}}ln{{u}}, phiiz3 ) za), phiiza)® + % ﬁ{{y}}{{u}})
(100)

with

_ o+ fz1 e
ph = - ,
{r)? — () — (za)?

where £ is defined in (45), and a unified formulation of £ is given by (46) via an integral.
The explicit calculation of £ depends on the particular choice of the EOS (see Theorem 5).

Proof By using the set of variables (98), we can express the entropy variables and the entropy
potential as

-
W= (Zzh — 8. 2322, 2422, —22y/ 1 + 23 + zﬁ) :

Y1 = 2123, Yo = z124.
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Then we write the jumps of entropy variables W and the potential fluxes vy, 1 in terms of
jumps and arithmetic averages of the variables (98) as follows:

(Wil 2 200 + [n 21,
[Wall = [z322] 2 z3hlzall + [z z2)
IW3l = Tzszo] 2 (zahlizal + [z z2)

W4l = [[—12\/1 +23+ zﬁﬂ
D i) - (2 [[\/ 1422+ ziﬂ (101)

" BN |
= —laliy) — =

39 Ml — flzo ({{Z3}}[[§3),]]}}+ {{Z4}}[[Z4]])’

vl = L1230 ) Gz )zsl + L2 Dzs).
[l = Lz1z4] 2 (2 )lzall + L1 1ze)

According to Definition 2, the two-point EC numerical fluxes ffc (UL, Ug) = (F 1(1) , F, 1(2),
iy e\ T ~ ey iy eay e\ T
F1(3), F1(4)) and ch (UL, Ug) =: (Fz(l), F2(2)’ F2(3), F2(4)) for the 2D RHD system sat-
isfy

I IFED + w21 F® + ws1FS + 1wl FY = [y 1, 10
IWiIE" + [WaDFy? + IWs1F + [W4DFy " = [yal.

Substituting (101) into (102), we obtain

Elz2ll + Moz ) FY + (fzahlizal + Mzslfiz2) FL2 + @zablzal + Dzalfiz2lh) FL
_ (m (g + 12D (zadlzsl + {{14}}[[14]])>
v
FY = 21 )lz3] + [z114z3 ),

and

Elz2l+ Dz D) B + (ashlizal + Lz B2 + (zallizz] + Lzl 7Y
- (m () + L2l (zadlzal + {{14}}[[@]]))
)
FY = (21 ) llzal + Lz1D{za ).

Collecting the terms containing [[z1]l, [z2]l, [z3]l, and [[z4]], respectively, the above two equa-
tions can be reformulated as

FV ~ ~ ~ ~
L~z ) Izl + (€ + (2l B + (2 Y = ()Y ) 1221
fz1 B
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~o fz2Miz) ~3 Mzl ~
+ ({{zz}}Fl(z)—%Fl(‘” - {{z1}}> Iz3] +<{{zz}}Ff” - 22{{ y}}“ Ff‘”) 4] = 0.

and

7D N B 3 )
<{{Zf}h - {{Z4}}> L2+ (B + (D + 2 B - ) 122

~ f{lzoMlz3 )} ~ ~ {zo M lzal} ~
+<{{z2}}F2(2)—22{{y7}}Z3F2(4)) 23] +<{{Z2}}F2(3) - %Fé‘” - {{m}}) z4] = 0.

Hence, the coefficients of [z1]], [z2]l, [z3] should all equal zero. Specifically, we have
FO

{{z1hn

EFV + () B2 + e B — gy Y =0,

) F FO _ {z2Hz3)) ~ (4)

= {{z3}}.

{(z ) = {lz1},
7O _ {{z2 M 24l =@
e R
and
N(l)
s }} = {{zal},

EFD 4 () B2 + () B — 3 FY = o,
7O _ {z2 M z3 7@ _
(2} F, ol 2
{z2}flza} ~@)
F —

~1y o~ oy o~ T ~1y o~ ~
Solving the above two linear systems for (F 1(1), Fl(z), F1(3), F 1(4)) and (Fz(l), Fz(z), F2(3),

f ) B —

FoyT ivel btai
D) . respectlve Yy, we o tain

FV = fz1hnliz3),

FO = Ghfizs)? + %

FY = ph{zs)zal,
F = phily Hiza).

and
Y = fz1hnlizad.
F? = phizs}zad.
R = Bt + 12,
FyY = phily Jiza}.
which lead to (99) and (100), respectively. The proof is completed. O
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4.2 Dissipation Matrix

In this subsection, we present the explicit formulas of the dissipation matrices for the 2D
RHD equations with general Synge-type EOS (4). In the 2D case, we need two dissipation
matrices

D; =R; AR/, Dy =Ry|Az|R] (103)

corresponding to the x1- and x;-directions, respectively, where the matrices Ry and R; are
respectively formed by the suitably scaled right eigenvectors of the Jacobian matrices %

and % of the 2D RHD system, and they satisfy

OF
Tk RuARS,
aU W

=RR/, k=12 (104)

The formulas of R; and R, will be derived in Theorem 9. In (104), the diagonal matrix
Ay = diag(2 (", 2P, 2 2P}, where

)

0 v =) = e/ =0 et = 0f — ded)
A= 2 2y:2
I — (v] +v3)cs

2 3
AP =) = v,

il —c2) + cs\/(l — v =0} (1 — v} —v3e2)

W@ _
! 1 — (v3 +v3)c2

are the four eigenvalues of the Jacobian matrix %, and the diagonal matrix A, =

diag{)\gl), k§2), A;S), )\gl)}, where

0 =) e/ =0 eI =13 — i)
Ay = 2 2y.2 ’
I — (v] +v3)cs
2 3
)\‘;) = )\‘;) = ‘U2,

n(l — )+ cs\/(l —v? =0} (1 — v} — 032

1 — (v3 +v3)c2

A0 =

are the four eigenvalues of the Jacobian matrix %.

Theorem 9 For the 2D RHD system with general Synge-type EOS (4), the xi-directional
scaled eigenvector matrix Ry satisfying (104) is given by

1 5 Yo 1
. [ h)/A)L(I)}\.gl) Agvy 2hy2v1v2 h]/A)L(4))»§4)
R; :=R;y/Dy = 1 2 2 !
hyvy  Agua h(14+2y7v3)  hywv
h)/AA(]) Ag 2h)/2v2 hyA)»M)
1 i
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av o0 0
0 d® o o

5 (105)
0 0 Ja% o
0 0 0 Jd?
_2? 2
where AM” = 171)'“), A @ = 17111(4), Ay = h—0(1+¢€'(9)), and the scaling coefficients
1 lfvl)hl }‘1 lfvl)»]
dl(J), j =1,2,3,4, are defined as
M — N
dl(l) _M 1’
2
) _ /OJ/3
1 - E)
1 !
+ €' (0) (106)
@__ P
! h(l — v%)y’
M N
df‘” _ M+ 1’
2
with
¢'(0) 002 pOvIy/1 — v — vy
My = py 7 =), Ni= 3 .
L+e(©0) h(—vp) hes(1 —vy)
The scaled eigenvector matrix Ry satisfying (104) is given by
1 Y1 5 1
- \/T hyvy h(1+ 2]/21112) Aguy hyvy
Ry :=RoyDy = ]’l)/A)\(l))ug) 2hy2vivy  Agua h)/A)\(4))»é4)
2 2
hyAx(l) 2/1)/21)1 Ag /’L)/A)L(zt)
2 2
a" 0 0 0
0 Jd¥ o o0
, (107)
0 0 JdP o
0o o0 0 Ja
_ 2
where A, 1) = 71)2“) A w = #«4) Ag = h—0(1+€'(0)), and the scaling coefficients
' 2 125" A 1—vh5
dz(/), j =1,2,3,4, are defined as
My, — N
dél) _ M 2’
2
@ ro
B =i vy’
; (108)
a® = PV
2 T 14+e0)
@ _M+N
dy’ = —
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with

2 2.2
') ov? POV, /1 — vy —vic?
My = py ( - L , Ny = .

L+¢©)  h(l—vd) hey (1 —v3)

Proof Note that R; defined in (105) is a right eigenvector matrix of the Jacobian matrix

aFall(JU) see [73]. Since 4/ 91 is a diagonal matrix, we know that R1 ﬁ”/ 91 is also a right

eigenvector matrlx of 3F1(U) . Hence, Ry satisfies 2 dU = R1A1R . We only need to verify

that R, satisfies aW = R1 RT Since U cannot be explicitly formulated by W, we derive g‘I,JV

by the chain rule (78). As W can be explicitly formulated by V, a direct calculation leads to

o 0—h
b0 0
yu VA=) Py

oW | o 0 0 P62

av | e e P0-v) e |
00 [ 0 062
_v _rYu _yYw v
00 [ 0 62

whose inverse matrix is given by

p pyvi(h —0) pyva(h —0) py(h —0)

oV 0 g 0 fu
w0 0 8 | (109

Y Y
p0  phybu; phybuvy phy6

Combining (109) with (15) for the case d = 2, we can compute 33‘, by (78) as

Py phy?vi  phy?v p(—6 + hy?)
U | phyPu py3or  pyvivio, py3vios (110)
W phy®vy  pydvivaor  pylos py3va04

p(=0 +hy?) pyivios  pyvaos py? (o4 —20h (1 — (v} +vd)))
with
o1 = 0201 +¢(0) + 0h + h*vi —0hv3, o =6*(1 + € (0)) +0h + h,
03 = 02v3(1 +€'(0)) + Oh + h*vy — 0hvi, o4 =671 + € () + h®> + 0h(v} + v3).

Let r; be the ith row of the scaled eigenvector matrix R;. In the following, we would like to
verify the relation ?‘I,JV = 1R1T by calculating r; ro, i, j =1,2,3,4, and then comparing
the results with (110). Since the Lorentz factor couples the velocities v and v, the structures
of the eigenvectors and eigenvalues are much more complicated than the 1D case, making
the verification more difficult. To simplify our calculation, we first observe the following

identities

t A (1= Doy — e/ (1 =} = D)1 = v} — vdc2)
| = = :
M
T=o” (=0 = 3ed) +eoony /(1= 0] — )1 — o} — 3ed)
t A (11— + cs\/(l — 02— )1 — P —vded)
4= =

@ — ’
I =ik (1—v? —vic?) — c‘yvl\/(l —v? — )1 — v} —vicd)
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| v ((1 — i — (1= )1~ 0] — v262)>
L P
1—vall 1— (v} +v3)e?

| V1 ((1 — —|—CS\/(1 —v? — v (1 — v} - v2c2)>
fpr=——=]1-

1—val! 1= (o] +v3)e?

from which we can further deduce that

/ 22
2v 254/ 1 —v] —v3
htts= s, 14—t = : (111)
L=y (1 —v3),/1 — v} —v3c?
4egvyy /1 —v% —v%

2 (1 —v? —v?
- “(vf+ Aozl g ,
(I'=vp) (1= v} = v3¢] (1—vH2 /1 — v} —vic?
(112)
5 B 2 » 5 2CSU1,/1—1)1 —U2
hh+is=—>, fh—h= (113)
1—v ) _ _ 2
1 (I—=vp)y/1 v1 vzc
2 (1 N cf,v%(l — vl - v2)> degury /1 — vlz - v%
272 1 )
(I=vp) (l—vlz)z,/l—v%—v%c%

(114)

2 _
—ti =

2 2
tl+t4= 1
—Ul —vzc

CSZ(I_UI —v2)> ~ ~ 2c5(1+v%) l—v%—v%
s Ity — 111 =

> = :
(1 —vH2 /1 — v} —v3c2

ni i = —2 (14
i 44_(l—v%)z 1—v%—v2c§
(115)

Using (31) and (111)—(115), we calculate

oY pOyv3
L+e'©®)  h(l—v)

pie)
nrf =di + i yhid” + 4 = M+

_ peO)y ey ﬂ)
T1te@ 1+e@ 7T w

d “)

Agv
rir] = hy(—v)nd? + %d{” +2hy 0103d® + hy (1 — vD)iy

pYEAgu 2p9y2v1v%
=fh 1 —v)(t + ¢ _}_7}1 1—v))(ta — 1)) + +
14 D+ 1) > 7( Dt — 1) 1100 =2

(111 By e'(0) B (91)% POV py2Agu; 2,09]/21)11)%
- L+e0) hd—v})) 1-—v 1+€0) 1—v?

Hv? pOv aU
2 2 1 2
— h—0 = oh === ,
oy v1< +1_v%>+1_v% phy*vy (aw)m

@ Springer



Journal of Scientific Computing (2024) 98:43

Page 37 of 62

Agv
rlr;r = hyvzdl(]) + ﬂdl(z) + hyva(l + yzv%)dl(a) + hyv2d1(4)
2 e'(0) ov3 py* Aoy +4 POy (1 +2p%2)
= vV —_
PR\ TYe®)  na—v)) " 1+e@® V2
U
2
= py*va(h — 9)+ 2(1+y v3) = phy U2=(ﬁ
rir) =hy(1—vhid + 751{2’ +2hy*03d® + hy (1 — vhisd?
= %hy(l — o))+ ) + &hy(l — o)) — 1)+ pr*ho_ | 200770
2 B ) DT 0) T 1w
113 e Ov? Ov? 2Ap  2p0y%03
A3 2 (,) _ 2 L P 1+mf pyzz
L+e©®)  h(1—v7) 1—v}  14€0) 1 —vj

aU
= py*(h = 0) + p0y> (v} +v3) = phy® — pf = (ﬁ)
rzr;r = hzyz(l - vlz)ztlzdl(l) + Agv%dfz) + 4h2)/ vzvgdm + h2y2(1 — v%)zzfdl(4)
M, N pY3AZVE 4pOhyviv?
220 - (2L M2 _ 2 61 1Y2
y( vy) 2(1+4)+2(4 i) +1+6/(9) 1—1)%
12y 5 5 e'(0) 0v3 o2 X 2p0v?
="h 14 oy 1 (0 2 + 2 _ 2.2 + 2
+é/( ) h(1 —vy) y2(1 — vy —vyc? hy (1 —v7)
py3A§v12 4p6hy3v%v2
14¢(6) [
2. 3.2 o e (@) py’ Ajv
= ph V4 V1 + 2 5 ;
(l—v —v2c 1+e(0) 14+¢(0)
B ph2y3 o 4 c%. Gv% 2phy0v% 4p0hy3v12v%
P2 v =22 h—vd) T 102 1—v
Gh 3,22, 2 s, Bhviv Oh
= hvy +6-(1 + € (@)vy + +
194 ( 1 ( @)y l—U% yz(l—v%)

U
= py? (W] +07(1 + €' (O)v] +0h(1 —v3)) = (7)

IW

ror] =12y — v)ndD + A2vivad® + 212y v + 2y2v§>d(3)

+ 12y %01 — v])gd®

n 2p0hyviva(1 4+ 2)/211%)

2
1 — v

M, N1 py3Ajviv
=h*y2u 0 -0 =@ +1 —(tg — 1 2272
y vl —vy) 2(1+ 4) + 2(4 D)+ T
Gv% +p9hyv1v2 py3A(§v1v2
L+e®)  h(1—v} 1—v? 1+¢'(0)

111 e'(0)
(_)phz 3 2(

2p0hyviva(l + 2)/21)%)

2
I —vy
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3p0hyvivy

= py vy (h* = 20h + 02 (1 + € (9))) + P
—

1+ yzvg)
aU
= oy viv (R +0h+0*(1+©0)) = - | .
oW /53
r2rI = h2y2(1 — U%)zllfldfl) + Agvldl(z) + 4h2y4v1v%df3) + h2y2(1 — v%)zl4f4
py3A§v1 4p9hy3v1v%
1+¢(0) 11—}

A15) 2 » e'(9) 0v3 A(l—v2—v)\  po+vd)
=" h*yvi | oy e ol A pammycal I 2
L+e©)  h(l—v7) 1 — vy —v3c? hy (1 —v7)

,0)/3A§v1 4p9hy3v1v%
I+e® & 1-07
— ph2y3u, C?(l - U12 - U%) e'0) ,oy3A(3v1
1—v?—vicz | 1+e0) 14€(0)

s
B phy30viv3 (1 21—} - v%)) phyOvi(1+v?)  4pOhy3vivs

2 2_ .22 2 2
I —v I —vi —vycg 1= 1 —v

M - - N N N
=n?y2(1 —v})? <7‘<m1 + taiy) + 71<z4z4 - ml> +

phy6v
1 - v]2

31
) pydur (B2 = 200+ 62(1 + €/(0))) +

2+ vlz + 3)/21)%)
3 2 2, .2 2 / U
= py vi (B° + 0h(vi +v3) +6°(1 +€'(9))) = sw o
2,4
rir; = h2y203d" + AZv3d® + 21+ 2y%03)%dY + hPy?v3a?

3 2( h%e'(0) A} ) pOh

4.4 2..2\2
PYe\isee  T+e® +)’(1—v%)( yhu+ (+2y70))

W
rir] =12y (1 — v)id + A2vad® + 212y vy (1 4+ 2p203)dP + hPy (1 — v])isd P
Py Ajvy  2p0hyvy(1 + 2y2vd)

3
= py> (03 +0h(1 —v}) +62(1 + €/ (O))v3) = ( U) ,
3.3

My . . Ny . -
= h?y2u(1 —v}) (7101 +ip)+ 7104 - m) +

1+¢() 1—v?
(113) e (0) 6v3 pOv? py A2,
L h2y2v2 oy 1 , . _2 — |+ _1 . +1 /9
+e©)  h(l—vy) hy (1 —vy) + €’ (0)
2p0hyva(l 4 2y%v3)
+ 2
1 -

hzel(e) A2 pOhy vy
3 0 2 2 2.2 2,2 2
py 2 (1 ¢'(0) 1+¢0) 1 v% ( ( Y7vy) — vy Ul)

U
= py vy (B 4+ 0h (v} +v3) + 67 (1 + €' () = (ﬁ) ,
3.4
rox) = hy2 (10— o)2d(" + AJd + 4y *te3d) + nPy? (1 —oh)?id)

My N ,0)/3A2 4p9hy3v2
:h2 21_ 2,2 71:2 172 7112_172 6 2
77 ( Ul) 2(1+4)+ 2(4 1) +1+e,(9) l—v%
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A14) 5 » ') 0v3 i1 —v? —vd) 2p0v?
="h*y“ | py , - 5 1+ 3 3 + 3
L+e' @)  h(d—v) 1 —vi —v3c? hy (1 —v})

py3Ag 4p9hy3v%
14¢(0) 1 - v12

h2e' (9) A2 pOhy
3 6 2 2.2
Y <1+e’(9)+l+e/(0) P uar)

1 —vp
pyvi (hze’(e)cs2 B 9hv§c§>

+
1—v?—vic2 \1+e®) 1-2?
31 3pyho
2 py3(h% =200+ 02(1 + ') + Ip_y = @} + y?v3)
1

ou
= py (= 20h +67(1 +€/0) +30h + ) = (=) -
oW /44

Noting that both matrices RlR;r and % in (110) are symmetric, we have

aU aU aU
(), (38) o= (1),
3W 2’1 3W 3’1 3W 3,2

aU oU aU
1‘41‘1r = <7) s 1‘41';r = <7> s 1'41‘;r = 7) .
oW 4,1 oW 4,2 oW 4.3

Hence, we have verified that % =R 1RI. Next, in order to verify % = RQR; , we consider

the rotation matrix

1000
0010
=1lo100
0001
We observe that
- - - - U
Ry (V) =TR((TV)T, D> (V) =TD((TV)T, R, (TV)Rl(TV)T = TWT,
oF, (U) oF(TU) oF(TU)
A = A(TV), F = TF(TV), =T =T
2(V) 1(TV) 2(V) 1(TV) 30 50 37U

Then we have

—1
Ro(V)A2(V)R; (V) = Ra(V)y/ D2 (V) A2 (V) <\/1~)2(V)) R;'(V)
= TR(TV)TA{(TV)TR; (TV)T

-1
= TR{(TV)/D1(TV)A(TV) (\/f)l(TV)> R (TV)T

aF | (TU) - 9F,(U)
aTU T U

=TRI(TV)A((TV)R]' (TV)T =T

)

and

Ry(V)R2 (V)" = Ry(V)D2(V)Ro(V) T = TRy (TV)D (TV)R{(TV) ' T
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oU oU
=TR(TVR{(TV)' T =T —T?= —.
1H(TV)R(TV) W W
The proof is completed.
o

Since the dissipation matrices (105) and (107) are defined at the cell interfaces, we should
estimate the quantities in the dissipation matrices by some “averged” states. Similar to the
ID case in Theorem 7, we evaluate h; 1 appropriately to obtain an accurate resolution of
stationary contact discontinuities. The averages of the other quantities are consistent with the
choice in the 1D case.

Remark 4 Up to now, we have achieved semi-discrete EC and ES schemes for the RHD
equations, which can be written into an ODE system

d

—U = LU), 116

or ) (116)
where U and L£(I/) in the 1D case read

- - - - - - T

Fi1 —F; F. 1 —F 1 FN,l_FN+l
U= U,...,U»T", LU) = 2 .., 2 l+2,..., z z

(Ui N) ) ( Ax Ax Az

where F = F for EC schemes and F = F for ES schemes. The semi-discrete system (116)
can be further discretized in time by using some Runge—Kutta (RK) methods, for example,
the classic third-order strong-stability-preserving RK (SSP-RK3) method:

Ub =y + AL,

3 1
U = S+ o (U + ). (117)

1 2
Ut — gun + 3 (U(Z) + Azﬁ(u(2>)> .

The semi-discrete ES schemes coupled with SSP-RK3 method work well for many benchmark
problems, but the rigorous analysis of the fully discrete ES property is yet unavailable in
theory. To obtain the fully discrete, provably EC/ES schemes, one can employ the relaxation
RK (RRK) method developed in [33, 51]. For example, we can use the third order RRK
(RRK3) method [51]:

Ul =y + Arcu™,

3 1
U — Zun + i (u“) + Atﬁ(u(l))) , (118)

I
U ="+ =y b (LU + LUD) +4LUP) )

N
where y, is the relaxation parameter. Define the total entropy £ := Y n(U;)Ax, then

i=1
the relaxation parameter y, is computed in each time step by solving the following scalar
algebraic equation
r(y) =EU" +yd") —EU") — ye =0,
where
At
6

@ = 2 (U + ) +4Lw®)),
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N
% > (WU L + WU T @) + 4W U T ) ) Ax

i=1

i+%)'

with £; U) := = (F,_

N\—

5 Numerical Experiments

In this section, we present a series of numerical experiments to demonstrate the accuracy
and effectiveness of our high-order accurate EC and ES schemes for 1D and 2D RHD with
various special EOSs. Specifically, we investigate the sixth-order and fourth-order accurate
EC schemes, referred to as EC6 and EC4 respectively, as well as the fifth-order accurate
ES scheme with WENO-based numerical flux (abbreviated as ES5), and the fourth-order
accurate ES scheme with ENO-based numerical flux (abbreviated as ES4). To obtain the
fully discrete schemes, we use either RRK3 (118) or SSP-RK3 (117) for time discretization.
To illustrate the importance of ES property, we will also present a comparison between our
EC/ES schemes and a non-EC, non-ES scheme. Unless otherwise specified, the CFL number
for all tests is set as 0.4, and the Rusanov-type dissipation term (75) is used. The choice of
EOS will be specified in each test case.

5.1 One-Dimensional Examples

Example 1 (Accuracy test) In this example, we evaluate the accuracy of our high-order EC
and ES schemes for 1D RHD using a smooth problem with the initial data provided by

V(x,0) = (1 +0.2sin(x), 0.2, DT

The periodic boundary conditions and TM-EOS (10) are employed. The exact solution of
this problem is given by

V(x, 1) = (14 0.2sin (x —0.27),0.2,1)"

which describes a sine wave propagating in the domain [0, 27 ].

To examine the spatial accuracy, we set the mesh size as Ax = 213,7 with a varying number
of uniformly distributed grids N € {10, 20, 40, 80, 160}. We test both RRK3 and SSP-RK3
methods for time discretization. The time step-size is chosen to match the spatial accuracy,
with A7 = 0.4Ax? for EC6, At = O.4Ax% for ES5, and Ar = 0.4Ax% for EC4 and ES4,
respectively. The quadruple precision is used for implementation. The /! and /% errors at
t = 1.5 in the rest-mass density p and the corresponding rates are shown in Table 1 for EC6
and ES5, and in Table 2 for EC4 and ES4, respectively. As shown in the tables, the schemes
achieve the expected convergence orders. We also verify the time evolution of discrete total
entropy y ., n(U;(1))Ax up to r = 1.5. As shown in Figs. 1 and 2, the discrete total entropy
decreases for ES5 and ES4 schemes, owing to their numerical dissipation mechanism, but
this effect reduces as the number of grids increases. For EC6 and EC4 schemes, the discrete
total entropy remains nearly unchanged with time, as expected.

Example 2 (Relativistic isentropic problem) In this example. we investigate a truly isentropic
problem [49] to study the temporal evolution of discrete total entropy. The initial conditions
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Fig.1 Example 1: Evolution of discrete total entropy, EC6 and ES5

-11.2754262 T T -11.2754262 T T
-11.2754263 |- 4 -11.2754263 a4
ooy oo
-11.2754264 e 4 -11.2754264 e 4
o~ ~, ~\'\
-11.2754265 Sl 1 -11.2754265 S 1
.\~\~ '\~\.
-11.2754266 - e 1 -11.2754266 [ ~. 1
.. ..
-11.2754267 S 1 -11.2754267 S B
e e
-11.2754268 - Saee 4 -11.2754268 Sl 1
’\'\ .\*\
-11.2754269 - e 1 -11.2754269 | RN 1
. .
-11.275427 ECL: 80 grids T4 1275427 RRK3-EC4: 80 grids ~
ES4: 80 grids RRK3-ES4: 80 grids
-11.2754271 | -RK: : 160 grids 4 -11.2754271 RRK3-ES4: 160 grids 4
= = SSP-RK3-ES4: 320 grids == = RRK3-ES4: 320 grids
-11.2754272 . : -11.2754272 . :
0 0.5 1 15 0 05 1 15
(a) SSP-RK3. (b) RRK3.

Fig.2 Example 1: Evolution of discrete total entropy, EC4 and ES4

for the rest-mass density and pressure are given by

1+exp[—1/(1 —x2/L%], |x| <L,
p(x,0) = ol ] . p=Kp".
1, otherwise,

The initial velocity v(x, 0) = 0 for |x| > L, while it is determined for |x| < L by enforcing
the following Riemann invariant constant

J_:

1 <1+U) 1 1 «/F—1+Cs
—n — n
2 r—-1 V=1 —¢

The computational domain is [—0.4, 2] with periodic boundary conditions. The parameters
are consistent with thosein [49]: L = 0.3, I' = %, K = 100, and the CFL number is set to be
0.2. Figure 3 presents the temporal evolution of the discrete total entropy, >, n(U; (1)) Ax,
up to t = 0.8 for the EC6 and ES5 schemes on different uniform mesh grids. One can
observe that the discrete total entropy remains nearly constant for EC6 schemes, while for
ESS5 schemes, it decays slightly over time due to the inherent dissipation mechanism, as
expected.

Furthermore, we conduct a comparative analysis between the ES/EC schemes and a fifth-
order non-EC, non-ES scheme (termed non-ESS5), which is constructed by adding a time-

1—v
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Fig.3 Example 2: Evolution of discrete total entropy for EC and ES schemes with SSP-RK3 and RRK3 time
discretization
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(a) Numerical results of p at t = 0.8. (b) Evolution of discrete total entropy.
Fig.4 Example 2: Comparison between EC6, ES5, and non-ES5
dependent sinusoidal term to the dissipation item into the EC flux:
- ~ 3
Fi+%:Fi+%—gsm(50t)Di+% [[W]]i+%. (119)

For time discretization, we use the SSP-RK3 method in this comparison. The numerical
results at # = 0.8 computed with 200 uniform grids are shown in Fig.4a. One can see that
the non-ES5 solution exhibits spurious oscillations and is unable to accurately resolve the
structure of the solution in comparison with EC6 and ESS. The evolution of discrete total
entropy is presented in Fig. 4b, where we observe that the discrete total entropy generated by
non-ES5 does not always diminish over time. This indicates that the non-ES5 scheme fails
to satisfy the discrete entropy inequality (70).

In the following, we test a density perturbation problem, a blast wave interaction problem,
and four Riemann problems to validate the capability of our high-order ES schemes in
resolving discontinuous solutions. Due to the complexity of obtaining the exact solutions for
these problems with various EOSs, we utilize the first-order local Lax—Friedrichs scheme with
100,000 uniform grids to produce reference solutions. The reference solutions are depicted
with solid lines, while the numerical solutions with SSP-RK3 time discretization are indicated
by circle markers “o”. For the examples using RRK3, the numerical results are denoted by
square markers “[1”.
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Fig.5 Example 3: Numerical results obtained by ES5 with SSP-RK3 (circle markers “o”) and RRK3 (square
markers “[1”) at t = 0.376. RC-EOS (8) is used
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Fig.6 Evolution of discrete total entropy for Example 6: SSP-RK3 (left) and RRK3 (right)

Example 3 (Density perturbation problem) The initial conditions of this example are given
by

T
V(x,0)={(5’0’50),’ ; 0<x<05,

(24 0.3sin(50x),0,5)"', 05<x <1,
which introduce a sine-type perturbation to the rest-mass density [16]. This problem models
the interaction between a shock and a sine wave. We adopt the RC-EOS (8) for this test. The
outflow boundary conditions are imposed on both the left and right boundaries of the domain
[0, 1], by setting the data for all left (and similarly, right) ghost points to match the values
of the nearest computational points. We numerically simulate this problem by using ESS5 on
400 uniform grids up to time ¢ = 0.376. The computational results are shown in Fig.5. We
observe that ES5 resolves the small perturbation waves with high fidelity. To verify the ES
property of our scheme, we compute the discrete total entropy Y ; 7(U; (7)) Ax, which should
decrease over time. The resulting plot is shown in Fig. 6, and we observe the expected decay
of the discrete total entropy, which confirms the ES property of the scheme.

Example 4 (Blast wave interaction) The final 1D example simulates the interaction between
two strong relativistic blast waves in the domain [0, 1]. The initial conditions are defined as
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Fig.7 Example 4: Numerical results obtained by ES5 with SSP-RK3 (circle markers “o0”’) and RRK3 (square
markers “[J”) at t = 0.43. TM-EOS (10) is used
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Fig.8 Evolution of discrete total entropy for Example 6: SSP-RK3 (left) and RRK3 (right)

follows:

(1,0,10)T, 0<x <0.1,
V(x,0) =1(1,0,107»)T, 0.1 <x <0.9,
(1,0,100T, 09<x<1,

We employ TM-EOS (10) as our EOS, and apply outflow boundary conditions at both left
and right boundaries. At t = 0.43, the solutions form a complex wave structure, which
encompasses three contact discontinuities and two shock waves within the interval [0.5, 0.53].
We compute the reference solution via a first-order local Lax—Friedrichs scheme, using an
ultra-fine mesh of 200, 000 uniform cells. The numerical solutions obtained by ES5 on
4000 uniform grids are presented in Fig. 7, where we observe good agreement between the
numerical and reference solutions. Furthermore, we compute the discrete total entropy, which
is shown in Fig. 8. We can observe that the discrete total entropy is decreasing over time,
indicating that the fully discrete scheme is ES.

Example 5 (1D Riemann problem I) The initial conditions are taken as

10,0, 7T 0<x <0.5,

V(x,0) =
. 0) (1,0,1009T, 05<x<1.
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Fig.9 Example 5: Numerical results obtained by ES5 with SSP-RK3 (circle markers “o”) and RRK3 (square
markers “[1”) at t = 0.4, RC-EOS (8)
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Fig. 10 Evolution of discrete total entropy for Example 5: SSP-RK3 (left) and RRK3 (right)

The computational domain [0, 1] is divided into 400 uniform cells, and we use the outflow
boundary conditions. For this example, we use the RC-EOS (8) and set the CFL number as
0.1. The exact solution contains a left-moving rarefaction wave, a contact discontinuity, and
a right-moving shock over time. The numerical solutions at t = 0.4 obtained by ES5 are
shown in Fig.9. We can see that the computed solutions agree with the reference solution,
and the wave structures are well captured by ESS5. To verify the ES property, we examine the
evolution of discrete total entropy, as shown in Fig. 10. We observe that the total numerical
entropy _; n(U; (1)) Ax decreases over time, as expected.

Example 6 (1D Riemann problem II) The wave structure of this problem is akin to that of
Example 5. However, the region between the contact discontinuity and the right-moving shock
is significantly narrow, which poses a challenge to the simulation. The initial conditions of
the problem are as follows:

(1,0,10)T, 0<x <0.5,

V(x,0) =
. 0) (1,0,100H)T, 05<x<1.

We adopt the TM-EOS (10) for this test case and use the outflow boundary conditions.
Figure 11 shows the numerical solutions of the rest-mass density p, the velocity vy, and the
pressure p obtained by ES5 with 400 uniform grids at # = 0.4. The results demonstrate that
our ES5 method can effectively resolve wave structures without producing any significant
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Fig.11 Example 6: Numerical results obtained by ES5 with SSP-RK3 (circle markers “o”’) and RRK3 (square
markers “[1”) at t = 0.4. TM-EOS (10) is used
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Fig. 12 Evolution of discrete total entropy for Example 6: SSP-RK3 (left) and RRK3 (right)

oscillations. The evolution of the discrete total entropy is depicted in Fig. 12, which reveals
a dissipated entropy. This verifies the entropy stability of the fully discrete scheme.

As observed from the above examples, the numerical results with SSP-RK3 and RRK3
time discretization are very close for both smooth and discontinuous problems. To save space,
in the following, we will only present the numerical results with the classic SSP-RK3 time
discretization.

Example 7 (1D Riemann problem III) The initial conditions of this Riemann problem are

T
Ver.0) {(1,0.9, DT, 0<x<05,

(1,0,1007, 05<x<1.
This test models a contact discontinuity and two shock waves that propagate in opposite
directions. The spatial domain [0, 1] is divided into 400 uniform cells, with outflow boundary
conditions. The RC-EOS (8) is used for this example, and the outflow boundary conditions
are employed. We compare the ESS5 scheme and a non-EC, non-ES scheme (termed non-
ESS5), which is constructed by augmenting the dissipative term in the numerical flux (69)
with a sinusoidal term:

-~

~ 6 .
Fi o =F ) —sin(.60+0.)D, 4 [W,, ). (120)
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Fig. 13 Example 7: Numerical results obtained by ESS (symbols “0”’) and non-ESS5 (symbols “[]”’) schemes
att = 0.4. RC-EOS (8) is used
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Fig. 14 Example 8: Numerical results obtained by ES5 at t = 0.4. IP-EOS (9) is used

For comparison purpose, the computational settings of non-ESS5 are the same as ESS. The
numerical solutions obtained by using ES5 and non-ES5 at + = 0.4 are shown in Fig. 13,
where the ES5 solution is indicated by circle markers “o”” and the non-ES solution is denoted
by square markers “[J”. One can see that the ES5 solution is in good agreement with the

reference one, while the non-ESS5 solution exhibits significant nonphysical oscillations.

Example 8 (1D Riemann problem IV) For this test, we consider the following initial data

-

Vix.0) = 1,-0.7,200', 0<x <0.5,
(1,0.7,2007, 05<x<1.

We choose the IP-EOS (9) for this problem. The solution consists of a contact discontinuity,

and two rarefaction waves moving left and right, respectively. Figure 14 gives the numerical

solutions at t+ = (0.4 obtained by using ES5 on 400 uniform grids. The wave patterns of

the numerical solutions are consistent with the reference ones, but there exists a undershoot

for the rest-mass density p at x = 0.5. This phenomenon was also observed in the results
obtained using the ID-EOS (6) as reported in [18].
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Fig. 15 Example 9: Evolution of discrete total entropy with different EOSs

5.2 Two-Dimensional Examples

Example 9 (Accuracy test) This example investigates a 2D smooth problem with periodic
boundary conditions in the domain [0, 277]%. The initial conditions are given by

V(x,y,0) = (1+0.2sin(x + y),0.2,02, 1) .
We consider the three EOSs (8), (9), and (10), repetitively. The exact solution is
Vix,y, 1) = (1+0.2sin(x +y —0.4r),0.2,02, 1) .

To investigate the spatial accuracy, we set the mesh size as Ax = Ay = ZW” with varying
N € {10, 20, 40, 80, 160}. The time step-size is chosen to match the spatial accuracy: At =
0.4Ax2 for EC6 and Af = 0.4Ax3 for ES5. We report the /! and 2 errors at t = 0.1 for the
rest-mass density and corresponding orders in Tables 3, 4, and 5 for RC-EOS (8), IP-EOS (9),
and TM-EOS (10), respectively. We observe the expected convergence rates for ES5 and EC6.
In addition, we analyze the evolution of the discrete total entropy Zi, j n(U; j(t))AxAy, as
shown in Fig. 15. The results indicate that the total numerical entropy decreases over time
for ES5, while it almost remains constant for EC6, as expected.

In the following, we solve three 2D Riemann problems of RHD, which were proposed
and studied in [30] with ID-EOS (6). We perform the same tests but with different EOSs.

Example 10 (2D Riemann problem I) The initial conditions of the first 2D Riemann problem
are given by

0.5,0.5,-0.5,5)T
(1,0.5,0.5,5)T x <05, y>0.5,
(3,-0.5,0.5,57 x <0.5, y<0.5,
(1.5,-0.5,—-0.5,5)7 otherwise.

x> 0.5, y>0.5,

Vix,y,0) =

The domain is taken as the unit square [0, 1]> with outflow boundary conditions. This problem
describes the interaction between four contact discontinuities, resulting in a spiral over time.

We adopt the IP-EOS (9) as our EOS and employ a uniform mesh consisting of 400 x 400
grids. The numerical solutions obtained by ES5 atr = 0.4 are presented in Fig. 16 as contours
for the rest-mass density and pressure logarithms. The results demonstrate that our ES5 can
effectively resolve complex 2D relativistic waves.
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Fig. 16 Example 10: Numerical results obtained by ES5 at + = 0.4. 30 equally spaced contour lines are
displayed

Example 11 (2D Riemann problem II) The initial data of the second Riemann problem are
given by

(1,0,0, )7 x>0.5, y>0.5,

(0.5771, —0.3529,0,0.4) 7 x <0.5, y > 0.5,

(1,-0.3529, —0.3529, )T x < 0.5, y < 0.5,

(0.5771,0, —0.3529, 0.4) T otherwise,

V(x,y,0)=

which is about the interaction between four rarefaction waves.

In this example, TM-EOS (10) is adopted as our EOS, and the spatial domain [0, 1]2
is divided into 400 x 400 uniform cells. The outflow boundary conditions are specified.
Figure 17 presents the contours of the rest-mass density and pressure logarithms at t = 0.4
computed by ES5. Our numerical scheme successfully captures the formation of two shock
waves resulting from the interaction of four rarefaction waves.

Example 12 (2D Riemann problem III) The initial data for the third Riemann problem are
given by

(0.035145216124503, 0, 0, 0.162931056509027) T x > 0.5, y > 0.5,

0.1,0.7,0, )T x <05, y>0.5,
V(x,y,0) = T

(0.5,0,0,1) x <05, y<0.5,

0.1,0,0.7, DT otherwise,

which describe two contact discontinuities and two shock waves, located at two corners. As
time progresses, these waves interact with each other and coalesce into a “mushroom cloud”
at the center of the domain [0, 1]2. For this problem, we adopt the RC-EOS (8) as our EOS
and divide the computational domain [0, 1]2 into 400 x 400 uniform cells. Additionally,
we specify outflow boundary conditions. The contours of the rest-mass density and pressure
logarithms at# = 0.4 are displayed in Fig. 18, which shows the high resolution of the complex
wave patterns.
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Fig. 17 Example 11: Numerical results obtained by ES5 at + = 0.4. 30 equally spaced contour lines are
displayed
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Fig. 18 Example 12: Numerical results obtained by ES5 at + = 0.4. 30 equally spaced contour lines are
displayed

Example 13 (Shock-bubble interaction problems) The last example simulates two shock-
bubble interaction problems within the computational domain [0, 325] x [0, 90], with
reflective boundary conditions at y = 0 and y = 90, inflow boundary conditions at x = 325,
and outflow boundary conditions at x = (. The setups are similar to those in [30], but with a
different EOS, namely, the RC-EOS (8) is used in our setups. The left and right states of the
shock are set as follows:

(1,0,0,0.05)7 x < 265,

Vix,y,0) = -
(1.941272902134272, —0.200661045980881, 0, 0.15) ' x > 265.
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Fig. 19 The first problem of Example 13: the schlieren images of p at t = 90, 180, 270, 360, 450 (from top
to bottom). RC-EOS (8) is used
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We consider two shock-bubble interaction problems, and the setups of these two problems
are the same except for the state of the bubble. For the first problem, the state of a (light)
bubble is given by

V(x,y,0) = (0.1358,0,0,0.05) ", \/(x —215)2 + (y — 45)2 < 25.

For the second problem, the state of a (heavy) bubble is defined as

V(x,y,0) = (3.1538,0,0,0.05) 7, \/(x —215)2 + (y — 45)2 < 25.

To visualize the interaction between the shock and the bubble for both problems, we
present the schlieren images of the rest-mass density p at t = 90, 180, 270, 360, 450 in
Figs. 19 and 20. The numerical solutions are obtained using ES5 on 650 x 180 uniform grids.
As the figures demonstrate, our scheme effectively captures the dynamics of the interaction
between the left-moving shock and the bubble.

6 Conclusions

The ideal EOS, originating from the non-relativistic case, is often a poor approximation for
most relativistic flows. In this paper, we have made the first attempt to develop high-order ES
finite difference schemes for RHD with general Synge-type EOS (4), which covers a wide
range of more accurate EOSs. We have discovered an entropy pair for the RHD equations
with general Synge-type EOS. We have rigorously proven that the found entropy function is
strictly convex and derived the associated entropy variables. However, due to the nonlinear
coupling between the RHD equations, it is impossible to explicitly express primitive variables,
fluxes, and entropy variables in terms of conservative variables. As a result, it is challenging
to analyze the entropy structure of the RHD equations, study the convexity of the entropy,
and construct EC numerical fluxes. Based on a suitable set of parameter variables, we have
constructed novel and explicit two-point EC fluxes in a unified form for general Synge-type
EOS. These two-point EC fluxes are used to design second-order EC schemes, and higher-
order EC schemes are obtained by linearly combining the two-point EC fluxes. We have
achieved arbitrarily high-order accurate ES schemes by adding dissipation terms into the EC
schemes, based on ENO or WENO reconstructions. Furthermore, we have derived the general
dissipation matrix for general Synge-type EOS based on the scaled eigenvectors of the RHD
system. The accuracy and effectiveness of the proposed schemes have been demonstrated
through several numerical RHD examples with various special EOSs.

Our results are also useful for further developing ES discontinuous Galerkin or finite
volume schemes for RHD with general EOS and may be helpful for exploring EC and ES
schemes for the relativistic MHD equations with Synge-type EOS.
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Fig. 20 The second problem of Example 13: the schlieren images of p at + = 90, 180, 270, 360, 450 (from
top to bottom). RC-EOS (8) is used
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