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We implement advanced Riemann solvers HLLC and HLLD |1,

] together with an advanced

constrained transport scheme [3] in a numerical-relativity neutrino-radiation magnetohydrodynamics
code. We validate our implementation by performing a series of one- and multi-dimensional test
problems for relativistic hydrodynamics and magnetohydrodynamics in both Minkowski spacetime
and a static black hole spacetime. We find that the numerical solutions with the advanced Riemann
solvers are more accurate than those with the HLLE solver [4], which was originally implemented
in our code. As an application to numerical relativity, we simulate an asymmetric binary neutron
star merger leading to a short-lived massive neutron star both with and without magnetic fields.
We find that the lifetime of the rotating massive neutron star formed after the merger and also
the amount of the tidally-driven dynamical ejecta are overestimated when we employ the diffusive
HLLE solver. We also find that the magnetorotational instability is less resolved when we employ the
HLLE solver because of the solver’s large numerical diffusivity. This causes a spurious enhancement
both of magnetic winding resulting from large scale poloidal magnetic fields, and also of the energy

of the outflow induced by magnetic pressure.

I. INTRODUCTION

The first direct detection of gravitational waves from
a binary neutron star merger (GW170817) and its elec-
tromagnetic counterparts (AT 2017gfo/SGRB 170817A)
heralded the beginning of multimessenger astronomy in-
cluding gravitational waves [5, 6]. In this event, the
tidal deformability of the neutron star binary was mea-
sured for the first time and found to be in the interval
100 < A < 800, with an accurate measurement of the to-
tal mass of the binary yielding 2.7370 51 M, [5, 7-9] [10].
Any viable neutron star matter equations of state must
satisfy this observational constraint on tidal deformabil-
ity. In this event it was also shown that the binary neu-
tron star merger drives a short gamma-ray burst [6, 11—

|, thus providing the first ‘smoking gun’ for supporting
the hypothesis that binary mergers can be the central
engine of short gamma-ray bursts [14-17]. Finally, this
event indicated that neutron-rich matter is likely to be
ejected during the merger and heavy elements are synthe-
sized within these ejecta by means of the rapid neutron
capture process on nuclei (the r-process) [16, 18-20].
It had been predicted that the r-process nucleosynthesis
subsequently causes so-called kilonova emission via the
radioactive decay of unstable r-process elements [21, 22],
and a kilonova was indeed observed after the merger in
the near infrared, optical, and ultraviolet bands [23-37].

References [38, 39] reported the detection of a sec-
ond binary neutron star merger event (GW190425) and
measured a total binary mass of 3. 4+0 1M®, which is
much larger than the total mass measured in binary pul-
sars observed in our Galaxy [40]. The merger dynam-

ics, mass ejection process, and resultant electromagnetic
emission due to r-process nucleosynthesis could be dif-
ferent from those in GW170817 and AT 2017gfo [11, 42].
Although an electromagnetic counterpart was not ob-
served in GW190425, either due to poor sky localiza-
tion or due to intrinsically dimmer emission [ ], the
existence of a massive binary neutron star suggests that
the binary neutron star merger and associated mass ejec-
tion process could have a diversity of mechanisms. The
new observation run O4 is planned to commence at the
end of 2022 [46], and could lead to the observation of
binary neutron star mergers and associated electromag-
netic counterparts that are qualitatively different from
those observed in GW170817. This motivates building
binary neutron star merger models based on reliable nu-
merical relativity simulations for predicting and inter-
preting gravitational wave events in preparation for the
upcoming observational run [47].

Recent axisymmetric neutrino-radiation viscous-
hydrodynamics simulations of binary neutron star
merger remnants in numerical relativity suggest that the
amount of post-merger ejecta launched from the merger
remnant due to viscous effects (which were facilitated
in these simulations by an effective ‘alpha’ viscosity
parameter) can be larger than the dynamical ejecta
launched during the merger itself [17-51]. The timescale
of the post-merger mass ejection is O(1) second, and de-
pends on the value of the viscosity parameter. Plausible
values of the viscosity parameter are inferred from three-
dimensional magnetohydrodynamics simulations of the
binary neutron star merger remnant in which angular
momentum transport is facilitated in a self-consistent



manner by the magnetorotational instability [52] (see
also Refs. [53, 54] for magnetohydrodynamics simulations
of a massive torus in a stationary black hole spacetime).
The electron fraction of the post-merger ejecta and
the resultant r-process nucleosynthesis also depends on
this viscosity parameter | ], although the electron
fraction of the post-merger ejecta is appreciably larger
than that of the dynamical ejecta.

Furthermore, very recently we performed neutrino-
radiation magnetohydrodynamics simulations of black
hole-neutron star mergers in numerical relativity [55].
We found post-merger mass ejection due to magnetoro-
tational instability-driven turbulence and the launch of a
Poynting flux-dominated outflow. The post-merger mass
ejection and the Poynting-flux dominated outflow sets in
at several 100 ms after the merger and lasts for 1-2 sec-
onds after the merger. These timescales are determined
by the strength of the effective viscosity associated with
both magnetorotational-instability turbulence and neu-
trino cooling [55].

All these recent studies show that for modeling fu-
ture gravitational wave events it is necessary to per-
form self-consistent (i.e. in which turbulence is sustained
by the magnetorotational instability) three-dimensional
neutrino-radiation magnetohydrodynamics simulations
of binary neutron star mergers in general relativity for
the durations of O(1) second. In particular, it is cru-
cial to reproduce a magneto-turbulent state driven by
the magnetorotational instability inside the merger rem-
nant because the resultant effective turbulent viscosity
transports angular momentum outwards and heats up
the matter via viscous heating [50].

Finite volume methods are a popular combination of
numerical schemes for simulations of astrophysical fluid
dynamics due to their inherent conservation properties
and ability to capture sharp discontinuities in the flow
such as shocks [57]. Central to these schemes is the so-
lution of the so-called Riemann problem in which one
considers two constant states separated by a disconti-
nuity. The solution consists of three waves in hydro-
dynamics and seven waves in magnetohydrodynamics.
As exact Riemann solvers are computationally expen-
sive [58], approximate Riemann solvers are often used.
One such family of approximate Riemann solvers is the
HLL-based Riemann solvers, in which only a subset of
the full seven waves in the Riemann fan are consid-
ered. The HLL(E) solver, for example, takes into account
only shocks/rarefactions and omits the contact disconti-
nuity [59].

At present, the Riemann solver and constrained trans-
port scheme implemented in existing numerical relativ-
ity magnetohydrodynamics codes, e.g. [55, ], are
based on the HLLE solver [4, 59, 68]. (An exception is
the SPECTRE [69] code, which is based on the discontin-
uous Galerkin method.) This Riemann solver is known
to be very diffusive [2, 70, 71]. The numerical diffusion
inherent in the Riemann solver adversely affects the accu-
racy of the numerical solution, in particular for long-term

simulations of compact object mergers of O(1) second.
Although Refs. [61, 62, 72] reported the implementation
of fourth-order accurate Riemann solvers in their numer-
ical relativity codes, these solvers are based on the finite
difference method. Therefore, it is unclear how accurate
these finite difference-based Riemann solvers are for the
problem of astrophysical turbulence.

This paper reports a new implementation of advanced
Riemann solvers in our neutrino-radiation magnetohy-
drodynamics numerical relativity code [73, 74] based
on the finite volume method. We implement the HLLC
solver for relativistic hydrodynamics, which restores the
contact discontinuity [1], and the HLLD solver for rel-
ativistic magnetohydrodynamics, which takes into ac-
count five of the seven waves in the Riemann fan [2].
Both these Riemann solves are known to be less diffusive
than the HLLE solver [4]. In addition, the constrained
transport scheme in Ref. [3], which relies on the solu-
tion given by a Riemann solver, significantly suppresses
numerical diffusion compared to the HLLE-constrained
transport scheme proposed in Ref. [1] (see Ref. [75] for a
detailed comparison of different implementations of the
constrained transport scheme). Thus, in addition to im-
plementing the advanced Riemann solvers, HLLC and
HLLD, we also implement the novel constrained trans-
port scheme of Ref. [3] in our code.

This paper is organized as follows. Section II sum-
marizes the equations of motion for general relativis-
tic neutrino-radiation magnetohydrodynamics.  Sec-
tion IIT is devoted to the numerical algorithm for general
relativistic magnetohydrodynamics: the finite volume
method, the constrained transport method (for enforc-
ing divergence-free condition of the magnetic field), the
tetrad transformation (which enables us to use Riemann
solvers designed for special relativistic flows in full gen-
eral relativity), the implementation of the HLLC solver
[1], that of the HLLD solver [2], and the electric field eval-
uation (which is used by the constrained transport algo-
rithm) [3]. In Sec. IV, we validate our implementation of
the new Riemann solvers by performing one- and multi-
dimensional test problems both in Minkowski spacetime
and in curved, but static, spacetime in both relativistic
hydrodynamics and magnetohydrodynamics. Finally, in
Sec. V we apply our new solvers in general relativity to
a dynamical spacetime. We first present the results of
binary neutron star merger simulations in the absence of
magnetic fields (which are run up to &~ 40-50 ms after
the formation of the black hole), and subsequently the
evolution of the merger remnant with a magnetic field.
Section VI summarizes our results. Throughout this pa-
per, we use geometrical units in which ¢ = G = 1. Greek
and Latin indices without hats denote the spacetime and
purely spatial components, respectively. Those with hats
indicate tetrad components.



II. GOVERNING EQUATIONS FOR GENERAL
RELATIVISTIC NEUTRINO-RADIATION
MAGNETOHYDRODYNAMICS

In this section, we briefly summarize the set of basic
equations of general relativistic neutrino-radiation mag-
netohydrodynamics using the 341 formalism. The reader
can find a more comprehensive derivation of these equa-
tions in, e.g., Ref. [70].

We begin by introducing a unit vector normal to a
spatial hypersurface of constant coordinate time, t,

nt = <17 _Bl> y My = (_0‘70)7

i (2.1)

where o and 3? are the lapse function and shift vector, re-
spectively. With this vector, the four dimensional metric
can be decomposed into

— o2 .3t )
gW:( a ;m ﬁ)
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where +;; is the three-dimensional spatial metric.

The stress-energy-momentum tensor for ideal mag-
netohydrodynamics and for a free-streaming neutrino-
radiation field are, respectively, given by

1
Tl = oo+ P+ (g -0
TRadsan) = Bwon'n” + Fiyn” + Fiyyn* + P(%’( )
2.3

where p, P, ut, b, E,), F(, ,, and P{) are, respec-
tively, the rest-mass density, pressure, four-velocity, mag-
netic field (measured in the fluid rest frame), radia-
tion energy density, radiation momentum, and radiation
stress-energy-momentum tensor of the neutrino species
v; in the Eulerian frame. h = 1+ & + P/p denotes the
relativistic specific enthalpy with ¢ the specific internal
energy. We consider the electron neutrino v,, electron an-
tineutrino 7., and the total of g and 7 neutrinos and an-
tineutrinos collectively denoted by v, [74, 76]. Note that
we assume that the stress-energy-momentum tensor of
the neutrino-radiation field is split into a trapped compo-
nent and a free-streaming component. The stress-energy-
momentum tensor of the trapped neutrinos is then ab-
sorbed into that for the ideal magnetohydrodynamics
fluid because trapped neutrinos are strongly coupled to
the fluid [74, 76].

The conserved mass density, total momentum density,
and total energy density of an electrically conducting

fluid are defined by

D = pw (2.4)
J; = —7"in”T$\,/IHD)
B?u; — (B/u;)B;
= pwhu; + ti 1(1) ) , (2.5)

PH = n“n”TlEll\,/[HD)

= pw <hw — pi) + <w2 - ;) v’ — (B'w;)?, (2.6)

where w = —n,u" = au' is the Lorentz factor measured
by an Eulerian observer and B is the magnetic field mea-
sured in the Eulerian frame and satisfies B#n, =0 (i.e.,
B! = 0). The relation between b* and B’ is given by

Biui . Bl + (BjUj) (774
= —w R

bt =

; bi (2.7)

and thus,
5 B? + (Biu;)?
=

b , (2.8)

where B? = B;B'.

The equations of motion of ideal magnetohydrody-
namics and of the free-streaming neutrino-radiation field
are derived from the conservation of the stress-energy-
momentum tensor, the continuity equations for rest-mass
density, electron fraction, electron neutrino fraction, elec-
tron antineutrino fraction, and heavy neutrino fraction,
and the Maxwell equations. These conservation laws are

written as
Vi(Tounn))", == D, G, (2.9)
Vi(Tiraasn)”, = GY7', (2.10)
Viu(pu) =0, (2.11)
ViulpuYe) = p, (2.12)
VP =0, (2.13)

where L = e, v,, V., and v, denotes electrons, electron
neutrinos, electron antineutrinos, and heavy neutrinos,
respectively. Y and vz, denote the fractions with respect
to the baryon and the source term for the number of the
. . (vi,leak) . . .

species L, respectively. Gy is an interaction term
between the fluid and free-streaming neutrino-radiation
field of the neutrino species v; in the framework of a gen-
eral relativistic neutrino leakage scheme [74, 77]. Here
*F# is the Hodge dual of the Faraday tensor, which is
given by *FH* = b*u¥ — b¥u* in ideal magnetohydrody-
namics.

Equations (2.9), (2.11), and (2.13) can be written in
conservative form as

O (ViQa) + 95 (VAFL) = Ma,
0 (VAB') =0,

where the flow quantities are given by the state vector
Qa = (D, J;, pu, B¥)T with A € [0,7]. The correspond-
ing fluxes are given by

(2.14)
(2.15)
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where v/ = u /ut, G(leak) = Zw:%pe% G(Di’leak) , and
the spatial components of the stress-energy-momentum
tensor are given by

Sy ="y ;T

b2
= (ph + b2) Ui Uy + (P + 2) Yij — bibj; (217)

N b2
Sij = Sij — (P + 2) Yij- (2.18)

We also introduce the conformal metric 7;; = w*“'yij

and the trace-free conformal extrinsic curvature /L;j =
Pt (Kl-j - %K%—j), where 1 and Kj;; are the conformal
factor and the extrinsic curvature, respectively. The ex-
plicit forms for 7, and Ghyi’leak) and for the equation of
motion of the free-streaming neutrino-radiation field can
be found in Refs. [76, 78]. The high resolution shock cap-
turing scheme for the neutrino-radiation field Eq. (2.10)
is the same as that in Ref. [79].

III. NUMERICAL ALGORITHM

In this section, we describe the numerical algorithms
which we implemented in our code. In Sec. IITA we
present the finite volume algorithm and discretization
scheme, and in Sec. ITI B we discuss the transformation to
Minkowski spacetime used to implement the HLLC and
HLLD solvers in general relativity. The implementation
of the HLLC and HLLD solvers themselves is presented
in Sec. III C and IIT D, respectively. Finally, the evalua-
tion of the electric field used by the constrained transport
algorithm is discussed in Sec. 111 E.

0
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and the source terms are

(2.16)
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A. Finite volume method
1. Fluid and magnetic field at cell center

Let Q be a region of a given four-dimensional manifold
M, bounded by a closed three-dimensional surface 0%,
where 0f2 denotes the surface of a four-dimensional paral-
lelepiped composed of two spacelike surfaces {X¢, Z¢1at}
and three sets of two timelike surfaces {X,i, 3 i1 azi}
that connect the two temporal slices [80]. The timelike
surface, e.g., ¥, may also be regarded as a time series
of constant-(t, ) surfaces, S, (t). We integrate Eq. (2.14)
over the domain of 2:

1 1 i
/Q \/jat (\HQA) dQ + /Q ﬁ@z (\ﬁFA) dQ)
/QFMAdQ (3.1)

where d€) = \/—gdtdzdydz.

Using Gauss’s theorem, this equation can be integrated
to give

(QaAV), =

— </ VY Fdtdydz —/ ﬁFjdtdydz)
Yotz P
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Yytay 2y
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where

Qa = Aiv/ﬁQAdxdydz, (3.3)

AV = /ﬁda:dydz, (3.4)

are, respectively, the three-dimensional proper volume-
averaged conserved quantities and the proper volume.
Let us now define a cell consisting of [z; — Az/2 : z; +
Az /2] X [yr — Ay/2 : yp + Ay /2] X [21 — Az /2 : 21+ Az /2]
(see Fig. 1). We next consider a numerical flux, which
approximates a time-averaged flux at the cell interface
and depends on the solution of the Riemann problem at
the interface. For example, in the z-direction the flux
across the right-hand interface is given by

T 1 e T
(FX)jr1h0 ™ Kt/t FR(Qa(zj11)2, Yk, 215 1))dL,

(3.5)

where t"t1 = t" 4+ At. With this numerical flux, Eq. (3.2)
can be discretized as
(QaAV)IE — (QaAV)} =
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z
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—i—/]\I,Mizfdgzcdydz7 (3.6)
where

(AAaf)jjz%,kJ :/ 'Y(l"ji%aykyzl)dydza (3.7)
B4y = [ @y etz (38)
(AAZ)j,k,l:I:% :/ ’Y(xjaykaZié)dffdy (3.9)

We also assume that the determinant of the spatial
metric does not change significantly during the time step.
If we introduce the volume- or surface area-averaged de-
terminant of the spatial metric, denoted by 7, this equa-

tion is reduced to

At [, — ~ _
AL _(ﬂ)j-&-%,k,l ( A) 1k - (ﬂ)j—%,k7l ( A)gfé k,l}
At [, - -
— A—y _(ﬁ)j7k+%,l ( ‘Z)j,k+% L (\ﬁ)j,m%,l ( )Z)j,’k_%
At [, — - _ -
A _(\ﬁ)j,k,mi ( A)],’%H_% - (ﬁ)j,k,lfé (F >],k,l—
+ (MA)j,k,w (3.10)
where
_ 1
(\Fy)j,k,l = ArAyhz (AV); ki (3.11)
_ 1
(ﬁ)ji;k,z = AyAz (AAz) s s (3.12)
_ 1
(ﬁ)j,kié,l N (AAy)j,kiéyl, (3.13)
_ 1
(\/jy)j,k,li% = A:I;Ay (AAz)jJali% y (314)
and
- 1
(MA)j,k:,l = m/MAdtdxdde (315)

2. Magnetic fields at cell surface

To ensure that the divergence-free condition (2.15) is
maintained, we employ the constrained transport method
introduced by Evans and Hawley [21]. In this method,
the magnetic-field components are defined at the cell sur-
faces, and the electric field components are defined at the
cell edges (see Fig. 1).

We then integrate Eq. (2.14) for A € [5,7) on E iy ayi-
For example, through the surface ¥, a., we have

1
Sopa: VI

1 .
+/ ——0; (V7€?"Ey) dSq. =0
= j ( ) :
where E), = —ekijviBj, €ijk is the three-dimensional
Levi-Civita tensor, and dSq, = +/—gdtdxdy. Using
Stokes’ theorem, this equation is integrated to give

O (vV7B?) dSq.

(3.16)

(B*AA;), a, — (BPAAL),

t+ At )
= 7/ \FyEidx’dt, (3.17)
t 0S. 1Az

where

1

B* = / ~vB*dzxdy,
AA, SayAz \/>




is the surface-averaged magnetic field. Similarly, through
the surfaces ¥, A, and Xy, Ay, respectively, we have

(B*AAL), A, — (BTAAL),
t+At )

= —/ VY Edzdt, (3.18)
t 0Ss4Ax

(BYAAy), a, — (BYAA),
t+At )

—/ ]{ VY Esdx'dt, (3.19)

t Sy +ay

where

Bzi

AA

z+Aac

y
AA/ VyBYdxdz.

Syt+ay

BY

We next consider a cell surface consisting of [z; —
Az/2:zj+Ax/2] X [yr — Ay/2 sy +Ay/2], [y —Ay/2 :
yk + Ay/2] X [z — Az/2 @z + Az/2], [x; — Az/2 :
zj + Ax/2] x [z — Az/2 : z + Az/2] and a numerical
flux which approximates a time-averaged electric field at
the cell edge, given by

tn+1

- 1
(2), )
Jikt+ 3 04+3 At 4n
( tn+1

)svsenns = 3 ),

Y irikirr At Jpm
~ 1

( i j+ik+il At Jin

(3.20)

S

(3.21)

tn+1

(3.22)

With these averaged electric fields, Egs. (3.17)—(3.19) are

B (Qa(®j, Yry1/2, 2141/2))dL,

By (Qa(wji1/2, Yk 2141/2))dt,

E(Qa(Tjt1/2, Yry1/2,21))dt.

discretized as

= n+1 T
(B*AAL) Ty g = (BT AA) T
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where

(Alx)jvki%Ji% Z/\/7($j7yki1/2721j:1/2)d$7 (3-26)

(Aly)ji%7k 11 :/\/’7(-%'j:|:1/2aykazl:t1/2)dy7 (3~27)

(Al)ji1 pxiy —/\/’7 Tjt1/2, Yht1/2, 21)dz.  (3.28)

If we introduce a line-averaged determinant of the spatial
metric by

(Alm)j,k:t%,l:t%

(ﬁ)j,ki%,lﬂ:%

Az ’
_ (Al ks
(ﬁ)ji%,k,li% = A—y’
— (Alz)jil k+11
(ﬂ)ji%,ki%,l = #7 (3.29)

then, together with the surface area-averaged spatial
metric given by Egs. (3.12)—(3.14), Egs. (3.23)—(3.25) are



reduced to
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The magnetic-field distribution inside the cell is recon-
structed from the magnetic fields at the cell surface.
Practically, we reconstruct the magnetic field at the cell
center in Eq. (3.10) by

g+ 43 (

(3.32)

. 17, -, _

(B),00 =5 (B + (B, ] (339)
= 17,5 _

(By)j,k,l 9 [(By)j,kJr%,l + (By)j,k,%’l} ) (3.34)
=y 1r1,-, _

(B )j,k,l 9 [(B )j,k:,lJr% + (B )] k,l— %} (3.35)

B. Tetrad frame

To evaluate the numerical fluxes through cell inter-
faces (e.g. Eq. (3.5)), we implement HLL-type Riemann
solvers [1, 2]. Because these Riemann solvers are designed
to solve a Riemann problem in Minkowski spacetime (ex-
cept for the HLLE solver, which we have implemented
directly in curved spacetime, see, e.g., Ref. [32]), it is nec-
essary to transform all the equations into a tetrad frame
in order to apply these methods to a general relativistic
framework.

Following Ref. [33], we define a tetrad basis in the -
direction, for example, by

e’ =n, (3.36)

e’ =B (0.4"), (3.37)

e(?}) =D (0 0,7z, 'sz)a (338)
5" =C(0,0,0,1), (3.39)

where

. 1

B = : 3.40

C=—1 (3.41)

Yoz :
D= ! (3.42)

\/7zz (’Yyy’y,zz - 752)

With this basis, we can perform a transformation from
the Eulerian frame to the tetrad frame by

(3.43)
(3.44)

Vig = e(m"Vm
VQ,UJH

where V), and @), denote a covariant vector and ten-
sor, respectively, in the Eulerian frame. The covariant
components of the tetrad basis are

Q) = ei

Etu = M (3.45)

e = B (B”,6,"), (3.46)
e(Gu = (Byvzz B Vyzs YayVez — Yoz Vyzs

VyyVez = Voor 0), (3.47)

ey =C (B 7iz) - (3.48)

With this basis, we can then perform the transformation
from the tetrad frame to the Eulerian frame by

Vi = ey V', (3.49)

Quv = (e Q™M (3.50)

With this tetrad basis the procedure to obtain the nu-
merical flux (Fj{) _

J+5.k,l

the tetrad component of u ), v® and B®W by

is as follows: first, we calculate

w .

uG) = e@uut = o (eqiye + e@v’) (3.51)
(i) e(i) ut e + er; -

@) = — pU_ C@)t (2)3 359

v —u® e v o ) (3.52)

B = ® Bt = pi, (3.53)

Second, we solve a Riemann problem in the locally
Minkowski spacetime to obtain the numerical flux

(72)
4 L.kl
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and the conserved quantities (ga); 1 5, at



the cell interface (see the next section for more detail on
the Riemann problem). Finally, we transform back to
the Eulerian frame from the tetrad frame by

—~

(gc)j+%,k,l = (sz)j+%,k,l

=« (e(f)””D +e@)” ~éi)))j+%’k’l ) (3.54)
( le)jJr%,k,l = (aTww>j+%,k,l
= Oé(e(f)xe(i)zt](i) + €(§:)x€(i)zﬂ(i)))j+%7k7l7 (3.55)
( ~2z)j+%,k,l = (OéTxy)jJr%,kJ
- 0‘(%) @ylo) + 6(@)’6(@@@)))#%’&1, (3.56)
(Ngc)jJr%,k,l = (aTxZ)jJr%,k,l
- a(e(f)ze(i)z‘](é)+e(i)re(é)zgi))>j+%,k,l7 (8:57)
( ~4m)j+%,k,l = (_aTxﬂnu)jJ,-%,k,l
=(a (%”m +e@)” Y)))j%,k’l : (3.58)
( ~;)j+%7k,l =0, (3.59)
(~g)j+%,k,l = (7Ez)j+%,k,l = (O‘*Fw)ﬁé,k,l
- O‘(%)ye(fff}(i) — ey’ e(@)” B®

ew’ e’ Néi)))ﬁ%,k,z’ (3.60)
(FF)j4 3 k0 = (Ey)j%’w = (@ F™) 511k
= (a(e(i)ze(f)xB(i) - €(£)Z€(§:)xB(§:)

e e fo 6(2>z€<z>wf7@)))j+%’k’la (3.61)

where © = Z,9,2 are contracted with ¢« = 1,2,3, re-

spectively, in the second term of the right-hand side of
Egs. (3.55) and (3.56). Note that, from now on, we do
not distinguish the upper- and lower-spatial tetrad com-
ponents, e.g., B® = B(;). These numerical fluxes are
used to update the conserved quantities in Eq. (3.10).
An interface velocity is calculated by [33]

(2) _dz BT
a ,711:

Vinterface — d£ -

(3.62)

This velocity is used to calculate a numerical flux at the
interface (see Egs. (3.67) and (3.87) in the next section).
The tetrad basis and numerical fluxes in the y- and z-
directions are summarized in Appendix A.

C. HLLC solver for relativistic hydrodynamics

In the absence of electromagnetic fields, Eq. (3.10) with
A € [0,4] are reduced to those of relativistic hydrody-
namics. In this case, one choice for the Riemann solver

(Bz)j,k,|+1/2f (BN, 1/2,41/2

l (BY)i11/2k041/2

b A

) kr1/2. '/ (EDjs1/20172.

(QA)LR’| j+1/2,k,|

—~
wull

z
L)
X
FIG. 1. Schematic of a cell, cell interface, and cell

edge for the finite volume method with the constrained
transport method.  Fluid quantities, (Qa)j k., are de-
fined at the cell center. The magnetic field com-
ponents, (BQ)jJr%,k,l»(By)j,kJr%,z:(Bz)j,k,er%v are defined
at the cell interfaces.
(Ez)j,k+%,l+%7(Ey)
the cell edges.

The electric field components,

z
j+%,k,l+%7(E )j+%,k+%,l, are defined at

is the HLLC solver proposed in Ref. [1]. We calculate the
HLLC flux (fl(f)) . in the tetrad frame by solving
it3.k,

the source-free one-dimensional conservation law:

Biyaa + 0w fY) =0, (3.63)

D
ga= | Ju |, (3.64)

PH

Dvy®)
£ = Jor® + Po@ g |, (3.65)
prU(x) + PU(Z.)
where ;) = e(y)"0y. Given an initial condition de-
scribed by
_ (qa)p ifz < Tivd,

w0y = { (ST G

for z; < x < x4, three characteristic speeds and there-
fore four states will appear in the Riemann fan (see
Fig. 2). In the HLLC solver, one needs to find the pres-
sure in the intermediate states (the ¢L and c¢R states)
which satisfies a jump condition. Then, the numerical
flux is calculated by (see the left panel of Fig. 2)

2
( .(Aai:))L if /\L > Ui(rft)erface
— (f%gf;)CL if )‘L < Uirft)erface < )\C (367)
(f‘,(z))cR if )‘C < Ui:gcrfacc < )\R
(fAI )R if )‘R < Uifterface’



( ) H LLC 1(nt)erface o 63;
E Tinterface = const.
f

Xj+1/2

(b) HLLD Vietace "

Tinterface = cONst.

>

1 AaR

Xit1/2

FIG. 2. Riemann fan structure for the HLLC solver for relativistic hydrodynamics (left), and for the HLLD solver for relativistic
magnetohydrodynamics (right) in the tetrad frame. In the HLLC solver (left panel), the left-going nonlinear wave with Ar,
the contact discontinuity with A., and the right-going nonlinear wave with Ar, propagate from the discontinuity located at

i+l

where Ar..,r denotes the characteristic speed of each wave.

Consequently, the L, cL, cR, and R states appear. In

the HLLD solver (right panel), the left/right-propagating fast wave with Az /Ag, the left/right-propagating Alfvén wave with
characteristic speed Aoz /Aar, and the contact discontinuity with A, are taken into account. Consequently, the L, aL, cL, cR,
aR, and R states appear. In the general relativistic case, the interface initially located at & 1 may move with an interface

(@)
VelOCIty Vinterface

where
( ?)L/R = 15 (az/n) (3.68)
( ’E‘i)>cL/cR - ( gi))L/R
+AL/R ((QA)CL/CR — (QA)L/R> ,  (3.69)

and Az,g is the characteristic speed of the left/right-
going nonlinear wave. Equation (3.69) is obtained from
the jump condition and A, is the characteristic speed
of the contact discontinuity. By imposing continuity of
the pressure across the contact discontinuity, one finds a
quadratic equation for A [1]:

FELAZ — (G + P A+ T =0, (3.70)

where pHLL " J (If)“L,

quantities and fluxes in the HLL state:

F HLL7 and FEF)L denote conserved
xr

ArdB = Apdh + 1) - 15
JHLL = T2 3.71
(2) )\R — )\L ’ ( )
arL | ARPH — ALphi + f(x) (x)
P = ; (3.72)
AR — AL
(L) (2) L
s, A = AT+ A (78, - 7t) .
Jay T )\R — )\L 3 .
(2) (®)
FHLL _ Arfy7 = ALfir + ArAL (off — pt) 374

/\R—)\L

which is proportional to the shift vector 5%.

Once we obtain the speed of the contact discontinuity A,
the pressure in the intermediate state is determined by

P.= Py = Pog = =\ 4+ FyLL.

i (3.75)

Then the conserved quantities in the cL and cR states
are given by

Dr/r ()‘L/R - U(LQAC/)R)

DcL/cR = )\L/R Y R (376)
1

(J@) erjer = YT

X [(J(i))L/R (AL/R — U(LI/)R) +(P. — PL/R)(S(@)(%)} ,
(3.77)

(pe) 1R (AL/R - UE;:Z;)R) + PeAe — PL/RUSE/)R

(pH)cL/cR = )\L/R — )\(* )

(3.78)

where the subscripts ¢L and cR on the left-hand side
of the equations correspond to L and R on the right-
hand side, respectively. These quantities can be used to
evaluate the flux in the ¢L/cR state (3.69) and the flux
in the Eulerian frame (see, e.g., Eq. (3.54)).

For the left and right characteristic speeds Ap /g, we
apply Davis’s estimate [1]:

AL
AR

=min(A" (qz), A" (¢r)),
= max(A"(q1), A" (qr)),

(3.79)
(3.80)



and
)\i(QA) — # {U(a‘c) (1 _ 02)
1—v2¢2 s
sen(1 =01 = 2 - (1= @)
(3.81)
where
v? = v(i)v(i), (3.82)
1[oP P oP
2=c =—1 |- 3.83
K h{@p e+p285 p:| (3:83)

The equivalent expressions in the y- and z-directions are
given by permutation of the indices z,y, and z.

D. HLLD solver for relativistic
magnetohydrodynamics

In the presence of an electromagnetic field, one choice
for the Riemann solver is the HLLD solver proposed in

Ref. [2]. For this case, we calculate the HLLD flux,
( ff)) e in the tetrad frame by solving the one-
Jj+3.k,
dimensional conservation law:
8(5)@{,4 + (9(@)]"1(436) =0, (3.84)
where
D
_| o
“=1 oy | (3.85)
B®
() _
N =

Dy@)
] . (&) :
Jo® + Prord @) = £ | By + (B(k)ua;))u(i)}
pHv(i) _|_ Ptot'U(j) — l(B(k)u(];))B(i)

w

2@ B) _ () g(@)
(3.86)

Here, g4 has seven components (A = 0,1,2,3,4,6,7),
and P,y = P + b*/2 is the total pressure (gas plus
magnetic). Note that the equation for B(®*) is simply
0; B@) = 0, and thus, B® is constant for the Riemann
problem of the z-direction. Together with the initial con-
dition given by Eq. (3.66) for the relevant components,
the full magnetohydrodynamics Riemann fan consists of
seven waves separating eight states [30]. In the HLLD
solver two of these seven waves (the slow magnetosonic
waves) are neglected. As a result, the Riemann fan with
the HLLD solver comnsists of five waves separating six
states (see Fig. 2). In the HLLD solver, we need to find
the total pressure Pjo; which satisfies a jump condition
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across the five waves. The numerical flux is then given
by (see the right-hand panel of Fig. 2)

(),

+3
(fz(éf))L if >\L > fvi(rft)erface
(f%f;)aL if >‘L < Uirzi:tgz)rface < AGL
_ (ngf Jer if Aar < l{ilfterface <Ae (3.87)
FNm i A < 0l < MR
I(AA) interface
(f,(Aif))aR if )\GR < U;:terface < )\R
(wa )R if AR < Ui:terface’
where
(@) — ¢(@ 3.88
( A LR A (QL/R) ) (3.88)

(). (1)
A aL/aR A L/R

+AL/r ((qA)aL/aR - (qA)L/R) , (3.89)

() = )
A cL/cR A aL/aR

=+ /\aL/aR ((qA)CL/CR - (QA)aL/aR) .
(3.90)

The latter two fluxes are obtained from the jump condi-
tion.

In the following subsections, we present specific quan-
tities employed by the HLLD solver: the characteristic
speeds of the five waves, and the six states.

1. Characteristic speeds

For the fast waves, an approximate characteristic speed
proposed in Refs. [82, 84] is given by

v (1-0)

1
Newl(a) = Tz

V3= w)(1 - 02— (1 - Q) (v@)2)]

(3.91)
where
v? = v(i)v(g), (3.92)
¢ =vh + e} —vick, (3.93)
> b
= —:. 3.94

For the Alfvén wave, the characteristic speed is given by

b@) £ @)\ /ph + b2
b® + u®\/ph + b2’

and for the contact wave by

Ae(qa) = @),

Mar(aa) =

(3.95)

(3.96)



2. L/R state

Given left- and right-state quantities, we first calculate
the following quantities which should be preserved when
one crosses the fast waves:

(Rp)ym = (AD - (E@)L/R, (3.97)
(o) yn= (Mo = 17) (3.98)
(Rpw)p/r = (ApH - fi‘%))L/R, (3.99)
(RBu%))L/R = (AB(’%) - f,ii)>L/R, (3.100)

where i = &, ¢, 2 for i = 1,2, 3, respectively, in Eq. (3.98).
Also k = g, % for k = 6,7, respectively, in Eq. (3.100). For
the above quantities, we employ the characteristic speed
defined by
Ap = min (Apw (4r), Apw (4r))
Ar = max (Afw(qr), Afw(ar)) - (3.101)

3. aL/aR state

Given an initial guess for the unknown total pressure
P, (which should be constant inside the Riemann fan),
the three velocities in the aL and aR states are given by

()

B (B(fc) (AB@ 4+ \C) — (A + G)(Prot + RJ@))>
L/R

X
(3.102)
)
(U )aL/aR
_ (QRJ@» + Ry [C + BY ARy, — RpH)])
= X ,
L/R
(3.103)
(2)
(U )aL/aR
_ <QRJ(£) + Rpe [C + B(i)(ARJ(i) B RPH)])
X )
L/R
(3.104)
where

A =Ry, — ARy + Piot(1 = N?), (
G = RpwRpw + Rpe Rpe, (3.106
C=Ry,Rpwn + Ry Rpe, (
Q=—-A—G+(BP)2(1-\?), (

X = B®(ANB® 4 C) — (A + Q) APiot + Rpy)-
(3.109)
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Note that alL and aR on the left-hand side of
Egs. (3.102)—(3.104) correspond to L and R for Ry,
Ry, Ry, and A on the right-hand side of the same
equations, respectively. With these velocity components,

the magnetic field is calculated from the jump condition
by

(Rp)pyn = BY (UUQ))

AL/R — (v(i))aL/aR

aL/aR

SO

(3.110)
for k = 9, 2. The total enthalpy density is calculated by

(phtot)aL/aR = (Ph + b2)aL/aR
(RPH)L/R - (U(Z))aL/aR (RJ@))L/R

= Pt + /
” AL/R — (v(m))aL/aR

(3.111)

The conserved quantities necessary for the numerical flux
in Eq. (3.89) and in the Eulerian frame (see Egs. (3.54)—
(3.61)) are calculated by

R
Darjar = : D)(%R ’ (3:.112)
AL/R - (U )aL/aR
(pH)aL/aR =
& k) p(k z
Bon) e+ P (09) 1 o — (U< ) B( >)aL/aR B@)
AL/R — (U(i:))aL/aR ’
(3.113)
R — @) _ (&) gy g®
(J(l))aL/aR <(pH + Ptot)v (U B )B )aL/aR '
(3.114)
4. cL/cR state
Following Ref. [2], we first define
o = pum 4 pA) (3.115)
n= :I:sgn(B(i))\/my (3.116)

where the plus (minus) sign corresponds to the right (left)
state. We then define K(®) by

)

Kb _ Bk

_ k) P
0 U T a0

(3.117)

Here K(®) is nothing other than the Alfvén wave speed
in the z-direction. From the jump condition one can find
that KO phiot, D/wa(o), and 1 do not change across the
Alfvén waves. Therefore, n, K, and the total enthalpy



density are calculated by

NeL/cR = NaL/aR> (3118)
(K(i))cL/cR = (K(i))aL/aR
(RJm)L/R + Puotd(iya) + (Bp) g aL/aR

Ar/rProt + (Roy) g + B®) a5 ar

(3.119)

(phtot)CL/cR = (phtot)aL/aRa (3120)

where cL and cR on the left-hand side of the equations
correspond to alL and aR on the right-hand side of the
same equations, respectively.

The magnetic field and the three velocity in the cL and
cR states are calculated by

(BW).p = (B(’“))

H B® (A 1 B@)y, <k)}
N 1
@) 4 p@ W} ]7 121
{ v + v alL )\aR_)\aL’ (3 )
) B = gk g &)
(U(l))cL/cR — (K(Z) _ ( 50 ) ,
n- cL/cR
(3.122)
and the characteristic speed is
Narsar = K D ur (3.123)

We impose the continuity condition on the normal ve-

locity across the contact discontinuity, i.e., n L) = vgg,

by
AK@ [1 — B® (v — YL)] =0, (3.124)

1— KO K®
Yor= ( - — ) , (3.125)
nAK®) — AK@) K ) BU) ¢LJcR

where AK®) = K((j%) — Kffz). This equation gives an
improved guess of the total pressure in the next itera-
tion step. Then we go back to Eq. (3.102) and repeat
the same procedure until it converges with sufficient ac-
curacy. In practice, we employ the Newton-Raphson
method to solve Eq. (3.124).

The conserved quantities necessary for the numeri-
cal flux in Eq. (3.90) and in the Eulerian frame (see
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Egs. (3.54)—(3.61)) are
NaL/oR = Vit ur
Derjer = Daljar (55)/ , (3.126)
al/aR — ch/cR
1
(Pr)erser = (@)
)\‘LL/‘IR - ,UcL/cR

x [AaL/aR (P0)arjar = (T#) arjar + ProtSp jer

- (v@)B(i))cL/cRB(i)] 7 (3.127)
@
(J(i))cL/cR = <(pH)cL/cR + Ptot) UeL/cR
— W®B®) B, - (3.128)

The equivalent expressions in the y- and z-directions
are given by permutation of the indices x,y, and z.

E. Electric-field evaluation

The constrained transport method used to enforce the
divergence-free condition on the magnetic field requires
us to evaluate the electric field defined at the cell edges.
Gardiner and Stone [3] proposed a method for evaluating
the electric-field by utilizing the numerical fluxes which
are obtained by the Riemann solver. In their method, for
example, the z-component of the electric field is evalu-
ated by

z z z
By isa= <E+27kz+E+27k+1z

+ E? + E*

J+1, k+;,l)

Ay ((aEz> (6EZ
+5 15 —
8 Y /il ket PR Y

LA ((aw) (8EZ )
: 9% /iyt ki1 G423kt
(3.

G k+3,1

129)
where
(aEZ)
0Y /jrimei
2<Ej,k+%,z_EJ”€»l ‘ 0,
Ay or v% Lk >
nz z
= 2<Ej+1,k+%,z_Ej+1wkvl for & 0
Ay or ijr%’k’l <0,
rz
(Ej=k+%=l Tty ktg.l Bl .
Ay otherwise,



(8Ez

>J+2J€+4,
2<EJZ k41,17 ] k+ > f
or v* [Ty > 0,
= Q(EJH k41,07 J+1 k+— l f < 0
or vﬁz’k+1 .
(Ej,k+1,leJWk+%J+E;+1,k+1,LiEj+1yk+%yl .
Ay otherwise,
(8Ez)
0 ] ji1h+t,
2(E? L kl)
3.kl J ~y
A for G > 0,
_ 2(E5+%,k+1,l Jok+1,0 f 0
Az or ¢¥ kLl < U,
(Ej+%,k‘f j”“»l+Ej+%,k+1,ijak+1fl .
Az otherwise,
(8E2>
0 / jis ki
2<E-’z’+1*“ iy L> f
Az Or”+1k+;,z>0’
= 2<E;+1vk+1=l_E;+%,k+1,L
for Y L, <0,
Az J+1k+1,
(E;H,k,,fE;%,k,l+E;+1,k+1,rEH%MJ .
Az otherwise.
. . . )
Here U741 e and E* i+l ATe identical to the fluxes

Fﬂ”) and (— )
( 0 G5kl 6/ j+1

CRL)
which are given by the Riemann solver in the z-direction.

Similarly, 17;’ .y and E* k1 are given by the Riemann
solver in the y—dlrectlon EZ,” is calculated from the
quantities defined at the cell center, i.e., Egs. (3.33)-
(3.35) and the three velocity. Therefore, the accuracy of
this constrained transport scheme depends on the accu-
racy of an employed Riemann solver. Equivalent expres-
sions for the z- and y-components of the electric field are
given by permutation of the indices z,y, and z. These
electric fields are used to update the magnetic field in
Egs. (3.30)—(3.32).

In the rest of this paper, we refer to this particular al-
gorithm for evaluating the electric field as CT_GS. On the
other hand, the electric-field evaluation algorithm which
was originally implemented in our code, and which is
based on HLLE [4, 82], is referred to as CT-HLLE [32].
For the base Riemann solver, we use either HLLC, HLLD,
or HLLE. Here the last one is the base Riemann solver
which was originally implemented in our code [32]. In

in Egs. (3.54) and (3.60),
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the hydrodynamics test simulations shown in the next
section, we refer to the particular combination of numer-
ical schemes used in a particular test problem in terms
of the base solver, only. In the magnetohydrodynamics
test simulations, we describe a simulation both in terms
of the base Riemann solver and in terms of the algorithm
used for the evaluation of the electric-field. For exam-
ple, HLLD-CT_GS means that the (base) Riemann solver
is HLLD and the electric-field evaluation is CT_GS.

IV. VALIDATION OF THE HLLC AND HLLD
SOLVERS

In this section, we introduce various problems designed
to test the implementation of the advanced Riemann
solvers and constrained transport algorithm discussed in
the previous section. We start with a common suite of
one-dimensional special relativistic shock-tube problems
in both hydrodynamics and magnetohydrodynamics (see
Sec. IV A). Next, in Sec. IV B, we turn our attention to
multi-dimensional hydrodynamics and magnetohydrody-
namics test problems in special relativity (specifically,
we consider a two-dimensional hydrodynamical shock, a
cylindrical hydrodynamical blast wave, a magnetohydro-
dynamical current sheet, and the Kelvin-Helmholtz in-
stability in magnetohydrodynamics). In Sec. IV C we
consider Bondi flow onto a black hole (in both hydrody-
namics and magnetohydrodynamics) as a test problem in
general relativity with a static spacetime.

For all the test problems we assume a I'-law equation
of state given by

P=(T-1)pe. (4.1)
We also employ a cell-centered grid structure in which
the z-coordinate [35] is given by

1
xj = <]+2> Ax,

with j € [-N, — 1, N,] and grid spacing Az (and like-
wise for the y- and z-components). As a time integra-
tor, we employ the fourth-order Runge-Kutta method
(RK4) in all our test simulations. For reconstruction of
the solution at cell-interfaces, we employ either 1st-order
reconstruction or 3rd-order piecewise parabolic method
(PPM) [82, 86]. For the PPM reconstruction, we employ
the min-mod limiter function with a compression param-
eter which is generally set to b = 2 [82], though in some
cases we employ different values of b.

(4.2)

A. Special relativistic one-dimensional problems

First, we consider special relativistic problems in one
spatial dimension. With this setup, the tetrad basis in
Sec. II1 B is reduced to a coordinate vector in Minkowski
spacetime. Thus, the setup is suitable for validating the
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TABLE I. Initial conditions used for special relativistic one-dimensional test problems. The third column shows the I' index
and the second-to-last column shows the final time of the simulations, t.

Test problem  State I' p v v v® P B* BY B* t CFL
Problem HD1 L 4/3 1 0.9 0 0 1 - - - 0.4 0.8
R 1 0 0 0 10 - - -
Problem HD2 L 5/3 1 —0.6 0 0 10 - - - 0.4 0.8
R 10 0.5 0 0 20 - - -
Problem HD3 L 5/3 10 0 0 0 40 - - - 0.4 0.8
R 0 0 0 3 - - -
Problem HD4 L 5/3 0 0 0 10® - - - 0.4 0.8
T 1 0 0 0 102 - - - 0.4 0.8
Problem MHD1 L 5/3 10 0 0.7 0.2 1 5 1 0.5 1 0.8
R 1 0 0.7 0.2 1 5 1 0.5
Problem MHD2 L 5/3 1 0.4 -0.3 0.5 1 2.4 1 —-1.6 1 0.8
R 1 0.377347 —0.482389 0.424190 1 2.4 —-0.1 —2.1728213
Problem MHD3 L 2 1 0 0 0 1 0.5 1 0 0.4 0.8
R 0.125 0 0 0 0.1 0.5 -1 0
Problem MHD4 L 5/3 1.08 0.4 0.3 0.2 0.95 2 0.3 0.3 0.55 0.8
R 1 —-0.45 -0.2 0.2 1 2 -0.7 -0.5
Problem MHD5 L 5/3 1 0.999 0 0 0.1 10 7 7 0.4 0.8
R 1 —0.999 0 0 0.1 10 -7 -7
Problem MHD6 L 5/3 1 0 0.3 0.4 5 6 2 0.5 0.8
R 0.9 0 0 0 5.3 5 2
8 T T T T T T T T
—— HLLC 10 f — nLe
HLLE HLLE
-=-=lst-order - Ist-order
6 J
SWES QU
9l
0 . * * * *
—0.4 —0.2 0.0 0.2 0.4 0.6 0.8 0.6

FIG. 3. Left: Rest-mass density profile for Problem HD1 at ¢t = 0.4 (contact wave located between left- and right-propagating
shock waves). The blue and green curves show the results with the HLLC and HLLE solvers, respectively. The dashed and solid
curves show the results with 1lst-order reconstruction and 3rd-order (PPM) reconstruction, respectively. Right: Rest-mass
density profile for Problem HD2 at ¢ = 0.4 (contact wave located between left- and right-propagating rarefaction waves). We
employ RK4 for the time integration in all the simulations. The blue and green solid curves are indistinguishable on the scale

of this plot.

Riemann solvers d

escribed in Sec. IIIC and IIID. We

assume Minkowski metric, and thus turn off the solver for
FEinstein’s equations in the code. The initial conditions
for all the one-dimensional test problems are summarized

in Table I. We note that the test suite employed in this
paper is the same as that presented in Refs. [2, 87].

1.

Hydrodynamics: one-dimensional shock tubes

The first special relativistic hydrodynamics test (HD1)
is the computation of a contact discontinuity. For this
we prepare a simulation domain of x € [—1,1] with

Az = 0.01 and N, = 100. We integrate the numeri-
cal solution up to ¢t = 0.4. In the left panel of Fig. 3
we plot the rest-mass density profile at the end of the
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simulation. In this problem, left- and right-propagating
shock waves appear from the initial discontinuity, with
a contact discontinuity sandwiched between them. The
blue and green curves denote the numerical solution with
the HLLC and HLLE solvers, respectively. The solid and
dashed curves denote the simulation results with 3rd-
order PPM reconstruction and 1st-order reconstruction,
respectively. First, we consider the results obtained with
Ist-order reconstruction (dashed curves). With the HLLC
solver, the contact discontinuity located at x ~ 0.2 is
more sharply captured than with the HLLE solver. This
behavior is expected since the HLLC solver explicitly re-
stores the contact wave inside the Riemann fan. When we
employ 3rd-order reconstruction, however, we find that
there is no qualitative difference between the two solvers.
This suggests that the weak point of a particular solver
may be alleviated by using a high enough resolution.

The right panel of Fig. 3 shows the rest-mass density
profile for the second test problem (Problem HD2) listed
in Table I. The simulation domain and the grid spacing
are the same as those in Problem HD1. In this problem,
left- and right-going rarefaction waves propagate away
from the initial discontinuity, and a contact discontinu-
ity appears between the two and is located at © ~ —0.1.
As in our first test problem, we find that the contact dis-
continuity is more sharply captured with the HLLC solver
than that with the HLLE solver when 1st-order recon-
struction is used, while we find no qualitative difference
between the numerical solutions obtained with the two
solvers when we employ 3rd-order-accurate reconstruc-
tion.

The third hydrodynamics test problem (Problem HD3
in Table I) is the often-employed shock-tube problem.
Here, the simulation domain spans = € [—0.5,0.5] with
Az = 0.005 and N, = 100. In this problem, the initial
discontinuity decays into a left-propagating rarefaction
wave and a right-propagating shock wave. The contact
discontinuity adjacent to the shock wave also propagates
to the right. The left panel of Fig. 4 shows the rest-mass
density profile at the end of the simulation for which
the contact discontinuity is located at x =~ 0.25. In this

problem, we find that there is no qualitative difference
between the numerical solutions with the two solvers ir-
respective of the cell reconstruction accuracy. This be-
haviour is also reported in Ref. [1]. For obtaining an ac-
curate result for this particular shock-tube problem it is
necessary to employ an accurate reconstruction method.
This suggests that employing an accurate reconstruc-
tion method is as important as employing an accurate
solver in numerical hydrodynamics at least in the one-
dimensional problems.

For the fourth (final) hydrodynamics test problem
(Problem HD4), we employ a simulation domain of z €
[—0.5,0.5] with a grid spacing of Az = 0.0025, i.e.,
N, = 200. The solution consists of a left-propagating rar-
efaction wave and a right-propagating shock wave. Note
that the result differs from that in Problem HD3 as the
shock is much stronger compared to the one in Problem
HD3 because of the initial large pressure jump (see Table
I). A right-propagating contact discontinuity appears ad-
jacent to the shock wave. We plot the rest-mass density
profile at ¢ = 0.4 in the right panel of Fig. 4. We find that
the contact discontinuity (located at z = 0.35) is more
sharply resolved with the HLLC solver than with the HLLE
solver when we employ 3rd-order reconstruction. We find
that the compression parameter b for the min-mod func-
tion in the PPM cell reconstruction should be reduced to
be 1 in this problem (i.e., a steep limiter function does
not work; see, e.g., Ref. [82]). Otherwise, spurious waves
appear irrespective of which solver is used (not shown).

2. Magnetohydrodynamics: one-dimensional shock tubes

In this section we consider six special relativistic mag-
netohydrodynamics test problems in one spatial dimen-
sion. All the test problems except for Problem MHDG6
are carried out in a domain of size x € [—0.5,0.5] with
grid spacing Az = 0.005 (i.e., N, = 100). For Problem
MHDG6, the domain is identical but we employ a higher
resolution with Ax = 0.0025 and N, = 200.

In the first problem (Problem MHD1 in Table I) the so-
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(dashed curves).

lution consists of a stationary contact discontinuity. The
left panel of Fig. 5 plots the rest-mass density profile
at the end of the simulation. Because the HLLD-CT_GS
and HLLD-CT_HLLE solvers exactly capture the contact
discontinuity, the numerical solutions remain stationary

even when we employ lst-order reconstruction (see the
inset in the left panel of Fig. 5). On the other hand,
with the HLLE-CT_HLLE solver, the initial contact discon-
tinuity is broadened because this solver neglects the con-
tact discontinuity inside the Riemann fan. However when
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The insets show a close-up of the discontinuity.

we employ 3rd-order (PPM) reconstruction, this spurious
broadening of the contact discontinuity is suppressed, al-
though the contact wave is still not resolved as sharply
as it is with the HLLD solver.

In the second magnetohydrodynamics test problem
(Problem MHD2 in Table I) we model a stationary ro-
tational discontinuity (i.e., an Alfvén wave). The right
panel of Fig. 5 presents the profile of the y-component
of the magnetic field at the end of the simulation. When
we employ lst-order cell reconstruction, the HLLD-CT_GS
solver reproduces the stationary solution (see the inset in

the right panel of Fig. 5). This is because the rotational
discontinuity is captured exactly by the HLLD solver,
and the electric field at the cell edge is evaluated with
the numerical flux, i.e., the electric field at the cell in-
terface, given by the HLLD solver with the CT_GS scheme
(see, e.g., Eq. (3.129)). With the HLLD-CT_HLLE solver,
on the other hand, the rotational discontinuity is broad-
ened because the electric field at the cell interface given
by the HLLD solver is not used to evaluate the electric
field at the cell edge in the CT_HLLE scheme. With the
HLLE-CT_HLLE solver, the rotational discontinuity inside
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FIG. 8. Same as Fig. 6, but for Problem MHD5.

the Riemann fan is not captured. As a result, the initial
rotational discontinuity is spuriously broadened. This
drawback is improved by employing 3rd-order PPM cell
reconstruction in the HLLD-CT_HLLE and HLLE-CT_HLLE
solvers. Note that for this problem, we employ the com-
pression parameter b = 3 in the min-mod function for
the PPM reconstruction in the HLLD-CT_GS run. Other-
wise, we find the over- and under-shoot in the vicinity of
the initial rotational discontinuity (not shown) because
the default value of b = 2 is not sufficient to capture the
initial steep profile.

The third magnetohydrodynamics test problem (Prob-
lem MHD3) is the relativistic extension of the Brio-Wu
shock tube [38]. In this problem, the solution consists of
a left-propagating rarefaction wave, a right-propagating
slow shock wave (located at = 0.18 in Fig. 6), and a
right-propagating rarefaction wave. In addition there is
a right-ward propagating contact discontinuity located
at z =~ 0.15 in Fig. 6 adjacent to the shock wave. Fi-
nally at x =~ 0, a compound wave appears. When we use
1st-order reconstruction, the contact discontinuity is cap-
tured more sharply with the HLLD-CT_GS solver than with
the HLLD-CT_HLLE solver, while the HLLE-CT_HLLE solver
cannot capture the contact discontinuity at all if the 1st-
order reconstruction is used. The slow shock is also cap-
tured more sharply with the HLLD-CT_GS solver than with
the HLLD-CT_HLLE solver, while with the HLLE-CT_HLLE
solver the slow shock wave is significantly broadened.
This feature is also found for the compound wave. While

the various waves are better captured in 3rd-order PPM
reconstruction irrespective of the chosen solvers, we find
that the higher order reconstruction method induces ar-
tificial oscillatory behavior behind the compound wave
(in the regions of —0.2 < z < 0) in both the rest-mass
density and in the z-component of the velocity (see also
in the regions of 0.2 < z < 0.4 in the z-component of the
velocity). The amplitude of these oscillations is reduced
when we employ the diffusive compression parameter of
the PPM reconstruction b = 1.

The fourth magnetohydrodynamics test problem
(Problem MHD4) consists of a left (right)-propagating
fast wave located at « ~ —0.4 (+0.4), a left-propagating
rarefaction wave (z &~ —0.3), a contact discontinuity
(x = —0.04), a right-propagating slow wave (z =~ +0.2),
and, finally, a left (right)-propagating Alfvén wave (lo-
cated at ¢ ~ —0.33(+0.22)). See Fig. 7 for the so-
lutions (the inset in the BY (B?) panel shows a close-
up region of the right (left) Alfvén waves). When we
employ 1st-order reconstruction, both solvers are able
to capture the fast waves, but the contact discontinu-
ity is captured more sharply with the HLLD-CT_GS or
HLLD-CT_HLLE solver than with the HLLE-CT_HLLE solver
(see the inset in the rest-mass density profile in Fig. 7
which shows a close-up of the contact discontinuity). Ir-
respective of the solvers, it is hard to distinguish the slow
wave and the right-propagating Alfvén wave, and also be-
tween the the rarefaction wave and the left-propagating
Alfvén wave. When we employ 3rd-order PPM recon-
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FIG. 9. Same as Fig. 7, but for Problem MHDG6.

struction, on the other hand, we find no qualitative dif-
ference in the numerical solutions between the different
solvers.

For our fifth magnetohydrodynamics test problem
(Problem MHDS5) we consider the relativistic collision of
two streams. Figure 8 shows the result at t = 0.4. In this
problem the solution consists of left (right)-propagating
fast waves located at x ~ —0.3(40.3), and left (right)-
propagating slow waves located at = ~ —0.06 (+0.06).
When we employ 1st-order cell reconstruction, the slow
waves are captured more sharply with the HLLD solvers,
i.e., the HLLD-CT_GS or HLLD-CT_HLLE solvers than with
the HLLE-CT_HLLE solver. On the other hand, the reso-
lution across the outermost fast waves is essentially the
same for all solvers. Irrespective of the solver or recon-
struction method used, a spurious undershoot in the rest-

mass density appears at x = 0. This is known as the wall-
heating problem [39]: it is well-known that Godunov-type
schemes cannot avoid this pathological behavior. As re-
ported in Ref. [2], the undershoot is shallower with the
HLLE-CT_HLLE solver due to the solver’s larger numerical
diffusion. When we employ 3rd-order PPM reconstruc-
tion, both the HLLD and HLLE solvers are equally capable
of capturing the slow waves as well as the fast waves.

In the final problem (Problem MHD6) in our one-
dimensional suite, the solution consists of all seven
waves [58]. The numerical results are shown in Fig. 9. In
this problem, a contact discontinuity appears at « ~ 0.05,
a rarefaction wave propagates to the left of the contact
discontinuity, which can be seen at = ~ —0.4, and the
rotational discontinuity at  ~ —0.06 and the slow shock
at x ~ —0.04 follow the rarefaction wave (see the inset in



the panel for BY in Fig. 9). To the right of the contact
discontinuity, a fast shock propagates up to x ~ 0.4. The
rotational discontinuity at = =~ 0.08 and the slow shock
at © ~ 0.06 follow the fast shock (again, this is most
easily seen in the inset in the panel for BY in Fig. 9).

When we use lst-order cell reconstruction (dashed
curves), the contact discontinuity is resolved only with
the HLLD solvers, i.e. HLLD-CT_GS or HLLD-CT_HLLE, (see
the panel for p in Fig. 9). With lst-order reconstruc-
tion, however, it is difficult to disentangle the left/right-
propagating rotational discontinuities and left/right-
propagating slow shocks, even with the HLLD solver (see
the dashed curves in the inset in the panel for BY in
Fig. 9). When we employ 3rd-order PPM reconstruc-
tion (solid curves), on the other hand, the difference
between the various Riemann solvers is striking. With
the HLLD-CT_GS solver, the left/right-propagating rota-
tional discontinuities and slow shocks are captured as
plotted in the inset in the panel for BY in Fig. 9. With
the HLLD-CT_HLLE or HLLE-CT_HLLE solvers, the right-
propagating rotational discontinuity and the left/right-
propagating slow shock are captured, but the left-
propagating rotational discontinuity is not. This demon-
strates the ability of the HLLD-CT_GS solver to properly
capture all seven of the emergent waves.

B. Special relativistic multi-dimensional problems
1. Hydrodynamics: two-dimensional shock tube

For our first multi-dimensional special relativistic test
problem, we consider the two-dimensional Riemann prob-
lem first proposed in Ref. [90]. The simulation domain
spans € [—1,1] in both the z- and y-directions. We set
Az = Ay = 0.01 and N, = N, = 100. We impose out-
flow boundary conditions in both directions. We use an
adiabatic index of T' = 5/3. We employ 3rd-order PPM
reconstruction and set the CFL number to be 0.45. Fi-
nally, the initial condition is given by

(0.1,0,0,0.01) for z,y > 0,
(0.1,0.99,0,1) for z < 0, y > 0,
(0.5,0,0,1) for z,y < 0,
(0.1,0,0.99,1) for z > 0, y < 0.
(4.3)

(p,v", 0", P) =

Figure 10 show the logarithmic contour of the rest-
mass density at ¢ = 0.9 with the HLLC solver (left panel)
and with the HLLE solver (right panel). The most no-
table difference in the solutions between the two solvers
appears around the two tangential discontinuities in the
lower-left portion of the simulation domain. With the
HLLC solver (left panel), the initial tangential discontinu-
ities remain sharp. With the HLLE solver, on the other
hand, spurious waves propagate along each axis from the
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initial tangential discontinuities due to numerical diffu-
sion. Unlike the one-dimensional problems, the spurious
diffusion out of the initial tangential discontinuities that
occurs with the HLLE solver cannot be mitigated even
when we employ 3rd-order PPM reconstruction. Thus in
this multi-dimensional test problem we observe a qualita-
tive difference in the solutions between the HLLC and HLLE
solvers that cannot be removed by resorting to higher-
order reconstruction.

2. Hydrodynamics: two-dimensional cylindrical explosion

For the second special relativistic multi-dimensional
test problem, we consider a cylindrical blast wave in two
dimensions. For this problem, we choose the simulation
domain to span x € [-2,2] and y € [-3,3], and set
Az = Ay = 0.02, ie., (Nz, Ny) = (100,150) in the z-
and y-directions, respectively. Periodic boundary condi-
tions are imposed at the z- and y-boundaries. We set
the adiabatic index to I' = 5/3, employ 3rd-order PPM
reconstruction, and set the CFL number to 0.45. The
initial condition is given by

_{ p_ ) 2bfor Va2 +y? <0.5,
P== 0.1 for /22 + 42 > 0.5.

Figure 11 shows the rest-mass density profile at t = 18
with the HLLC solver (left panel) and the HLLE solver
(right panel). By this time, the blast wave has intersected
itself many times, and consequently a Rayleigh-Taylor-
like instability (known in this context as the Richtmyer-
Meshkov instability) has developed [33]. With the HLLC
solver, the Richtmyer-Meshkov instability is well re-
solved, and as a result the density irregularity around
the elliptical figure is sharply captured. By contrast, with
the HLLE solver, the fine structure around the elliptical
figure is not captured well due to the large numerical dif-
fusivity. This demonstrates an effective improvement in
spatial resolution with the HLLC solver compared to that
with the HLLE solver.

(4.4)

8. Magnetohydrodynamics: two-dimensional magnetized
current sheet

Next we consider a two-dimensional problem in rel-
ativistic magnetohydrodynamics: that of a magnetized
current sheet, studied recently by Refs. [75, 83]. The
initial profile for the magnetic field is given by

B* = By tanh (3) : (4.5)
a
where By = 1 and a = 0.04. The density is uniform with
p = 1 and the fluid is at rest with v* = 0. The thermal
pressure is determined from the force balance with the
magnetic pressure and its profile is given by

2

B? B
P=T(B+1)-F

-, (4.6)
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FIG. 10. Logarithmic contour of the rest-mass density in the two-dimensional Riemann problem at t = 0.9 with the HLLC solver
(left) and HLLE solver (right). We employ RK4 and 3rd-order PPM cell reconstruction.
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FIG. 11. Rest-mass density profile in the cylindrical blast wave problem at ¢ = 18 with the HLLC solver (left) and HLLE solver

(right). We employ RK4 and 3rd-order PPM cell reconstruction.

where [ is the initial plasma-beta parameter, which
we set to unity. The equilibrium magnetic field is ini-
tially perturbed and the perturbation is given by the z-
component of the vector potential as

0A, = eBycos (%) cos (kzx) , (4.7

where k, = 27/L,, k, = 2m/L,, ¢ = 1073, and L, and
L, denote the domain size in the z- and y-directions,
respectively. We employ a simulation domain consist-
ing of z € [-0.5,0.5] and y € [-0.25,0.25]. To check
convergence, we carry out simulations at three differ-
ent resolutions: (Ng, N,) = (512,256), (256,128), and
(128,64) . We set the CFL number to 0.8 in all simula-
tions. We impose a periodic boundary condition in the
z-direction, and a reflective boundary condition in the

y-direction. With this setup, the maximum Alfvén wave
speed is &~ 0.557 and the Alfvén timescale is tp ~ 1.78.

Figure 12 displays colorplots of the thermal pressure
together with the magnetic-field lines at three different
times: t = 10.03t4 (left panel), t = 30.08t4 (center), and
t = 50.06t4 (right). The top, middle, and bottle pan-
els show the numerical solutions with the HLLD-CT_GS,
HLLD-CT_HLLE, and HLLE-CT_HLLE solvers, respectively.
The snapshots are all taken from our highest resolution
runs with (N, N,) = (512,256). Magnetic field lines re-
connect at y ~ 0 due to the numerical resistivity inherent
both in the Riemann solvers as well as in the constrained
transport scheme. Once reconnection starts, the profile
of the magnetic-field lines changes, and as a result, the
thermal pressure profile is modified, leading to the for-
mation of island-like structures.

The timescale of the reconnection depends on how



FIG. 12. Thermal pressure profile for the magnetized current sheet problem at three different times: ¢t = 10.03t4 (left),
t = 30.08t4 (middle), and t = 50.06¢4 (right). Numerical results were obtained with the HLLD-CT_GS (top row), the HLLD-CT_HLLE
(middle row), and the HLLE-CT_HLLE solvers (bottom row), respectively. The white curves denote the magnetic-field lines. We
employ RK4 with 3rd-order PPM reconstruction and a resolution of (N, Ny) = (512,256) in all simulations.

large the numerical resistivity is. Figure 12 indicates that
the HLLD-CT_GS solver is accompanied with the small-
est numerical resistivity because the formation of the is-
lands is delayed. It is found that HLLD-CT_HLLE solver
has the largest numerical resistivity, leading to rapid for-
mation of the islands. This does not agree with one’s
naive expectation, because the HLLE-CT_HLLE solver is
actually less dissipative than the HLLD-CT_HLLE solver.
In other words, we observe an unexpected hierarchy be-
tween the HLLD-CT_HLLE and HLLE-CT_HLLE solvers. This
stems from the algorithm of the CT_HLLE solver. In this
constrained transport scheme, dissipation terms which
are proportional to the maximum absolute value of the
characteristic speed appear in the electric-field evalua-
tion (see, e.g., Eq. (44) in Ref. [1]). This characteristic
speed is then obtained from the (global) Riemann solver.
We find that the HLLD solver returns a larger charac-
teristic speed than the HLLE solver. As a result, the

HLLD-CT_HLLE solver ends up being more diffusive than
the HLLE-CT_HLLE solver, as can be seen in this test prob-
lem.

Figure 13 shows the fraction of the initial magnetic-
field energy that is dissipated as a function of time. With
the HLLD-CT-GS solver (blue curves), the magnetic-field
energy dissipates only gradually. Also, the dissipation
rate is suppressed when we employ higher resolution:
the energy increases by an order of magnitude only over
50 Alfvén timescales. This feature is also found for the
HLLE-CT_HLLE solver (cyan curves), although the dissi-
pation rate steeply rises at a later time, t ~ 40t 4, even
in our highest resolution run. With the HLLD-CT_HLLE
solver (green curves), magnetic reconnection commences
immediately after the simulation starts. We conclude
that for problems involving strong magnetic field gradi-
ents (current sheets) accurate evolution can be modeled
only when the HLLD solver is paired with CT_GS for the
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constrained transport.

4. Magnetohydrodynamics: two-dimensional
Kelvin-Helmoltz instability

The second two-dimensional problem in special rela-
tivistic magnetohydrodynamics is the Kelvin-Helmholtz
instability, as proposed in Refs. [2, 91]. For this, we pre-
pare a simulation domain which spans = € [—0.5,0.5] and
y € [-1,1]. To check the convergence, we perform the
simulations with three different resolutions: (N, N,) =
(200,400) (‘high’ resolution), (Ng,N,) = (100,200)
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(‘medium’ resolution), and (N, N,) = (64,128) (‘low’
resolution). The simulations are carried out with either
the HLLD-CT_GS or HLLE-CT_HLLE solvers, and we employ
3rd-order PPM reconstruction for all the simulations. We
impose a periodic boundary condition in the z-direction,
and an outflow boundary condition in the y-direction.
The CFL number is set to 0.4 in all the simulations.

As the initial condition, we give a tanh-shaped shear
velocity profile for the z-component,

X

v¥ = —wg, tanh(y/a), (4.8)
where vg, = 0.25 and a = 0.02. The thickness a of the
shear layer is covered by around 2,4, and 8 grid cells
at the low, medium, and high resolutions, respectively.
We employ a uniform density of p = 1, and a uniform
gas pressure with P = 20. The adiabatic index is taken
to be 4/3. Note that our setup is different from that
employed in the recent test simulation for the Kelvin-
Helmholtz instability in special relativistic magnetohy-
drodynamics of Ref. [87], in which the authors employ a
non-uniform density field, a smaller shear-layer thickness
of a = 0.01, and an amplitude of the z-component of the
velocity (vsp = 0.5) which is twice that used in our runs.
The magnetic field at t = 0 is given by

(B®,BY, B*) = (W,o,o),

i.e. the magnetic field is initially uniform and parallel
to the velocity in the lower-half of the zy-plane. We set
0pol = 0.01. The shear layer is perturbed by the motion
in the y-direction as

(4.9)

¥ = m sin(27x) exp (7100y2) ,
while v* = 0.

Figure 14 shows the perturbed velocity difference
AvY = (v, — vY:)/2 as a function of time taken from
six simulations at three different resolutions and employ-
ing either the HLLD-CT_GS or HLLE-CT_HLLE solver. All
the simulations start from perturbations of size ~ 107°.
We find exponential growth followed by nonlinear satu-
ration at the end of the linear phase at ¢ ~ 10. The be-
havior during the linear phase depends strongly on the
solver, particularly at low resolutions. Nonlinear satu-
ration occurs more quickly in the simulations with the
HLLD-CT_GS solver than in those with the HLLE-CT_HLLE
solver, but the saturation amplitude depends only weakly
on the solver and resolution. The growth rate is higher
with the less diffusive HLLD-CT_GS solver than with the
HLLE-CT_HLLE solver, but the results converge between
the two solvers as the resolution is improved. This result
is consistent with that in Ref. [87] (see their Fig. 14).
The evolution after the nonlinear saturation is not sen-
sitive to the solver or resolution, although at late times
(not shown) the velocity difference decays more quickly in
the simulations with the (more diffusive) HLLE-CT_HLLE
solver than with the HLLD-CT_GS.

(4.10)
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FIG. 15. Density snapshots taken near nonlinear saturation of the special relativistic magnetohydrodynamical Kelvin-Helmholtz
instability. Top row: the results with the HLLD-CT_GS solver at three different resolutions. Bottom row: same as the top panel
but with the HLLE-CT_HLLE solver. The white lines indicate velocity field streamlines. The left, middle, and right panels show

the low, middle, and high resolution runs, respectively.

In Fig. 15 we show snapshots of the density at nonlin-
ear saturation ¢ ~ 10 from the six simulations. The top
row shows results from the low, medium, and high resolu-
tion runs using the HLLD-CT_GS solver, while the bottom
row shows the corresponding snapshots from runs that
employ the HLLE-CT_HLLE solver. Using the HLLD-CT_GS
solvers, we observe the formation of a single vortex to-
gether with two neighboring, stretched secondary vor-
tices that are well-resolved at all resolutions, whereas
with the HLLE-CT_HLLE solver we see the formation of
only a single large vortex at the shear interface, mir-
roring the behaviour of the Kelvin-Helmholtz instabil-
ity in the simulations of Ref. [91] which employed the
HLLE-CT_HLLE solver. Our results show that, at least at
low resolutions, the HLLE solver is not appropriate for
studying phenomena in which the Kelvin-Helmholtz in-
stability plays an important role.

C. General relativistic problems in a fixed
background spacetime

1. Hydrodynamics: Bondi flow

As a test problem in a curved (but static) space-
time, we consider spherical accretion (ingoing Bondi flow)
onto a non-rotating black hole [92]. The Bondi flow in
Schwarzschild coordinates has been extensively discussed
in the literature (see, e.g., Ref. [33]). Following previous
work [82, 84], we adopt the parameters for this problem
as follows: an adiabatic index of I" = 4/3, an adiabat of
K =1, and a critical radius of r. = 8 M, where M de-
notes the black hole mass. With this setup, the mass ac-
cretion rate M. is 0.797. We perform simulations both
with the HLLE and HLLC solvers, and employ 3rd-order
PPM reconstruction.

Our numerical-relativity code employs the so-called
puncture formalism, and hence, in the presence of black
holes, the black-hole spacetime is foliated in most cases
by the so-called limiting hypersurface [93]. Thus, for
preparing a practical setup in this test problem, a non-
rotating black hole should be described in the so-called
maximal trumpet geometry rather than in Schwarzschild
coordinates or in isotropic coordinates on slices of con-
stant Schwarzschild time [94, 95]. Note that in both
of these latter two coordinate systems, the fluid four-
velocity exhibits pathological behavior near the hori-
zon [95] [96]. In Appendix B, we describe the explicit co-
ordinate transformation from the Schwarzschild coordi-
nates to the maximal trumpet geometry. With this geom-
etry, the radial component of the shift vector is non-zero.
Therefore, the tetrad basis (see, e.g., Eq. (3.36)) does not
agree any longer with a coordinate basis in the Minkowski
spacetime, and the cell interface may be dragged by the
shift vector as discussed in Sec. III B.

We employ a simulation domain in Cartesian coordi-
nates spanning x,y,z € [0, L] with L = 10M. The grid
spacing of the simulation is given by A = Az = Ay =
Az = 0.1M with N = N, = Ny, = N, = 100 as the
number of grid cells in each direction. We also check
convergence by increasing the resolution to N = 200
and N = 400, which correspond to grid spacings of
A = 0.05M and 0.025M, respectively. We set the CFL
number to 0.45 and integrate the numerical solution up
to t = 22.5M. We impose a stationary boundary condi-
tion at the outer and inner boundaries, with the latter
located at ry;,, = 0.4M. Note that the horizon in this
geometry is located at rgg ~ 0.78M. We also impose
octant symmetry at the z,y, and z = 0 planes.

Figure 16 shows radial profiles of the rest-mass density
and the radial velocity calculated by the HLLC solver with
the blue dots and by the HLLE solver with the green dots
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FIG. 16. Top: Radial rest-mass density profile for (hydrody-
namic) Bondi flow in a non-rotating black hole spacetime at
t = 22.5M (the end of the simulation). The mass accretion
rate is fixed at Maoc = 0.797. The solid black curve indi-
cates the analytical solution, while the blue and green dots
denote the numerical solution obtained with the HLLC and
HLLE solvers, respectively. The inset show the solution near
the inner boundary. In the inset, the red and yellow dots de-
note the location of the horizon and of the inner boundary,
respectively. Middle: Same as the top panel, but showing the
radial velocity profile. Bottom: L; norm of the error in the
rest-mass density as a function of the spatial grid spacing.
The blue and green dots denote the error of the numerical
solutions with the HLLC and HLLE solvers, respectively. The
dotted line denotes 2nd-order convergence.

on top of the analytic solution [92]. The profiles are along
the diagonal direction, i.e., x = y = z in the simulation
domain. This figure demonstrates that our implementa-
tion of the HLLC solver in curved spacetime works well.
It also shows that, for this particular problem, the HLLE
solver works as well as the HLLC solver because of the
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smoothness of the accretion flow, as many other previous
implementations have shown; e.g., Refs. [63, 82, 84, 97].

In the lower panel of Fig. 16 we plot the L1 norm of the
error in the rest-mass density as a function of the spa-
tial grid spacing. The convergence order of the L; norm
of the error is &~ 2 both for the HLLC and HLLE solvers,
because our Riemann solver is 2nd-order accurate. One
likely reason for the slight deviation from the expected
accuracy is that spherical symmetry of the accretion flow
is not perfectly preserved during the evolution because
we simulate it in the Cartesian geometry. This plot also
shows that the numerical solution with the HLLC solver is
more accurate than that with the HLLE solver. Our inter-
pretation of this is that with the tetrad transformation
(see Sec. IT1IB) the frame-dragging effect of the cell in-
terface is taken into account with a better accuracy (see
also Fig. 2) [98].

2.  Magnetohydrodynamics: Magnetized Bondi flow

The next test problem in a curved spacetime is mag-
netized Bondi flow onto a non-rotating black hole. It is
known that a purely radial magnetic field does not alter
the flow profile of non-magnetized Bondi flow [76]. There-
fore, we employ the same flow profile used in the previ-
ous section. From the divergence-free condition (2.15),
the radial magnetic field should be B® oc f/R? in
Schwarzschild coordinates (see Appendix B for the defini-
tion of f and the transformation to the maximal trumpet
geometry). The amplitude of the magnetic field is cho-
sen to be such that b2/p = 1 at R = 3M. We perform
two simulations, one with the HLLD-CT_GS solver and the
other with the HLLE-CT_HLLE solver. We employ RK4
and 3rd-order PPM reconstruction in both cases.

We employ a simulation domain in Cartesian coordi-
nates spanning x,y, z € [0, L] with L = 12.8 M. The grid
spacing of the simulation is A = Az = Ay = Az =0.1M
with N = N, = N, = N, = 128 being the number of
the grid cells in each direction. To check convergence, we
perform better-resolved simulations with N = 256 and
N =512, i.e., A =0.06M and 0.025M, respectively. We
impose octant symmetry at the x, y, and z = 0 planes,
and a stationary condition at the outer and inner bound-
aries, with the latter located at r;, = 0.4M. Numerical
simulations are performed up to t = 22.5M.

Figure 17 shows the radial profiles of the rest-mass
density (top-left), the radial velocity (top-right), and the
radial magnetic field (bottom-left). Numerical solutions
with the HLLD-CT_GS solver are indicated by the blue
dots, while those with the HLLE-CT_HLLE solver are indi-
cated by the cyan dots. As in the non-magnetized cases,
the flow profiles agree with the analytic solution [92]
(see also the insets in Fig. 17 which show the solution
close to the inner boundary). The rest mass density in-
side the horizon slightly deviates from the analytic so-
lution. However, the deviation decreases as the spa-
tial resolution is increased. This demonstrates that our
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HLLD solver works just as well as our HLLC solver in a
curved spacetime. As in the hydrodynamic case, we find
no qualitative difference in the numerical solutions be-
tween the HLLD-CT_GS and HLLE-CT_HLLE solvers because
of the smoothness of the accretion flow. The bottom-
right panel in Fig. 17 plots the L; norm of the error in
the rest-mass density as a function of the spatial grid
spacing. It shows that (i) the numerical solution with
the HLLD-CT_GS solver is more accurate than that with
the HLLE-CT_HLLE solver, and (ii) the order of the con-
vergence is = 2. These results are essentially the same
as those in the previous subsection. Again, the devia-
tion from the formal accuracy of the Riemann solver is
likely to be an artifact of the Cartesian geometry which
we employ.

V. APPLICATION TO A DYNAMICAL
SPACETIME

Finally, we apply our new Riemann solvers in general
relativity to a dynamical spacetime. We simulate a bi-
nary neutron star merger, both with and without mag-
netic fields. We turn on the solver for Einstein’s equa-
tions and the neutrino-radiation hydrodynamics solver
in the simulations shown in this section (see Egs. (2.9)-
(2.13)).

A. Hydrodynamics: binary neutron star merger
1. Setup

First, we consider non-magnetized asymmetric binary
neutron stars with masses of 1.2 and 1.5My. We uti-
lize the spectral method library LORENE [99-103] to
generate a quasi-equilibrium configuration of the irrota-
tional binary neutron star. We also employ an eccen-
tricity reduction prescription to generate an initial con-
dition that has low orbital eccentricity [104]. The initial
orbital angular velocity is set to be myQy = 0.028 where
mgy = 2.7M¢ is the total mass of the binary.

Our solver for Einstein’s equations implements the
BSSN-puncture formulation [105-108], locally incorpo-
rating the Zd4c prescription for constraint propaga-
tion [109]. We employ 4th-order centered finite differenc-
ing for the spatial derivative of the metric, a lop-sided
finite difference for the advection term associated with
the shift vector, and 4th-order Runge-Kutta for the time
integrator. For the relativistic hydrodynamics solver, we
employ either the HLLC or HLLE solver, together with 3rd-
order PPM cell reconstruction.

We employ the SFHo equation of state for rela-

tively high-density nuclear matter [110], and the Timmes
(Helmholtz) equation of state for the low-density part



[111]. Because high-resolution shock-capturing schemes
cannot treat the vacuum state, we need to implement
an artificial atmosphere outside the neutron stars. In
this simulation, we set a constant atmospheric density of
Patm = 10% g/cm? for the inner part of the finest fixed
mesh refinement (FMR) domain, for which the refine-
ment boundary along each axis is typically located at
Lg, = 38.7km (see below for the FMR setup in detail).
We also set a power-law profile of the atmospheric den-
sity of patm = 103(Lgn/r)3g/cm3 for » > Lg, and as
far as the atmospheric density is larger than the floor
value which is determined by the employed equation of
state. In our present table for the equation of state, this
floor is ~ 0.17 g/cm? and if pai, becomes smaller than
this value, we set the the atmospheric density to the
floor value. The atmospheric temperature is set to be
1073 MeV.

We also explicitly solve the radiation-hydrodynamics
equations for neutrinos in time using an approximate
neutrino-transfer scheme based on a leakage scheme [77]
and the truncated moment formalism [79, 112]. The cool-
ing source terms are computed using a general-relativistic
leakage scheme [74], and heating source terms due to neu-
trino capture processes are computed by the method pre-
sented in Ref. [78].

The computational region consists of 13 levels of FMR
half-cubic domains. The size of each FMR domain is
€ [-L/2!71 L/2'71] for x and y, and z € [0, L/2!~!] with
l=1,2,---,13. Note that in the z-direction we impose
reflection symmetry with respect to the equatorial plane,
z = 0. We set the overall domain size to L ~ 158,000 km
and N = N, = N, = N, = 258. Thus the grid spacing of
the finest FMR domain is Az13 = Ayi3 = Az;3 = 150m.
To check convergence, we also perform simulations with
lower resolutions of N = 196 and N = 158, for which the
grid spacing of the finest FMR domain is Azy3 = 200 m
and Axy3 = 250m, respectively. For the HLLC solver,
we perform an additional simulation with N = 377 and
Ax13 = 100m. By virtue of the cell-centered grid struc-
ture, the cell interface of the parent FMR domain co-
incides with that of the child FMR domain. We em-
ploy the reflux prescription during time marching of the
Berger-Oliger type mesh refinement algorithm to ensure
the conservation of baryonic mass.

2. Inspiral phase

The left and right panels of Fig. 18, respectively, show
the time-evolution (during the inspiral phase) of the max-
imum rest-mass density and the density-weighted Hamil-
tonian constraint violation (see Egs. (29) and (30) in
Ref. [82] for definitions). The blue and green curves
denote the results with the HLLC and HLLE solvers, re-
spectively, and the solid, dashed, dotted, and dot-dashed
curves indicate the resolution (i.e. Aziz = 100m, 150 m,
200m, and 250m, respectively). During inspiral, the
maximum rest-mass density oscillates due to numerical
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error regardless of which solver is used. It also decreases
partly due to the numerical error. However, the degree
of the decrease is much more prominent with the HLLE
solver than it is with the HLLC solver, especially at the
coarsest resolution. This is due to the large numerical
diffusion inherent in the HLLE solver. Specifically, this
solver is more subject to spurious broadening of the den-
sity profile near the stellar surface (not shown), leading to
a higher degree of spurious neutron-star expansion and to
a resultant decrease in the maximum rest-mass density.
However, this artifact is mitigated with the HLLC solver,
because of its stronger capability of capturing irregular
surfaces, i.e., the stellar surface.

The right panel of Fig. 18 shows that, for a given grid
resolution, the time-averaged value of the constraint vio-
lation during the inspiral phase is smaller with the HLLC
solver than with the HLLE solver. This demonstrates that
the numerical result with the HLLC solver is more accu-
rate than that with the HLLE solver. We find that the or-
der of convergence of the density-weighted Hamiltonian
constraint violation is 1.7-1.8, irrespective of which Rie-
mann solver is used. Note that this convergence is slow
compared to that achieved using a higher-order finite dif-
ference scheme [61, 62, 72], but could be improved if we
were to employ a more accurate reconstruction scheme
such as MP5 [113]. However, the implementation of such
a scheme is beyond the scope of this paper.

The top panel of Fig. 19 shows the orbital separation of
the binary as a function of time. Here we define ‘orbital
separation’ as the coordinate distance in the orbital plane
between the two rest-mass density maxima. The cross
symbols denote the final moment at which we can unam-
biguously identify the two rest-mass density maxima. At
this point the less massive neutron star has been signifi-
cantly tidally elongated, and we define this time as being
the time of onset of the merger. This plot shows that
the merger time found in the simulation with the HLLC
solver is later than that with the HLLE solver (the reason
for this will be described shortly). The bottom panels
display contour plots of the rest-mass density in the or-
bital plane at the moment of merger for the runs with the
HLLC solver (left panel) and the HLLE solver (right panel)
(for both cases, Az13 = 150m). The orbital phase with
the HLLE solver slightly larger compared to that with the
HLLC solver. This implies that the neutron star simulated
with the HLLE solver is more subject to artificial tidal de-
formation than the neutron star with the HLLC solver,
because the HLLE solver (since it cannot accurately re-
solve the irregularities at the stellar surface) results in
a larger spurious expansion of the neutron star. Note
that the tidal elongation of the low-density part of the
less massive neutron star is more enhanced with the HLLE
solver than with the HLLC solver, as found from the com-
parison of the two contour plots. It is this enhanced (but
artificial) tidal elongation with the HLLE solver that ulti-
mately results in the earlier merger time observed when
when we employ that solver.
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3. Post-merger phase

Having presented various diagnostics from the inspi-
ral phase, we now turn our attention to the post-merger
phase. Figure 20 shows the maximum rest-mass density
and the density-weighted Hamiltonian constraint viola-

tion as functions of time during the post-merger phase.
The existence of oscillations in the density after the
merger indicates the formation of a massive neutron star
remnant rather than a direct collapse to a black hole.
The remnant massive neutron star gradually contracts
due to angular momentum transport by the gravitational
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torque, neutrino cooling, and gravitational-wave emis-
sion. Eventually the remnant collapses to a black hole,
indicated by the blow-up of the maximum rest-mass den-
sity (see the figure at 30-40ms). Because the remnant
massive neutron star is a meta-stable object, its stabil-
ity is influenced significantly by the numerical truncation
error, by the randomness with which the collapse time
does not become a monotonic function of the spatial grid
spacing. (The non-monotonic behavior of the black-hole
formation time with respect to the grid spacing is also re-
ported in the literature (see, e.g, Ref. [114]).) Specifically,
with the HLLC solver, the collapse time of the remnant
coincides for both the Azi3 = 150m and Az13 = 250 m
runs, is earliest for the Axy3 = 100 m run, and is latest
for the Axz13 = 200m run. With the HLLE solver, the
collapse time is earliest for the Azy3 = 200m run and
the latest for Az13 = 250m run. The inset in the left
panel of Fig. 20 shows a close-up of the results with the
HLLC and HLLE solvers for Azi3 = 150 m.

However, the collapse time of the remnant is systemat-
ically earlier for runs with the HLLC solver. This is related
to the evolution of the oscillation amplitude of the rem-
nant neutron star. For ¢ < 20ms, the oscillation ampli-

tude of the maximum rest-mass density is approximately
identical for the two solvers (see the left-hand panel of
Fig. 20). After that, however, the oscillations are notice-
ably damped when we use the HLLE solver. This implies
that the oscillation energy is dissipated by the numerical
diffusion inherent in the HLLE solver. Thus, the lifetime
of the remnant massive neutron star is significantly over-
estimated when the more diffusive HLLE solver is used.

The right panel of Fig. 20 shows that the density-
weighted Hamiltonian constraint violation is of order
10~* during the remnant massive neutron star phase and
of order 10! after the black hole formation. The con-
straint violation only slowly decreases with increased res-
olution in the post-merger phase, and does so regardless
of which solver is used. The reason for this is that dur-
ing the merger phase, shocks are formed inside a large
portion of the neutron stars. Because shocks are always
computed with first-order accuracy in numerical hydro-
dynamics, the overall accuracy of the solution deterio-
rates and the convergence becomes slow.

The left panel of Fig. 21 shows the evolution of the
dimensionless spin of the remnant black hole [115]. We
find spurious spin-down of the black hole due to numeri-
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cal diffusion, in particular when the simulations are per-
formed at low resolutions with Azy3 = 200m or 250 m.
We measure the spin-down rate in the HLLC run and es-
timate that the dimensionless spin decreases by 2 0.1 in
1s if rap/Az13 S 15 where rag denotes the minimum
radius of the apparent horizon. However, the spurious
spin-down rate decreases approximately at the 4th or-
der, reflecting the order of the accuracy in the solver for
Einstein’s equations. This implies that the spurious de-
crease of the dimensionless spin will be suppressed to the
required level if we perform a simulation with a suffi-
ciently high resolution. In low-resolution runs, however,
the spurious spin down will influence the evolution of the
disk because the specific angular momentum at the in-
ner stable circular orbit will increase as a result of the
spin-down, which in turn will result in spurious mass ac-
cretion. Thus the grid resolution must be chosen care-
fully when the main aim is to quantitatively explore the
evolution of the disk and subsequent mass ejection.

The right panel of Fig. 21 shows the gravitationally
bound baryonic mass outside the apparent horizon [116].
Irrespective of which Riemann solver we employ, the
bounded baryonic mass is not a monotonic function of
the grid spacing. Before the formation of the black hole,
the non-axisymmetric density structure of the remnant
massive neutron star exerts a gravitational torque on the
fluid elements. As a result, angular momentum is trans-
ported outwards. Thus the longer lifetime of the remnant
massive neutron star results in the formation of a more
massive torus after the neutron star remnant collapses
to the black hole. Because the lifetime of the remnant
massive neutron star is not a monotonic function of the
grid spacing it is a natural consequence that we find that
the baryonic mass of bound material does not converge
as the resolution is increased. Nevertheless, in the sim-
ulations with the HLLC solver, the gravitationally bound
baryonic mass is found to lie in a narrow range, between
0.055M and 0.075M¢, at the time of formation of the



black hole (at t ~ 30ms). When we employ the HLLE
solver, the bound baryonic mass is systematically larger
than that with the HLLC solver (between 0.100Mg and
0.125Mg). This is because the lifetime of the remnant
massive neutron star is systematically longer in the sim-
ulations with the HLLE solver than with the HLLC solver,
as already mentioned. Therefore, when one employs the
HLLE solver, one should keep in mind that the bound
baryonic mass could be overestimated with a systematic
error of O(1072Mg).

Figure 22 shows the time-evolution of the luminosity
of electron neutrinos (left panel) and of electron antineu-
trinos (right panel). These plots show that the lumi-
nosity increases quickly after merger, reaching a peak
value of ~ 1.2 x 10%3erg/s for the electron neutrinos
and ~ 1.9 x 10°3 erg/s for the electron antineutrinos at
t ~ 20ms. These values agree broadly with our previ-
ous results [117]. After the formation of the black hole,
the luminosity quickly decreases because the high density
and temperature regions of the remnant massive neutron
star are swallowed into the black hole [117, 118]. Note
that the overall evolution of the neutrino luminosity in
the remnant massive neutron star phase does not signif-
icantly depend either on the Riemann solver, nor on the
spatial grid spacing.

Finally, Fig. 23 shows the time-evolution of the gravita-
tionally unbound baryonic mass, i.e. the ejecta mass. In
this model (i.e., the model with appreciable mass asym-
metry in the binary), mass ejection is driven primarily by
the tidal force from the heavier component to the lighter
one. The blue and green curves denote results with the
HLLC and HLLE solvers, respectively. The solid, dashed,
dotted, and dot-dashed curves denote the results with
grid spacings of Azy3 = 100m, 150 m, 200 m, and 250 m,
respectively. The inset depicts the ejecta-mass evolution
on a logarithmic scale along the vertical axis, and the
shaded region denotes the violation of baryonic mass con-
servation. We find that the spurious mass ejection during
the inspiral phase is O(10~7 M), and it decreases as the
resolution is enhanced. We also find that the error in
baryonic mass conservation is below 10~7 My, even after
the merger. This figure shows that the ejecta mass de-
creases as the grid spacing is improved from 250m to
150 m. This is likely to be related to the spurious expan-
sion of the less massive neutron star during the inspiral
phase, which we discussed above. This spurious expan-
sion is enhanced in the lower resolution runs. When we
employ Az13 = 100 m for the HLLC solver, the ejecta mass
is approximately identical to that with Az;3 = 150 m.
Therefore, the convergence for the ejecta mass is approx-
imately achieved in this model.

Figure 23 also shows that the amount of ejecta mass in
the simulation with the HLLC solver is smaller than that
with the HLLE solver for a given grid spacing. Quanti-
tatively, the ejecta mass difference due to the Riemann
solver is &~ 1073 M, for Azy3 = 150 m in this model. This
difference arises from how accurately the employed Rie-
mann solver can capture the neutron-star shape during
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the late inspiral phase. As we have already emphasized,
with the HLLE solver the neutron star spuriously expands
during the inspiral phase. As a result, the less massive
neutron star is more subject to (partly artificial) tidal
deformation, thereby ultimately increasing the tidally-
driven ejecta mass. When we employ the HLLC solver
together with a high grid resolution this artifact is mit-
igated. This is one of the advantages of using a more
sophisticated Riemann solver in this problem.

We conclude that the HLLC solver is superior to the
HLLE solver both during the inspiral and post-merger
phases of the binary neutron star merger. In particular,
we note that for the purpose of obtaining accurate and
high-precision gravitational waveforms during the late in-
spiral phase over more than 10 orbits, the HLLE solver is
likely not an appropriate choice.

B. Magnetohydrodynamics: binary neutron star
merger (evolution of remnant)

1. Setup

As an application of the new Riemann solvers (paired
with our new implementation of the constrained trans-
port scheme) to relativistic magnetohydrodynamics in a
dynamical spacetime, we consider the evolution of the
magnetized torus surrounding a black hole formed after a
binary neutron star merger. The initial condition is taken
from the final moment of the hydrodynamics simulation
for a binary neutron star merger presented in the pre-
vious section. Specifically, our initial condition is taken
from the result of the simulation run with the HLLC solver
at a resolution of Azxi3 = 150m and at ¢ &~ 76 ms. The
grid setup is exactly the same as in the hydrodynamics
simulation for the binary neutron star merger.

We initialize the magnetic field inside the torus with a
vector potential of the form

A = [~(y — yu)d" + (v — wBn)0"]

x Apmax(P — 1072 Pyax, 0)?, (5.1)
where ¢ = x or y, gy and ypy denote the z- and y-
coordinates of the central black hole, P is the gas pres-
sure, and Py ax is its maximum. We choose the amplitude
Ap such that the initial maximum magnetic field strength
is 10'°G. We employ the HLLD-CT_GS and HLLE-CT_HLLE
solvers and compare the results. We also employ Bal-
sara’s method to ensure the divergence-free condition
and magnetic flux conservation in the refinement bound-
ary [73, , 120]. In our implementation, not only is the
divergence-free condition preserved to machine-precision,
but the magnetic flux is also preserved across the re-
finement boundary. We note that the vector potential
method [121], which has been widely implemented in nu-
merical relativity codes, does not ensure the latter prop-

erty [62-64, 66].
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FIG. 24. Time-evolution of electromagnetic energy (left) and magnetorotational-instability quality factor (right) from the
magnetohydrodynamic simulations of the remnant formed after the merger of two binary neutron stars. In calculating the
magnetorotational-instability quality factor, low-density regions have been excluded by employing a cut-off density pcus. The
blue and cyan curves denote results for runs with the HLLD-CT_GS and HLLE-CT_HLLE solvers, respectively. The grid spacing is
Az13 = 150m in both runs. The inset in the left panel shows a zoom-in of the electromagnetic energy evolution (using a linear

scale along the vertical axis) over the interval ¢ = 85-100 ms.

2. Post-merger evolution

The left and right panels of Fig. 24 show the time evo-
lution of the electromagnetic energy and the time evo-
lution of the magnetorotational-instability quality fac-
tor, respectively. The electromagnetic energy is defined

by [122]

1
Erag = 3 /bzw\ﬁd3x. (5.2)

The origin of the time-axis is the same as in Fig. 18.
The blue and cyan curves denote results with the
HLLD_CT-GS and HLLE_CT-HLLE solvers, respectively. The
magnetorotational-instability quality factor is defined by

/ )\MRIdgl‘
_ Jp>pcut

(AMRI) pouy = —=p——, (5.3)
/ 3
P2 Peut

where
=
MRI = ph—l—bQQ

is the wavelength of the fastest growing mode of the
axisymmetric magnetorotational instability [123, ].
Note that we introduce a cut-off density in the quality
factor to determine in which part of the torus the mag-
netorotational instability is resolved.

These panels show that the electromagnetic energy is
amplified during the initial stage of t < 84-85 ms primar-
ily due to magnetic winding rather than the magnetoro-
tational instability, because the fastest growing mode of
the magnetorotational instability in the high-density re-
gions of the torus is not well resolved at these early times

(5.4)

(see the solid curves in the right panel with a cut-off den-
sity of peut = 1019 g cm™3). During this stage, the elec-
tromagnetic energy with the HLLD-CT_GS solver is larger
than that with the HLLE-CT _HLLE solver because the large
numerical diffusion inherent in the HLLE-CT_HLLE solver
results in the diffusion of magnetic field lines. In addition,
in the orbital plane magnetic fields are forced to recon-
nect because we impose plane symmetry with respect to
the equatorial plane. For the HLLE-CT_HLLE solver, recon-
nection in this plane is also enhanced due to numerical
diffusion, and thus reduces the electromagnetic energy
even further (see also the magnetized current sheet prob-
lem in Fig. 12).

After ¢t ~ 84-85 ms by which the poloidal magnetic-
field strength has been enhanced nearly to saturation
level due to winding and subsequent outgoing motion re-
sulting from the enhanced magnetic-field pressure, mag-
netorotational instability-driven turbulence begins to de-
velop in the high-density region of the torus, because the
fastest growing mode is now resolved by more than ten
grid points (see the right panel of Fig. 24). This then
establishes a turbulent state.

Figure 25 displays the magnetic-field structure in the
-z plane. This figure shows that by the time the
magnetic-field strength has saturated, turbulence has
developed and an outflow associated with the turbu-
lent activity is driven from the disk. The middle pan-
els of Fig. 25 show the magnetic-field structure at t ~
90ms. With the HLLD-CT_GS solver, the inside of the
torus exhibits smaller-scale turbulence than that with
the HLLE-CT_HLLE solver (see, e.g., the region of = €
[20,50] km and z € [0, 20] km). The larger structures seen
in the colormap also suggest that magnetic-field lines are
more coherent with the HLLE-CT_HLLE solver than they
are with the HLLD-CT_GS solver. Our explanation for this
is that with the HLLE-CT_HLLE solver, the magnetorota-
tional instability is less resolved, and thus, the small-scale
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FIG. 25. Magnetic-field structure for the magnetized binary neutron star merger remnant simulations with the HLLD-CT_GS
solver (left) and with the HLLE-CT_HLLE solver (right). The gray curves show the poloidal magnetic-field lines and the color
contours indicate the toroidal magnetic-field strength. The top, middle, and bottle panels show the numerical solutions at

times ¢ &~ 83 ms, 90 ms, and 98 ms, respectively.

turbulent structure is less developed. As a result, large-
scale magnetic fields appear to be spuriously enhanced
with HLLE-CT_HLLE compared to HLLD-CT_GS.

As evidence for this explanation, we calculate the
power spectrum density of the electromagnetic energy
defined by

Pp(k) = = / b(k:)b* (ki) K>S, (5.5)

where Z;(kz) is the Fourier component of the magnetic-
field strength (in the frame comoving with the fluid), b =

|b?1/2, calculated by

b(k:) = / ba Yo gy, (5.6)
and IN)*(kZ) is its complex conjugate. Here, k; is the
wave vector with i = x,y,z and k% = > k2. dQy, is
a solid angle in k-space. We employ the Python pack-
age fiNUFFT [125, 120] to perform a non-uniform Fast
Fourier Transformation in our FMR domain. Practi-
cally, we employ the first five finest domains, which
span from Liz € [—38.7km,38.7km]? x [0km, 38.7 km]
to Lg € [—619.2km, 619.2 km]? x [0 km, 619.2 km], in this
analysis.
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FIG. 26. Power spectrum density of the electromagnetic en-
ergy from simulations of a magnetized binary neutron star
merger remnant at ¢ ~ 90.2ms with the HLLD-CT_GS solver
(blue) and the HLLE-CT_HLLE solver (cyan).

Figure 26 plots the power spectrum density of the
magnetic-field energy at ¢ ~ 90.2ms. The blue and
cyan curves denote solutions with the HLLD-CT_GS and
HLLE-CT_HLLE solvers, respectively. With the help of
the non-uniform Fast Fourier Transformation, we ob-
tain a power spectrum density that spans three or-
ders of magnitude. It clearly shows that the power
spectrum amplitude around k/(27) = 10 Scm~! is
larger in the HLLE-CT_HLLE than in the HLLD-CT_GS
run. This implies that a relatively large-scale mag-
netic field with a scale of ~ 105cm is generated in
the HLLE-CT_HLLE run compared to the HLLD-CT_GS
run. On the other hand, at small scales (i.e. with
k/(27) = 107%cm™!), the power spectrum density is
higher in the HLLD-CT_GS run than in the HLLE-CT_HLLE
run. This shows the HLLD-CT_GS solver is able to sustain
smaller-scale magnetorotational instability-driven turbu-
lence than the HLLE-CT_HLLE solver.

Figure 24 indicates that the electromagnetic energy
is still increasing for ¢ 2 90 ms. We find that (i)
the growth is not exponential, and (ii) the growth rate
with the HLLE-CT_HLLE solver is higher than with the
HLLD-CT_GS solver. This indicates that magnetic wind-
ing of a coherent poloidal magnetic field proceeds more
efficiently (though spuriously) in the simulation with the
HLLE-CT_HLLE solver than with the HLLD-CT_GS solver.
This in turn enhances the launch of a magnetic tower
outflow in the polar direction, as shown in the bottom
panels of Fig. 25. While this outflow is observed regard-
less of which solver is used, we observe a more powerful
magnetic tower outflow with the HLLE-CT_HLLE solver,
which reflects the greater (but spurious) coherency of the
magnetic-field lines when we use of this solver.

To quantify how powerful the magnetic tower outflow
is, we plot the angular distribution of the Poynting flux
—/=g(T7 )M = — /=g(b?u"u; — b"b;) on a sphere
of r = 50km in Fig. 27. The snapshot is taken at
t ~ 103 ms. In the polar region, the Poynting flux with
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the HLLE-CT_HLLE solver is much stronger than with the
HLLD-CT_GS solver. This plot suggests that the power
of the magnetic tower outflow is overestimated when we
employ the HLLE-CT_HLLE solver.

VI. SUMMARY AND CONCLUSION

We implemented the advanced Riemann solvers
HLLC [I] and HLLD [2] in our numerical relativity
neutrino-radiation magnetohydrodynamics code. We val-
idated our implementation by performing one- and multi-
dimensional test problems in both Minkowski spacetime
and in a fixed background spacetime, both in relativistic
hydrodynamics and relativistic (ideal) magnetohydrody-
namics. In the relativistic hydrodynamics test problems,
we found that the HLLC solver is always superior to the
HLLE solver, in particular, for the multi-dimensional case:
the spurious waves associated with the HLLE solver dis-
appear, and the grid resolution is effectively improved,
when we employ the HLLC solver. For relativistic magne-
tohydrodynamics test problems, we also found that the
performance of the HLLD solver together with the con-
strained transport method proposed by Gardiner and
Stone [3], which relies on the accuracy of a Riemann
solver, is the best for both one-dimensional as well as
multi-dimensional test problems.

We also performed simulations of a non-magnetized
asymmetric binary neutron star merger in a dynamical
spacetime with the HLLC and HLLE solvers. We found that
spurious broadening of the neutron star surface during
the inspiral phase can be mitigated by employing the
HLLC solver. As a result, the less massive companion of
the binary is less subject to tidal elongation during the
late inspiral phase than when the HLLE solver is used.
This point is particularly important for deriving a high-
precision gravitational waveform during the late inspiral
phase, because one has to compute the orbital evolution
precisely, i.e. excluding spurious numerical effects for this
problem. The solution with the HLLC solver also differs
from that with the HLLE solver in the subsequent post-
merger evolution. For example, the amount of dynamical
ejecta driven by the tidal interaction of the two stars
and the lifetime of the remnant massive neutron star are
overestimated when we employ the HLLE solver.

The neutron-rich dynamical ejecta and post-merger
ejecta, the latter of which is launched from the merger
remnant by an effective turbulent viscosity due to the
magnetorotational instability [49-51, 53, 54, 78], will
shine by means of radioactive decay of r-process elements
which have been freshly synthesized in the ejecta (see,
e.g., [18, 20, ). One of the most important aims in
the observation of binary neutron star mergers is to ob-
serve this signal and to infer the binary parameters by
comparing the observational results with the theoretical
prediction from numerical relativity simulations. There-
fore, we conclude that employing a better solver (i.e.,
the HLLC solver rather than the HLLE solver) is crucial for
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FIG. 27. Angular distribution of the Poynting flux on a sphere of r &~ 50 km at ¢ ~ 103 ms with the HLLD-CT_GS solver (left)

and the HLLE-CT_HLLE solver (right).

reliable modeling of electromagnetic counterparts from
binary neutron star mergers.

We also performed simulations of the binary neutron
star merger remnant, i.e. a black hole surrounded by
a massive torus, in the framework of neutrino-radiation
magnetohydrodynamics. We embedded a purely poloidal
magnetic-field loop inside the torus and performed sim-
ulations with the HLLD-CT_GS and HLLE-CT_HLLE solvers.
We found that (i) artificial magnetic-field dissipation is
suppressed, and (ii) a well-resolved magneto-turbulent
state is reproduced, when we employed the HLLD-CT_GS
solver. On the other hand, when we employed the
dissipative HLLE-CT_HLLE solver, the coherency of the
magnetic-field lines is artificially enhanced, resulting in
the launch of a powerful magnetic tower outflow due to
magnetic winding of this coherent poloidal field. The
emergence of a Poynting flux-dominated outflow from
the black hole-torus system could be a key ingredient for
driving a short gamma-ray burst from the compact bi-
nary merger remnant [55]. Therefore, we conclude that
employing the HLLD solver paired with the constrained
transport method proposed by Gardiner and Stone [3] is
crucial for reliable modeling of the central engine of short
gamma-ray bursts.

As a future project, we plan to perform long-term sim-
ulations of binary neutron star mergers and black hole-
neutron star binary mergers, employing the advanced
Riemann solvers which we have implemented in our code.
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Appendix A: Tetrad basis in the y- and z-directions

For convenience, we explicitly show the tetrad basis for
the Riemann problem in the y- and z-directions.

a. y-direction

In the y-direction, the contravariant components of the
tetrad basis are:

e(t”)M = n“ (Al)
= é(o, 1,0,0), (A2)
€(y> =B(0,4"), (A3)
=D (0 —Yzzy 77wz) P (A4)
where
- A5
/A (A5)
S (A6)
Yoz

. 1

D= (AT)

The covariant components of the tetrad basis are given
by

€D = > (A8)

€@y = CA'( Be» Vai) - (A9)

e = B (8Y,6,"), (A10)
= D (B:-Yaw = BaVaz: 0, Vo Vys — Vay Yoz, Voa Yoz

(A11)

- ’Ygz) .



The components of the numerical flux at the y-interface
in the Eulerian frame are
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The interface velocity is
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b. z-direction

In the z-direction, the contravariant components of the
tetrad basis are:

el =nt, (A21)
e@)" = D (0, %y, —Vey,0) , (A22)
e’ = C(0,0,1,0), (A23)
e =B(0,77), (A24)
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where
5 1 A
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The covariant components of the tetrad basis are
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The components of the numerical flux at the z-interface
in the Eulerian frame are given by
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The interface velocity is
i heee = 2 = = (A40)
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Appendix B: Coordinate transformation to the
maximal trumpet black hole puncture solution

Bondi flow is usually described in Schwarzschild co-
ordinates. However, our numerical relativity code has
a high affinity with puncture coordinates because the
solver for Einstein’s equations handles a black hole with
the moving puncture gauge. In numerical relativity with
this gauge condition, black holes relax to a stationary
solution in the so-called limit hypersurface. This implies
that the code test should be done employing this special
stationary hypersurface. To do this, one needs to seek a
coordinate transformation from the Schwarzschild coor-
dinates to the puncture coordinates (i.e., the coordinates
of the limit hypersurface). One simple way of doing this
is to describe a black hole as the maximal trumpet black
hole puncture solution described in Ref. [94]. In these
coordinates, the fluid quantities are well-behaved on the
horizon.

1. Maximal trumpet black hole puncture

The stationary solution of the Schwarzschild spacetime
in the limiting hypersurface can be written by

ds? = —(a? — BrB™)dt? + 2BrdtdR + f~2dR? + R%d0?,

(B1)
where
o\ 1/2
f—(l—ﬂﬂ;) , (B2)
a=f, (B3)
C
gE = R—f. (B4)

Here, C is the integration constant and R is the circum-
ferential radius. A number of numerical relativity simu-
lations of a single black hole spacetime using the moving
puncture gauge showed that the numerical solution set-

tles down to a member of the family with C' = %,
which has a limiting surface at R = 3M/2 [93]. If we con-

sider a transformation of this solution into the isotropic
coordinates by identifying the spatial metric in both co-
ordinates as

f2dR? + R*d0? = Y (dr® +2dQ?%),  (B5)

one may find a solution for r and ¢ as [94]

. {23 + M + (4R? + 4AMR + 3M2)1/2]

4
1/V2
(44 3v2)(2R — 3M)
2 2)1/2 ; (B6)
8R+ 6M + 3(8R%? + 8MR + 6M?)
2=t (B7)
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where we assumed C = 3v/3M?2 /4. The lapse function,
shift vector, and non-zero components of the extrinsic
curvature are given by

oM 27TMH4
« \/ ® T 16rT (B8)
. 3V3M?r
B = T 4R3 (B9)
6v/3M29p%
Krr:—ng), (BIO)
Kys  3V/3M?
Koy = = . B11
o0 sin® 6 4R ( )

2. Velocity field and magnetic field of Bondi flow

The velocity field of Bondi flow in Schwarzschild co-
ordinates should be transformed into the isotropic co-
ordinates described in the previous section. The radial
component is obtained by

ul
u" = ——, B12
w2f ( )
where uf is the radial velocity of Bondi flow in

Schwarzschild coordinates (see, e.g., Ref. [83]). The time
component is obtained by the normalization of the four
velocity:

O
R(R —2M)
RIR—2M) [ 4, po 2
X _1+<1+02¢4(UR)2<¢ (U) +1>>

(B13)

Note that the four velocity in these coordinates does not
exhibit pathological behavior on the horizon, which can
be confirmed by a Taylor expansion of Eq. (B13) near the
horizon [95]. Note also that the lower components of the
four velocity, u; and w,, are well-behaved at the horizon
because the metric has a regular form in the maximal
trumpet geometry (B5).

For magnetized Bondi flow, the radial component of
the magnetic field in the maximal trumpet geometry is
given by

o BR

P2’

where B% is the radial component of the magnetic field

in Schwarzschild coordinates. In the case of a purely

radial magnetic field, the divergence-free condition (2.15)

requires the radial component of the magnetic field in
Schwarzschild coordinates be

BR o 1//7

(B14)

f

el (B15)



38

[1] A. Mignone and G. Bodo, Mon. Not. Roy. Astron. Soc.
364, 126 (2005), arXiv:astro-ph/0506414.

[2] A. Mignone, M. Ugliano, and G. Bodo, Mon. Not. Roy.
Astron. Soc. 393, 1141 (2009), arXiv:0811.1483 [astro-
ph].

[3] T. A. Gardiner and J. M. Stone, J. Comput. Phys. 227,
4123 (2008), arXiv:0712.2634 [astro-ph].

[4] L. Del Zanna, N. Bucciantini, and P. Londrillo, Astron.
Astrophys. 400, 397 (2003), arXiv:astro-ph/0210618.

[5] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev.
Lett. 119, 161101 (2017), arXiv:1710.05832 [gr-qc].

[6] B. P. Abbott et al. (LIGO Scientific, Virgo, Fermi
GBM, INTEGRAL, IceCube, AstroSat Cadmium
Zinc Telluride Imager Team, IPN, Insight-Hxmt,
ANTARES, Swift, AGILE Team, 1M2H Team, Dark
Energy Camera GW-EM, DES, DLT40, GRAWITA,
Fermi-LAT, ATCA, ASKAP, Las Cumbres Observa-
tory Group, OzGrav, DWF (Deeper Wider Faster
Program), AST3, CAASTRO, VINROUGE, MAS-
TER, J-GEM, GROWTH, JAGWAR, CaltechNRAO,
TTU-NRAO, NuSTAR, Pan-STARRS, MAXI Team,
TZAC Consortium, KU, Nordic Optical Telescope,
ePESSTO, GROND, Texas Tech University, SALT
Group, TOROS, BOOTES, MWA, CALET, IKI-GW
Follow-up, H.E.S.S., LOFAR, LWA, HAWC, Pierre
Auger, ALMA, Euro VLBI Team, Pi of Sky, Chan-
dra Team at McGill University, DFN, ATLAS Tele-
scopes, High Time Resolution Universe Survey, RIMAS,
RATIR, SKA South Africa/MeerKAT), Astrophys. J.
Lett. 848, L12 (2017), arXiv:1710.05833 [astro-ph.HE].

[7] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev.
X 9, 011001 (2019), arXiv:1805.11579 [gr-qc].

[8] B. P. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev.
Lett. 121, 161101 (2018), arXiv:1805.11581 [gr-qc].

[9] S. De, D. Finstad, J. M. Lattimer, D. A. Brown,
E. Berger, and C. M. Biwer, Phys. Rev. Lett. 121,
091102 (2018), [Erratum: Phys.Rev.Lett. 121, 259902
(2018)], arXiv:1804.08583 [astro-ph.HE].

[10] The precise value of A depends on the details of the
analysis.

[11] A. Goldstein et al., Astrophys. J. Lett. 848, L14 (2017),
arXiv:1710.05446 [astro-ph.HE].

[12] V. Savchenko et al., Astrophys. J. Lett. 848, .15 (2017),
arXiv:1710.05449 [astro-ph.HE].

[13] K. P. Mooley, A. T. Deller, O. Gottlieb, E. Nakar,
G. Hallinan, S. Bourke, D. A. Frail, A. Horesh,
A. Corsi, and K. Hotokezaka, Nature 561, 355 (2018),
arXiv:1806.09693 [astro-ph.HE].

[14] B. Paczynski, Astrophys. J. Lett. 308, L43 (1986).

[15] J. Goodman, Astrophys. J. Lett. 308, L47 (1986).

[16] D. Eichler, M. Livio, T. Piran, and D. N. Schramm,
Nature 340, 126 (1989).

[17] R. Narayan, B. Paczynski, and T. Piran, Astrophys. J.
Lett. 395, L83 (1992), arXiv:astro-ph/9204001.

[18] B. D. Metzger, G. Martinez-Pinedo, S. Darbha,
E. Quataert, A. Arcones, D. Kasen, R. Thomas, P. Nu-
gent, I. V. Panov, and N. T. Zinner, Mon. Not. Roy.
Astron. Soc. 406, 2650 (2010), arXiv:1001.5029 [astro-
ph.HE].

[19] J. M. Lattimer and D. N. Schramm, Astro. Phys. J.
192, L145 (1974).

[20] S. Wanajo, Y. Sekiguchi, N. Nishimura, K. Kiuchi,
K. Kyutoku, and M. Shibata, Astrophys. J. Lett. 789,
L39 (2014), arXiv:1402.7317 [astro-ph.SR].

[21] M. Tanaka and K. Hotokezaka, Astrophys. J. 775, 113
(2013), arXiv:1306.3742 [astro-ph.HE].

[22] J. Barnes and D. Kasen, Astrophys. J. 775, 18 (2013),
arXiv:1303.5787 [astro-ph.HE].

[23] I. Arcavi et al., Nature 551, 64 (2017), arXiv:1710.05843
[astro-ph.HE].

[24] R. Chornock et al., Astrophys. J. Lett. 848, L19 (2017),
arXiv:1710.05454 [astro-ph.HE].

[25] D. A. Coulter et al., Science 358, 1556 (2017),
arXiv:1710.05452 [astro-ph.HE].

[26] P. S. Cowperthwaite et al., Astrophys. J. Lett. 848, L17
(2017), arXiv:1710.05840 [astro-ph.HE].

[27] M. R. Drout et al, Science 358, 1570 (2017),
arXiv:1710.05443 [astro-ph.HE].

[28] D. Kasen, B. Metzger, J. Barnes, E. Quataert,
and E. Ramirez-Ruiz, Nature 551, 80 (2017),
arXiv:1710.05463 [astro-ph.HE].

[29] M. M. Kasliwal et al., Science 358, 1559 (2017),
arXiv:1710.05436 [astro-ph.HE].

[30] C. D. Kilpatrick et al., Science 358, 1583 (2017),
arXiv:1710.05434 [astro-ph.HE].

[31] C. McCully et al., Astrophys. J. Lett. 848, L32 (2017),
arXiv:1710.05853 [astro-ph.HE].

[32] M. Nicholl et al., Astrophys. J. Lett. 848, L18 (2017),
arXiv:1710.05456 [astro-ph.HE].

[33] B. J. Shappee et al.,, Science 358, 1574 (2017),
arXiv:1710.05432 [astro-ph.HE].

[34] S. J. Smartt et al., Nature 551, 75 (2017),
arXiv:1710.05841 [astro-ph.HE].

[35] M. Soares-Santos et al. (DES, Dark Energy Cam-
era GW-EM), Astrophys. J. Lett. 848, L16 (2017),
arXiv:1710.05459 [astro-ph.HE].

[36] M. Tanaka et al., Publ. Astron. Soc. Jap. 69, psx12
(2017), arXiv:1710.05850 [astro-ph.HE].

[37] N. R. Tanvir et al., Astrophys. J. Lett. 848, 127 (2017),
arXiv:1710.05455 [astro-ph.HE].

[38] B. P. Abbott et al. (LIGO Scientific, Virgo), Astrophys.
J. Lett. 892, 3 (2020), arXiv:2001.01761 [astro-ph.HE].

[39] R. Abbott et al. (LIGO Scientific, Virgo), Phys. Rev. X
11, 021053 (2021), arXiv:2010.14527 [gr-qc].

[40] N. Farrow, X.-J. Zhu, and E. Thrane, Astrophys. J.
876, 18 (2019), arXiv:1902.03300 [astro-ph.HE].

[41] K. Kyutoku, S. Fujibayashi, K. Hayashi, K. Kawaguchi,
K. Kiuchi, M. Shibata, and M. Tanaka, Astrophys. J.
Lett. 890, L4 (2020), arXiv:2001.04474 [astro-ph.HE].

[42] R. Dudi, A. Adhikari, B. Briigmann, T. Dietrich,
K. Hayashi, K. Kawaguchi, K. Kiuchi, K. Kyutoku,
M. Shibata, and W. Tichy, (2021), arXiv:2109.04063
[astro-ph.HE].

[43] G. Hosseinzadeh et al., Astrophys. J. Lett. 880, L4
(2019), arXiv:1905.02186 [astro-ph.HE].

[44] M. W. Coughlin et al., Astrophys. J. Lett. 885, L19
(2019), arXiv:1907.12645 [astro-ph.HE].

[45] M. W. Coughlin, T. Dietrich, S. Antier, M. Bulla,
F. Foucart, K. Hotokezaka, G. Raaijmakers, T. Hin-
derer, and S. Nissanke, Mon. Not. Roy. Astron. Soc.
492, 863 (2020), arXiv:1910.11246 [astro-ph.HE].

[46] https://www.ligo.org/scientists/GWEMalerts.php.



http://dx.doi.org/10.1111/j.1365-2966.2005.09546.x
http://dx.doi.org/10.1111/j.1365-2966.2005.09546.x
http://arxiv.org/abs/astro-ph/0506414
http://dx.doi.org/10.1111/j.1365-2966.2008.14221.x
http://dx.doi.org/10.1111/j.1365-2966.2008.14221.x
http://arxiv.org/abs/0811.1483
http://arxiv.org/abs/0811.1483
http://dx.doi.org/10.1016/j.jcp.2007.12.017
http://dx.doi.org/10.1016/j.jcp.2007.12.017
http://arxiv.org/abs/0712.2634
http://dx.doi.org/10.1051/0004-6361:20021641
http://dx.doi.org/10.1051/0004-6361:20021641
http://arxiv.org/abs/astro-ph/0210618
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://arxiv.org/abs/1710.05832
http://dx.doi.org/10.3847/2041-8213/aa91c9
http://dx.doi.org/10.3847/2041-8213/aa91c9
http://arxiv.org/abs/1710.05833
http://dx.doi.org/10.1103/PhysRevX.9.011001
http://dx.doi.org/10.1103/PhysRevX.9.011001
http://arxiv.org/abs/1805.11579
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://dx.doi.org/10.1103/PhysRevLett.121.161101
http://arxiv.org/abs/1805.11581
http://dx.doi.org/ 10.1103/PhysRevLett.121.091102
http://dx.doi.org/ 10.1103/PhysRevLett.121.091102
http://arxiv.org/abs/1804.08583
http://dx.doi.org/10.3847/2041-8213/aa8f41
http://arxiv.org/abs/1710.05446
http://dx.doi.org/10.3847/2041-8213/aa8f94
http://arxiv.org/abs/1710.05449
http://dx.doi.org/10.1038/s41586-018-0486-3
http://arxiv.org/abs/1806.09693
http://dx.doi.org/10.1086/184740
http://dx.doi.org/10.1086/184741
http://dx.doi.org/ 10.1038/340126a0
http://dx.doi.org/10.1086/186493
http://dx.doi.org/10.1086/186493
http://arxiv.org/abs/astro-ph/9204001
http://dx.doi.org/10.1111/j.1365-2966.2010.16864.x
http://dx.doi.org/10.1111/j.1365-2966.2010.16864.x
http://arxiv.org/abs/1001.5029
http://arxiv.org/abs/1001.5029
http://dx.doi.org/10.1086/181612
http://dx.doi.org/10.1086/181612
http://dx.doi.org/ 10.1088/2041-8205/789/2/L39
http://dx.doi.org/ 10.1088/2041-8205/789/2/L39
http://arxiv.org/abs/1402.7317
http://dx.doi.org/10.1088/0004-637X/775/2/113
http://dx.doi.org/10.1088/0004-637X/775/2/113
http://arxiv.org/abs/1306.3742
http://dx.doi.org/10.1088/0004-637X/775/1/18
http://arxiv.org/abs/1303.5787
http://dx.doi.org/10.1038/nature24291
http://arxiv.org/abs/1710.05843
http://arxiv.org/abs/1710.05843
http://dx.doi.org/10.3847/2041-8213/aa905c
http://arxiv.org/abs/1710.05454
http://dx.doi.org/10.1126/science.aap9811
http://arxiv.org/abs/1710.05452
http://dx.doi.org/10.3847/2041-8213/aa8fc7
http://dx.doi.org/10.3847/2041-8213/aa8fc7
http://arxiv.org/abs/1710.05840
http://dx.doi.org/10.1126/science.aaq0049
http://arxiv.org/abs/1710.05443
http://dx.doi.org/ 10.1038/nature24453
http://arxiv.org/abs/1710.05463
http://dx.doi.org/10.1126/science.aap9455
http://arxiv.org/abs/1710.05436
http://dx.doi.org/10.1126/science.aaq0073
http://arxiv.org/abs/1710.05434
http://dx.doi.org/10.3847/2041-8213/aa9111
http://arxiv.org/abs/1710.05853
http://dx.doi.org/10.3847/2041-8213/aa9029
http://arxiv.org/abs/1710.05456
http://dx.doi.org/10.1126/science.aaq0186
http://arxiv.org/abs/1710.05432
http://dx.doi.org/10.1038/nature24303
http://arxiv.org/abs/1710.05841
http://dx.doi.org/10.3847/2041-8213/aa9059
http://arxiv.org/abs/1710.05459
http://dx.doi.org/10.1093/pasj/psx121
http://dx.doi.org/10.1093/pasj/psx121
http://arxiv.org/abs/1710.05850
http://dx.doi.org/10.3847/2041-8213/aa90b6
http://arxiv.org/abs/1710.05455
http://dx.doi.org/10.3847/2041-8213/ab75f5
http://dx.doi.org/10.3847/2041-8213/ab75f5
http://arxiv.org/abs/2001.01761
http://dx.doi.org/10.1103/PhysRevX.11.021053
http://dx.doi.org/10.1103/PhysRevX.11.021053
http://arxiv.org/abs/2010.14527
http://dx.doi.org/10.3847/1538-4357/ab12e3
http://dx.doi.org/10.3847/1538-4357/ab12e3
http://arxiv.org/abs/1902.03300
http://dx.doi.org/ 10.3847/2041-8213/ab6e70
http://dx.doi.org/ 10.3847/2041-8213/ab6e70
http://arxiv.org/abs/2001.04474
http://arxiv.org/abs/2109.04063
http://arxiv.org/abs/2109.04063
http://dx.doi.org/10.3847/2041-8213/ab271c
http://dx.doi.org/10.3847/2041-8213/ab271c
http://arxiv.org/abs/1905.02186
http://dx.doi.org/10.3847/2041-8213/ab4ad8
http://dx.doi.org/10.3847/2041-8213/ab4ad8
http://arxiv.org/abs/1907.12645
http://dx.doi.org/10.1093/mnras/stz3457
http://dx.doi.org/10.1093/mnras/stz3457
http://arxiv.org/abs/1910.11246
https://www.ligo.org/scientists/GWEMalerts.php

[47] M. Shibata, S. Fujibayashi, K. Hotokezaka, K. Kiuchi,
K. Kyutoku, Y. Sekiguchi, and M. Tanaka, Phys. Rev.
D 96, 123012 (2017), arXiv:1710.07579 [astro-ph.HE].

[48] S. Fujibayashi, K. Kiuchi, N. Nishimura, Y. Sekiguchi,
and M. Shibata, Astrophys. J. 860, 64 (2018),
arXiv:1711.02093 [astro-ph.HE].

[49] S. Fujibayashi, M. Shibata, S. Wanajo, K. Kiuchi,
K. Kyutoku, and Y. Sekiguchi, Phys. Rev. D 102,
123014 (2020), arXiv:2009.03895 [astro-ph.HE).

[50] S. Fujibayashi, S. Wanajo, K. Kiuchi, K. Kyutoku,
Y. Sekiguchi, and M. Shibata, Astrophys. J. 901, 122
(2020), arXiv:2007.00474 [astro-ph.HE].

[61] S. Fujibayashi, M. Shibata, S. Wanajo, K. Kiuchi,
K. Kyutoku, and Y. Sekiguchi, Phys. Rev. D 101,
083029 (2020), arXiv:2001.04467 [astro-ph.HE].

[52] K. Kiuchi, K. Kyutoku, Y. Sekiguchi, and M. Shi-
bata, Phys. Rev. D 97, 124039 (2018), arXiv:1710.01311
[astro-ph.HE].

[53] I. M. Christie, A. Lalakos, A. Tchekhovskoy,
R. Fernandez, F. Foucart, E. Quataert, and D. Kasen,
Mon. Not. Roy. Astron. Soc. 490, 4811 (2019),
arXiv:1907.02079 [astro-ph.HE].

[54] R. Fernandez, A. Tchekhovskoy, E. Quataert, F. Fou-
cart, and D. Kasen, Mon. Not. Roy. Astron. Soc. 482,
3373 (2019), arXiv:1808.00461 [astro-ph.HE].

[55] K. Hayashi, S. Fujibayashi, K. Kiuchi, K. Kyu-
toku, Y. Sekiguchi, and M. Shibata,  (2021),
arXiv:2111.04621 [astro-ph.HE].

[56] S. A. Balbus and J. F. Hawley, Rev. Mod. Phys. 70, 1
(1998).

[57] E. F. Toro, Riemann solvers and numerical methods

(Springer Science & Business Media, 2013).

[58] B. Giacomazzo and L. Rezzolla, J. Fluid Mech. 562, 223
(2006), arXiv:gr-qc/0507102.

[59] A. Harten, P. Lax, and B. van Leer, STAM Rev. 25, 35
(1983).

[60] D. Radice, S. Bernuzzi, A. Perego, and R. Haas, (2021),
arXiv:2111.14858 [astro-ph.HE].

[61] S. Bernuzzi and T. Dietrich, Phys. Rev. D 94, 064062
(2016), arXiv:1604.07999 [gr-qc].

[62] E. R. Most, L. J. Papenfort, and L. Rezzolla, Mon. Not.
Roy. Astron. Soc. 490, 3588 (2019), arXiv:1907.10328
[astro-ph.HE].

[63] P. Mosta, B. C. Mundim, J. A. Faber, R. Haas, S. C.
Noble, T. Bode, F. Loffler, C. D. Ott, C. Reisswig, and
E. Schnetter, Class. Quant. Grav. 31, 015005 (2014),
arXiv:1304.5544 [gr-qc].

[64] Z. B. Etienne, V. Paschalidis, R. Haas, P. Mdsta, and
S. L. Shapiro, Class. Quant. Grav. 32, 175009 (2015),
arXiv:1501.07276 [astro-ph.HE].

[65] D. Vigano, R. Aguilera-Miret, F. Carrasco, B. Minano,
and C. Palenzuela, Phys. Rev. D 101, 123019 (2020),
arXiv:2004.00870 [gr-qc].

[66] F. Cipolletta, J. V. Kalinani, E. Giangrandi, B. Gia-
comazzo, R. Ciolfi, L. Sala, and B. Giudici, Class.
Quant. Grav. 38, 085021 (2021), arXiv:2012.10174
[astro-ph.HE].

[67] F. Foucart et al., Phys. Rev. D 103, 064007 (2021),
arXiv:2010.14518 [gr-qc].

[68] A. Kurganov and E. Tadmor, J. Comput. Phys. 160,
241 (2000).

[69] N. Deppe et al., (2021), arXiv:2109.12033 [gr-qc].

[70] E. F. Toro, M. Spruce, and W. Speares, Shock Waves
4, 25 (1994).

39

[71] L. E. Held and H. N. Latter, Mon. Not. Roy. Astron.
Soc. 480, 4979 (2018).

[72] D. Radice, L. Rezzolla, and F. Galeazzi, Mon. Not. Roy.
Astron. Soc. 437, L46 (2014), arXiv:1306.6052 [gr-qc].

[73] K. Kiuchi, K. Kyutoku, and M. Shibata, Phys. Rev. D
86, 064008 (2012), arXiv:1207.6444 [astro-ph.HE].

[74] Y. Sekiguchi, K. Kiuchi, K. Kyutoku, and M. Shibata,
PTEP 2012, 01A304 (2012), arXiv:1206.5927 [astro-
ph.HE].

[75] A. Mignone and L. Del Zanna, J. Comput. Phys. 424,
109748 (2021).

[76] M. Shibata, Numerical Relativity (World Scientific
Publishing Company, 2016).

[77] Y. Sekiguchi, Prog. Theor. Phys. 124, 331 (2010),
arXiv:1009.3320 [astro-ph.HE].

[78] S. Fujibayashi, Y. Sekiguchi, K. Kiuchi, and M. Shi-
bata, Astrophys. J. 846, 114 (2017), arXiv:1703.10191
[astro-ph.HE].

[79] M. Shibata, K. Kiuchi, Y.-i. Sekiguchi, and Y. Suwa,
Prog. Theor. Phys. 125, 1255 (2011), arXiv:1104.3937
[astro-ph.HE].

[80] J. A. Font, Living Reviews in Relativity 6, 87 (2003).

[81] C. R. Evans and J. F. Hawley, Astro. Phys. J 332, 659
(1988).

[82] M. Shibata and Y .-i. Sekiguchi, Phys. Rev. D 72, 044014
(2005), arXiv:astro-ph/0507383.

[83] C. J. White, J. M. Stone, and C. F. Gammie, Astro-
phys. J. Suppl. 225, 22 (2016), arXiv:1511.00943 [astro-
ph.HE].

[84] C. F. Gammie, J. C. McKinney, and G. Toth, Astro-
phys. J. 589, 444 (2003), arXiv:astro-ph/0301509.

[85] In Ref. [73], we employed a vertex-centered grid struc-
ture. We updated the interpolation scheme of the metric
and fluid at the refinement boundary for cell-centered
grid structure for a simulation in a dynamical spacetime.

[86] P. Colella and P. R. Woodward, Journal of Computa-
tional Physics 54, 174 (1984).

[87] G. Mattia and A. Mignone, Mon. Not. Roy. Astron. Soc.
510, 481 (2021), arXiv:2111.09369 [astro-ph.HE].

[88] M. Brio and C. C. Wu, J. Comput. Phys. 75, 400 (1988).

[89] W. F. Noh, J. Comput. Phys. 72, 78 (1987).

[90] L. D. Zanna and N. Bucciantini, Astron. Astrophys.
390, 1177 (2002), arXiv:astro-ph/0205290.

[91] N. Bucciantini and L. Del Zanna, Astron. Astrophys.
454, 393 (2006), arXiv:astro-ph/0603481.

[92] J. F. Hawley, L. L. Smarr, and J. R. Wilson, Astro.
Phys. J 277, 296 (1984).

[93] F. Estabrook, H. Wahlquist, S. Christensen, B. Dewitt,
L. Smarr, and E. Tsiang, Phys. Rev. D 7, 2814 (1973).

[94] T. W. Baumgarte and S. G. Naculich, Phys. Rev. D 75,
067502 (2007), arXiv:gr-qc/0701037.

[95] A. J. Miller and T. W. Baumgarte, Class. Quant. Grav.
34, 035007 (2017), arXiv:1607.03047 [gr-qc].

[96] The pathological behavior at the horizon is avoidable if
one employs Kerr-Schild coordinates. However, we em-
ploy the maximal trumpet geometry in this test problem
because of its high compatibility with our numerical rel-
ativity code.

[97] Z. B. Etienne, Y. T. Liu, and S. L. Shapiro, Phys. Rev.
D 82, 084031 (2010), arXiv:1007.2848 [astro-ph.HE].

[98] Note that our HLLE solver (which was the only Rie-
mann solver present in our original formulation), does
not employ the tetrad transformation, but is instead
formulated directly in a curved spacetime. See Ref. [32]



http://dx.doi.org/ 10.1103/PhysRevD.96.123012
http://dx.doi.org/ 10.1103/PhysRevD.96.123012
http://arxiv.org/abs/1710.07579
http://dx.doi.org/ 10.3847/1538-4357/aabafd
http://arxiv.org/abs/1711.02093
http://dx.doi.org/ 10.1103/PhysRevD.102.123014
http://dx.doi.org/ 10.1103/PhysRevD.102.123014
http://arxiv.org/abs/2009.03895
http://dx.doi.org/ 10.3847/1538-4357/abafc2
http://dx.doi.org/ 10.3847/1538-4357/abafc2
http://arxiv.org/abs/2007.00474
http://dx.doi.org/ 10.1103/PhysRevD.101.083029
http://dx.doi.org/ 10.1103/PhysRevD.101.083029
http://arxiv.org/abs/2001.04467
http://dx.doi.org/10.1103/PhysRevD.97.124039
http://arxiv.org/abs/1710.01311
http://arxiv.org/abs/1710.01311
http://dx.doi.org/10.1093/mnras/stz2552
http://arxiv.org/abs/1907.02079
http://dx.doi.org/10.1093/mnras/sty2932
http://dx.doi.org/10.1093/mnras/sty2932
http://arxiv.org/abs/1808.00461
http://arxiv.org/abs/2111.04621
http://dx.doi.org/10.1103/RevModPhys.70.1
http://dx.doi.org/10.1103/RevModPhys.70.1
http://dx.doi.org/10.1017/S0022112006001145
http://dx.doi.org/10.1017/S0022112006001145
http://arxiv.org/abs/gr-qc/0507102
http://dx.doi.org/10.1137/1025002
http://dx.doi.org/10.1137/1025002
http://arxiv.org/abs/2111.14858
http://dx.doi.org/10.1103/PhysRevD.94.064062
http://dx.doi.org/10.1103/PhysRevD.94.064062
http://arxiv.org/abs/1604.07999
http://dx.doi.org/10.1093/mnras/stz2809
http://dx.doi.org/10.1093/mnras/stz2809
http://arxiv.org/abs/1907.10328
http://arxiv.org/abs/1907.10328
http://dx.doi.org/10.1088/0264-9381/31/1/015005
http://arxiv.org/abs/1304.5544
http://dx.doi.org/10.1088/0264-9381/32/17/175009
http://arxiv.org/abs/1501.07276
http://dx.doi.org/10.1103/PhysRevD.101.123019
http://arxiv.org/abs/2004.00870
http://dx.doi.org/ 10.1088/1361-6382/abebb7
http://dx.doi.org/ 10.1088/1361-6382/abebb7
http://arxiv.org/abs/2012.10174
http://arxiv.org/abs/2012.10174
http://dx.doi.org/10.1103/PhysRevD.103.064007
http://arxiv.org/abs/2010.14518
http://dx.doi.org/10.1006/jcph.2000.6459
http://dx.doi.org/10.1006/jcph.2000.6459
http://arxiv.org/abs/2109.12033
http://dx.doi.org/10.1007/BF01414629
http://dx.doi.org/10.1007/BF01414629
http://dx.doi.org/10.1093/mnras/sty2097
http://dx.doi.org/10.1093/mnras/sty2097
http://dx.doi.org/10.1093/mnrasl/slt137
http://dx.doi.org/10.1093/mnrasl/slt137
http://arxiv.org/abs/1306.6052
http://dx.doi.org/10.1103/PhysRevD.86.064008
http://dx.doi.org/10.1103/PhysRevD.86.064008
http://arxiv.org/abs/1207.6444
http://dx.doi.org/10.1093/ptep/pts011
http://arxiv.org/abs/1206.5927
http://arxiv.org/abs/1206.5927
http://dx.doi.org/10.1016/j.jcp.2020.109748
http://dx.doi.org/10.1016/j.jcp.2020.109748
http://dx.doi.org/10.1143/PTP.124.331
http://arxiv.org/abs/1009.3320
http://dx.doi.org/10.3847/1538-4357/aa8039
http://arxiv.org/abs/1703.10191
http://arxiv.org/abs/1703.10191
http://dx.doi.org/ 10.1143/PTP.125.1255
http://arxiv.org/abs/1104.3937
http://arxiv.org/abs/1104.3937
http://dx.doi.org/10.12942/lrr-2003-4
http://dx.doi.org/10.1086/166684
http://dx.doi.org/10.1086/166684
http://dx.doi.org/10.1103/PhysRevD.72.044014
http://dx.doi.org/10.1103/PhysRevD.72.044014
http://arxiv.org/abs/astro-ph/0507383
http://dx.doi.org/10.3847/0067-0049/225/2/22
http://dx.doi.org/10.3847/0067-0049/225/2/22
http://arxiv.org/abs/1511.00943
http://arxiv.org/abs/1511.00943
http://dx.doi.org/10.1086/374594
http://dx.doi.org/10.1086/374594
http://arxiv.org/abs/astro-ph/0301509
http://dx.doi.org/10.1016/0021-9991(84)90143-8
http://dx.doi.org/10.1016/0021-9991(84)90143-8
http://dx.doi.org/10.1093/mnras/stab3373
http://dx.doi.org/10.1093/mnras/stab3373
http://arxiv.org/abs/2111.09369
http://dx.doi.org/10.1016/0021-9991(87)90074-X
http://dx.doi.org/10.1051/0004-6361:20020776
http://dx.doi.org/10.1051/0004-6361:20020776
http://arxiv.org/abs/astro-ph/0205290
http://dx.doi.org/10.1051/0004-6361:20054491
http://dx.doi.org/10.1051/0004-6361:20054491
http://arxiv.org/abs/astro-ph/0603481
http://dx.doi.org/10.1086/161696
http://dx.doi.org/10.1086/161696
http://dx.doi.org/10.1103/PhysRevD.7.2814
http://dx.doi.org/10.1103/PhysRevD.75.067502
http://dx.doi.org/10.1103/PhysRevD.75.067502
http://arxiv.org/abs/gr-qc/0701037
http://dx.doi.org/10.1088/1361-6382/aa51fe
http://dx.doi.org/10.1088/1361-6382/aa51fe
http://arxiv.org/abs/1607.03047
http://dx.doi.org/10.1103/PhysRevD.82.084031
http://dx.doi.org/10.1103/PhysRevD.82.084031
http://arxiv.org/abs/1007.2848

for details.
[99] LORENE, http://www.lorene.obspm.fr/.

[100] E. Gourgoulhon, P. Grandclement, K. Taniguchi, J.-A.
Marck, and S. Bonazzola, Phys. Rev. D 63, 064029
(2001), arXiv:gr-qc/0007028.

[101] K. Taniguchi and M. Shibata, Astrophys. J. Suppl. 188,
187 (2010), arXiv:1005.0958 [astro-ph.SR).

[102] K. Taniguchi and E. Gourgoulhon, Phys. Rev. D 66,
104019 (2002), arXiv:gr-qc/0207098.

[103] K. Taniguchi and E. Gourgoulhon, Phys. Rev. D 68,
124025 (2003), arXiv:gr-qc/0309045.

[104] K. Kyutoku, M. Shibata, and K. Taniguchi, Phys. Rev.
D 90, 064006 (2014), arXiv:1405.6207 [gr-qc].

[105] M. Shibata and N. Takashi, Phys. Rev. D 52, 5428
(1995).

[106] T. W. Baumgarte and S. L. Shapiro, Phys. Rev. D 59,
024007 (1998), arXiv:gr-qc/9810065.

[107] M. Campanelli, C. O. Lousto, P. Marronetti, and
Y. Zlochower, Phys. Rev. Lett. 96, 111101 (2006),
arXiv:gr-qc/0511048.

[108] J. G. Baker, J. Centrella, D.-I. Choi, M. Koppitz,
and J. van Meter, Phys. Rev. Lett. 96, 111102 (2006),
arXiv:gr-qc/0511103.

[109] D. Hilditch, S. Bernuzzi, M. Thierfelder, Z. Cao,
W. Tichy, and B. Bruegmann, Phys. Rev. D 88, 084057
(2013), arXiv:1212.2901 [gr-qc].

[110] A. W. Steiner, M. Hempel, and T. Fischer, Astrophys.
J. 774, 17 (2013), arXiv:1207.2184 [astro-ph.SR].

[111] F. X. Timmes and F. D. Swesty, Astrophys. J. Suppl.
126, 501 (2000).

[112] K. S. Thorne, Mon. Not. R. Astron. Soc. 194, 439
(1981).

[113] A. Suresh and H. T. Huynh, J. Comp. Phys. 136, 83
(1997).

[114] L. Baiotti and L. Rezzolla, Reports on Progress in
Physics 80, 096901 (2017), arXiv:1607.03540 [gr-qc].

[115] The methods we use to estimate the non-dimensional

40

spin and the mass of the black hole are the same as in
Refs. [128, 129].

[116] We employ the geodesic criterion u; > —1 to identify
gravitationally bound fluid (conversely, u; < —1 corre-
sponds to unbound fluid elements) [130].

[117] Y. Sekiguchi, K. Kiuchi, K. Kyutoku, M. Shibata,
and K. Taniguchi, Phys. Rev. D 93, 124046 (2016),
arXiv:1603.01918 [astro-ph.HE].

[118] Y. Sekiguchi, K. Kiuchi, K. Kyutoku, and M. Shibata,
Phys. Rev. Lett. 107, 051102 (2011), arXiv:1105.2125
[gr-qc].

[119] D. Balsara, J. Comp. Phys. 174, 614 (2001).

[120] D. Balsara, J. Comp. Phys. 228, 5040 (2009).

[121] Z. B. Etienne, Y. T. Liu, and S. L. Shapiro, Phys. Rev.
D 82, 084031 (2010), arXiv:1007.2848 [astro-ph.HE].

[122] K. Kiuchi, M. Shibata, and S. Yoshida, Phys. Rev. D
78, 024029 (2008), arXiv:0805.2712 [astro-ph].

[123] S. A. Balbus and J. F. Hawley, Astrophys. J. 376, 214
(1991).

[124] J. F. Hawley, C. F. Gammie, and S. A. Balbus, Astro.
Phys. J 440, 742 (1995).

[125] A. H. Barnett, J. F. Magland, and L. a. Klin-
teberg, arXiv e-prints , arXiv:1808.06736 (2018),
arXiv:1808.06736 [math.NA].

[126] A. H. Barnett, arXiv e-prints , arXiv:2001.09405 (2020),
arXiv:2001.09405 [math.NA].

[127] B. D. Metzger and R. Ferndndez, Mon. Not. Roy. As-
tron. Soc. 441, 3444 (2014), arXiv:1402.4803 [astro-
ph.HE].

[128] K. Kiuchi, Y. Sekiguchi, M. Shibata, and K. Taniguchi,
Phys. Rev. D 80, 064037 (2009), arXiv:0904.4551 [gr-
qc].

[129] M. Shibata and K. Taniguchi, Phys. Rev. D 77, 084015
(2008), arXiv:0711.1410 [gr-qc].

[130] K. Hotokezaka, K. Kiuchi, K. Kyutoku, H. Okawa, Y .-i.
Sekiguchi, Y. Sekiguchi, M. Shibata, and K. Taniguchi,
Phys. Rev. D 87, 024001 (2013), arXiv:1212.0905 [astro-
ph.HE].


http://www.lorene.obspm.fr/
http://dx.doi.org/10.1103/PhysRevD.63.064029
http://dx.doi.org/10.1103/PhysRevD.63.064029
http://arxiv.org/abs/gr-qc/0007028
http://dx.doi.org/10.1088/0067-0049/188/1/187
http://dx.doi.org/10.1088/0067-0049/188/1/187
http://arxiv.org/abs/1005.0958
http://dx.doi.org/10.1103/PhysRevD.66.104019
http://dx.doi.org/10.1103/PhysRevD.66.104019
http://arxiv.org/abs/gr-qc/0207098
http://dx.doi.org/10.1103/PhysRevD.68.124025
http://dx.doi.org/10.1103/PhysRevD.68.124025
http://arxiv.org/abs/gr-qc/0309045
http://dx.doi.org/10.1103/PhysRevD.90.064006
http://dx.doi.org/10.1103/PhysRevD.90.064006
http://arxiv.org/abs/1405.6207
http://dx.doi.org/10.1103/PhysRevD.52.5428
http://dx.doi.org/10.1103/PhysRevD.52.5428
http://dx.doi.org/10.1103/PhysRevD.59.024007
http://dx.doi.org/10.1103/PhysRevD.59.024007
http://arxiv.org/abs/gr-qc/9810065
http://dx.doi.org/10.1103/PhysRevLett.96.111101
http://arxiv.org/abs/gr-qc/0511048
http://dx.doi.org/ 10.1103/PhysRevLett.96.111102
http://arxiv.org/abs/gr-qc/0511103
http://dx.doi.org/ 10.1103/PhysRevD.88.084057
http://dx.doi.org/ 10.1103/PhysRevD.88.084057
http://arxiv.org/abs/1212.2901
http://dx.doi.org/10.1088/0004-637X/774/1/17
http://dx.doi.org/10.1088/0004-637X/774/1/17
http://arxiv.org/abs/1207.2184
http://dx.doi.org/10.1086/313304
http://dx.doi.org/10.1086/313304
http://dx.doi.org/10.1093/mnras/194.2.439
http://dx.doi.org/10.1093/mnras/194.2.439
http://dx.doi.org/10.1006/jcph.1997.5745
http://dx.doi.org/10.1006/jcph.1997.5745
http://dx.doi.org/10.1088/1361-6633/aa67bb
http://dx.doi.org/10.1088/1361-6633/aa67bb
http://arxiv.org/abs/1607.03540
http://dx.doi.org/ 10.1103/PhysRevD.93.124046
http://arxiv.org/abs/1603.01918
http://dx.doi.org/10.1103/PhysRevLett.107.051102
http://arxiv.org/abs/1105.2125
http://arxiv.org/abs/1105.2125
http://dx.doi.org/10.1006/jcph.2001.6917
http://dx.doi.org/10.1016/j.jcp.2009.03.038
http://dx.doi.org/10.1103/PhysRevD.82.084031
http://dx.doi.org/10.1103/PhysRevD.82.084031
http://arxiv.org/abs/1007.2848
http://dx.doi.org/10.1103/PhysRevD.78.024029
http://dx.doi.org/10.1103/PhysRevD.78.024029
http://arxiv.org/abs/0805.2712
http://dx.doi.org/10.1086/170270
http://dx.doi.org/10.1086/170270
http://dx.doi.org/10.1086/175311
http://dx.doi.org/10.1086/175311
http://arxiv.org/abs/1808.06736
http://arxiv.org/abs/2001.09405
http://dx.doi.org/10.1093/mnras/stu802
http://dx.doi.org/10.1093/mnras/stu802
http://arxiv.org/abs/1402.4803
http://arxiv.org/abs/1402.4803
http://dx.doi.org/10.1103/PhysRevD.80.064037
http://arxiv.org/abs/0904.4551
http://arxiv.org/abs/0904.4551
http://dx.doi.org/10.1103/PhysRevD.77.084015
http://dx.doi.org/10.1103/PhysRevD.77.084015
http://arxiv.org/abs/0711.1410
http://dx.doi.org/ 10.1103/PhysRevD.87.024001
http://arxiv.org/abs/1212.0905
http://arxiv.org/abs/1212.0905

	Implementation of advanced Riemann solvers in a neutrino-radiation magnetohydrodynamics code in numerical relativity and its application to a binary neutron star merger
	Abstract
	I Introduction
	II Governing equations for general relativistic neutrino-radiation magnetohydrodynamics
	III Numerical algorithm
	A Finite volume method
	1 Fluid and magnetic field at cell center
	2 Magnetic fields at cell surface

	B Tetrad frame
	C HLLC solver for relativistic hydrodynamics
	D HLLD solver for relativistic magnetohydrodynamics
	1 Characteristic speeds
	2 L/R state
	3 aL/aR state
	4 cL/cR state

	E Electric-field evaluation

	IV Validation of the HLLC and HLLD solvers
	A Special relativistic one-dimensional problems
	1 Hydrodynamics: one-dimensional shock tubes
	2 Magnetohydrodynamics: one-dimensional shock tubes

	B Special relativistic multi-dimensional problems
	1 Hydrodynamics: two-dimensional shock tube
	2 Hydrodynamics: two-dimensional cylindrical explosion
	3 Magnetohydrodynamics: two-dimensional magnetized current sheet
	4 Magnetohydrodynamics: two-dimensional Kelvin-Helmoltz instability

	C General relativistic problems in a fixed background spacetime
	1 Hydrodynamics: Bondi flow
	2 Magnetohydrodynamics: Magnetized Bondi flow


	V Application to a dynamical spacetime
	A Hydrodynamics: binary neutron star merger
	1 Setup
	2 Inspiral phase
	3 Post-merger phase

	B Magnetohydrodynamics: binary neutron star merger (evolution of remnant)
	1 Setup
	2 Post-merger evolution


	VI Summary and conclusion
	 Acknowledgments
	A Tetrad basis in the y- and z-directions
	a y-direction
	b z-direction


	B Coordinate transformation to the maximal trumpet black hole puncture solution
	1 Maximal trumpet black hole puncture
	2 Velocity field and magnetic field of Bondi flow

	 References


