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Abstract

The paper develops high-order accurate physical-constraints-preserving finite dif-
ference WENO schemes for special relativistic hydrodynamical (RHD) equations,
built on the local Lax-Friedrich splitting, the WENO reconstruction, the physical-
constraints-preserving flux limiter, and the high-order strong stability preserving
time discretization. They are extensions of the positivity-preserving finite difference
WENO schemes for the non-relativistic Euler equations [21]. However, developing
physical-constraints-preserving methods for the RHD system becomes much more
difficult than the non-relativistic case because of the strongly coupling between the
RHD equations, no explicit formulas of the primitive variables and the flux vectors
with respect to the conservative vector, and one more physical constraint for the
fluid velocity in addition to the positivity of the rest-mass density and the pressure.
The key is to prove the convexity and other properties of the admissible state set
and discover a concave function with respect to the conservative vector instead of
the pressure which is an important ingredient to enforce the positivity-preserving
property for the non-relativistic case.

Several one- and two-dimensional numerical examples are used to demonstrate ac-
curacy, robustness, and effectiveness of the proposed physical-constraints-preserving
schemes in solving RHD problems with large Lorentz factor, or strong discontinu-
ities, or low rest-mass density or pressure etc.
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1 Introduction

The paper is concerned with developing high-order accurate numerical methods for spe-
cial relativistic hydrodynamical (RHD) equations. In the laboratory frame, the (d + 1)-
dimensional space-time RHD equations may be written into a system of conservation laws

as follows ;
oU OF,(U)

i=1

where U and F; are the conservative vector and the flux in the z;-direction, respectively,
defined by

U :(D,ml, . ,md,E)T,

T
F; :(DUZ', miv; + poig, -+, Mav; +p5d7i,mi) L i=1,---,d,

with the mass density D = pW, the momentum density vector m = DhWwv, and the
energy density £ = DhW — p, respectively. Here p, p, and v = (vy,---,v4)7 denote the
rest-mass density, the kinetic pressure, and the fluid velocity respectively, W = 1/4/1 — v?
is the Lorentz factor with v = (v%+- . -—l—vﬁ)l/ 2 and h denotes the specific enthalpy defined
by
p
h=1+e+ -, (1.2)
P
with units in which the speed of light is equal to one, and e is the specific internal energy.

The system (LLI)) has taken into account the relativistic description of fluid dynamics
where the fluid flow is at nearly speed of light in vacuum and appears in investigating
numerous astrophysical phenomena from stellar to galactic scales, e.g. formation of black
holes, coalescing neutron stars, core collapse super-novae, X-ray binaries, active galactic
nuclei, super-luminal jets and gamma-ray bursts, etc. However, it still involves highly
nonlinear equations due to the Lorentz factor so that its analytic treatment is extremely
difficult. A powerful and primary approach to improve our understanding of the physical
mechanisms in RHDs is through numerical simulations. Comparing to the non-relativistic
case, the numerical difficulties are coming from strongly nonlinear coupling between the
RHD equations, which leads to no explicit expression of the primitive variables V =
(p,v,p)T and the flux vector F; in terms of U, and some physical constraints such as
p>0,p>0,FE> D, and 1 > v etc. Its numerical study did not attract considerable
attention until 1990s.
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The first attempt to numerically solve the RHD equations was made by using a finite
difference method with the artificial viscosity technique in Lagrangian or Eulerian co-
ordinates, see [3132/48/49]. After that, various modern shock-capturing methods were
gradually developed for the special RHDs since 1990s, e.g. the HLL (Harten-Lax-van
Leer-Einfeldt) method [43], the two-shock approximation solvers [1I8], the flux corrected
transport method [I1], the Roe solver [13], the HLLC (Harten-Lax-van Leer-Contact)
approximate Riemann solver [37], the flux-splitting method based on the spectral decom-
position [10], Steger-Warming flux vector splitting method [69], and the kinetic schemes
[5727)39]. Besides those, high-order accurate schemes for the RHD system were also
studied, e.g. ENO (essentially non-oscillatory) and weighted ENO methods [9[60/46], the
piecewise parabolic methods [3338], the space-time conservation element and solution el-
ement method [40], and the discontinuous Galerkin (DG) method [42], the Runge-Kutta
DG methods with WENO (weighted ENO) limiter [70], the direct Eulerian GRP schemes
[58B9J51], the adaptive moving mesh methods [I8J19I20], and genuinely multi-dimensional
finite volume local evolution Galerkin method [50]. The readers are also referred to the

early review articles [23[34/T4].

The above existing works do not preserve the positivity of the rest-mass density and the
pressure and the bounds of the fluid velocity. Although they have been used to simulate
some RHD flows successfully, there exists the big risk of failure when they are applied to
RHD problems with large Lorentz factor, or low density or pressure, or strong disconti-
nuity, because the negative density or pressure, or the larger velocity than the speed of
light may be obtained so that the calculated eigenvalues of the Jacobian matrix become
imaginary, in other words, the discrete problem becomes ill-posed. In practice, the non-
physical numerical solutions are usually simply replaced with a “close” and “physical”
one by performing recalculation with more diffusive schemes and smaller CFL number
until the numerical solutions become physical, see e.g. [6122]. Obviously, such approch is
not scientifically reasonable to a certain extent, and it is of great significance to develop
high-order accurate numerical schemes, whose solutions satisfy the intrinsic physical con-
straints. Recently, there exist some works on the maximum-principle-satisfying schemes
for scalar hyperbolic conservation law [6267], the positivity-preserving schemes for the
non-relativistic Euler equations with or without source terms [66/63/64], the positivity-
preserving well-balanced schemes for the shallow water equations [53], the positivity pre-
serving semi-Lagrangian DG method for the Vlasov-Poisson system [41], and Lagrangian
method with positivity-preserving limiter for multi-material compressible flow [5]. A class
of the parametrized maximum principle preserving and positivity-preserving flux lim-
iters were also well-developed via decoupling some linear or nonlinear constraints for
the high order accurate schemes for scalar hyperbolic conservation laws [56l29], nonlinear
convection-dominated diffusion equations [25], compressible Euler equations [54] and ideal
magnetohydrodynamical equations [6] as well as simulating incompressible flows [55]. A
survey of the maximum-principle-satisfying or positivity-preserving high-order schemes is
presented in [65].

The aim of the paper is to do the first attempt in the aspect of developing the high-order
accurate physical-constraints-preserving finite difference schemes for special RHD equa-



tions (IL]). Such attempt is nontrivial in comparison of the non-relativistic case, because
of the strongly nonlinear coupling between the RHD equations due to the Lorentz factor,
no explicit formulas of V' and F; with respect to U, and one more physical constraint for
the fluid velocity in addition to the positivity of the rest-mass density and the pressure.
The key will be to prove the convexity and other properties of the admissible state set
and discover a concave function with respect to the conservative vector U instead of the
pressure, which is an important ingredient to enforce the positivity-preserving property
for the non-relativistic case. The paper is organized as follows. Section [2] discusses the
admissible state set and its properties of the special RHD equations. They play a piv-
otal role in studying the physical-constraints-preserving property of numerical schemes.
Section [3 presents the high-order accurate physical-constraints-preserving finite difference
WENO schemes for the RHD equations. Section B.1] considers detailedly one-dimensional
case with spatial discretization in Section B.I.1] and time discretization in Section
Section gives the 2D extension of the above scheme and apply it to the 2D axisym-
metric case. Section [ gives several 1D and 2D numerical experiments to demonstrate
accuracy, robustness and effectiveness of the proposed schemes for relativistic problems
with large Lorentz factor, or strong discontinuities, or low rest-mass density or pressure
etc. Section [ concludes the paper with several remarks.

2 Properties of RHD equations

This section discusses the admissible state set and its properties for the RHD equations
(LI)). Throughout the paper, the equation of state (EOS) will be restricted to the I'-law

p=(I'=1)pe, (2.1)

with the adiabatic index I' € (1,2]. Such restriction on I' is reasonable under the com-
pressibility assumptions, see [7].

The RHD system (1) with (2.1)) is identical to the d-dimensional non-relativistic Euler
equations in the formal structure, and also satisfies the rotational invariance and the
homogeneity as well as the hyperbolicity in time, see [69]. The momentum equations in
(1) are only with a Lorentz-contracted momentum density replacing pv; in the non-
relativistic Euler equations. When the fluid velocity is much smaller than the speed of
light (i.e. v < 1) and the velocity of the internal (microscopic) motion of the fluid particles
is small, the system (ILI]) reduces to the non-relativistic Euler equations. The (d + 2) real
eigenvalues of the Jacobian matrix A;(U) = 0F;(U)/0U for (L)) with (2] are

vi(1 — %) — csW_l\/l — 02 — (v2 —v?)c?
' 1 —v2c2 ’
>\(2) = >\(d+1) _

7 — Ug,

y vl —cd)+ CSW_l\/l —v2 — (vV2 —v2)2

S
)

i 2.2
1 —v2cs



for i« = 1,---,d, where the local sound speed ¢, = \/Zjﬁ. However, relations between
the laboratory quantities (D, m;, and F) and the quantities in the local rest frame (p,
v;, and e) introduce a strong coupling between the hydrodynamic equations and pose
more additional numerical difficulties than the non-relativistic case. For example, the flux
vectors F; and the primitive variable vector V' := (p,v,p)T can not be formulated in
explicit forms of the conservative vector U, and some constraints (e.g. p > 0, p > 0, and
1 > v, etc.) should be fulfilled by the physical solution U.

Definition 2.1 The set of (physically) admissible states of the RHD equations (ILTl) with
1) is defined by

G={U=(D,m E)|pU) >0, pU) >0, 1>0vU)}. (2.2)

Such definition is very natural and intuitive but unpractical when giving the value of the
conservative vector U, because there is no explicit expression of the primitive variable V' =
(p,v,p)T in terms to U for the system (LT)). It is this feature that makes the discussions
on the admissible state and the physical-constraints-preserving schemes presented later
nontrivial or even challenging for RHD equations (II]). In practical computations, for
given U = (D, m, E)T, one has to (iteratively) solve a nonlinear algebraic equation such
as

E+p=DW+ %pw% (2.3)
by any standard root-finding algorithm to get the pressure p(U). Then v; and p are
sequentially calculated by

w(U) = #pw) p(U) = D1 —2(U). (2.4)

Note that the Lorentz factor W in (Z23) has been rewritten into (1 —m?/(E + p)z)_l/ ?

with m := (m? + - - + m3)1/2. Existence of the unique positive solution to the pressure
equation (2.3]) is given in the proof of Lemma 2] It is worth mentioning that different
from the non-relativistic case, such positive solution p(U) is not a concave function of U

generally, see Fig. 2.1
A practical and equivalent definition of G is given as follows.

Lemma 2.1 The admissible set G defined in (Z2)) is equivalent to the following set
G ={U=(D,m, E)"|D>0, g(U):=E—- VD +m?>>0}. (2.5)

Proof (i): Prove that U € G, when U € G. When U = (D, m, E)T satisfy the
constraints p(U) > 0, p(U) > 0, and v(U) < 1, it is not difficult to show

h
>0, E=—" o oh—p®pa+e) >0,

1 —v2(U) 1—v*(U)
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Fig. 2.1. The function o(\) := pAUW + (1 — NUO) — \p(UW) — (1 — Np(U®) with
U = (2,12,8)T € G and UD = (2,5,35)T € G. The value of ¢(\) is always less than
zero when A\ € (0,1).

and
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> PP (L+e) —p—p?| 'S 1_U2(2+er(2—r)) >0

Thus q(U) = E — v/D?+m? > 0 so that U € G;.

(ii): Prove that U € G when U € G;. Consider the function of p defined by

m m2 P
d(p) .= D,|1—- —F 0

with U satisfying that D > 0 and E > v/D? 4+ m?. Obviously, ®(p) € C'[0,4+00), and

1 m? D m?
¥(p) = —— — - 1" S0, Vpe(o,+oo).
I'—1 (E+p)2 ( \/(E+p)2_m2) (E—l—p)2

when E > vD?+m? and " € (1,2]. Thus ®(p) is a strictly monotonically increasing



function of p in the interval [0, 4+00). On the other hand, one has

m? m2 m2
_m- _mt s _ SR _m~
o(0) = = 1 Dy1- "~ E=(D-VE - m?) 1~ <,

and lim ®(p) = +oo because

p—r+00

lim %:L>O.
potoo P I'-1

Thanks to the intermediate value theorem and the monotonicity of ®(p), there exists a
unique positive solution to the equation ®(p) = 0, which is equivalent to the equation
[23). Denote this positive solution by p(U). Substituting this into (2.4]) may give

dUﬁszﬁﬁy<%<l,p@U:Dﬁl—WaU>Q

by using the conditions that D > 0 and £ > v D? +m?. Thus U € G and the proof is
completed. |

Remark 2.1 Comparing to G defined in ([2.2)), the constraints on conservative variables
in the set Gy is much easier to be verified when the value of U is given.

With the help of equivalence of the admissible state set G in Lemma 2.1l we can further
prove that it is a convex set.

Lemma 2.2 The admissible set G, is a conver set.

Proof To show that the set G; is convex, one has to prove that for all A in the interval
0,1], and all U® = (DO m©@ EONT and UM = (DD m® EOT in the set Gy, the
point AUM 4 (1 = \)UO® =: (DY, m® ECNT ¢ G, also belongs to G;.

Because U UM € G, one has

DY =X DW 4+ (1 —\)D© > 0,

and

v
5
e
_I._
/
=
>
=




Here the Minkowski inequality for both vectors (AD®, Am{?, -+ Am{") and ((1-A)D©, (1—

Am? (1= A)mY) and the triangle inequality [Am!” + (1= \)m'?| < AmM |+ (1 -
A)[m”| have been used respectively. Thus AU® + (1 — \)U© € G, for all A € [0,1]. The
proof is completed. |

Remark 2.2 The proof of LemmalZ2 implies that the function q(U) defined in (23) is
concave. Moreover, the function q(U) is also Lipschitz continuous with respect to U and
satisfies

]ﬂUW)—ﬁU@ﬂsLﬂ”—E@W+%ﬂpmf+«mmf_wﬂp@f+%m@f

d
B e e

i=1
— V2o — v, (2.6)

for any U® = (DO m@ EONT ¢ RH2 gnd UD = (DO m® EOT ¢ R*2 ywhere
the inequality a + b < y/2(a? + b?) has been used. The concavity and Lipschitz continuity

of q(U) will play a pivotal role in designing our physical-constraints-preserving schemes
for the RHD equations (L.1]).

By means of the convexity of G, the following properties of G can further be verified.
Lemma 2.3 Assume U € Gy, then

(i) \U € Gy, for all A > 0.
(i) TU € Gy, where T = diag{1, Tyxa, 1} and Tyyq is the d x d rotational matriz.
(1) U+ a 'F;(U) € Gy for all real number o > o;, i = 1,--- ,d, where o; is the spectral
radius of the Jacobian matriz A;(U), i.e.

S

lv;| (1 —c2) + cSW_l\/l —v? — (v2 —v?)c?

0 -
1 —v2c2

Proof The verification of first two properties are omitted here because they can be di-
rectly and easily verified via the definition of G;.

The following will prove the third conclusion (iii) that if U € Gy, then (D*, m*, E*)" =
U* :=U+ o 'F,(U) € G,. Tt is nontrivial and requires several techniques thanks to no
explicit formulas of the flux F;(U) in terms of U.

For all U € G; and the perfact gas () with I" € (1, 2], one has

2_@_ I'p

;= =
R v

<I—1<1, (2.7)



so that the inequalities

W_l\/l — 02 — (12 =02 > W W1 -2 =1-10%

e oal(1 = ) 4 es(1 — o)
vl —c)+cs(l —v
> S

or= 1 —v2c? ’

hold. They imply
1 |v1] 51— log| (1 — v3c?) WP (1= v cs)
o1 [ (1 — ) + co(1 —v2)  |or| (1 — €2) + cs(1 — v2)
W2, (1—|oi]e)  W2e, - Wi,

= > ,
o= Fel—vt) ol T T4e

so that one has

-2
TN 1 S | S s (2.8)
« o 01 T+c¢s
Thus one gets
DizD(1iﬂ>>0,
[0
my vy @D pheg ©D r
E*f =FE+ — = (phW? —p) £ phW?*—= > —p = pl——v—1
o = p) £ phW"— v P Ploar e

L r N 1= V=1 \rega)
P\ =1 “P\roisvr=1) <7

and

)

4 (m*)? — (E:t)2

2 2 2
1j:—> (0?4 m? - ) £ L (m, — By (1iﬂ)+p—(1—vf)
(6% (6% (6% (6%

2 2
= (1:EE> w2 [p2+p2v2—(ph—p)2}+p2 (1:&%) —p2+p—

2 2
1iﬁ> w? [p2+p2—<p+i>]+p2<i—1>
o -1

2
‘U1|> 2 l 2, .2 p 2] 2 ( 1 )
<|1l—— W + —<+—> + — — 1], 2.9
< . R e U P\ (2.9)
2
here ([2.8) and p? +p? — (p + %) < 0 have been used. Note that g; is a positive solution
to the following quadratic equation
(1 —v*cd)et — 2|vi| (1 = d)or +vi(1 =€) = c5(1 = v*) = 0,

which is equivalent to

(1-) 2 =W*(a —u))*(1-¢2). (2.10)



It implies that o; < 1. With the help of (29) and (ZI0), one has
(%) + m2y: — (B4)
(7)) (G )
2
() = -2 e )]

re?) (1 P2 1 2

< =-1 - —+=

= <@% )(1—@@—1)[ CS(P—ﬁp
(1

= —2 —1 ) . <
of 1= =1 A

=

Thus U + o 'F(U) € G;. Combining the above deduction and the property (i) may
verify U + a ' F;(U) € G, for i = 2,--- ,d. For example, in the case of d = 3, T may be
taken as

10 0 0 0]
0 cosfsing sinfsing cos¢ 0
Top:= |0 —sind cos 0 0},
0 —cosfcos¢p —sinfcos ¢ sing 0
0 0 0 0 1_

for all # € [0,2m), ¢ € [0, 7]. Using the property (i) that Ty ,U € G; and the above proof
of the property (ii1) gives

T97¢U + Oé_lFl (TG,qu) € g1>
where « is not less than p;. Since Te_,é) is also a rotational matrix, it holds that
Ty}, (To U + a7 Fi(TygU)) = U +a ' Ty [Fi(TyU) € Gy,

With the help of the rotational invariance of the system (III), see [69], one has U +
a 'F;(U) € G, for Ya > ¢;, i = 2,3. The proof is completed. |

It is worth emphasizing that Lemma also plays a pivotal role in seeking the physical-
constraints-preserving schemes.

3 Numerical schemes

This section gives the physical-constraints-preserving finite difference WENO schemes for
the RHD system (I1)) with the EOS (Z1).

10



3.1 One-dimensional case

This subsection first discusses numerical discretization of the 1D RHD equations in the

laboratory frame
oU  OF,(U)
S T S 1
o T o (3:1)

where
U= (D7m17E>T7 F, = (Dvy,myvy + p, ml)T'

3.1.1 Spatial discretization

Let us divide the space into cells of size Az, and denote the jth cell by I; = (xj_%,athr%),
where Tjp1 = %(:cj + ;1) and z; = jAz, j € Z.

A semi-discrete, (2r — 1)th-order accurate, conservative finite difference scheme of the 1D
RHD equations (B.I]) may be written as

dU;lie(t) - _A%« (Fjos = Fjy) = L)), (3.2)

where U,(t) ~ U(x;,t) and the numerical flux ﬁ'j 41 Is consistent with the flux vector
F1(U) and satisfies

1

Kx@%_ﬁ.>zapﬂm%+mmﬂ*y

i3
Definition 3.1 The scheme [B2) is physical-constraints-preserving if U ;(t)+AtL (U(t); §) €
G for all j € Z, under a CFL-type condition for At when U;(t) € G for all j.

The third property of Lemma has implied that there at least exists a physical-
constraints-preserving scheme for the 1D RHD system (B.I]). An example is the first-order
(i.e. r = 1) accurate local Lax-Friedrichs scheme with the numerical flux

~ ~1LF 1
Fji=Fj 1= §(F1(Uj) + F1(Us1) = ey (U = Uy)),
where the viscosity coefficient a,, 1 = max{o (Uj_11), 01 (Ujy,)}. In practical

computations, the above a; 41 may be replaced with

Oé]+% = U max {sz_of7 01 (Uj—T—l-l) T, 01 (UJ-H")} .

see [2], where the parameter ¥ is typically in the range of 1.1 to 1.3 and controls the
amount of dissipation in the numerical schemes while fof is the spectral radius of the
N 2
Roe matrix A;(U;,U ;1) approximating the Jacobian matrix A,(U), see [13].

11



The physical-constraints-preserving property of the above local Lax-Friedrichs scheme is
shown below.

Lemma 3.1 IfU; € G for all j, then under the CFL-type condition

A
At — =2 (33)
2mjaxaj+%
one has SAs
+ LLF ~LLF

and U;(t) + AtL(U(1);§) = 3 (U +U7M) € G for all j.
Proof Note that U;-'E’LLF can be rewritten as

At
UM = U 7 = (Fi(U)) + Fi(Ujs) T ayey (Ussr — U)))

Ax
F{(U; F{(U;
Uj:F 1( J) + Uj:l:l:F 1( Jil) ’
s Yt

which is a convex combination under the CFL-type condition (3.3). Utilizing the property
(iii) of Lemma 23] implying that

At At
= (12 5 ) Ui e 5

F(U, F{(U,
U; F Fi(U,) ]), Uji1 F F1{U;z) €g,
RS Y3
and the convexity of the set G in Lemma may complete the proof. |

The remaining task is to develop higher-order (i.e. 7 > 1) accurate physical-constraints-
preserving finite difference scheme for the 1D RHD equations (B.1l). To finish such task, the
idea of the positivity-preserving finite difference WENO schemes for compressible Euler
equations in [66] and the flux-limiter in [21] is borrowed here. For the sake of convenience,
the independent variable ¢ will be temporarily omitted.

Given point values {U,}, for each j, calculate
— 1
Hy = (Ukia;lel(Uk)), jort1<k<j+r
2

which may be considered as the point values of both local Lax-Friedrichs type splitting

functions 1

3 (U(a:) + aj_j%Fl(U(x))> '

If define the functions Hﬁ , () by
2

1

. B 1 z+Ax/2 n p
() < s [

12



then Hk become the cell average values of H=

il , () over the cell Ij, because
2

5+ 1 mk-l-A” . |
Hy = Ax/x Az ;t+%(£)d£7 j—r+1<k<j+r.

k5

Based on these cell-average values, using the WENO reconstruction [24[44] may get high-
order accurate left- and right-limited approximations of HjFJr . (z) at the cell boundary
2

Tt denoted by H ++W]iNO and H J’FW%NO respectively. After then, the numerical flux of a
2 9

(2r — 1)th-order accurate finite difference WENO scheme of the 1D RHD equations (B.1])
is

= ~WENO +,WENO _WENO

Froy = ) =g (HVO - HYO)). (3.4)
Practically, for the system of conservation laws, a better and stable way to derive those

left- and right-limited approximations is to impose the WENO reconstruction on the
characteristic variables by means of their cell-average values

W, =R LH, j—r+1<k<j+r—1,
W, =R H,, j—r+2<k<j+r,

where R, j+1 is the right eigenvector matrix of the Roe matrix A, (U;,Uj,,). After having
the left- (resp right-) limited WENO values of the characteristic variables W at the cell

WENO WENO
boundary x,, 1 e denoted by WJr (resp. W ), then calculate
+WENO _ 3 +,WENO WENO _ R WENO
H, j+1.L _R]+éW]+27L , Hj J+1.R _RJ+§WJ+2,R

Generally, the high-order accurate finite difference WENO schemes (3:2)) with the numer-
ical flux F 41 = F WENO given in (34) is not physical-constraints-preserving, that is to

say, it is posr51ble to meet U;(t)+ AtL(U(t);5) = 2 (UJ-“WENO + U;’WENO) ¢ G, where

2 \YJ
EN ~WENO . .
U]i WENO . =U;F X 28t F]:I:— . Thus for some demanding extreme problems, such as their

solutions 1nvolv1ng low den51ty or pressure, or very large velocity or the ultra-relativistic
flow, these high-order schemes always easily break down after some time steps due to
the nonphysical numerical solutions (U; ¢ G). To cure such difficulties, the positivity-
preserving flux limiter [2I] for non-relativistic Euler equations may be borrowed and ex-
tended to our RHD case. Because of the definition of G; in Lemma 2.1] and the properties
of ¢(U) shown in Remark [Z2] the resulting physical-constraints-preserving flux limiter
may be formed into two steps as follows in order to preserve the positivity of D(U) and
q(U). The flux limiter such as the parametrized flux limiter [56l29I54] can also be extended
to our RHD case in a similar way.

Before that, two sufficiently small positive numbers ep and ¢, are first introduced (taken
as 107*® in numerical computations) such that D;"™" > ep > 0 and ¢(U;"") > ¢, > 0

for all j. It is true because Lemma [3.] tells us that the mass-density DjE LLE ~ 0 and

q(Uj—E’LLF) > ( for all 7, where DjE LLE denotes the first component of UjE LLF

13



Step I: Enforce the positivity of D(U). For each j, correct the numerical flux
~ WENO

Fj+% as
~D o (1 - 9D,j+%) {F?—Eg}é + 6)D,j-‘,-% {ﬁ’ﬁéNo}z> (= 1a
{Fj"'%}e T ~WENO (3.5)
{F]—i-% }Z’ E > 1,

where {Fﬁ% }e denotes the /th component of Fﬁ% and 0p j11/2 = min{@BHl/z, 95’].“/2}
with

£ LLE £ LLF + WENO £, WENO
D> —€ D> — D> if D> <e€
. ( it3F3 )/(D}] 3F5 TitiTs ) it3F3 Dy
Dj+1
Itz 1, otherwise.

Step II: Enforce the positivity of ¢(U). For each j, limit the numerical flux IA?]-DJF%
as

FrOP FLLE
]+2 : (1 9q,j+1) 1 +9qj+1F (36)
where 9q7j+% = min{ 0 ’H }, and
+LLF \ +ILF \ +,D
o+ b= (q(UjJr%:F%) 6‘1> / (q(Uj+%¢§) q(UjJr%:F%))’ if (U j+1 :Fz) <o
@It 1, otherwise.

It is worth emphasizing that the above limitting procedure is slightly different from that
in [21], because only the first component of the numerical flux vector is detected and
limited in Step I. Moreover, the finite difference schemes (3:2)) with the numerical flux

ﬁ’j L1 = Fffg given in (B.0) is obviously consistent with the 1D RHD equations (B.1])
and physical-constraints-preserving (see Theorem B.]), and maintains (2r — 1)th-order
accuracy in the smooth region without vacuum (see Theorem [B.2)).

Theorem 3.1 Under the assumption of Lemmal3 1), szjE LE S0 and q(U; U= > 0 for

all j, then U; PP UTYP € G, and U,(t) + AL (U(1);5) = z(U?PCP+Uj’PCP) €g

P P ~PCP
:I: C —U.- 2AtFJ:I:

for all j, where U i F A,

Proof According to Lemma [B.I] and the previous flux limiting procedure, one has 0 <

Op TP 0, 1 < 1, and there exist two sufficiently small positive numbers €p and ¢, such

that DjELLF >ep > 0and ¢(U jELLF) > g, > 0 for all 5.
Substituting (3.0) into (3.0 gives

{Fig}, = =6 p{Fin}, + 0, {F137),

2
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where (0 < 9j+% =0p..10 .,1 < 6F . According to the definition of GB’].+1/2, the

7.]+2 q7.]+§ - D,]-‘rg
inequality
+,LLF +,WENO
(1 HD ]+1/2)D + eD g+1/2D' 2 €p,
always holds. Thus one has
+,PCP +LLF +WENO
DJJr2 =(1-0, )D + 9]+ D
_ 9J'+% 1 9+ D+ LLF | g+ D+ ,WENO 1 9j+% pHLLF
A (1- ) + D.j+3 + 9T ] J
D,j+1 D.j+3
0.1 0.1
D,j+3 Dj+3

On the other hand, similarly, making use of the concavity of ¢(U) gives

+,PCP\ —I—LLF +,D
q(”ﬂ% )‘q((l‘eqvﬂ Wiss™ +0anUs )

2

+LLF +,D
> (1- 9q,j+%)q (U ) + 9q,j+%q (Uj+%>

O+ 0, .. 1
_ 4 *3 + +LLF + +.D 0.j+1 +.LLF
- (0 () () (1 o)

0 0, .1
Tj+3 q:j+3 +,LLF

29_,’_ €q—|— 1—ﬁ q<U]+% )2€q>0.
q7.7+2 q7.7+§

With the equivalent definition of the admissible state set G in Lemma [2.T] one knows that
U;“PCP € G. Similarly, one can also prove that Uj_’PCP € G. The proof is completed. |}

The following is to check the accuracy of the schemes ([B.2) with the numerical flux F il =
~PCP

F;, 1 given in B3). In fact, the above flux limiting procedure implies that

»

157 - Bl < -0 |1 - £
Thus if
10,1 = O(Az* 1), (3.7)

then the schemes (3.2) with the numerical flux F 4l = ﬁfff is (2r — 1)th-order accurate

LLF WENO :
because both U;r 1 and U ++ are bounded in smooth regions.
2 2

Theorem 3.2 Assuming that the exact solution U(z) is smooth and satisfies that D(x) >
e >0 and q(U(z)) > € > 0 for all z, where ¢ > 2= max{ep,e,}, and the approzimate
solution U; € G and U; = U(x;) + O(Az* 1) for all j and sufficiently small Az, then

0, 0 =1+0Az" "), 05 =14+0(Az"),

D.j+3 .J+3
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and B1) hold for the given (2r — 1)th-order accurate numerical flux IA*"XE%NO under the
CFL-type condition
0A
At< 20 (3.8)

2m]axa +

where w is any positive constant less than one.

Proof Only estimations of Dt L and 9+ 1y are given below, while other cases are similar

_l’_
and will be omitted here.

Before that, some basic conclusions are first listed as follows.

e Lemma [3.1] implies that
2At _LLF

Ui oas st €9 (39)
under the CFL-type condition (3.8).
e Since
LLF AWENO . 2 —1
|Fisy = B = 0(a0), BT = Hzg)| = oA,
where the vector function H(z) is implicitly defined by
1 et 4
Fl(U(z)) = — / H ,
W)=, [T, e d
one has
2At ~LLF
e . __ +,LLF
2At ,.LLF WENO
+,LLF 2r—1
2At
_ UJ B A_F;/Z_E%NO + O(Aflfzr_l) _ U;—,WENO + O(ALE2T_1).
x

It further yields

D; — DM < |us — ot = o(Aw), (3.10)
qU) — qU M| < V2 |Us — UM = 0(A). (3.11)
D§ = DIVl < lus — U YN = oAz, (3.12)
q(Uj) . q(U;’WENO)} < \/5 HU; . U;—,WENOH _ O(AI%_I), ( )

where (2.6) has been used.

(i): Estimate 6T . The case of that 9+ 1= = 1 is trival. Assuming 0 < 6 | <1,

Dj+i D,j+1
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S . WENO
which implies D;-“ < €p, then
,LLF ,WENO +,WENO
_ Y ep—Df e — D;
- il = LT LLF ENO — LLF ENO < LLF
Dits DM — pHWERO DR LLE _ p B WERO T p L e

Since D; is a (2r — 1)th-order accurate approximation to D(x;), one has D; = D(z;) +
O(Az* ') > e+ O(Az* ') > £. Thanks to (B9), one gets

2At {ALLF

+,LLF _ . . .~
D; _ED—(]__'UJ)Dj‘I‘w<Dj_m Fj+%}1> —ep > (1—w)§—5D>0,

which shows that D;“LLF — ep is bounded away from zero. Then, one only needs to show
Ep — D;“WENO‘ = O(Ax?'). Note that ([BI0) implies

1
DS —ep = DM — e+ O(Ax) > (1 - 0)5 —ep + O(Aw) > 5 ((1 )2 - ED) = 0.

Thus
‘5D _ D;,WENO‘ R D;r,WENO <Dt - D;r,WENO — O(Az¥Y),
where ([B.12) has been used.
(ii): Estimate 9;]_ L1 Similarly, only consider the nontrival case that 0 < 9;]. <1
B 2 ? 2
+,WENO
U; )

implying ¢( < 4. Thus

JWENO
1o+ e, — q(U ) 2 — a(U; )]

1= <
T (U — (U TO) T (U ) g,

Because U; is a (2r — 1)th-order accurate approximation to U(x;), ¢(U;) is also a (2r —
1)th-order accurate approximation to ¢(U(z;)) by the Lipschitz continuity of ¢(U). Thus
it holds that ¢(U;) > ¢ — O(Az*~') > £. With the help of the concavity of ¢(U) and

[39), one may know that ¢(U ;“LLF) — g4 is bounded away from zero because

. . 2At ~LLF
q(U;“LLF) —g,=¢ ((1 —w)U; +w (Uj — Fj+%)> — g4

WAT
. R 2At ~LLF
> (1 —w)q(Uj) + g (Uj T AL j+%> — &g
> (1 —)q(Uj) — e, > ——e —¢g, > 0.

Then, one turns to show ‘5[1 — q(U;”WENO)‘ = O(Az* ). In fact, (BI1) implies

1
AU —2, = (U ) —e,+ O(A2) > (1-10)5 —2,+ O(Ar) > <(1 — )3 - gq) > 0.

Therefore

o) o) e , o) r—
g = q(UTVENO)| = g, — qUTVO) < q(US) — q(UT V) = O(A2T ),
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where ([3.I3)) has been used.

Using the above results and
. o . + — . + —
0j+1 = 0p,j110541 = min {eD,j-i-%’ D,j-i—%} i {Hq,jJr% ’ 9q7j+%} ’

gives (B.7]).

The proof is completed. |

3.1.2 Time discretization

Time derivatives in the semi-discrete schemes ([3.2) can be approximated by using some
high-order strong stability preserving (SSP) method [16]. A special example considered
here is the third order accurate SSP explicit Runge-Kutta method

U; =Uj + At, LU j),

U= U7+ Z(Uj + At,L(U ,y)), (3.14)
1 2
Ut = SUT+3 (Uj-* + AtnE(U**;j)),

. . . PCP . PCP
with £ (Usj) = (F,-, (U) = F; 11 (U)) /A
In practical computations, the time stepsize selection strategy in [47] may be adopted
to improve computational efficiency, and the physical-constraints-preserving flux limiter
may also be slightly modified and implemented via enforcing directly Uj* € G; and
U?H € G in the second and third stages in (3.14]). Taking the second stage as an example,
+,WENO +WENO _ 37/m

J J
. At, mWENO
i(Uj FAReFL (U ))

in the previous flux limiting procedure is replaced with U

3.2  Two-dimensional case

The high-order accurate physical-constraints-preserving finite difference WENO schemes
presented in Subsection B.I] can be easily extended to multidimensional RHD equations
(LI)). This section only presents its extension to the 2D RHD equations in the laboratory

frame
oUu  0F(U) n OF5(U)

E—F ox oy

=0, (3.15)

where

U =(D,my,mq, B)Y,  Fy = (Dvy,mv; + p, myvy,my)",

Fy =(Duvy, myva, mava + p, m2)T-
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Let us divide the spatial domain €2 into a rectangular mesh with the cell {(z,y)| z;_ 1 <
T < T y1 <Y< yk+%} where Tiyl = (j + 3)Az and Yrsd = (k+3)Ay, j, k € Z,
and both spatial stepsizes Az and Ay are given positive constants.

Then a semi-discrete, (2r — 1)th-order accurate, conservation finite difference scheme for
the 2D RHD equations (B.I5) may be derived as

~1,PCP  ~1,PCP  ~2PCP  ~2PCP
dU;i(t) Fi1p—Fii1y n it —Fjpis
dt Ax Ay

= L(U); ], k), (3.16)

where the numerical flux ﬁ’jlféc 1; (resp. ﬁ’j,l:fg) is derived by using the procedure in Sub-
section 3] for each fixed %k (resp. j) based on the local Lax-Firedrichs splitting and 1D
high-order WENO reconstruction with physical-constraints-preserving flux limiter. The
time derivatives in ([BI0) may be approximated by utilizing the high-order accurate SSP
Runge-Kutta methods, e.g. (B.14)).

Because of the convex decomposition
LT 2At ~1pcP\ T 24t ~1pcp
7o 2At 2 pcp T 24t 2.pcP
o5 (e )+ (v S5R0T)
with 7; = 7, /(11 + 12), i = 1,2, and

= (M) maxfag, b, = (Ay) max{ag,. o), (3.17)

it is convenient to verify that the solutions of such resulting fully-discrete schemes belong
to the admissible state set G under the CFL-type condition

~

w
At< — 3.18
o 2(71+Tg) ( )

where w is any positive constant less than one. In practical computations, the viscosity
coefficients may be taken as

ROE
ey = dmax {008 01 (U rins) o+ 01 (Ui |
ROE
O‘jJﬁ-% = ¥ max {Q;{,H_% y 02 (Uj,k—r-i-l) y 5 02 (Uj,k—i-r)} s
where gf;io]f (resp. gg’]fff) is the spectral radius of the Roe matrix A; (U, Ujy14) (resp.
27 ’ 2

Ay(Uj 1, Ujpin)), see [13], approximating the Jacobian matrix A;(U) (resp. Ay(U)).

The above high-order accurate finite difference schemes can also be extended to the ax-
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isymmetric RHD equations in cylindrical coordinates (r, z)

U OF.(U) OF,(U)
a o T o

=S(U,r), (3.19)
where the flux F; is the same as one in (BI0]), i = 1,2, » > 0, and the source term

1
S(U,’f’) = ——(Dvl,mlvl,mgvl,ml)T.
T

Similarly, when the computational domain €2 in cylindrical coordinates (r,z) is divided
into a uniform mesh with the rectangular cell {(r, z)| r T <r<riaz 1 <z < zk+1}

where r;_1 = (j — $)Ar j € Ztand Zeer = (b + Az, jk € Z, and Ar and Az are
spatial stepsmes in 7- and z-directions, respectlvely, the extension of the scheme (BI0) to

the system ([B.19) is

~1,PCP  ~1PCP ~2PCP  ~2PCP
dt Ar Az P
= L(U(t); 5, k) + SU;x(t),r;), (3.20)

: ~1,PCP ~2,PCP :
where the numerical fluxes F, 1) and Fj} 1 are the same as those used in BI9).

The question is whether the scheme (B.20) is still physical-constraints-preserving? Since
the term U, + At(L(U; j, k) + S(U,x,r;)) may be decomposed into

At : At
mE(U;Ja k) +8(Usk+ 5

for any B € (0,1), it is sufficient to ensure that U, + 2L 1-5L(U;j,k) € G and Uy, +
%S(U‘ﬁk,'f‘j) € G for each j,k when U,; € G for all j,k. The first part is true if the
condition (B8] is replaced with

(1=B3)(Uss+ SWik,75)),

cA-pw
At < i)’ (3.21)

while the second part may be ensured if

= min JjArg(U k)
A=A A -—{j,k}ep,,{@(Uj,M( D) (T, >|} (822)

where P, = {(j,k)|j,k € Z,v1(U; i) > 0}. The readers are referred to the following
lemma or the similar discussion in [64]. Combining [B21]) with (3:22]), an optimal value
of 3 is chosen as w/(w + 2A4(1 + 7)) such that

(1—p)w

2k
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Lemma 3.2 IfU € G, then U + AtS(U,r) € G under

_ v At - q(U)
r ~ p+qU)

Proof Assumption that U € G implies ¢(U) > 0, D > 0, and p > 0. Thus if £ < 1, then
D(1 —¢) > 0. Hence, when £ < 1, to ensure

U+ AtS(U,r) = (D(1— &), mi(1—&),ma(1 - &), E— (E+p)&)" €6,

it is sufficient to have

E —(BE+p)€ > /(D1 —€))2 + (mi(1 - €)2 + (ma(1 — €))2 = (1 — )VD? + m?,

that is
q(U) > &(p+q(U)).

Therefore, if
q(U)
< ——r_ <1,
: p+q(U)

then U + AtS(U,r) € G. The proof is completed. |

4 Numerical experiments

This section conducts some numerical experiments on several ultra-relativistic RHD prob-
lems with large Lorentz factor, or strong discontinuities, or low rest-mass density or pres-
sure etc. to verify the accuracy, robustness and effectiveness of the proposed high-order ac-
curate physical-constraints-preserving finite difference WENO schemes. It is worth stress-
ing that those ultra-relativistic RHD problems seriously challenge the numerical schemes.
To limit the length of the paper, this section only presents the numerical results obtained
by our fifth- and ninth-order accurate schemes with the third-order accurate Runge-Kutta
time discretization (3.I4]), and for convenience, abbreviate them as “PCPFDWEN05” and
“PCPFDWENQ9”, respectively. Unless otherwise stated, all the computations are restricted
to the equation of state (ZI]) with the adiabatic index I' = 5/3, and the parameter @ in
B8) or (BI8)) is taken as 0.45 for PCPFDWENO5 and 0.4 for PCPFDWENQ9.

Example 4.1 (1D Smooth problem) This test is used to check the accuracy of our
schemes, and similar to but more ultra than the one simulated in [58]. The initial data
for the 1D RHD equations (3.1]) are taken as
T
V(x,0) = (1+0.99999sin(),0.99,0.005) , x € [0,27),

and thus the exact solution can be given as follows

T
V(x,t) = (1+0.99999sin(z — 0.99¢),0.99,0.005) , € [0,27), t>0.
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It describes a RHD sine wave propagating periodically and quickly in the interval [0, 27).

The computational domain is divided into N; uniform cells, i = 1,2,--- 4, where i is
taken as 6 for PCPFDWENO5 and 7 for PCPFDWENQO9. Here the periodic boundary conditions
are specified at the end points © = 0 and 27. The time stepsize is taken as At = (0.5Am)g
for PCPFDWENO5 and (O.5Ax)% for PCPFDWENQ9 in order to realize high-order accuracy in
time in the present case.

Tables 1] and list I'- and [*-errors at t = 0.01 and corresponding orders obtained
by using PCPFDWENO5 and PCPFDWENQ9, respectively, where the order is calculated by
— In(error; /error;+1)/In(N;/N;y1), and error; denotes the error estimated on the mesh of
N; uniform cell. For comparison, the errors and convergence rates are listed there for
corresponding finite difference WENO schemes without physical-constraints-preserving
limiter. The results show that the theoretical order may be obtained by both PCPFDWENQO5
and PCPFDWENQ9 and the physical-constraints-preserving limiter does destroy the accuracy.

Table 4.1
Example .1k Numerical errors and orders in {!- and [*-norms at t = 0.01 for PCPFDWENO5 and
corresponding WENO5 without physical-constraints-preserving limiter.

N, WENO5 PCPFDWENO5
" error | ' order | % error | [ order I error | ' order | % error | [* order
8 1.8713e-3 - 4.4614e-4 - 1.8713e-3 - 4.4614e-4 -
16 || 6.7642e-5 4.79 1.5495e-5 4.85 6.7642e-5 4.79 1.5495e-5 4.85
32 1.8277e-6 5.21 5.1420e-7 4.91 1.8277e-6 9.21 5.1420e-7 4.91
64 || 5.1951e-8 5.14 1.6019e-8 5.00 5.1951e-8 5.14 1.6019e-8 5.00
128 || 1.5403e-9 5.08 4.9554e-10 5.01 1.5403e-9 5.08 4.9554e-10 5.01
256 || 4.6747e-11 5.04 1.5215e-11 5.03 4.6746e-11 5.04 1.5102e-11 5.04
Table 4.2
Same as Table [l except for PCPFDWENQ9.
N, WENO9 PCPFDWENQO9
I error I' order | [* error | I* order I error I' order | [* error | I* order
8 1.2614e-4 - 3.0905e-5 - 1.2614e-4 - 3.0905e-5 -
16 || 2.2845e-7 9.11 8.5647e-8 8.50 2.2845e-7 9.11 8.5647¢e-8 8.50
24 || 5.0564e-9 9.40 2.3436e-9 8.88 5.0564e-9 9.40 2.3436e-9 8.88
32 || 3.4424e-10 9.34 1.7915e-10 8.94 3.4422¢-10 9.34 1.7915e-10 8.94
40 || 4.3114e-11 9.31 2.4253e-11 8.96 4.3155e-11 9.31 2.4253e-11 8.96
48 || 8.1007e-12 9.17 5.0622e-12 8.59 7.9810e-12 9.26 4.7192e-12 8.98
56 || 1.9977e-12 9.08 1.1805e-12 9.44 1.9005e-12 9.31 1.1804e-12 8.99

Example 4.2 (1D Riemann problem) The second test is a Riemann problem (RP)
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for the 1D RHD equations (3]) with initial data
(1,0,1097, 2 <0.5,
V(z,0) = A1
(,0) {(1,0, 1087, 2> 0.5, (1)

The initial discontinuity will evolve as a strong left-moving rarefaction wave, a quickly
right-moving contact discontinuity, and a quickly right-moving shock wave. The flow pat-
tern is similar to Example 4.2 of [58], but more extreme and difficult because of the
appearance of the ultra-relativistic region. In the present case, the speeds of the contact
discontinuity and the shock wave (about 0.986956 and 0.9963757 respectively) are very
close to the speed of light.

18 T T T T T T T T T 18

16 4 16

14 4 14

121 4 12f °
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8 k 8 *
e
6F 3 6F *
k
b o*
at 4 4
e | *
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I I I I I I I I I I I I I I I I I I
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1 0.9 0.91 0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1

(b) Close-up of p
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Fig. 4.1. Example The density p and its close-up, the velocity vi, and the pressure p at
t = 0.45 obtained by using PCPFDWENO5 (“«”) and PCPFDWENQ9 (“o”) with 800 uniform cells.

Fig. 411 displays the numerical results at ¢ = 0.45 obtained by using PCPFDWENQO5 (“x”)
and PCPFDWENQ9 (“0”) with 800 uniform cells within the domain [0, 1], where the solid line
denotes the exact solution. It can be seen that PCPFDWENQ9 exhibits better resolution than
PCPFDWENO5, and they can well capture the wave configuration except for the extremely
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narrow region between the contact discontinuity and the shock wave. The main reason is
that the region between the shock wave and the contact discontinuity is extremely narrow
(its width at t = 0.45 is about 0.00424) so that it can not be well resolved with 800 uniform
cells. At the resolution of 800 uniform cells, the maximal densities for PCPFDWENO5 and
PCPFDWENQ9 within the above narrow region are about 58.7% and 74.4% of the analytic
value, respectively.

Example 4.3 (Blast wave interaction) This is an initial-boundary-value problem for
the 1D RHD equations (B1]) and has been studied in [3358]. The same initial setup is
considered here. The adiabatic index I' is taken as 1.4, the initial data are taken as follows

(1,0,1000)7, 0 <z <0.1,
V(z,0)=¢(1,0,001)7, 0.1<az<0.9, (4.2)
(1,0,100)7,  09<z <1,

and outflow boundary conditions are specified at the two ends of the unit interval [0, 1].
This is also a very severe test since it contains the most challenging one-dimensional rel-
ativistic wave configuration, e.g., strong relativistic shock waves, and interaction between
blast waves in a narrow region, etc.

Fig. gives close-up of the solutions at ¢t = 0.43 obtained by using PCPFDWENO5 (“x”)
and PCPFDWENQ9 (“o”) with 4000 uniform cells within the domain [0, 1]. It is found that
the solutions at ¢ = 0.43 within the interval [0.5,0.53] consists two shock waves and
two contact discontinuities since both initial discontinuities evolve and both blast waves
collide each other; and compared to the GRP scheme in [58], both schemes can well resolve
those discontinuities and clearly capture the complex relativistic wave configuration, but
PCPFDWENQ9 exhibits better resolution than PCPFDWENO5 except for slight overshoot and
undershoot of the rest-mass density between the left shock and the contact discontinuity.
The overshoot and undershoot may be suppressed by using the monotonicity-preserving
limiter in [2], see Fig.

Example 4.4 (Shock heating problem) The last 1D test is to solve the shock heating
problem, see [3], by using PCPFDWENO5 and PCPFDWENQ9. The computational domain [0, 1]
with a reflecting boundary at the right end is initially filled with a cold gas (the specific
internal energy is taken as 0.0001). The gas has an unit rest-mass density, the adiabatic
index I" of 4/3, and the velocity vy of 1 — 1071, When the initial gas moves toward to the
reflecting boundary, the gas is compressed and heated as the kinetic energy is converted
into the internal energy. After then, a reflected strong shock wave is formed and propagate
to the left with the speed v, = (I' — 1)W|vo| /(W + 1), where Wy = (1 —v2)~/2 is about
70710.675. Behind the reflected shock wave, the gas is at rest and has a specific internal
energy of Wy — 1 due to the energy conservation across the shock wave. The compression
ratio o across the relativistic shock wave

_r+1+ r
S I'—1 TI'-1

o (Wo — 1) =~ 282845.7,

grows linearly with the Lorentz factor W, and towards to infinite as the inflowing gas
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Fig. 4.2. Example @3t Close-up of the numerical solutions at ¢ = 0.43 obtained by using
PCPFDWENO5 (“x”) and PCPFDWENQ9 (“0”) with 4000 uniform cells. The solid lines denote the
exact solutions.

velocity approaches to speed of light. It is worth noting that the compression ratio across
the shock wave in the non-relativistic case is always bounded by (I'+ 1) /(" — 1).

Fig. 4] displays the numerical solutions at ¢ = 2 obtained by using PCPFDWENQO5 (“x”)
and PCPFDWENQ9 (“o”) with 200 uniform cells. It shows that both schemes exhibit good
robustness for this ultra-relativistic problem and good resolution for the strong shock
wave, even though there exist slight oscillations in the rest-mass density and the internal
energy behind the shock wave as well as well-known wall-heating phenomenon near the
reflecting boundary = = 1. Similar to Example [£.3] those small oscillations can also be
efficiently alleviated by using the monotonicity-preserving limiter [2]. To save the paper
space, the results are not presented here.

Besides the flux limiter in Section B.II, we have also tried to extend the parametrized

flux limiter [56/29]54] to the 1D RHD equations (B0), the numerical results show that
the parametrized flux limiter is less restrictive on the CFL number in preserving high
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Fig. 4.3. Same as Fig. [4.2] except for PCPFDWENQ9 (“o”) with a monotonicity-preserving limiter.

order accuracy and has slightly better resolution for Example than the flux limiter in
Section B.1.11

Example 4.5 (2D Riemann problem) The non-relativistic 2D RPs are theoretically
studied for the first time in [68]. After then, the 2D RPs become benchmark tests for
verifying the accuracy and resolution of numerical schemes, see [4528/1752/[50[59).

Initial data of two RPs of 2D RHD equations (BI5]) considered here comprise four different
constant states in the unit square Q2 = [0, 1] x [0, 1], while initial discontinuities parallel
to both coordinate axes respectively.

The initial data of the first RP are

(0.1,0,0,0.01)T, > 0.5,y > 0.5,
(0.1,0.99,0, )T, & < 0.5,y > 0.5,

Viz,y,0) =
@Y 0=9 050017  2<05.y<05
(0.1,0,0.99, )T, &> 0.5,y < 0.5,
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Fig. 4.4. Example B4t The density p, the velocity vy, the pressure p, and the internal energy
e at t = 2 obtained by using PCPFDWENO5 (“+”) and PCPFDWENQ9 (“o”) with 200 uniform cells.
The solid lines denote the exact solutions.

where both the left and bottom discontinuities are contact discontinuities with a jump in
the transverse velocity, while both the right and top discontinuities are not simple waves.
Note that this test is different from the case in [59].

Fig. gives the contours of the density logarithm Inp at time t = 0.4 obtained by
using PCPFDWENQO5 and PCPFDWENQ9 with several different mesh resolutions. It is found
that four initial discontinuities interact each other and form two reflected curved shock
waves, an elongated jet-like spike, which is approximately between two points (0.7,0.7)
and (0.9,0.9) on the diagonal x = y when ¢t = 0.4, and a complex mushroom structure
starting from the point (0.5,0.5) respectively and expanding to the bottom-left region;
both PCPFDWENQO5 and PCPFDWENQ9 well capture these complex wave configuration, and it
is obvious that with the same mesh of 400 x 400 uniform cells, PCPFDWENQ9 gets better
resolution of discontinuities than PCPFDWENO5, and the solutions obtained by PCPFDWENQ9
with the mesh of 800 x 800 uniform cells are comparable to those obtained by PCPFDWENO5
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with a finer mesh of 1200 x 1200 uniform cells. For a further comparison, the rest-mass
densities are plotted along the line y = x and y = 1, see Fig. LGl Those plots validate the
above observation.

1 1
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(a) PCPFDWENO5 with 400 x 400 uniform cells (b) PCPFDWENQ9 with 400 x 400 uniform cells
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Fig. 4.5. The first 2D RP in Example The contours of the density logarithm Inp at t = 0.4
within the domain [0,1] x [0,1] obtained by using PCPFDWENO5 and PCPFDWENQ9 (25 equally
spaced contour lines from —6 to 1.9).
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Fig. 4.6. Same as Fig. [L0] except for p along the line y = x within the scaled interval [0, 1] (left)
and p along the line y = 1 within the closed interval [0.75,0.95] (right).

The initial data of the second 2D RP are

(0.1,0,0,20)7, x> 0.5,y > 0.5,

V(2. 0) = (0.00414329639576, 0.9946418833556542,0,0.05)”, z < 0.5,y > 0.5,
e (0.01,0,0,0.05)7, z <05,y <0.5,
(0.00414329639576, 0, 0.9946418833556542, 0.05)”, z > 0.5,y < 0.5,

where both the left and bottom discontinuities are contact discontinuities while both the
top and right are shock waves with the speed of —0.66525606186639. As the time increases,
the maximal value of the fluid velocity may be very close to the speed of light.

Fig. [7] displays the contours of the density logarithm Inp at time ¢ = 0.4 within the
unit square [0, 1] x [0, 1] obtained by using PCPFDWENO5 and PCPFDWENO9 with the mesh
of 400 x 400 uniform cells. It is seen that the interaction of four initial discontinuities
leads to the distortion of both initial shock wave and the formation of a “mushroom
cloud” starting from the point (0.5,0.5) and expanding to the left bottom region, and the
present schemes have good performance and strong robustness in such ultra-relativistic
flow simulation, in which the fluid velocity reachs 0.9998458 locally, or the Lorentz factor
may be not lesser than 56.95. Plots of In p along the line y = z in Fig. further show
that PCPFDWENQ9 captures the structure better than PCPFDWENO5.

Example 4.6 (Forward facing step problem) The forward facing step problem was
first introduced by Emery [12], has been widely used to test the non-relativistic hydrody-
namic codes, e.g. [4], and extended to the ideal relativistic fluid, see [3061].

The same setup as in [61] is used here. The wind tunnel is located in the domain [0, 3]x[0, 1]
and contains a forward facing step with a height of 0.2, which starts from = = 0.6 and
continues along the length of the tunnel. Initially it is filled with an ideal gas with the
density of 1.4, the velocity of 0.999, the Mach number of 3, and the adiabatic index of

29



0.8 1 08r

L L L L L
0.8 1 0 0.2 0.4 0.6 0.8 1

(a) PCPFDWENO5 (b) PCPFDWENQ9
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Fig. 4.8. Same as Fig. [I7] except for In p along the line y = x within the scaled interval [0, 1].

1.4. The reflective boundary conditions are specified on the walls of the tunnel, while the
inflow and outflow boundary conditions are specified at two ends of the tunnel (zr = 0
and 3). Due to the forward facing step, the bow shock wave is formed and then a Mach
reflection happens at the top wall of the tunnel. Later, the reflected shock wave incidents
to the step and then the regular reflection of the shock wave is caused and generates a
second reflected curved shock wave. Moreover, the step corner (0.6,0.2) is the center of
a rarefaction fan and hence a singular point of the flow. Although the time-evolution of
the flow is similar to the non-relativistic case, see e.g. [4], the present test is much more
difficult than the non-relativistic case because the bow shock wave has a much fast speed
and there exist the large jumps in the density and the pressure and the ultra-relativistic
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regime where the Lorentz factor W > 1.
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Fig. 4.9. Example .6t The contours of the rest-mass density logarithm In p at t = 4 obtained by

using PCPFDWENO5 (top) and PCPFDWENQ9 (bottom) with 300 x 100 uniform cells for the domain
[0, 3] x [0,1] (25 equally spaced contour lines from -0.86 to 4.64).

Fig. gives the contours of the rest-mass density logarithm Inp at ¢ = 4 obtained by
using the proposed PCPFDWENO5 and PCPFDWENQO9 with 300 x 100 uniform cells for the
domain [0, 3] x [0, 1]. Numerical results also show that across the Mach stem, the relative
jumps Ap = |pr/pr — 1] and Ap = |pr/pr — 1| are about 61.33 and 5223.99, respectively,
where the subscripts L and R denote corresponding left and right states. Comparing our
results with those in [61], it can be seen that the flow structures are well obtained and
the discontinuities, e.g. the bow and reflected shock waves and the Mach stem, are well
captured with high resolution by using PCPFDWENO5 and PCPFDWENQO9 without any artifical
entropy fix around the step corner.

Example 4.7 (Axisymmetric relativistic jets) The last 2D example is to simulate
two high-speed relativistic jet flows by solving the axisymmetric RHD equations (3.19)).
The jet flows are ubiquitous in extragalactic radio sources associated with active galactic
nuclei and the most compelling case for a special relativistic phenomenon. Since there are
the ultra-relativistic region, strong relativistic shock wave and shear flow, and interface
instabilities etc. in the high-speed jet flow, simulating successfully such jet flow can be a

real challenge, see e.g. [SGIIT3526].

The first test is a pressure-matched hot Al model, see [35]. In this model, the classical
beam Mach number M, is near the minimum Mach number M™" = v, /+/T' — 1, the beam
is moving at speed v, = 0.99, and relativistic effects from large beam internal energies
are important and comparable to the effects from fluid velocity near the speed of light.
Initially, the computational domain [0, 7] x [0, 50] in the (r, z) plane is filled with a static
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Fig. 4.10. The hot A1 model in Example[Z7} Schlieren images of the rest-mass density logarithm
In p within the symmetrical domain [—7,7] x [0,50] at several different times obtained by using
PCPFDWENO5 with 280 x 2000 uniform cells.
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Fig. 4.11. Same as Fig. [£.10] except for PCPFDWENQ9.

uniform medium with unit rest-mass density with the adiabatic index of 4/3. A light
relativistic jet is injected in the z—direction through the inlet part (r < 1) of the bottom
boundary (z = 0) with a density of 0.01, a pressure equal to the ambient pressure, and a
speed of v, or a Lorentz factor of 7.09. The relativistic Mach number M, := M,W /W is
about 9.97, where W = 1/,/1 — ¢? is the Lorentz factor associated with the local sound

speed and M, = v,/c, is equal to 1.72. The symmetrical boundary condition is specified
at r = 0, the fixed inflow beam condition is specified on the nozzle {z = 0, < 1}, while
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outflow boundary conditions are on other boundaries.

Figs. 10 and EL.TT] display the schlieren images of the rest-mass density logarithm In p
within the domain [—7,7] x [0,50] at ¢ = 10,20, 30,40,50 and 60 obtained by using
PCPFDWENO5 and PCPFDWENQO9 with 280 x 2000 uniform cells respectively. Compared them
to those in [35], it is found that the time evolution of a light, relativistic jet with large
internal energy is well simulated by our schemes, and the Mach shock wave at the jet head
is correctly and well captured during the whole simulation. Although the internal structure
is almost completely lacked because of the pressure equilibrium between the beam and
its surroundings, and the beam/cocoon interface of the hot jets is very stable against the
growth of pinch instabilities that would evolve into internal shock waves, the proposed
schemes still clearly resolve the beam/cocoon interface and the Kelvin-Helmholtz type
instability at the beam/cocoon interface.

45
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35
30
25
20
15

10

Q 0
-15 10 -5 0 5 10 15 15 10 -5 0 5 10 15

Fig. 4.12. The highly supersonic jet test of Example[7t Schlieren images of the rest-mass density
logarithm In p at ¢ = 100 obtained by PCPFDWENO5 (left) and PCPFDWENQ9 (right) on the mesh of
384 x 1152 uniform cells.

The second test is the pressure-matched highly supersonic C2 jet model (M, > M™n
I' =5/3, and v, = 0.99), see [35]61]. Highly supersonic jets are also refered to cold models
and the relativistic effects from large beam speeds dominate in C2 jet model so that there
exist important differences between hot and cold relativistic jets.

The same setup as in [61] is used here within the computational domain [0, 15] x [0, 45]
in the (r, z) plane. The initial relativistic jet has the same rest-mass density and velocity
as those in the above hot A1 model, but a higher Mach number of 6 (or corresponding
relativistic Mach number of about 41.95) and a larger adiabatic index of 5/3.

Fig. 412 shows the schlieren images of the rest-mass density logarithm In p within the
symmetrical domain [—15,15] x [0,45] at ¢ = 100 obtained by using PCPFDWENO5 and
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PCPFDWENQ9 with 384 x 1152 uniform cells. In our simulations, stable cocoons can be found
in the early stages of the evolution, but these cocoons eventually evolve into large vortices
producing turbulent structures, and the morphology and dynamics of the relativistic jets
in Fig. agree well with those obtained by using an adaptive mesh refinement RHD
code in [6I]. It is worth noting that the above-observed gross morphological features
already found in non-relativistic calculations.

5 Conclusions

The paper developed (2r —1)th-order accurate finite difference WENO schemes for special
RHD equations and proved that their solutions satisfied physical properties: the positivity
of the rest-mass density and the pressure and the bounds of the velocity. The key con-
tributions were that the convexity and some mathematical properties of the admissible
state set G were proved and the concave function ¢(U) with respect to the conservative
vector U was discovered. The schemes were built on the local Lax-Friedrich splitting, the
WENO reconstruction, the physical-constraints-preserving flux limiter, and the high-order
strong stability preserving time discretization. They were considered as formal extensions
of positivity-preserving finite difference WENO schemes for the non-relativistic Euler
equations [2I]. However, developing physical-constraints-preserving methods for the RHD
system became much more difficult than the non-relativistic case because of the strongly
coupling between the RHD equations, no explicit expressions of the primitive variables
V and the flux vector F; in terms of the conservative vector U, and one more physi-
cal constraint for the fluid velocity in addition to the positivity of the rest-mass density
and the pressure, the non concavity of p(U), which was a key ingredient to enforce the
positivity-preserving property for the non-relativistic Euler equations.

Several numerical examples demonstrated accuracy, robustness, and effectiveness of the
proposed physical-constraints-preserving schemes in solving relativistic problems with
large Lorentz factor, or strong discontinuities, or low rest-mass density or pressure etc.,
which involved a 1D smooth problem, a 1D Riemann problem, a 1D blast wave interac-
tion problem, and a 1D shock heating problem, two 2D Riemann problems, and a forward
facing step problem and two axisymmetric jet flows in two dimensions.

Since the present physical-constraints-preserving limiting procedure was independent on
the reconstruction in space, other high-order accurate reconstruction or interpolation
could also be used to replace the WENO reconstruction. Moreover, it was possible that the
analysis results and the limiting procedure etc. could be extended to develop high-order
accurate physical-constraints-preserving finite volume schemes for the RHD equations.
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