Downloaded 07/08/22 to 108.36.96.143 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

SIAM J. Sc1. COMPUT. © 2021 Society for Industrial and Applied Mathematics
Vol. 43, No. 5, pp. A3580-A3606

A CONSERVATIVE SEMI-LAGRANGIAN HYBRID HERMITE
WENO SCHEME FOR LINEAR TRANSPORT EQUATIONS AND
THE NONLINEAR VLASOV-POISSON SYSTEM*
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Abstract. In this paper, we present a high-order conservative semi-Lagrangian (SL) hybrid
Hermite weighted essentially nonoscillatory (HWENO) scheme for linear transport equations and
the nonlinear Vlasov—Poisson (VP) system. The proposed SL hybrid HWENO scheme adopts a
weak formulation of the characteristic Galerkin method and introduces an adjoint problem for the
test function in the same way as the SL discontinuous Galerkin (DG) scheme [W. Guo, R. D. Nair,
and J. M. Qiu, Monthly Weather Rev., 142 (2014), pp. 457-475]. Comparing with the original
SL DG scheme, we introduce a hybrid moment-based HWENO reconstruction operator in space,
bringing at least two benefits. Firstly, with the same order of accuracy, such a reconstruction allows
lower degrees of freedom per element in the evolution process. Secondly, it naturally possesses a
nonoscillatory property when dealing with discontinuity. In addition, we derive a novel troubled cell
indicator which can effectively detect the discontinuous regions for the reconstruction operator. To
apply the scheme for 2-D transport equations and the nonlinear VP system, we adopt a fourth-order
dimensional splitting method. Positivity-preserving limiters are applied to enforce the positivity of
the solution for the system having positive solutions. Finally, we show extensive numerical tests to
validate the effectiveness of the proposed SL hybrid HWENO scheme.

Key words. Vlasov—Poisson system, semi-Lagrangian, mass conservation, positivity preserva-
tion, hybrid HWENO reconstruction, troubled cell indicator

AMS subject classifications. 65M60, 35L65
DOI. 10.1137/20M1363273
1. Introduction. The transport equation can be found in a variety of applica-

tions such as climate modeling and kinetic description of plasma. It can be written
in the form of

(1.1) ur + Vx - (a(u, x,t)u) = 0,

where u(x,t) is the scalar density function of a conserved quantity transported in
a flow with velocity field a(u,x,t) with x € R% The semi-Lagrangian (SL) ap-
proach is popular for solving the transport equation. It uses fixed meshes, like the
Eulerian approach, while the information propagates along the characteristics, like
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the Lagrangian approach. Hence, it can escape the CFL time step restriction lead-
ing to savings in computational cost by taking larger numerical time steps, like the
Lagrangian approach, while being highly accurate, like the Eulerian approach.

The SL methodology development has been coupled with the weighted essentially
nonoscillatory (WENO) or discontinuous Galerkin (DG) framework [26, 24, 27, 25, 9,
16, 32, 17, 15, 20, 12, 4] with great success, yet there are pros and cons associated
with each scheme. On one hand, a high-order DG method needs a high number
of degrees of freedom (DOF) per element, especially in a high-dimensional setting.
On the other hand, the WENO method is not as compact as the DG method, and
the reconstruction function of the classical WENO method [21, 18, 29] is a rational
fraction which can cause some trouble.

The Hermite WENO (HWENO) reconstruction methods were first developed in
[23] and then further discussed in [30, 7, 39]. The major advantage of these HWENO
methods is their compactness compared with the original WENO methods, since the
first derivative or first-order moment values are adopted. For the conservation law,
the schemes in [23, 30, 7, 39] only need to reconstruct nodal values at few specific
spatial positions in a given cell. For those specific positions, a set of positive linear
weights can be found to perform their reconstructions. Unfortunately, when the ve-
locity field a is dependent of the spatial variables, the SL formulation requires an
approximated point value at any spatial position. However, the linear weights may
not exist at some locations for the methods in [23, 30, 7, 39]. Hence, we adopt a
new hybrid moment-based (MB) HWENO reconstruction method in [40] which takes
artificial positive linear weights with their sum being one. In this paper, the hybrid
MB HWENO reconstruction operator recovers a fifth-degree polynomial for each 1-D
cell while [40] only gives the reconstruction formulation for specific Gauss—Legendre—
Lobatto points. Theoretically, the hybrid HWENO reconstruction automatically de-
cays to a first-degree polynomial reconstruction in the region where the solution is
discontinuous. In the region where the solution is smooth, it adopts a fifth-degree
polynomial reconstruction. Hence, the scheme shares a similar spirit with p-adaptive
DG methods in [5, 31, 19].

The proposed SL scheme combines the weak formulation of the characteristic
Galerkin method [10, 28, 15] with the hybrid MB HWENO reconstruction operator
[40] for 1-D problems. Such a combination can be seen as a one-step evolution-
Galerkin scheme introduced in [22] with the solution operator being the characteristic
Galerkin method and the recovery operation implemented by the hybrid HWENO
reconstruction operator. More recently, such a reconstruction procedure can also be
explained as a P; Ps method as introduced in [11]. The resulting SL hybrid HWENO
scheme enjoys the following benefits. Firstly, the weak formulation of Galerkin method
provides a good framework to design a mass conservation scheme with ease. Secondly,
compared with the SL DG method [15], it requires a lower number of DOF per element
in the evolution process.

In this paper, we propose a new troubled cell indicator to hybridize an expensive
nonlinear MB HWENO reconstruction operator with a linear Hermite interpolation.
This new troubled cell indicator is simpler than the original KXRCF indicator adopted
in [40] and performs better for our tested cases. When the analytical solution enjoys
a positivity-preserving (PP) property, the PP limiter in [37] is applied to ensure the
PP property of the numerical solution. Furthermore, the PP limiter can maintain the
original accuracy of the proposed scheme as proved in [37]. The SL hybrid HWENO
scheme is coupled with a fourth-order splitting method as in [27, 25, 15] for the 2-D
linear transport equation and the nonlinear Vlasov-Poisson system. To maintain high-
order accuracy in space and a low number of DOF per element for the 2-D scheme, we
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apply a Lagrangian interpolation method and the Hermite interpolation method for
the transformation of nodal information and modal information. From our numerical
tests, we observe that the 2-D SL hybrid HWENO scheme takes roughly half the time
as the 2-D P? SL DG scheme in [15] using the same splitting method for the same
problem due to the lower number of DOF per element.

The rest of the paper is organized as follows. In section 2, we introduce the
proposed scheme. The performance of the scheme is demonstrated in section 3 for
linear transport equations and the nonlinear Vlasov—Poisson system. Finally, we give
a conclusion in section 4.

2. The SL hybrid HWENO scheme. Since the proposed scheme is based
on the framework of the P! SL DG scheme in [15], we will first review the P* SL
DG scheme in subsection 2.1. Then we propose a 1-D SL hybrid HWENO scheme
based on the framework in subsection 2.2. Next we extend the scheme for 2-D linear
transport equation via a fourth-order dimensional splitting method in subsection 2.3;
the PP limiters are discussed in subsection 2.4.

2.1. Review of the P! SL DG formulation. Consider a 1-D linear transport
equation

(2.1) ug(z,t) + (a(z, t)u(zx,t)), =0,

where wu(z,t) is the density function and a(z,t) is the velocity field on [zf,zRg].

We assume a discretization such that z; = r1 < ws < - <@y <y <
< wy_y < wyy1 = agp, with I = [z 0 @], hy o= @y — @1 and

xj = (xj;% + xj+%)/2 for all j. In the context of HWENO scheme, we consider
a DG space Vj} = {vj, : vp|s, € P'(I;) for all j}, where P'(I;) denotes the set of
linear polynomials defined on I;. We let At™ = "1 —¢" and let u"(z) € V}! as the
numerical approximation of u(x,t") with any given integer n.

The following locally defined adjoint problem of (2.1) is introduced: for a test
function W € P(I;),

(2.2) {wt + a(z, thw, =0 on [7,¢7+1),

w(t =" = W(x).
It can be shown [15] that
d

2.3) —
( dt J1 )

u(z, t)w(z, t)dx = 0,

where I;(t) (see Figure 1(a)) is a dynamic interval whose boundaries are characteristics
passing through Tijp1 at t = t"t1. Equation (2.3) naturally leads to the following
scheme:

(2.4) / u" M Wdr = / u(z, t")w(z, t")dz,
I; I3
where I7 = [z%
i
(j41,t"1) at "

To update u™*! on I;, one has to properly evaluate the right-hand side of (2.4)

which is summarized as follows.

1. Trace characteristics backward.
We solve a final value ordinary differential equation (ODE) problem,
dX (t)

*
1,
2

T ] and x; 41 are the feet of characteristics passing through
2 2
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Fic. 1. Schematic illustration for the proposed scheme in 1-D case.

with final values X (t"*!) = z;41 to obtain z* a1 This can be numerically

solved by a high-order Runge-Kutta method. We define U7, = I+ such that
each subinterval is bounded by grid points or =% 120 See Flgure 1(a) as an

example where Ij* is divided into two sublntervals I;:1 = [z L7195 xj_q/2) and
I3y = [#j-1/2,27 1 5. Then, as shown in Figure 1(b), we locate 4 Gauss—
Legendre (GL) points {z7,,,}i,—; in each subinterval.

. Approximate test function w(z, t").

We solve the ODE (2.5) with an initial value X (t") = 27, to locate 2 g
at t = t"*1 (see Figure 1(b)). Then, by the adjoint problem (2.2), we have
(2.6) w(x?

J)lyigo

t") = W(xju.iq)-

. Update of the solution at t = t"t!.

Given W(z) =1 and (z — z;)/h;, respectively,

iy J, w W @ = hl; / ety
en iy S ol 1l
AR
T, ZZ gy U)W (@09 )Wig" —5
where {ng} are the four GL weights and | - | represents the length of a

given interval. Denoting the approximations for the first two moments of the
solution at t" by u} and v}, then

r — Ty

(2.8) u"(x) =u; + 1207 ( ) , €l Yj, ¥n.

J

The P! SL DG scheme is

7n+1 GL| ‘
(2'9) uj h ZZ ]Jﬂg 2 )
. - Tjlig — T; | I7 |
@10 T = S g (P g
l ig
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Remark 2.1. (2.9) and (2.10) represent the 1-D P! SL DG formulation in [15]
except that we adopt the 4-point GL quadrature rather than the 2-point Gauss—
Legendre—Lobatto quadrature. The 4-point GL quadrature offers an eighth-order
sufficiently high-order accuracy in the HWENO P; Ps reconstruction framework.

2.2. Hybrid HWENO reconstruction operator. With the SL. MB method
introduced above, we introduce the hybrid MB HWENO reconstruction operator to
establish the 1-D SL hybrid HWENO scheme via the P;Ps; framework [11] in this
subsection. We take the solution space and test function space to be Vh1 in our
scheme. However, another set of piecewise polynomials of degree 5 based on the same
grid, denoted as V;°, undertakes the work of solution evaluation in the time evolution.

In particular, the SL hybrid HWENO scheme takes

n 1 | 17, |
(211) T = DD H e
l ig
Il

1 Tilio — T | *

-n+1 __ n Jststg J GL s

(2.12) v = h—j % E H (l‘;l’ig) ( h )%‘g 5
ig

in (2.9) and (2.10), where H"(x) € V}? is constructed based on u™(x) by the hybrid
MB HWENO reconstruction operator.

Below we will describe the hybrid HWENO reconstruction procedure in construct-
ing H™(x), which is in the same spirit as in [40]. Again, we want to emphasize that the
new hybrid HWENO reconstruction method can build a single polynomial H"(z) on
each computational cell, while those in [23, 30, 7, 39] are only designed to reconstruct
point values at specific spatial positions. For convenience, we assume that a uniform
mesh is applied, i.e., h; = h for all j. We define §;(z) = (z — z;)/h and a group of
local orthogonal bases of P°(I;) denoted as {v(®)(&;)}2_, with

a=0

(2.13) {Uw) 1 oM =g o® = g - T12”(0); o® = ¢ _ %Uu);

o Z g0 = @, ) ) 47}(3)}_

140 63

The hybrid HWENO reconstruction operator is summarized as follows.

Step 1. Identify the troubled cell, and modify the first-order moment in the trou-
bled cell. We detect the smoothness of the numerical solution in a given cell, say I,
by the new troubled cell indicator Z(u}_y,u}, a7, 1,7} ):

1. Construct three linear polynomials {p;(x)} satisfying

(2.14)

1 n 1 T —x; .
h/ijl(ﬂf)dxuja and h/jjlﬁ@)( h >dxvj;

! de =u" l=-1,0; ! de =u" [=0,1
h/I_H,pQ(I) T=Ujqy, t=—LU h/[WPS(I) T=Ujyy, =YL

2. Compute the smoothness indicators {§;} [21, 18, 29] of {p;(x)}:

(215)  H=14(®)°, Bo= (@ —T))", Bs= (W —T)’
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3. Calculate a new parameter as in [41]:

(2.16) ;— <|51—52|+|61—63|>2.

2

4. The new troubled cell indicator is obtained by

1,7 > c1h®max{f, B2, B3},

2.17 Z(@} 1,705, U1, 07) =
(2.17) (@1, 45, 041, 75) {o otherwise.

The principle (2.17) is based on the fact that
(2.18) T = ((u"(xj))2 h4) B+ OT), 1=1,2,3,

in a smooth region. Here, ¢; and co are two parameters determining the sensitivity
of the indicator. The smaller ¢ih? is, the more troubled cells are found for a given
problem. By (2.18), we know that ¢;h° should be larger than h* and smaller than
1. We found that a range of [h3, h?] is more suitable for c;h? via extensive tests. In
section 3, we choose ¢; = 0.2 and ¢y = 2.

If the cell I; is identified as a troubled cell, we modify the first-order moment v7}

by the HWENO reconstruction operator H;-/Vl as in [40]:

1. Calculate the first-order moments, denoted as {%jl}, of a fourth-degree poly-
nomial ¢;(z) and two linear polynomials {q;(z)};_y := {pi(z)}7_y:

= _ =5uj_y +5uy,, — 2207y — 2207,

(2.19) e, ’
e T ) tY o T T T U
5,2 12 R 12 ’

where g1 () is constructed based on

1
f/ ql(x)dx:ﬂ?H, l=-1,0,1;
I,

J+l

1 T —Tjq _
— T )V de =" l=-1,1
h /I'+l n (x) ( h ) SR A ,

J

(2.20)

2. Choose a group of positive linear weights {7;} such that the sum of them is
one. In this paper, {y;} = {0.98,0.01,0.01} is used. Calculate the nonlinear
weights of {g;(x)} as {w;} as shown in Appendix B.

3. Reconstruct the first-order moment:

(2.21)
1 3 5 3
N g Wif=n =n —m  =—n  —n _ =n 1 =n ~n
v 7’Hj (uj_l,uj ,qu,vj_l,ij) =wi | =T — Z —v;, |+ Zwlv“.
T = N =2

7
new set of first-order moments {%/;}, which is useful for better understanding of the

hybrid MB HWENO reconstruction as shown below.

For a good cell, say I;, we also use the new notation v; =v’. Then, we obtain a
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Step 2. Build the reconstructed H"(z) in V}2.
We perform different reconstruction methods based on the troubled cell indicator,
ie.,

-~n ~n —-n

H”|1j(ac):(1—I-)H](u? 1 UG Wy, 1,1)],1)]“)
(222) ~n ~n ~n
+IH ( ] 17uj7u]+1’ Jj— 1avjv ]+1)

where Z; = Z(uj_q,u}, U} 1,0} ), H; is the linear Hermite interpolation operator, and

”H;% is the HWENO reconstruction operator which gives a reconstruction polynomial.
We define the linear Hermite interpolation operator H; [40] as follows:

(2'23) H](u;l 17uj7u]+1’ J— 1Y ]v g+1 Zakv(k) 5]

where the coefficients {ay} are obtained based on the following conditions:
(2.24)

~n ~n ~n
/ Hj (W) _q, uf U, 054,05, 054 )de =ujy, [=-1,0,1,
+1

J
~n ~n ~n X — T ~n
J+l _= _
h/ Hj (W) _q, U5 U, 051,05, 041) <h)dx—vj+l, l=-1,0,1.
J+l

Noticing that [40] only gives the reconstruction formula at specific Gauss—

Legendre-Lobatto points, we will present the explicit expression of ’H;-/VQ as a polyno-

mial below:
1. Construct a fifth-degree polynomial, denoted by Q1(x), on a big stencil T; =
{ijl, Ij, IjJrl} satisfying

(2.25)

-~n "'TL ""I’L

Q1(x) = H;(Wj_q, U}, W4 1,05_1,0;,0;41) Zak@ (&(x)), ze€lj.

2. Construct two quadratic polynomials, denoted by Q2(z) and Q3(z), on two
small stencils 73 = {I;_1, I;} and T3 = {I;, I;41} satisfying

(2.26)

1 1
7/ QQ((E)dI’ = E?Jrh l= _]-707 7/ QZ(x) ((E
h Ijtq h I;

h
1 —n 1 X — {L‘j ~n
7 » Qs(z)dr =ujy, 1=0,1, 7 ; Qs(z) W dx =7v;.

The explicit expressions of {Q;};_, are
(2.27) Zakv )+ ar 0@ (&(x)), 1=2,3,

where ag =4}, a1 = 12%?.

3. Choose a group of positive linear wights {7;} such that the sum of them is
one. In this paper, {7} = {0.98,0.01,0.01} is used. Calculate the nonlinear
weights of {Q;} as {@;} as shown in Appendix B.
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4. Perform the reconstruction by the following expression:

(2.28)

Wa (—n —_n =—n
H,; (ujfl,uj U101, 05, ij)

e 1 3 Y 3 -
= w1 <%Q1(x) - Z %Ql(z)> + ;lel(x)

1=2
1 > Y

w1 =—ag + O — o= ) aio| VP& (x

15,92 Z( ! 1%> 1,21 (&(2))

=2

=ag + aw(l)(fj(x)) +

5 ~

w1
+3 =a® ().
=3 11
Below, we give some basic propositions of the proposed 1-D scheme.

PROPOSITION 2.2. The 1-D SL hybrid HWENO scheme (2.11)—(2.12) is mass
conservative if periodic boundary condition is imposed.

Proof.

3 - ol T l| _ &

—n+1 __ n * L 7 - n
DSV DI ILCINE LSS B DY IO
(2.29) 7=t =N j=1"1;
. N N

:Z/ H"(x)dz =hY_ w7},

j=1"1i =1

where the second equality is based on the fact that 4-point GL quadrature is exact
for fifth-degree polynomials, the third equality comes from the periodic boundary
condition, and the last equality comes from the property of the hybrid MB HWENO
reconstruction operator. 0

If we set H"|r, = H;(u}_y,a}, ) q,05_1,0;,07,,) for all j, which means that
we use the linear Hermite interpolation operator for all cells, we call the numerical
update (2.11)—(2.12) an SL Hermite scheme.

PROPOSITION 2.3 (L2 stability). The numerical update given by (2.11)—(2.12) is
unconditionally stable for transport equations with constant coefficients and periodic
boundary condition if H™(x) is constructed by the linear Hermite interpolation.

Proof. We give the proof in Appendix C for the sake of the conciseness. ]
2.3. Dimensional splitting. In this subsection, we introduce how to couple the

1-D SL hybrid HWENO scheme with the fourth-order dimensional splitting method.
The transport equation (1.1) in 2-D case can be split into two 1-D transport equations:

(2.30) ug + (a(z, y, t)u)y =0,

(2.31) up + (b(z,y,t)u)y = 0.

With the two split 1-D subproblems, we adopt the fourth-order dimensional splitting
technique developed by Forest and Ruth [14] and by Yoshida [33, 34] summarized as
(A.1) in Appendix A.

In order to perform the dimensional splitting, we apply a similar framework as
[25]. Since the 1-D SL hybrid HWENO scheme obtains a solution in V!, directly
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u, v u, T

t=1t" t=t" t=1t" 4+ c] At t=1t" 4+ cp At™

FIG. 2. Schematic illustration of the 2-D scheme for stage 1 of (A.1).

transforming the nodal and the modal information as in [25] can only give second-
order nodal information. Hence, we introduce high-order reconstructions shown in
Algorithms 2.1 and 2.2 to transform the nodal and the modal information. We find
that the high-order interchange of the nodal and the modal information is the key to
preserve the high-order accuracy in space and low number of DOF per 2-D element at
the same time. We briefly summarize the proposed 2-D SL hybrid HWENO scheme
as follows.

Assume a 2-D Cartesian mesh on Q := I” x IY := [xp,2Rr] X [y, yr] by defining
two uniform 1-D meshes {xH%}fVZIO and {yj+%}§\’:yo similar to the one in section 2.1
with IT := [z; 1,2 1], I =y, 1, y;01 ) he =200 —2 1, hy = y;01 —y; 1, and
I =17 xI;.’ fori =1,2,...,N;,j=1,2,...,N,. Then, within any given rectangular
cell I;;, we locate 2 GL points in both directions as (:Eﬁg,ygg) for ig,jg = 1,2 (see
Figure 2). Based on the 2-D mesh defined above, we take our solution space to be 4
point values at GL points per element, which is equivalent to VhQD = {vn : vnlr,; €
Q'(I;;) for all 4,5}. Further, we assume that our 2-D scheme obtains {u(*)"}¢_ C
V2P and u*t! € V2P in each stage of (A.1). The proposed 2-D scheme for stage 1
of (A.1) is implemented as follows: o

1. For each yJ , we use {un(a,, ng)}f;lff ig=1 to obtain the Lagrangian inter-
polation polynomial P;(z) for all ¢. Then we take {i fh Pi(z)da} = {u)79}
and {i fI Pi(x)(z — x;)/hpdx} = {779} as the initial condition of the 1-D
scheme (see Algorithm 2.1).

2. Evolve (2.30) for ¢;At™ by the 1-D SL hybrid HWENO scheme and obtain
the new modal information {w; 777} and {v;“"779} at t" + c; At™.

3. For each yj , we use {aye 779yl and {97°7793 1] | to obtain the Her-

mite interpolation H;(x) for all i. Then we set u(l)’"(xﬁg,ygg) = H(x},) for
all i, ig (see Algorithm 2.2).

Then, the proposed 2-D SL hybrid MB HWENO scheme takes similar procedures
above for each stage in (A.1), and the numerical solution u"*! is updated.

We use linear reconstructions in Algorithms 2.1 and 2.2 rather than WENO-type
reconstructions due to the following reasons: firstly, it is hard to maintain the mass
conservation property when adopting WENO-type reconstructions since the 2-D mass
conservation in our framework relies on a special symmetry of the coefficients {cég},
{c'}, {c}}, {d}'}, and {d]} in (2.33), and (2.35) while WENO-type reconstructions
destroy the symmetry; secondly, the reconstructions in Algorithms 2.1 and 2.2 are only
used for transforming spatial information rather than evolving the solution in time;
thirdly, WENO-type reconstructions are costly. In practice, numerical oscillation is
still well controlled according to our observations.

In the dimensional splitting setting, the SL Hermite-type scheme has a lower
number of DOF per cell and thus lower computational cost. For example, in the
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Algorithm 2.1. Reconstruction in transforming nodal information to modal infor-
mation.

1. Construct a Lagrangian interpolation polynomial {P;(x)} satisfying
(2-32) Pi(aly) = u™(@ly,yl,), 1=i—1Lii+1, ig=1,2.

2. Compute the first two moments of P;(x):

1 i1, 2
. o iy
= Pwde= Y ey, =,
© JIi I=i—1, ig=1
(2.33) i+1, 2

e dlu (@i gl ) i 59

h UERE = @i)[NaCF igh \Tig)Yjg) "= Ui™ "
© JI; l=i—1, ig=1

where {c/ }, and {d.,} are constant coefficients independent of .

Algorithm 2.2. Reconstruction in transforming modal information to nodal infor-
mation.

1. Construct a Hermite interpolation polynomial {H;(z)} satisfying

) _ 9y (7MEW,],jg —new,j,jg —new,j,jg =new,j,jg =new,j,jg =new,j,jg
(2.34) Hi(x) = Hi(u; ] T L e it Uy I o ).

2. Compute {H;(x},)}:

i+1 i+1
) u—new,j,j T—new,j,j
Hi@h) = 7 a9 4 37 cjupeddo,
l=i—1 1=i—1
i+1 i+1
i w—new,j,j v—new,j,j
Hiwh) = 7 diape 99+ 37 dyope 7o,
1=i—1 l=i—1

(2.35)

where {c['}, {c]'}, {dF'}, and {d7} are constant coefficients independent of .

dimensional splitting setting, 2 nodal points per direction per cell are needed for the
SL hybrid HWENO scheme (see Figure 2), while 4 nodal points are needed for the P3
SL DG scheme. Hence, for 2-D problems, if NV, = N, = N, the SL hybrid HWENO
scheme takes 7 x (2N) = 14N 1-D solvers per time step while the P3 SL DG scheme
needs 7 x (4N) = 28N 1-D solvers. For 3-D problems, we can estimate that the
fourth-order splitting method requires 25 stages per time step. Hence, the SL hybrid
HWENO scheme takes 25 x (2N) x (2N) = 100N? 1-D solvers per time step while
the SL P? SL DG scheme takes 25 x (4N) x (4N) = 400N? 1-D solvers. The lower
number of DOF per dimension is of great importance for high-dimensional problems
under the dimensional splitting setting.
Below, we provide the proof of the 2-D mass conservation property.

PROPOSITION 2.4. The 2-D SL hybrid HWENO scheme is mass conservative if
periodic boundary condition is imposed.

Proof. With periodic boundary condition and the special symmetry of the coef-
ficients {c},}, {c¢/'}, {c{'}, {d}'}, and {d}'}, one can easily verify that
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N, N, i i
ha ﬂj’jg _ hzz (u”(xzhng) +u"($7éang)> 7

— — 2
(2.36) - =

thZ grewdds _ p, Z( () +H(w2)>

in Algorithms 2.1 and 2.2.
Since the 1-D scheme is mass conservative, we have

2
3
2

(2.37) he S W9 = h, S aewII9,
¢ :

N
Il
-

-
Il

Comparing (2.36)—(2.37), we have

(2. 38)
N (V)i o 1) pi o
xl??/]g +u (xQﬂy]g) o u (x17ng) +u (1.27ng)
ha Z ( 9 = he Z 2 :

i=1

Notice that the indexes j and jg are arbitrary; we have

(2.39)

(@8, y]) + u(ad, y]) + u(ad, y3) + u (25, y3)
hy h 1
3 ( :

1=1,5=1

= hyhy

Nf (”(1)’”@37@/{)+u<1>’n<xa,y>+u<” (1, y3) + uD" () y%>>
! .

i=1,j=1
Following similar procedures for the other stages, we finish the proof. ]

2.4. PP limiter. In this subsection, we introduce the PP limiter in [37] to ensure
the PP property of the numerical solution when the relevant property is enjoyed by the
exact solution. In the earlier works [25, 38, 15], another type of PP limiter introduced
in [35, 36] is adopted. Such a PP limiter as in [35, 36] would require the minimum
value of H™(z) in each cell in our framework. However, it is impossible to obtain the
extreme points of a piecewise fifth-degree polynomial H™(z) theoretically. Hence, we
apply the new PP limiter introduced in [37], which only requires the minimum value
of H"(x) at the GL points we defined in section 2.1 at each cell.

To explain how the PP limiter is applied in our scheme, we denote the subintervals
defined in step 1 of subsection 2.1 within a given cell I; by {I;;}. Then, denote the
local GL points within I;; by {Z;:s}. The PP limiter [37] replaces the H"(z) in
(2.22) with

(2.40) H'(x) =0 (H"(x) —a}) + 7}, =€
where
(2.41) 6= min{’m]ju] ,1} vy = ming o {H"(Z;1,i9)}
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It can be proved as in [37] that
(2.42) {H™(Tj1,i9)} C [0,400) if @ € [0,+00) VI, ig.
Furthermore, it was proved in [37] that H "(z) can still maintain the accuracy of

H"(z) approximating u(z,t™). Applying this PP limiter, the PP of cell average of
the 1-D SL hybrid HWENO scheme is easily obtained by (2.11) and (2.42).

Notice that {“71(%973/;9‘)}2371,@:1 C [0,400) does not guarantee @w?¢ > 0 in
Algorithm 2.1 and {@;*"779};*! | C [0,400) does not guarantee {H;(x!,)}%_; C

[0,400) in Algorithm 2.2. Hence, we need extra PP limiters applying on Algo-
rithms 2.1 and 2.2 if u(x,y,0) > 0 for the 2-D SL hybrid HWENO scheme. For
the compactness of the paper, we summarize the PP limiters for Algorithm 2.1 and
Algorithm 2.2 as Algorithms D.1 and D.2 as shown in Appendix D.

PROPOSITION 2.5. The new PP limiters (Algorithms D.1 and D.2) enjoy the fol-
lowing three properties:
1. the corresponding cell averages or nodal values are strictly enforced to be
nonnegative;
2. they are sixth-order accurate limiters;
3. the mass conservation property is not destroyed.

Proof. We skip the proof since it is nearly the same as the one in [37]. ]
3. Numerical tests.

3.1. Numerical tests for linear transport equations. In this subsection,
we test three classical 2-D linear cases: transport equation with constant coefficients,
rigid body rotation, and swirling deformation flow. Through these three cases, we
investigate the following properties of our schemes:

1. spatial and temporal order of accuracy,

2. computational efficiency,

3. effectiveness of the new troubled cell indicator,

4. essentially nonoscillatory property.

Unless otherwise specified, we take At =

+ and CFL =

CFL
max{la(z,y, 0]} | max{[b(z,u,0)]
a - y I oL Y

10.2. The L? error of the numerical solution is calculated by the following formula:

l[u( - T) =u(-)ll2

(3.1) LA hahy S (L )
=T o T Y (Mt vy )~ vl
i=1 j=1 ig=1jg=1

where u* represents a numerical solution and | Q | is the area of the computational
domain §2. The numerical solutions in the figures below are plotted based on the cell
averages of the numerical solutions. The PP limiters are applied in the cases where
the initial conditions are positive. The P2 SL DG scheme shown below presents the
one constructed in [15].

Ezample 3.1 (2-D transport equation with constant coefficients). Consider
(3.2) U+ Uy +uy, =0, z€l[-mmn], yé€El[—nm,mn].

We solve (3.2) with a smooth initial data u(x,y,0) = sin(xz + y). The exact solution
for this problem is u(x,y,t) = sin(z + y — 2t).
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Since there is no dimensional splitting error in time for (3.2), the spatial error
is dominant. Thus, this example can test the spatial order of accuracy of the 2-D
schemes. And we only take the simplest first-order dimensional splitting, which first
evolves At™ for (2.30) and then evolves (2.31) for At™ for each time step. Table 1
shows the L? errors, corresponding order of accuracy, and corresponding CPU times
of the SL Hermite scheme, the SL hybrid HWENO scheme, and the P? SL DG scheme
at T = 2. The meshes of {40 x 40,80 x 80,160 x 160,320 x 320} are applied. As
shown, the errors of the former two schemes are the same for all meshes, which means
that all cells are identified as good cells by the indicator for this test. As expected,
the spatial orders of the former two schemes are sixth while the spatial order of the
P3 SL DG scheme is fourth. We also observe that the CPU times of the former two
schemes are roughly half those of the P3 SL DG scheme for the same mesh. This is
consistent with the estimate of DOF in subsection 2.3.

To make a clear comparison of efficiency, Figure 3 gives the log-log plot of the
CPU times and corresponding L? errors in Table 1. For this special case, the spatial
error is the dominant error. Hence, we observe that the former two schemes with
sixth-order spatial accuracy are much more efficient than the P3 SL DG scheme.

Ezample 3.2 (rigid body rotation). Consider

(3.3) u — (yu)z + (zu)y =0, z€[-m7], yé€E[—nm, 7]

TABLE 1
(2-D transport equation with constant coefficients). L? errors, corresponding order of accuracy,
and corresponding CPU times of three different schemes with different meshes and CFL = 10.2 for
(3.2) with u(z,y,0) = sin(x +y) at T = 2.

SL Hermite SL hybrid HWENO
Mesh L? error  Order CPU L? error  Order CPU
40x 40 1.22E-09 — 0.31 1.22E-09 — 0.33

80x 80 3.28E-11 5.22 2.39 3.28E-11 5.22 2.58
160x 160 | 5.39E-13 5.93 24.56 5.39E-13 5.93 26.42
320x 320 | 6.93E-15 6.28 305.59 | 6.93E-15 6.28 318.17

P3 SL DG

40x 40 1.07E-07 — 0.58
80x 80 | 6.84E-09  3.97 4.58
160x 160 | 3.75E-10  4.19 47.78
320x 320 | 1.36E-11  4.79  619.95

10°®
—&—SL Hermite
—=—8L Hybrid HWENO
1078 —v—P° SLDG
-
[
3107
~
e |
1072
107
107" 10° 10 10? 10°
CPU time

Fi1G. 3. (2-D transport equation with constant coefficients). A log-log plot of the CPU times
and the L? errors of three different schemes with meshes of {40 x 40,80 x 80,160 x 160, 320 x 320}
and CFL =10.2 for (3.2) with u(x,y,0) = sin(z +y) at T = 2.
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We first test (3.3) with a smooth initial data

b 6
rbcos (%) if rP(x) < rf,

0 otherwise,

(3-4) u(z,y,0) =

where 7§ = 0.37, r¥(x) = \/(x — 28)2 + (y — y})?, and the center of the cosine bell
(28, y8) = (0.3m,0). In Table 2, we give the L? errors, corresponding order of accuracy,
and corresponding CPU times of the SL Hermite scheme the SL hybrid HWENO
scheme, and the P? SL DG scheme with fourth-order splitting method at T = 2.
The meshes of {40 x 40,80 x 80,160 x 160, 320 x 320} are applied. For this case, the
splitting error in time dominates the total error. Hence, the orders are fourth for all
these schemes. As shown, when the meshes of {40 x 40,80 x 80} are applied, the
errors of the former two schemes are different. This phenomenon illustrates that the
troubled cell indicator misidentifies some cells as troubled cells, especially the cells
near extreme points, when the meshes are not dense enough. The misidentification
near the extreme points causes the dissipation of the numerical solution because of
the adopted HWENO reconstruction. Similar to Example 3.1, Figure 4 shows the
log-log plot of the CPU times and corresponding L? errors of these three schemes in
Table 2. The SL Hermite scheme is observed to be more efficient than the other two
schemes.

TABLE 2
(Rigid body rotation). L? errors, corresponding order of accuracy, and corresponding CPU
times of three different schemes with different meshes and CFL = 10.2 for (3.3) with initial condition
(3.4) at T = 2m.

SL Hermite SL hybrid HWENO
Mesh L? error  Order CPU L? error  Order CPU
40x 40 3.26E-04 — 0.31 9.92E-03 — 0.33
80x 80 2.01E-05 4.02 3.55 5.85E-04 4.08 3.81
160x 160 | 1.25E-06 4.01 46.83 1.25E-06 8.87 51.28
320x 320 | 7.83E-08 4.00 662.08 7.83E-08 4.00 669.67

P23 SL DG
40x 40 | 3.22E-04 — 0.55
80x 80 | 2.01E-05  4.00 6.72

160x 160 | 1.25E-06 4.00 93.02
320x 320 | 7.83E-08 4.00 1364.52

—o—SL Hermite
—=—SL Hybrid HWVENO
—v—pP®SLDG

10° 102 10
CPU time

FIG. 4. (Rigid body rotation). A log-log plot of the CPU times and the L? errors of three

different schemes with meshes of {40 x 40,80 x 80,160 x 160,320 x 320} and CFL = 10.2 for (3.3)
with initial condition (3.4) at T = 2.
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Secondly, we solve (3.3) with a discontinuous initial data as shown in Figure 5.
The numerical solution of the SL hybrid HWENO scheme with fourth-order splitting
at T'= 127 is shown on the top two panels of Figure 6. Cross-sections of the numerical
solution are also provided in Figure 7. We can see that the numerical solution pre-
serves the geometrical morphology of the analytical solution very well. The numerical
solution is also positive, nonoscillatory, and of high resolution as observed. On the
bottom of Figure 6, we can also observe that the new indicator finds the troubled
cell as expected. From Figure 7, which presents two cross-sections of the numerical
solution shown in Figure 6, we clearly observe that the numerical solution offers a

good approximation of the exact solution.

3
2 0.8

]
10.6

>0
104

B
-2 0.2
-3 0

-3 -2 -1 0 1 2 3
X

F1G. 5. (Rigid body rotation). The mesh plot (left) and the contour plot (right) of the discon-

tinuous initial data for (3.3).
08
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Discontinuous interface Discontinuous interface

4 3 2 1 0 1 2 3 4 4 3 2 4 0 1 2 3 4
X X

F1G. 6. (Rigid body rotation). Top left and top right panels are the mesh plot and contour plot
of the numerical solution of the SL hybrid HWENO scheme with fourth-order splitting for (3.3) with
discontinuous initial condition shown in Figure 5 at T = 12w with CFL = 10.2. Bottom left and
bottom right panels are the troubled cells detected by the new indicator at the final time level over
z- and y-directions, respectively.
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Exact solution Exact solution
—=—SL hybrid HWENO with 4th-order splitting —=—SL hybrid HWENO with 4th-order splitting
1 1 - = d
I
08 08 REE
|| |
I |
I
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! I
4 ? | | |
0.2 0.2 I .|
I |
& | | \
0 o [ § A
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
y X

F1G. 7. (Rigid body rotation). Cross-sections at x = 0 (left) and y = 1.2 (right) of the numerical
solution shown in Figure 6.

Ezample 3.3 (swirling deformation flow). Consider

ug — (2mcos? z sin(y)g(t)u) + (2msin(x)cos? Y gt)u) =0,
2 2 y

x € [-m,7|, y€ |-,

(3.5)

x

with g(t) = cos(wt/T) and the same initial condition (3.4). Table 3 shows the L2
errors, corresponding order of accuracy, and corresponding CPU times of the SL
Hermite scheme, the SL hybrid HWENO scheme, and the P? SL DG scheme with
fourth-order splitting method at 7" = 1.5. The meshes of {40 x 40,80 x 80, 160 x
160,320 x 320} are applied. We observe that the SL hybrid HWENO scheme has the
largest errors. Similarly, the troubled cell indicator misidentifies cells for all the four
meshes and causes the loss of accuracy. For the swirling deformation flow, one can
check Figure 8 and observe that a smooth bell is deformed to a sharp structure at
t = 0.75 and the cells near the extreme points are identified as troubled cells. The SL
Hermite scheme has the smallest errors for this test as observed, and it takes roughly
half the time to compute a result as the P3 SL DG scheme with the same mesh.
Similarly, a log-log plot of the CPU times and corresponding L? errors of these three
schemes in Table 3 is presented in Figure 9.

To estimate the temporal order of accuracy, we fix a spatial mesh, 160 x 160,
while varying the CFL number as shown in Figure 10. We can still observe that

TABLE 3
(Swirling deformation flow). L2 errors, corresponding order of accuracy, and corresponding
CPU times of three different schemes with different meshes and CFL = 10.2 for (3.5) with initial
condition (3.4) at T = 1.5.

SL Hermite SL hybrid HWENO
Mesh L? error  Order CPU L? error  Order CPU
40x 40 4.87E-04 — 0.50 1.52E-02 — 0.47
80x 80 1.06E-05 5.52 5.27 1.41E-03 3.43 5.50

160x 160 | 4.12E-08 8.00 71.16 8.09E-06 7.44 73.58
320x 320 | 2.46E-09 4.06 964.05 6.25E-08 7.02 976.25

P3 SL DG

40x 40 | 4.25E-04 — 0.89

80x 80 1.04E-05  5.36 10.31

160x 160 | 1.23E-07  6.40 146.38
320x 320 | 5.09E-09 4.60  2044.88
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Fic. 8. (Swirling deformation flow). Numerical solutions of the proposed 2-D scheme and
troubled cells detected by the new indicator over z- and y-directions at t = 0.75 (left) and t = 1.5
(right) with CFL = 10.2 and a mesh of 100 x 100 for (3.5) with initial data shown in Figure 5.

the temporal order is at least fourth when the coeflicients of (3.5) are dependent of
t. We also observe that the error of the SL hybrid HWENO scheme does not go
down with refinement of At. This is due to the dominant spatial error caused by the
misidentification of the troubled cells similar to Table 3 as mentioned above. When
the spatial error is dominant, the accumulated error increases with reducing CFL, or
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FIG. 9. (Swirling deformation flow). A log-log plot of the CPU times and the L? errors of three
different schemes with meshes of {40 x 40,80 x 80, 160 x 160, 320 x 320} and CFL = 10.2 for (3.5)
with initial condition (3.4) at T = 1.5.
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Fic. 10. (Swirling deformation flow). Temporal order of accuracy of three different schemes
with fourth-order splitting method for (3.5) with initial condition (3.4) at T = 1.5. A fized mesh of
160 x 160 is used for this test.

At, because more time steps are taken. Hence, in Figure 10, the L? error slightly goes
up for the SL hybrid HWENO scheme (partly for the SL Hermite scheme) as CFL is
reduced.

Then, we test (3.5) with the same discontinuous initial condition shown in
Figure 5. We numerically evaluate the solution up to ¢ = 0.75, when the numer-
ical solution is greatly deformed, and to T" = 1.5, when the solution is recovered.
Numerical solutions at t = 0.75 and ¢t = 1.5 of the 2-D scheme and the troubled cells
detected by the new indicator at the final time with CFL = 10.2 are presented in
Figure 8. We make the following comments for the results shown in Figure 8:

1. the numerical solution is nonoscillatory and positive as expected;

2. the new troubled cell indicator successfully identifies the troubled cells we
need;

3. the third panel on the right side of Figure 8 seems to misidentify some troubled
cells. The reason for this is that the numerical solution around those places
is smeared so that the indicator detects the cells nearby as good cells.

3.2. Vlasov simulations. In this subsection, we apply the proposed scheme to
the 1-D physical space and 1-D velocity space (1D1V) Vlasov—Poisson (VP) system,
describing collisionless plasma with a negligible magnetic field, on (z,v,t) € Q, x R x
R+:

(3.6) fe+vfe+ E(x,t)f, =0,
(3.7 E(z,t) = =z, — bza(x,t) = p(x,1)
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with periodic boundary condition on the z-dimension and zero boundary condition
on the v-dimension. In (3.6) and (3.7), z and v are coordinates in the phase space,
f(x,v,t) is the probability distribution function describing the probability of finding
a particle at position x with velocity v at time ¢, E is the electric field, ¢ is the self-
consistent electrostatic potential, and p = fR f(x,v,t)dv — po is the charge density
with pg = Iﬂilll Jo, Je f(z,v,0)dvdz.

The proposed scheme is a dimensional-splitting-based scheme, which means that
it can be easily extended to solve the 1D1V Vlasov—Poission (VP) system. We use
the same framework for this extension as shown in [24, 25] except that we use the
fourth-order splitting method. To save space, we briefly describe this extension as
follows. Consider the two split subproblem of (3.6):

(3.8) fi+vfe =0,
(3.9) fo+ E(z,t)f, = 0.

Then, the coefficient E(z,t) of (3.9) is reduced to E*(x) which is obtained by solving
the Poisson equation (3.7) based on the solution of the former stage in the split-
ting procedure. The Poisson equation is solved by a fourth-order local DG (LDG)

method [2, 27]. Notice that we can directly obtain p(z},,t) = Zjvz“l h—;[f(xﬁg, vl )+
f(a},, v}, t)], which is fourth-order accurate at 2 local GL points in each cell, which
means that we only have a P! nodal DG approximation of p for the LDG solver.
Hence, we apply a reconstruction in each cell summarized as Algorithm 3.1 to obtain

a P3 nodal DG approximation for the fourth-order LDG solver.

Algorithm 3.1. Reconstruction of p on I7.

1. Construct a third-degree Lagrangian interpolation polynomial {Pf(z)} satis-
fying

(3.10) Pf(aly) = p(aty,t), {l,ig}e {{i—1,2},{i,1},{i,2}, {i + 1,1}} := IG”.

2. Compute P/(z;,), where {522,}?27:1 are the 4 local GL points in I#:

(3.11) PL@EL)= D d ey t), ig=1,234,
{lig}cIGr

where {a% 19y} are constant coeflicients independent of i.

Another thing is that we use the SL Hermite scheme instead of the SL hybrid
HWENO scheme since the Hermite interpolation has a better capability of capturing
the special filamentation structure for the VP system as we observed.

In this subsection, we use the standard tests such as Landau damping, two stream
instability, and bump-on-tail instability to verify the effectiveness of the proposed
scheme described above for the VP system. In all the tests below, we set the basic
numerical parameters as N, = 128, N,, = 128, CFL=10.2 and computational domain
as [0,47] X [—Umax; Vmax] With vmax = 27 unless otherwise specified, where N, and
N, are the numbers of cells in the z-direction and v-direction, respectively. We apply
the PP limiters for the tests below. The contour figures below are plotted based on
nodal values.

Ezample 3.4 (Landau damping). Consider the VP system with the initial condi-
tion
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2

(3.12) f(z,v,t=0) = \/% (14 acos(kx)) exp (_1}2) ,

where k£ = 0.5, a = 0.01 for the weak Landau damping and & = 0.5, a = 0.5 for the
strong Landau damping. To explain why we use the SL Hermite scheme for the VP
system, contour plots of the numerical solutions of the SL hybrid HWENQO scheme
and SL Hermite scheme with fourth-order splitting for the strong Landau damping
at T' = 40 are provided in Figure 11. We observe that simply using the Hermite
interpolation instead of the hybrid HWENO reconstruction gives a better result and
the filamentation structure is better captured for the SL Hermite scheme. We also find
that the troubled cell indicator misidentifies the cells near the extreme points within
those strong filamentation structure as troubled cells, which leads to dissipation as
mentioned in the previous subsection. Hence, for all the tests below, we will adopt
the SL Hermite scheme with fourth-order splitting.

The time evolutions of the electric field in L? norm for both weak and strong
Landau dampings are given in Figure 12. For the weak Landau damping, the result
reflects the correct damping of the electric field compared with the theoretical value
v = —0.1533 as plotted with a black solid line in Figure 12. For the strong Landau
damping, we find that the initial decay rate is approximately 7; = —0.2898 and the
growth rate after t = 20 is approximately o = 0.0825. Both the decay rate and the
growth rate are very close to the existing results in the literature [8, 27].

6 0.4
0.5
4 0.35
0.3
0.4
) |
—_—
0.3 >0 = o2
0.2 »2§ B | 0.15
0.1
0.1 -4
0.05
0 6 0
2 4 6 8 10 12
X

Fic. 11. (Strong Landau damping). Numerical solution of the SL Hermite scheme (left) and
SL hybrid HWENO scheme (right) for strong Landau damping at T = 40 with CFL = 10.2 and a
mesh of 128 x 128.

Weak Landau damping Strong Landau damping

10'

—SL Hermite scheme with 4th-order splitting —— SL Hermite scheme with 4th-order splitting
——Reference i
102 7,=-0.2898
109 H . 7,70.0825
= =
o 10 o 107
107
10°®
107
0 10 20 30 40 50 60 0 10 20 30 40 50 60

t t

Fi1G. 12. (Landau damping). Time evolution of the electric field of the SL Hermite scheme for
the weak (left) and strong (right) Landau damping with CFL = 10.2 and a mesh of 128 x 128.
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In Figure 13, we present the temporal order of accuracy of the proposed scheme for
both weak and strong Landau dampings at 7' = 2 in the same way as the linear tests.
The reference solution is computed via taking CFL = 0.1 with a mesh of 160 x 160
by the proposed scheme. As shown, the temporal order is fourth as expected.

Figure 14 shows the performance of the scheme for preserving mass and L' norm
for @« = 0.01 and a = 0.5, respectively. The result in Figure 14 takes vy.x = 10 for
revealing the mass conservation property, since the v-dimension is not compact and
the zero boundary condition can bring boundary error. As can be seen, the proposed
scheme is mass conservative and positive-preserving since the relative deviation is
around 107'* and the relative deviation of L' norm is completely analogous to the
relative deviation of mass by the results in Figure 14. For other kinetic invariants,

Weak Landau damping Strong Landau damping

107 107
—©— SL Hermite scheme with 4th-order splitting —&—SL Hermite scheme with 4th-order splitting
—Order =4 —Order=4
5
10
5 510
£ E
5 @
L L
10
10°
107 ' p ,
10° 10° 102 10° 10 10
CFL CFL

Fic. 13. (Landau damping). Temporal order of accuracy of the SL Hermite scheme for the
weak (left) and strong (right) Landau damping at T = 2. A fized mesh of 128 x 128 is used for this
test.

5 %1071 Weak Landau damping 5 %107 Weak Landau damping

relative deviation of mass
relative deviation of L norm

2 %1071 Strong Landau damping 2 %107 Strong Landau damping

relative deviation of mass
relative deviation of L norm

Fic. 14. (Landau damping). Performance of mass conservation and PP properties of the SL
Hermite scheme for the weak (top) and strong (bottom) Landau damping.
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we observe that the results of preserving the L? norm, energy, and entropy are close
to the results of those high-order SL schemes [27, 25, 6] in the literature, and we skip
these results for space.

Ezample 3.5 (two stream instability [13]). Consider the symmetric warm two
stream instability, i.e., the VP system with the initial condition

(3.13)

f(z,v,t =0)
2

s

where o = 0.01 and k = 0.5. We present the time evolutions of electric field in L2
norm for this problem in Figure 15. The result is close to the ones in the literature.
On the left of Figure 16, we show the numerical solution of the SL Hermite scheme
for the two stream instability at T = 53. As is observed, the numerical solution is
consistent with the existing ones in the literature [25].

02
(1+50%) (1 + « ((cos(2kx) + cos(3kx)) /1.2 + cos(kx))) exp (—2> ,

Ezample 3.6 (bump-on-tail instability [1, 6]). Consider the bump-on-tail instabil-
ity with the initial condition

(3.14) f(z,v,t=0) = (npexp (”22) + npexp <(”2v§‘)z>) (1 + 0.04cos(kz)) ,

Two stream instability Bump-on-tail instability

10° 10"
107 10°
- o
o o
102 107!
10° 1072
0 10 20 30 40 50 60 0 10 20 30 40 50 60

t t

Fic. 15. Time evolution of the electric field of the SL Hermite scheme for the two stream
instability (left) and bump-on-tail instability (right) with CFL = 10.2 and a mesh of 128 x 128.

Two stream instability Bump-on-tail instability

0

F1G. 16. Numerical solution of the SL Hermite scheme for the two stream instability at T = 53
(left) and bump-on-tail instability (right) at T = 40 with CFL = 10.2 and a mesh of 128 x 128.
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where n,, =

ﬁ, ny = 58% , u=4.5, v, = 0.5, and k = 0.3. The computational

domain for this test is [0, 5 7] x [~13,13] similar to the setting in [6]. Figure 15 gives
the time evolution of the electric field of the SL Hermite scheme for the bump-on-tail
instability. In Figure 16, we provide the numerical solution of the proposed scheme
for bump-on-tail instability at "= 40. As shown, the numerical results are consistent

with the results in [6].

4. Conclusions. In this paper, we present the SL hybrid HWENO scheme and
the SL Hermite scheme for linear transport equations and the nonlinear VP system.
The new point of the proposed scheme is that we combine the weak formulation of
the characteristic Galerkin method with a hybrid HWENO reconstruction operator or
Hermite interpolation operator. This scheme enjoys many good properties including
high-order accuracy, nonoscillation, positivity preservation, mass conservation, and
high efficiency. Standard models including rigid body rotation, swirling deformation
flow, Landau damping, two stream instability, and bump-on-tail instability are tested
to verify the properties of the proposed scheme.

Appendix A. Fourth-order dimensional splitting. The fourth-order dimen-
sional splitting for the transport equation (1.1) in the 2-D case can be summarized as
follows:

stage 1: evolve u; + (au), =0 for ciAt",
stage 2: evolve u;+ (bu), =0 for diAt",
stage 3: evolve u; + (au), =0 for coAt",
(A1) stage 4: evolve wu; + (bu), =0 for dyAt",
stage 5: evolve u; + (au), =0 for cgAt",
stage 6: evolve u;+ (bu), =0 for dsAt",
stage 7: evolve u; + (au), =0 for c A",

where the coeficients are defined as follows:

dy =dz =1/(2—2Y3) ~1.3512, dy = —2Y3/(2 - 2'/3) = —1.7024,

(A.2)
Cl =C4 = d1/2 ~ 0.6756, co =c3 = (dl + d2)/2 ~ —0.1756.

Appendix B. Calculation of the nonlinear weights. For {w;}, we first
calculate the smoothness indicator [21, 18, 29] {£;} (we use the same notations as
(2.15) for convenience) of {g;(z)}. One can refer to [40] for the explicit expression of
{Bi}

Then, similar to (2.16), calculate the parameter 7 for {5;} above, and the non-
linear weights are defined by

Wi
B.1 w; =
B : >k Wk

T
ith w, =1+ . 1=1,2,3,
W1 wi Yi ( €+ﬁl>

where € = 1076.
For {@;}, the same procedures for calculating {w;} are applied based on {Q;(z)}.
The expression of smoothness indicators {§;} for {Q;(x)} can be found in [3].

Appendix C. Proof of Proposition 2.3.

Proof. Consider the linear transport equation (2.1) with constant coefficient,
a(xz,t) = a, and periodic boundary condition. Without loss of generality, we as-
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sume that ¢ > 0 and that CFL is less than 1. When CFL is greater than 1, the
linear scheme could always be reduced to a whole solution shifting on a uniform mesh
together with the scheme having CFL less than 1.

The numerical update given by the SL Hermite scheme is then summarized as

(C.1)
Tj_1/2
n+1 _ 1 i Hs —=n —n —n =n —n 7)d
’U,J — E J*l(uj727uj71’uj7“]’7271}]’7177}]‘) X
z;_1/2—(1=v)h
1 :Ej_l/2+l/h
—n —n —n —n =N =n
+ E/ Hj(u]'_l,u]',Uj+1,'l)j_1,vj,'lij+1)dx,
Tj—1/2
1 [Ti-vz x+(1—v)h—z;
—n+1 __ —n —=n =N =N =n =n J
'Uj — E ij]_(ujiz,ujil, uj7Uj727Uj717/Uj) —h dZE
2}]-,1/2—(1—1/)’1,
i h
1 [ri-1/2tV z+(1-v)h—x;
—n —n —n —n -n —n J .
+ o Hy(W)_y, W), gy, 071,07, 0 ) 3 dz V7,
T

j—1/2

where v = 1 — aAt" /h.
We prove the proposition via von Neumann stability analysis by assuming

(CQ) ﬂ? _ ﬂnefﬁlh, ﬁ? _ —nelﬁlh for [ = ] B 2,] . l,j,j 11
and
(C.3) ﬂ;ﬁLl =g leléih, @?H — grtlglih

where I is the imaginary unit. Substituting (C.2) and (C.3) into (C.1), we obtain
a"tt u
o il :

where A(v,§) is the 2 x 2 amplification matrix. We skip the explicit expression
of A(v,&) for brevity and denote the spectral radius of A(v,&) by p(A(v,§)). For
numerical stability, it is sufficient to show that p(A(v,£)) < 1 for any v € [0,1] and
&h € [0,2m]. We numerically check the spectral radius by sampling 1000 uniform
points in the v and £ domains, respectively. As can be seen in Figure 17, all the
values p(A(v;,&;)) — 1 do not exceed 0, which validates Proposition 2.3.

1
0.9
0.8 -0.005
07
06 -0.01
205
0.4 -0.015
03
02 002
01
0

0 1 2 3 4 5 6
¢h

F1G. 17. Numerical plot of p(A(v,€)) — 1 for all sampling points.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 07/08/22 to 108.36.96.143 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

A3604 N. ZHENG, X. CAI J.-M. QIU, AND J. QIU

Appendix D. PP limiters for Algorithms 2.1 and 2.2. The PP limiter
applied on Algorithm 2.1 is shown in Algorithm D.1.

Algorithm D.1. PP limiter for Algorithm 2.1 for given ng and i (pseudo code).

1 if w79 < 0

Jan

2: ex = 0; accum = u;
3:  while ( accum < 0 )
4: er = ex + 1;

) 729239 P
5: accum = accum ~+ U;ZC + U;o.s
6: end
7. accum = accum | (1+ 2ex);
8 0 = min{|accum/(u] w79 — accum)|,1};

3,39 _ (7939 )

9: uifea::iJrea: 9( Ui Zex: i+exr accum) + accum,;
10: end

For convenience, we define a new array {x(k)} such that x(2i — 1) = x! and
2(2i) = x%. The PP limiter applied on Algorithm 2.2 is presented in Algorithm D.2.

Algorithm D.2. PP limiter for Algorithm 2.2 for given ng and i (pseudo code).
1 if H;(z(2i — 1)) <0

2:  ex = 0; accum = H;(z(2i — 1));

3:  while (accum < 0)

4: er = exr + 1;

5: accum = accum + H;(x(2i — 1 —ex)) + H;(x(2i — 1 + ex));

6: end

7. accum = accum | (1 + 2ex);

8 0 = min{|accum/(H;(x(2i — 1)) — accum)|, 1};

90 Hi(zx(2i—1—ex:2i—1+ex)) =0(H;(x(20 —1—ex:2i—1+ex)) — accum)
+ accum;

10: end

11: if H;(x(24)) < 0
12:  ex = 0; accum = H;(x(21));
13:  while (accum < 0)

14: er = exr + 1;

15: accum = accum + H;(x(2i — ex)) + H;(x(2i + ex));
16: end

17: accum = accum / (1 + 2ex);

18: 60 = min{|accum/(H;(x(2i)) — accum)|, 1};
19:  Hi(z(2i —ex:2i+ex)) = 0(H;(x(2i —ex : 20 — 1+ ex)) — accum) + accum;
20: end
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