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Abstract

An approximate Riemann solver of Godunov type for ideal relativistic magnetohydrodynamic equations (RMHD)
named as HLLC (“C” denotes contact) is developed. In HLLC the Riemann fan is approximated by two intermediate
states, which are separated by the entropy wave. Numerical tests show that HLLC resolves contact discontinuity more
accurately than the Harten-Lax-van Leer (HLL) method and an isolated contact discontinuity exactly.
© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Since the complexity of the special relativistic ideal magnetohydrodynamics (RMHD), numerical simula-
tions are usually the only means to study the rich structure of their solutions. The RMHD has been made
use of in many astrophysical phenomena, for instance those involving relativistic jets, which have been
recently started to study by numerical simulations [12].

There are several requirements for the numerical simulation in general such as accuracy, robustness and
computational efficiency and several different approaches has been developed in order to fulfill them in the
most successful way. The approximate Riemann solvers of Godunov type have proven to be applicable in
MHD and RMHD simulations. Among them is the HLL solver and the HLLC solver [7,6,3,11]. The latter
has recently been applied successfully to RHD and RMHD even including higher order multidimensional
cases [13,14].

Our goal is to find a conservative and positive solver with minimum diffusion which would still be fast
enough. Positivity means that the solver maintains the condition p = 0, p > 0. One way to achieve these
goals, which is followed here, is to add gradually intermediate states to HLL which has one intermediate state
[15]. In this paper, a HLLC solver containing two intermediate states is introduced for RMHD equations and
it is shown by numerical examples that it resolves contact wave more accurately than the HLL method. The
scheme presented here differs from [14] and the differences will be discussed in Section 4.
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2. Theory
2.1. RMHD equations

The ideal special relativistic magnetohydrodynamical equations (RMHD) [1,5,8] are

the conservation of mass

oy =0, 0

the conservation of energy-momentum

a o o,

o (TFﬂL + TE?VI) =0, (2>

the Maxwell equations

)

e (wb’ — b"uP) =0, (3)
xd

together with the state equation in the form e = e(p,p). We are using the y-law equation of state
e=pc® +p/(y—1). (4)

Greek indices range over 0, 1, 2, 3 and Latin indices over 1, 2, 3, where 0 is indicating the time component and
1, 2, 3 the space components. In the equations x” = (ct,¥’) is the four vector of space-time coordinates,
I' = (1 — v*/¢*)""? is the Lorentz factor, u* = (I'c, I'V) is the four velocity, y is the polytropic (adiabatic) index
and

b* = (I'(8/c-B), BT +T(%/c-B)//c) (5)
is the magnetic induction four vector. The energy-momentum tensor for relativistic ideal fluid is

T = (e+p)ui [ + pg”, (6)
where g*¥ = diag(—1,1,1,1) is the Minkowski metric tensor. The electromagnetic energy—-momentum tensor is

Tiha = FJF" — 2 g F ,F 7, (7)
where F** is the electromagnetic field tensor, which in the ideal infinite conductivity approximation & = % x
becomes

Fiﬂ = 6"‘5“ﬂb}.u[;, (8)

where € is the Levi-Civita permutation symbol. RMHD equations written out explicitly in the usual 1 + 3 con-
servative form are

oU G~ OF;(U)
§+ 2 "o, =0, 9)
D I'p
r 12 B/t +S/c?
U= _ (2€+p)v/c +S/c ’ (10)
E I*e+p)—p+e
B B
I'pv;
3
L e+ pwi+pY. 6, + P
Fl*: 4 ( ) /:Zl he (11)
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where

.1 - L

S:M—O(éa x B), (12)
&=BxT, (13)

1 2 1 02
eAZ—MO(B +—f> (14)
3 1 1

Pl=etN 5,8, ——BB———6&.6. 15
i 12:1: ) 'uo IUOCZ ( )

Here U = (D, /:,E ,E) is the 8-vector of conserved variables mass-, momentum- and energy density and mag-
netic field and F; is the 8-vector of corresponding fluxes. We introduce also the vector of primitive variables
W = (p,7, p,ﬁ) where p is mass density, ¥ velocity and p pressure. The numerical discretization below uses the
RMHD equations in the form (9).

2.2. Numerical method

RMHD equations like MHD have seven eigenvalues which correspond to entropy wave, two Alfvén
waves and four (slow/fast) magnetosonic waves. A solution of the Riemann problem may include
shock-, rarefaction-, compound- and overcompressible shock waves. Let us consider the one-dimensional
case from now on (F= F,). The numerical solution of the Riemann problem can be written in conservative
form

n+1 n At n n n n

Ui =U; _B(Fﬂum(Ui’UHl)_Fnum(Ui—l’Ui))v (16)
where F,,, is the numerical flux function, » refer to time step and i to cell number [10]. Note that the flux F; is
given in (11) as a function of primitive variables: U = m(W) where m is the mapping defined by (10). That
means that the inverse map U m (U)= W should be determined, because the time stepping process
(16) produces next time level for the conservative variables not the primitive ones. The detailed description
of the inverse mapping is given in [5]. Here we repeat some of the key points. The primitive variables can
be written

p=DVIZ 3, p=((1-F/HE - pc)fn,

1
— L _(k+(k-BeB/H),
T g kot (k- BleB/H)

B} (17)
v

where H=I'’(p + y\p/c*) and y; = y/(y — 1). In (17) the primitive variables are functions of U, v* and H and
thus we require two more equations to express v> and H in terms of U. These are obtained from the energy and
momentum density definitions (10). The momentum squared is
H*? + (2H + €B*)(€yB*0* — (k - B)*/H?)/(H + €,B*)* — kK> =0 (18)
and the equation for the energy density can be put into the form
1-v/c 2 2 B 212 212 (7 p\2
1 B Hce? — E+Dc™ /1 — v/ )y, —|—lT (H+eB”) +e(Bk”—(k-B))/2=0, (19)
"1 0

The Eq. (19) is a third order polynomial equation for H so it can be solved analytically. It appears that all the
roots are real and the correct one is the largest one. The root is substituted in (18) and we get equations of the
form

d7 ()

=4, (=1 (20)
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from which v? is solved numerically by Newton’s method. Therefore we know both v* and H as a function of
conservative variables and the primitive variables as functions of the conservative variables can be solved from
(17). Thus the inverse mapping U +— m ™ '(U) = W has been determined.

In a two-state approximate Riemann solver (HLLC) [7,6] the Riemann fan is approximated by two inter-
mediate states U ,, which are separated by the line dx/ds = S, where S, is the eigenvalue of the entropy
wave in RMHD. The numerical flux function becomes

Fy, S; >0,
F'. S, <0< Sy
Foum = Furie = i - . (21)
FR) SM<0<SR7
Fr SR<O,

where S, g are the minimum and maximum signal speeds in the system, which in ideal RMHD are the speeds
of magnetosonic waves 1, 7 (4; < 4;). They can be solved analytically from the quartic equation

(1= Wh—u) + (1= 22 (A% — b)Y = EW’h—u)’) =0, (22)
where ¢, = (yp/ w)l/ 2 is the sound speed, b* = b* / (wwt)l/ ? Wit = w4 byb* and w = e + p is the enthalpy. After
1.7 are solved from (22) the speeds Sy g are calculated in the numerical code as in [4]

SL :min(il(UL),il(UR)), SR :maX(M(UL),/M(UR)). (23)

Another possibility is to define S; = —c, Sgr = ¢, but this adds diffusion to the solution.
Now we need to define the fluxes F; ;. The integral form of the conservative Eq. (9) is

sz(x,tz)dx— sz(x,l‘l)der tzF(U(xZ,t))dt— tzF(U(xl,t))dt:O. (24)
/ / J J

By choosing different values for (x; ,f; ) the Rankine-Hugoniot jump conditions across the S;, Sy, and Sk
waves are derived
S,(U:—U,)=F:—F, a=LR, (25)
Su(Uy —U;) =Fy—F;. (26)
It would seem natural to define F, = F(U}), but then the flux would not be consistent with the conservation
law over the rectangle (i —1,i) x (0, A¢) [3].

(1)B #0 We use the knowledge that the jump condition over the entropy wave S, (26) leads to the follow-
ing relations when B, # 0 [1,8]

pL# Pr» U =VUgs DPp=Dp By =By, i=xy,z (27)
Let us construct a two-state solver [6] so that the intermediate states partly correspond to the single-state HLL

fluxes in order to satisfy (27). First we define Sy, = v, = v} (¢ = L,R) as it was also done in [16,3,15,6] and
furthermore

o=, (23)
p,=r, (29)
B, =B;, i=x,y,z. (30)

From (26), (28) it follows

* Fpac(Sa — Um)

— I =1 —v?/e) V2 31
px F*(Sa_SM)7 ( v /C) ( )

The primitive 1-state HLL variables p*, v}, B; are obtained from
W =m (U, (32)
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where

_ SRUR =S Uy —Fr+Fy

* 33
v Sk — S, (33)

are HLL averages. Now the intermediate two-state primitive variables 7 are defined according to (28)—(33)
and further intermediate two-state conservative variables by U = m(W}). Thus the intermediate two state
fluxes F; can be calculated from (25), (28)—(33) and the time step from (16) and (21). The mapping m~!is also
needed in calculating the values for the fluxes F; g, because they are given as functions of the primitive vari-
ables W in (11) and the time-stepping is done for conservative variables U. Formally this can be written as
FW)Lr= F(m_l( U))L.r

(i))B, =0 In the case of B, =0 the jump conditions over the S, wave [1,9] yield

*x2 *2
Ko % * L _ R =L.R 34
Uxoc U)c’ pL+2'u0 pR+2'u07 ! s 44y ( )

where 5> = B3 (1 — (%)2) + (% -B:)’. Now we assume identically to the B, # 0 case that S), = v*, = v and
similarly

*2 b*2
Pyt =0+ 53— =Dl (35)
2p9 2p a
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Fig. 1. Test 0Oa, HLL and HLLC.
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Fig. 2. Test Ob, HLL and HLLC.
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where p*, b* are obtained from the HLL average states. From the jump conditions over the S, waves (25) it
follows that
Uyoy = (Cy,zx(Saky,zx - Fl;v':) - Cot(Sdkz,yot - Fiz""))/(c}’cz - Ci)?

Y,z

*

=S

_Tup, (Sy — V)

*
. =

SacEcc - kxa ‘f‘meSM

)

F; (Soc*SM)7 SocfsM
(Scc - Uxa)
B; :sz o o
V,z0 y.zo (Sac o SM)
where
0.9 0.35 B
0.8 0.3 -
0.7 0.25 -
0.6 0.2 -
o S
05 | 0.15 : .
0.4 | 0.1 -
0.3 | 0.05 i .
0.1 -0.05 : : : :
0 0 0.2 0.4 0.6 0.8 1
01 1 T T T T
-01 i 1 0.5 -
02 F .
> -03F} P 4 ¥ o
0.4 | -
0.5 F i i 05 L i
-0.6 B
-0.7 -1 I L 1 I
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
1 1
0.9
0.8 - 05
0.7
0.6 - 0r
a 05} @
04 -05
0.3
0.2 1k
0.1
0 | | | | _15 | | | |
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Fig. 3. Test 1, HLL.
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B*O‘ ;.fl Bf2701
Cm = (SM - Sa) - ) Cy,zoc = (Sm - SM) Goz + )1_2 y
HoC HoC
(36)
5 B*Z
G‘%: (SOCE“_Ff_'_S“p?ot)/(C (SOC_SM))_%7
Hoc
where F£ F*= refer to the energy and momentum parts of the flux function (11), respectively. The momentum
densities of the intermediate states are obtained from the definitions &}, = (E;, + p,,)v; — ,4010* B;v* - B*. The rest
of the implementation details follow the B, # 0 case.
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Fig. 4. Test 1, HLLC.
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3. Numerical tests

A few numerical test problems for RMHD are described in [2,5]. Three of them are performed here with the
same numerical and physical parameters. The number of gridpoints is 1600 and the final time is 0.4. The poly-
tropic index is 7 = 5/3, the constants p, €y are normalized to unity and therefore also ¢. We present here
results for the tests 1, 2 and 4 in [2,5] (here they are numbered 1, 2, 3) and three other tests. Tests are performed
for both 1-state HLL and 2-state HLLC solvers.

3 T T T T 0.7
25 | 06 - }
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a 15} S i
03 [
14 e
\ 02 | j; -
05 1 01t -
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0 f_ 0 {_
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> e N f
> : = :
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015 | . 015 | .
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30 6
25 5 L
20 | 4
a 15 & 3F
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0 0 0.2 0.4 0.6 0.8 1

Fig. 5. Test 2, HLL.
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show that HLLC resolves an isolated discontinuity exactly when ig ina rdinpte system where the
contact discontinuity is at rest. The difference between HLL and becomes|fimiallgrl when v, approaches
toc=1.
Test 1 (Figs. 3 and 4):
1,0,0,0,1,0.5,1,0 for x <
W(t=0)= { ( ) X < X
(0.125,0,0,0,0.1,0.5,—1,0) for x > x,

This test shows clearly that the contact discontinuity, located appr dtely at x d, 1Y resolved more accu-
rately by the HLLC than the HLL solver.
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Fig. 7. Test 3, HLL.
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Test 2 (Figs. 5 and 6):

(1,0,0,0,30,5,6,6)
W(it=0)=
(1,0,0,0,1,5,0.7,0.7)

In this test there is a contact discontinuity approximately at x = 0.78. The HLLC solver resolves it more accu-

for x < x;,

for x > xy,

rately than the HLL solver, but the difference is small.

Test 3 (Figs. 7 and 8):

Wit =0) = (1,0.999,0,0,0.1,10,7,7) for x < x,
7 1(1,-0.999,0,0,0.1,10, -7, —7) for x > x;,
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Test 3, HLLC.
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Two ultra relativistic streams collide producing a lower dip in the rest mass density profile at x = 0.5. The
HLLC solver captures this feature better than the HLL solver.

The tests 1, 2, 3 show that HLLC method restores the contact discontinuity in the mass density calcula-
tions. The difference between HLL and HLLC in resolving the other primitive variables is negligible.

Test 1b (Figs. 9 and 10):

W(t_o)_{(lvovoaoalaoalao) fOI')C<x;Z
~ 77 1(0.125,0,0,0,0.1,0,—1,0) for x > x;,

From the results of the test 1b it can be seen that in the B, =0 case the HLLC solver resolves the contact
discontinuity, located at x = 0.58, more sharply than the HLL solver in mass density, pressure and magnetic
field (v,, . are constants in this test).

4. Summary and conclusions

In this paper we have started successfully our program of developing a robust (positive) solver for RMHD
equations by gradually adding intermediate states to HLL [15]: a solver for RMHD with two intermediate
states, HLLC, has been developed. It has been shown by numerical tests that the HLLC has the benefit of
realizing the contact discontinuity more accurately than HLL and in particular HLLC resolves an isolated
contact discontinuity exactly. In several tests positivity has always been maintained. Numerical tests show that
the scheme corresponds to the HLLC for MHD in the limit v/c — 0 provided that the variable range is such
that the magnetosonic wave speeds according to MHD are below the speed of light. This is the case when the
classical sound speed and Alfvén speed are below the speed of light.
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Fig. 10. Test 1b, HLLC.

There are some essential differences between our scheme and the HLLC scheme developed in [14]. The
speed of the entropy wave Sy, = v’ and the pressure of the intermediate state in the B, # 0 p* are defined dif-
ferently. We have Sy, = v (U") and p* = p(U"). In [14] S,.p”~ are considered as auxiliary variables and they are
solved from the consistency conditions. Also the definitions of the transverse velocity components v}, v] are
different. Especially we have not found any problems that v;, v} would become ill-defined when B, — 0 which
was observed by [14]in their scheme. In the scheme by [14] there is a problem with the definitions of the inter-
mediate transverse velocities v}, v7, which can become arbitrarily large when B, — 0. This leads in certain cir-
cumstances to the situation where the positivity is lost. We have not encountered those problems and v, v;
remain well defined by construction because they are formed from the HLL averages.

The HLLC solver for RMHD could be applied to astrophysical phenomena such as relativistic jets. In

future work we intend to increase intermediate states in order to improve the accuracy of resolving the other
existing discontinuities.
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