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Abstract

When numerically solving the Liouville equation with a discontinuous po-
tential, one faces the problem of selecting a unique, physically relevant so-
lution across the potential barrier, and the problem of a severe time step
constraint due to the CFL condition. In this paper, We introduce two classes
of Hamiltonian-preserving schemes for such problems. By using the constant
Hamiltonian across the potential barrier, we introduced a selection criterion
for a unique, physically relavant solution to the underlying linear hyperbolic
equation with singular coefficients. These scheme have a hyperbolic CFL con-
dition, which is a significant improvement over a conventional discretization.
We also establish the positivity, and stability in both I* and I° norms, of these
discretizations, and conducted numerical experiments to study the numerical
accuracy.

This work is motivated by the well-balanced kinetic schemes by Perthame
and Simeoni for the shallow water equations with a discontinuous bottom
topography, and has applications to the level set methods for the compu-
tations of multivalued physical observables in the semiclassical limit of the
linear Schrodinger equation with a discontinuous potential, among other ap-

plications.
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1 Introduction

In this paper, we construct and study a class of numerical schemes for the d-
dimensional Liouville equation in classical mechanics:

fi4+v -Vif =ViV -Vyf=0, t>0, x,veR? (1.1)

where f(t,x,v) is the density distribution of a classical particle at position x, time
t and traveling with velocity v. V(x) is the potential. The Liouville equation is a
different formulation of Newton’s second law:

dx_ dv_

==V, ==V, (1.2)

which is a Hamiltonian system with the Hamiltonian
1
H= §\V|2 + V(x) (1.3)

It is known from classical mechanics that the Hamiltonian remains constant across
a potential barrier.

The Liouville equation is a linear wave equation, with the characteristic speed
determined by the Newton’s equation (1.2)—which is usually called the bicharacter-
istic. If V(x) is smooth, then the initial value problem to (1.2) is well-posed, and a
standard numerical method (for example, the upwind scheme and its higher order
extensions) for linear wave equation gives satisfactory results. However, if V(x)
is discontinuous—which corresponding to a potential barrier—then the characteristic
speed of the Liouville equation given by (1.2) is infinity at the discontinuous point.
When numerically approximating V. across the interface, the numerical derivative
of V is of O(1/Ax), with Az the mesh size in the physical space. Thus an explicit
scheme needs time step At = O(AzA&) with A the mesh size in particle veloc-
ity space. This is very expensive. Moreover, a conventional numerical scheme in
general does not preserve a constant Hamiltonian across the interface, usually leads
to poor or even incorrect numerical resolutions by ignoring the discontinuities of
V(x). Theoretically, there is a uniqueness issue for weak solutions to these linear
hyperbolic equations with singular wave speeds [2, 4, 7, 20, 21]. It is not clear which
weak solution a standard numerical discretization that ignores the discontinuity of
V(z) will select.

Potential barriers appear in many important physical problems, such as the
quantum tunneling (and quantum dots) in semiconductor device modeling, plasmas,
and geometrical optics through different materials. Liouville or Vlasov equations
describes the density distribution of particles in such a heterogeneous medium. For
some recent mathematical study of discontinuous potentials in high frequency waves
see [1, 17, 22].

In this paper, we construct a class of numerical schemes that are suitable for
the Liouville equation (1.1) with a discontinuous potential. An important feature of
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these schemes is that they are consistent to the constant Hamiltonian across a po-
tential barrier for the Liouville equation (1.1). We call such schemes Hamiltonian-
preserving schemes. A key idea in this paper is to use the behavior of a classical
particle at the potential barrier—either cross over if its kinetic energy is sufficiently
large— or be reflected with a negative velocity. We build this mechanics into the
numerical scheme to construct the Hamiltonian-preserving schemes. This work is
motivated by the well-balanced kinetic scheme of Perthame and Simeoni [19] for
the shallow water equations with a (discontinuous) bottom topography, in which
the similar mechanics was built into a hydrodynamic scheme for the shallow water
equations in order to capture the steady state solutions—corresponding to a constant
energy— of the shallow water equations. However, the work of Perthame and Sime-
oni was focused on a kinetic scheme for the shallow water equations defined in the
physical space, thus the numerical discretization in the phase space was not stud-
ied. The phase space discretization is an important issue for the Liouville equation
with a discontinuous potential. As shown by this work, if designed properly, the ex-
plicit Hamiltonian-preserving schemes allow a standard hyperbolic CFL condition
At = O(Ax, Af). More importantly, by using the a constant Hamiltonian condition
across the potential barrier, these schemes select a unique, and physically relevant,
solutions for the underlying linear hyperbolic equation with singular coefficients.

Another application of the Liouville equation like (1.1) is the level set method
for the computation of multivalued solutions to quasilinear PDEs, see [12, 3]. Such
problem arises in the semiclassical limit of the linear Schrodinger equation, which
yields the Liouville equation (1.1) with the initial data

f(x,v,0) = po(x)d(v —ug(x)), (1.4)

see for example [16, 9]. In the physical space, the moments of f:
p(x,t) = /f(x,v,t)dv, (1.5)

o/

f(x,v,t)vdv 1.6
o) ] 1OV o
may become multivalued, see [10, 25] and the relevant numerical methods [8, 6]. The
level set method proposed in [11] solves the Liouville equation (1.1) with the initial
data (1.4) by decomposing f into ¢ and ¥;(i = 1,---,d) where ¢ and ; solve the
same Liouville equation (1.1) with initial data

¢(Xa v, 0) = pO(X) ) %’(X> v, O) =V — uiO(X) ) (17)

respectively. This allows the numerical computations for a bounded solution rather
than measure-valued solution of the Liouville equation with singular initial data
(1.4), which greatly enhancing the numerical resolution. The moments can be re-
covered through

u(x,t) =

plot) = [ olox v DI 501 ) . (1.8)
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u(x, 1) = / 6, v, OIVITL 65 )dv/p(x, 1) (1.9)

Numerical computations of multivalued solution for smooth potential using this
technique were given in [11] for smooth potentials. In this article we will also apply
the Hamiltonian-preserving schemes for the level set computations of multivalued
solution of the physical observables p, u, etc.

In Sections 2, we first point out the problems with the usual finite difference
scheme to solve the Liouville equation with discontinuous potentials. We then
present the designing principle of our Hamiltonian-preserving schemes using the
behavior of classical particles at a potential barrier. In Section 3, a 1d Hamiltonian-
preserving scheme based on a finite difference approach (called Scheme 1) is given,
and its positivity and [*° are established. In Section 4, a 1D Hamiltonian-preserving
scheme based on a finite volume approach (called Scheme 1II) is given. We extend
these schemes to higher dimension in Section 5. In Section 6, we study the [!-
stability of Scheme I. We prove that the scheme is [*-stable for suitable initial data,
while for other (such as the measure-valued (1.4)) initial data the solution may be-
come unbounded. In Section 7, we prove that Scheme II is positive, [*°-stable ,
and [!-contracting (for more general [! initial data then Scheme I). In Section 8, we
show that even for smooth initial data, the solution to the Liouville equation (1.1)
could become discontinuous in the downstream part of the potential barrier. This
contributes to the reduced numerical convergence rate to 1/2 for a formally first
order scheme, as in any shock capturing method for a linear wave equation with
discontinuous initial data. Numerical examples are given in Section 9 to verify the
accuracy of the two schemes constructed in this paper. We conclude the paper in
Section 10.

2 The designing principle of the Hamiltonian-preserving

schemes

2.1 Deficiency of the usual finite difference schemes

We consider the numerical solution of the 1D Liouville equation

fe+&8fe = Vafe =0 (2.1)

with a discontinuous potential V' (z).

Without loss of generality, we employ an uniform mesh with grid points at
xi+%,i =0,---, N, in the z-direction and §j+%,j =0,---, M in the &{-direction. The
cells are centered at (z;,&;),i =1,---,N,j =1,---, M with z; = %(xH% + xi_%)
and & = %(£j+% +§j_%). The mesh size is denoted by Az = Tip1 — 1, AL =

T3

€11 =& 1. We also assume a uniform time step At and the discrete time is given by
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0=ty <t <---<t,=T. We introduce mesh ratios A, = £ AL = &L \¢ = 2

A_§7 Az’
assumed to be fixed. We define the cell averages of f as
1 Tirl [S4d
fommone | et oes
T ATAE v, 1 Je
2 =3
The 1-d average quantity f;;1/2; is defined as
1 €1
fi+1/2,j = A—§ /f f f(xi+1/27£7t)d£'
172
J1,j+1/2 is defined similarly.
A typical semi-discrete finite difference method for this equation is
fi+lj_fi—lj fz’j+l _fz'j—l
O, fis el tved py ttiTs TWTE ) 2.9
tfj + gj Al’ Ag ( )

where the numerical fluxes f; 1 Jij+ 1 are defined by the upwind scheme, and DV;
is some numerical approximation of V,, at x = ;.
Such a discretization suffers from at least two problems:

e The above discretization in general does not preserve a constant Hamiltonian

1

H = 552 + V across the discontinuities of V. Such a numerical approximation

may lead to unphysical problem or poor numerical resolution.

e If an explicit time discretization is used, the CFL condition for this scheme
requires the time step to satisfy

max; |;| = max; |[DVj]

At Ax A&

<1. (2.3)

Since the potential V(z) is discontinuous at some points, max; |DV;| ==
O(1/Ax), so the CFL condition (2.3) requires At = O(AzAf).

2.2 Behavior of a classical particle at a potential barrier

In classical mechanics, a particle will either cross a potential barrier with a changing
momentum, or be reflected, depending on its momentum and on the strength of the
potential barrier. The Hamiltonian H = %fz + V' should be preserved across the
potential barrier:

SEPHVE =€V (2.4
where the superscripts 4+ indicate the right and left limits of the quantity at the
potential barrier.

For example, consider the case when, at a potential discontinuity, the character-
istic on the left of the potential discontinuity is given as a constant velocity £~ > 0.
There are three possibilities (see Figure 2.1) :
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1) V= > V*. In this case, the potential decreases, so the particle will cross
the potential barrier and gain momentum in order to maintain a constant
Hamiltonian. (2.4) implies

£ =V )P +2V- - V).

2) V= < VT and §(£7)* > VT — V. If the kinetic energy of the particle is bigger
than the potential jump then the particle will cross the barrier with a reduced
momentum. (2.4) implies

=V )P -20vr-Vvo)

3) V- < V*and 1(67) < VT — V=, In this case, the kinetic energy is not large
enough for the particle to cross the potential barrier, so the particle will be
reflected with a negative velocity —£~.

—_— -
[E2—2(v* — V12 z

2) b

e

g [E2+2(v™ — v)1Y2

3)

vToov© \ZRRAVad
Figure 2.1 Change of particle momentum across a potential barrier for the case
when £~ > 0.

If £~ < 0, similar behavior can also be analyzed using the constant Hamiltonian
condition (2.4). See Fig.2.1.

The main ingredient in the well-balanced kinetic scheme by Perthame and Sime-
oni [19] for the shallow water equations with topography was to build in the above
mechanism into the numerical scheme in order to preserve the steady state solution
of the shallow water equations when the water velocity is zero. Note that the density
distribution f remains unchanged across the potential barrier, thus

f(t7 'r+7£+> = f(t7 x_7 5_) (25>

at a discontinuous point x of V(x), where (T and £~ are related by the constant
Hamiltonian condition (2.4). This was used in constructing the numerical flux in
[19].



In this paper, we use this mechanism for the numerical approximation to the Li-
ouville equation with a discontinuous potential. This approximation, by its design,
maintains a constant Hamiltonian up to approximation error across the potential
barrier. The new issue faced here, not explored in [19], is the discretization in the
¢-direction. Given £~ as a grid point, the £* constructed from the constant Hamilto-
nian condition (2.4) may not be a grid point, thus some appropriate interpolations
in the &-direction is needed here. The approximation in the &-direction, and its
consequent numerical properties, constitutes the main body of this paper.

3 Scheme I: a finite difference approach

3.1 The Hamiltonian-preserving numerical flux

We now describe our first finite difference scheme for the Liouville equation with a
discontinuous potential. We call this scheme as Scheme L.

Assume that the discontinuous points of potential V' are located at the grid
points. Let the left and right limits of V" at point ;41 /2 be Vzi 1 and szr 1 respectively.

Note that if V' is continuous at x;1;/2, then Vzil =V
2

e We approximate V' by a

piecewise linear function

S Vi

Vi i—1/2 (
Ax

i+1/2
V() ~ ViJ—r1/2 + !

xr — xi—1/2) .

We will adopt the flux splitting technique used in [19]. The semidiscrete scheme
(with time continuous) reads

- _ ot - _ vyt
P fi-‘r%,j fi—%,j Vi-i—% V;—% fi,j—i—% - fi,j—% B
i fij & Ar - N AS =0, (3.1)

where the numerical fluxes f; ;, 1 are defined using the upwind discretization. Since
the characteristics of the Liouville equation may be different on the two sides of a
potential discontinuity, the corresponding numerical fluxes should also be different.
The essential part of our algorithm is to define the split numerical fluxes fijr L f;: 1
at each cell interface. We will use (2.5) to define these fluxes.

Assume V' is discontinuous at x;y;/2. Consider the case {; > 0. Using upwind

scheme, fijr 1= fi;- However,
27

;1/2,]‘ = f(xitﬂ/zvg;‘r) = (@12, 65)
while £~ is obtained from €]+ = ¢, from (2.4). Since £~ may not be a grid point, we

have to define it approximately. The first approach is to locate the two cell centers
that bound this velocity, then use a linear interpolation to evaluate the needed
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numerical flux at 7. The case of {; < 0 is treated similarly.

to generate the numerical flux is given below.
Algorithm I

fl—l— ,7 fl]?

e +
a lf‘/i-‘r% >Vz‘+§’

0 ifg; > \/2 (Vi -Vt
= e (v, vy

if & < & < &y for some k
then f7, gkﬂ = fir + & fz k+1
H_E 5
O else
fi—:-l = fi+1 where & = —¢;
27
O end
T Ve +
O if V2+% < VH_%

=, -y

if & <& < &gyq for some k
then f;;% §k+1 S fi 5 fz k+1

Oiv ,=VvV"
i+ it
+ . —
fz‘+%,j B fz'+§,j

O end

+ = f ...
‘fi—l—%,j - fl+1,]7

O 1fV+1<V+1,
0 itlgl > /2 (v, - Vi)

—fae (i)

if & < &F < &1 for some k

8
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_ +
then fi+% ékH : fz+11c+f AeJir ke
0 else
fi+%,j
0 end

e +
DV >Vi

2 - +
‘ij +2(Vi, -viy)
if & < &F < & yq for some k
then fi:r%» gkﬂ & i+ € AS Sk fi1 ke
DtV = V.+1
- +
fi-l—% ‘fz-i-
0 end

= fir where § = _gj

27]

The above algorithm for evaluating numerical fluxes is of first order. One can
obtain a second order flux by incorporating the slope limiter, such as van Leer or
minmod slope limiter [15 26], into the above algorithm. This can be achieved by
replacing fir by fir + 2 = Sik, and replacing fir1x by fiy1x — Az = Siy1,k in the above
algorithm for all the p0881ble index k, where s;;, is the slope hmlter in the z-direction.

After the spatial discretization is specified, one can use any time discretization
for the time derivative.

3.2 Positivity and [* contraction

Since the exact solution of the Liouville equation is positive when the initial profile
is, it is important that the numerical solution inherits this property.

We only consider the scheme using the first order numerical flux, and the forward
Euler method in time. Without loss of generality, we consider the case {; > 0
and V7 1 < V', for all i (the other cases can be treated similarly with the same

conclusion). The scheme reads

5t =t ¢ Ju— —(erfirn+eafirnn)  Virs T Vid fy— S
At J Az Az A&

where ¢y, co are positive and ¢; + co = 1. We omit the possible superscript n of f.
The above scheme can be rewritten as

=0,

Vi,V
fn+1 = [1-|g|N, - 2A[L’ 2N fig G, (e ficie + c2ficinen)
Vi — V',
+ QM 2N fij-1- (3.2)



Now we investigate the positivity of scheme (3.2). This is to prove that if f; > 0
for all (4, j), then this is also true for f**!. Clearly one just needs to show that all
the coefficients before f™ are non-negative. A sufficient condition for this is clearly

Vi, — V7|
t T3 P ERY
1_|€]|)\:{:_ Az )\g > 0,
or
AR
max; | —2——2
max; || ’ Az
At J >J < 1. .
Ax A& - (3:3)

This CFL condition is similar to the CFL condition (2.3) of the usual finite

| Vs
i+s -3

difference scheme ezcept that the quantity ~

now represents the gradient

of potential at its smooth point, which has a finite upper bound. Thus our new
scheme has a hyperbolic CFL condition.

According to the study in [18], our second order scheme, which incorporates
slope limiter into the first order scheme, is positive under the half CFL condition,
namely, the constant on the right hand side of (3.3) is 1/2.

The above conclusion are analyzed based on forward Euler time discretization.
One can draw the same conclusion for the second order TVD Runge-Kutta time
discretization [24].

The [*°-contracting property of this scheme follows easily with the same hyper-
bolic CFL condition, because the coefficients in (3.2) are positive and the sum of
them is 1.

4 Scheme II: a finite volume approach

In this section another flux which results in an I'-contracting scheme is proposed.
We call this scheme Scheme II.

By integrating the Liouville equation (2.1) over the cell [z;_1 /2, Tiy1/2] X [§-1/2, §j41/2)
one gets the following equation

- + - +
fi—l—%,j - fi—%,j ‘/i+% o ‘/z‘—% fi,j—l—% - fi,j—%

Az Ar A&

Oifij +&; =0. (4.1)

v, vt
z+g 71—

The upwind discretization depends on the sign of §; and o 5 Toillustrate

Vo, -v*t

iti i—3 — 3 3
the basic idea, we assume &; > 0, —2—"2 < ( and Vi< V;L (this is the case
2 2
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when the particle loses momentum from left to right at the barrier). In this case

Livny = §]A§/Jtz +§’§’t> ds,

fuey = V——rvri/_lvf(ff‘“) !

i+ i-3

l\.’)

By using the condition (2.5):

@&/ﬁ%fzﬁfﬁﬁ_@M

1

_l’_
f7‘+2]

l\.’)
l\.’)

where f is defined as

7(,+1,€t ( \/§2+2 ~V é),t).

Using a change of variable on (4.2) leads to

o= 2 f”%@f - §2+2<v+ —V‘)t de
i+3g &AL e Tir b i+3 i+3)’

where

I 2 + - I 2 + -
=/, 2V~ Vi, &=/, 2V - V).

F(amy.6t) de.

(4.2)

(4.3)

(4.4)

The integral in (4.3) will be approximated by a quadrature rule. Since the end
point & and &, may not be grid points in the ¢-direction. We first need to locate
the grid points that bound & and &,. There are two possibilities,namely, either &]
and &, fall into the same cell, or they are in separate cells. In the former case, we
use the midpoint rule. In the second case, the composite midpoint rule is used.

We propose the following evaluation of the split fluxes fi Iy in (4.1)
27
Algorithm II

frn; =t

R -
[ 1fVZ,+% >Vi+%,

0 if g s > \/2 (VZ-I% - VJ%)’
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~2(v,

it3 its

=

§= e
I 2 B Vs

= V f =2 (V- vin)

Oif& 1 < & <& < €y for some k

O lee §rt < £ < Erat < n < &ye1 < & < Ekort for some
s
Y

€161
f:_; :é{ k+2 1§k.fzk+§k+lf7,k+1+

27]
&h—¢€ -
Fts—1fikrs—1 + i&k—i—sfz k-i-s}
O end
O else
fi1 ;= firrn where & = —§;
27
O end
o +
O if V;+% < Vz’+1

I 2 + -
&=y, 2 (v - viy)
I 2 +
“= \/ S +2 (Vi Vi)
Oif g 1 < g <& < €y y for some k
fl—:—%,‘] = 51362 glgkflk
O else §k_% < <§k+; < e <§k+5_; < & §§k+s+% for some k, s

3
‘f:i- - é{ IHE gkfzk + €k+1fz k+1+ -

27]

&h—¢ o1
Fts—1fikts—1 + Lglﬁ-sfz k-i-s}

O end
e v— 1+
0 1fvz‘+%_vi+§

—+ o —
fi+%,j N fi+§,j

O end

f:i-%vj = fitrg)
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O lfv+1 <V+1,

gl > 2 (v, - Vo),
g =- \/§2 +2 (Vi - Vi)
2
&=— \/52 L +2 (Ve v

0 ifgk_% <& <&l <§k+1 for some k

- _ 152 51
i1, = g ae Shlivri
O else &1 < £ < §k+% < < g < & < Ekiors for some

k,s

_ S
fH%,j = é{ ﬁ fkfz+1 g+ Ser1 firrpr +

§—¢ 3
+&kts—1fit1h4s-1 + Lgk—i-sfH_l k+s}
0 end
O else
fi:—%J = fir where & = —¢;
O end

— 2 - 1+
53—‘\/%* 2(Viey ~Viny)
6=y +2 (Vi — Vi)

O if o1 < g <& < S for some k
fl:—%,‘] = 1]§2 1£kf2+1k

O else ! <& <l < <yt <§§<§k+5+1 for some £, s

3
fi:—% J 53{ H? fkfz+1 g+ et firt ot +

Y +
O 1fVi+% >Vz’+1

52 é\k: s—5
FEhrs—1 fit 1 hts—1 T 7+£k+sfz+1 k+s}

O end
e t— 1+
O if V;+% =V i
- +
fi-l—% fz—i—
O end

27]
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e end

Remark 4.1. The above Algorithm uses a first order quadrature rule at the ends of
the interval (4.3), thus it is of first order even if the slope limiters in z-direction are
incorporated into the algorithm. One can also use a second order quadrature rule
at the ends of intervals (4.3).

5 The schemes in higher dimensions

Our 1D schemes can be easily extended to higher dimension using a dimension-by-
dimension approach. For example, consider the 2D Liouville equation

ft"'_gfx"'_nfy_vwfi_vyfnzo- (5'1>

We employ a uniform mesh with grid points at xi+%,yj+1,§k+1,nl+1 in each
direction. The cells are centered at (x,,yj,gk,m) with z; = J(x Tipl + T 1) y; =

(y]Jr + yj__) & = (§k+1 + 51@——) = (771+1 + 7 1) The mesh size is denoted
by Az = Tipd =Ty 1, Ay = Yirl = Y1, AS €k+1 - §k_,,A77 =Myl = -1~ We
define the Ceﬂ average of f as

frd ey dndedyd
fijh = AszAfAn/ / / / f(x,y,&,m,t)dndédydz.

Similarly to the 1D case, we approximate the potential by a piecewise bilinear func-
tion, and for convenience, we always provide two interface values of potential at each
cell interface. When the potential is smooth at a cell interface, the two potential
interface values are identical.

The 2D Liouville equation (5.1) can be semi-discretized as

= + +
fi—‘r%,jkl - fi——,ykl fu+ Kl f, ~1 ki
+7n

Ocfijm + &k Ar ! Ay
- _y+ +
_ Vi+%,j ‘/z‘—%,j fij,k—l—%,l - fij,k—%,l B V,g+2 V,g—— ijkl+3 fijk,l—% —0
Az A& Ay An ’

where the interface values f;; , +1o Jijk L1 are provided by the upwind approxima-

I fitfjkl, fz_]+2,kl’ f'—,i_'—%,kl can be obtained
using essentially the same algorlthm descrlbed in subsection 2.3 or 2.5 for the 1D
case. Since the gradient of the potential at its smooth points are bounded, this
scheme similar to the 1D scheme, is also subject to a hyperbolic CFL condition un-
der which the scheme is positive, and Hamiltonian preserving (if the discontinuity

of V aligns with the grids).

tion, and the split interface values f
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6 The ['-stability theory of Scheme I

In this section we prove the ['-stability of Scheme I (with the first order numerical
flux and the forward Euler method in time) under a suitable assumption on the
initial data. We also show that if this assumption does not hold, the numerical
solution can grow unbounded in [*. We consider the simple case when V(z) is a step
function, with a jump —D, D > 0 at Loy L Namely

Vo= Vi, =D, Vi, =V- . i<m, V3
2 2

=Vt i>m.
ot~ Ve - = Vi

We consider the typical situation that & < —v/2D, &y, > V2D, so that all the
three situations discussed in Section 2 are included. We also choose the mesh such
that 0 is a grid point in the £-direction.

Define an index set

Due to velocity change across the potential jump at =, 1 D} represents the

area where particles come from outside of the domain [z1, zy] X [£1, {ur]. In order to
implement Scheme I conveniently, we need to choose the computational domain as

Figure 6.1 depicts Ey and D;.
We define the ['-norm of a numerical solution f;; to be

1
=5 2 il

d .~
(Zyj)EEd

with Ny being the number of elements in Fy.

6.1 [!-stability under an assumption on the initial data

Given the initial data fJ}, (i,7) € Eq. Denote the numerical solution at time 7' to

be f,(i,j) € Eq. To prove the *-stability, we need to show that | f"|; < C|f:.
Due to the linearity of the scheme, the equation for the error between the an-

alytical and the numerical solution is the same as (3.2), so in this section, f;; will

denote the error. We assume there is no error at the boundary, thus f; = 0 at

the boundary. If the {'-norm of the error introduced at each time step in incoming

boundary cells is ensured to be o(1) part of | f™];, our following analysis still applies.
Since V,(x) = 0 except at & = @;,11/2, Scheme I is given by:

P = (L= G fiy + G fim g (6.2)
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2)if & < 0,i #m,

5= (=GN fig + 1IN fir s (6.3)
3)if & > V2D,
St = (U= &A) fnarg + EA(Cipfon + Gt fgr) ; (6.4)
4)if 0 < & < V2D,
s = (L= &AL fngrg + AL fnaie s (6.5)
5)if & <0,
L= (1= [&IN) fong + |EGINE(Cinfomirk + ikt frngrpr1)s (6.6)

where 0 < ¢z < 1and ¢jr+¢jrp1 = 1. In (6.4) k is determined by &, < /& —2D <

€k+1, in (66) gk = —gj, and in (65) fk S —1/€JZ—|—2D < §k+1~ We omit the

superscript n of f;; on the right hand side.
Using the triangle inequality in (6.2)-(6.6), one typically gets the following

n 1 n
|7 < N Z aij| i3] (6.7)

(ZJ)GEd

where the coefficients «;; are positive. One can check that, under the hyperbolic CFL
condition (3.3), a;; < 1 except for possibly (i, j) € D2, U Dy, with the definitions:

Dy ={(m+ 1)) < —/A&/4 42D + A¢}.

16



m+1

Xl Xm+1/2 N

Figure 6.1 Sketch of the index sets D2, Dy, D}

Denote
M1 = 'maxz Qij, M2 = 'Il'la%f Q5.
(Zvj)eDm (ZJ)GDm+1

Our next step is to prove that M7, My are bounded independent of the mesh size.
Let us first examine M.

Define the set
S = {j’ ¢ > V2D, ), [e2 —2p —¢,

Let the number of elements in Sym be N;”. One can check that Nym < 2 because
every two elements ji, j, € S} satisfy \\/@2.1 —2D — \/gi —2D[ > |§ — &l = AL,
On the other hand, one can easily check from (6.4), for (m,j) € D2,

< Af} for (m,j) € D2,

Oém]<].—|—ij§3,

so the boundedness of M is proved.
Next we study Ms. Define the set

S}”*lz{j’

|- §§,+2D—£j\<A£} for (m+1,5) € Dy

17



Let &mar = max{|&], ||}, Using the CFL condition, f”‘z—“ft < 1. So from (6.6)
one can get, for (m +1,7) € Dy, the estimate for a1 ;:

> 1l (6.8)

-/ m+1
J ESj

iy <14 Y [6pX <1+
]/esm+1 max
J
Since &, for j' € Sjmﬂ, are in fact an arithmetic progression with increment A£.
Denote the minimum and maximum element in S;»”H to be my, my respectively.
Since &y, Emy, < 0, one has |&,| < |&m, |- The last summation in (6.8) turns out to
be

o ‘£m1| + |£m2‘ ‘£m1| _ |£m2‘ 72711 - §r2ng
Z ‘5j’| = 5 ( AL + 1) < W + &maz- (6.9)

-/ m—+1
J ESj

On the other hand, because m, my € SJ’-”“,

\/ 72711 +2D — \/672712+2D§2A§a
= /&2, +2D < /€2, +2D + 2A¢,
= €2 <& +2,/€2, +2DAE +4AE7,

2 2

m _gm

2m M2 - 2 < . .
= I <\ /E2, 2D +2A8 < &nae + 2A8 (6.10)

Combine (6.8)-(6.10), we get

1 A€
gma:c gma:{:

with (m +1,5) € D, ;. Therefore the boundedness of M, is proved.
In summary, we have

am+1,j < 1 + (ngax + 2A£) = 3 + 2

Ag

Y
gma:c

M, <3, My<3+2

both are bounded independent of mesh size.
Denote M| = max(0, M; — 1), M} = max(0, My — 1). From (6.7),

!/

n n M/ n M n
T S P S S TP (611

(i,j)eDZ, (i,)€Dy, 11

We now impose an assumption:
Assumption 1

18



There exists a positive constant &, such that

V(i,j) € S. ={(i, )| @ <wpp1, 0<& <&} (6.12)

it holds that
3 < Cilf0) - (6.13)

Remark: The semiclassical limit initial data (1.4) does not satisfy this condition.
Thus Scheme I, when directly applied to this problem, may have stability problems,
as shown in the next subsection. However, if the decomposition idea mentioned in
the Introduction is used, Scheme I is still suitable, which is what will be done in the
numerical experiments of Section 9.

We now establish the following theorem:

Theorem 6.1. Under Assumption 1, there exists an hyg > 0, when Ax < hg, the
Y -stability property

|5 < Ol
of the scheme (6.2)-(6.6) holds.
Proof. From (6.11),
M L—1 =
< 0+ Z STl + sz STofy. (614
(i,j)€DZ n=0 \ (i.))eDy, 4,
It remains to estimate
L1

Si=>) (6.15)

n=0 | (i,) €D2

and
Sy = Z ol (6.16)

We begin with estimating S.
Define the set

Sy =1{00,7)| x> Tynpls (m+1,5) € D2 il )

V(i,j) € Sy, due to the zero boundary condition and the upwind nature of the

scheme, one has

=Y Bfe, (i,§) €S, (6.17)

(p,q)ESr
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with ﬂ;g"o > 0.
Notice Dj, ., C S,

< Y (X X a)imls X P

(p,9)€Sr \n=0 (4, g)eDjln+1 (p,q)ESr

where we have defined

L-1
Flp,g) = >, >, B (aeS,.

n=0 (i,j)€Dy, 1
The next step is to estimate these coefficients. Define

GO = S 30, (pg) e S,

n=0

then (6.19) gives

Foa= Y z s Y A

(i,5)eDn 4 (2 J)eDa y

Hence it is useful to evaluate ﬁ”o.

(6.18)

(6.19)

Notice 5”0 is not zero only when p > ¢ and ¢ = j due to the upwind flux

and constant potential. We first evaluate 5”0 when p = ¢ and ¢ = J.

d=1- %’ = |57A|At From scheme (6.3)

zyO ZﬂwnO Z ) _ 1_107 _
1

n=0

S| =

Since (4, j) € S, and ¢, > V2D, so
1 1
— < = A\
= V2D !

We now evaluate ﬂ”o when p > i. ;From scheme (6.3),

62] ,n+1,0 — Cjﬂmno 4 Cjﬁl-‘rl ]nO7
then a sum of n from 0 to co in (6.21) gives
B = B i<,

20

Denote

(6.20)

(6.21)

(6.22)



We now can evaluate F'(p, q) for (p,q) € S,.

F(p, q) < Z zyO m+1,q0 6m+2q0 . ﬂpqO < )\ ) (623)

(3, ])6Dfn+l

Therefore, from (6.18) we get

(p,9)ESr (p,9)ESr
< N Z | |_)\1Nd|f |1 (6.24)
(p,9)€Eq

Our next step is to estimate S;. Define the set
Similarly when (i, j) € S;, one has

= D . (i,4) € S (6.25)

(P,2)€Sy
Dividing set D2 into two parts:
Dyt ={(i,5) € Dyl > &}, Dp?={(i,)) € Dp|&; < &},

and also define the corresponding two parts of 5

SE=A0,5) € Sl =&}, SE={(i,4) € Sil¢; <&}

Note that S? is a subset of S, in (6.12).

Correspondingly, S7 is also divided into two parts

L-1 L—1
Sl:Z Z | /3] +Z Z |fiil ¢ = Su + Sha. (6.26)
n=0 \ (i.j)eDr n=0\ (i.5)eDy?

Similar to the previous case, we can get the upper bound of the first term
S11 < Ao Ng| O (6.27)

with Ay = Substituting (6.25) into Si2 gives

—gAt‘

s Y (XY )

(p,9)eSE \"=0 (i,j)eDZ%?
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Using Assumption 1,

L—1
S < Glffh Yo (DD DD %ffqno
(p,9)es? \"=0 (i,5)eD
L—1
— Cl|f012 7;{1"0 : (6.28)

Now we evaluate 3, \co 7m0 when (i,7) € D3?. Write (6.25) as

= > O, (i§) € DX (6.29)

(»,9)€S?
When the initial values are constant 1, including the ghost cells at the boundary,
the numerical solutions at the next time step still remain unchanged, while the

coefficients fy”"o in (6.29) do not include those corresponding to the ghost cells, thus

> o0 <1, V(i) € DX

(p,q)€S?

Continuing from (6.28),

512§01|f|z Z M

n=0 (i,j)eD};?

CiTNy

= 01, = A3 INy| F© .

with A3 = ﬁ being an O(1) quantity.
Ny TN
Now from (6.26), (6.27) and (6.30),
S1 < (A2 + A3)Nal £ (6.31)
Combing (6.14), (6.24) and (6.31),

A < 1% 4 MOl + M (Xe + Xs)] )
= [14 MM\ + MM+ )]0
= C|f'h

where C' = 14+ M\ + Mj(A2 + A3). Thus Theorem 1 is proved. O
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6.2 An unstable example

There arises another question about whether condition (6.13) in Assumption 1 is
necessary for the ['-stability. In this subsection we give an counter example which
shows that if this condition is violated, the solution may become unbounded in [*
norm.

Here we impose the assumption:

Assumption 2

There ezists a positive constant &, such that ¥(i,7) € S, in (6.12), it holds that

Cilfh

0
‘ 2]‘ S qu ’

q>0 (6.32)

with Cy independent of the mesh size.
Remark: Assumption 2 reduces to Assumption 1 in the case ¢ = 0.
We first introduce some notations.
Define the sets

Sp = {HV3D + A€ < & < 3 VID - A},
Sm= (k3 € Sp, st |6~ 6| < AC or &=+ AL}

Let Ng be the number of elements in S,,. We name the elements in S, as k;,i =
1,2,---, Ng such that ky < ke < ... < kp,.
Define an one-to-one map from S, to S;, as

1
Ts(k) :] s.t. ] € Srln> |§k - €]| < §A§a ke Sm-

It is clear that {r,k,) > V2D +iAE, i=1,2,--- N,

Let ¢ = min(%,3). We choose T such that TA? < Ty — o1 and TAY <

xNJr%—xm+%,thusL<mandL<N—m—1. Let
Lo = int(L'™7) L, (6.33)

where int(x) is the biggest integer equal to or less than x.
Define a function G(k) as

G(k) = int(L&AL), k€ S,

Clearly, G(k1) < G(k2) < -+ < G(kn,).
Since L < m, so G(k) < m for k € S,,. Define the following set of index of cells

H = {(0,5)lj € Sm,m — G(j) <i <mj.

Let Nj be the number of elements in H. Our next step is to check the condition
under which N, > L.
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Lemma 6.1. N, > Ly under the mesh size restrictions

V2D
1 TA
Ax L. 6.35
4v10(V10 — 3)v2DAS TAL + X (6:35)
A I S 6.36
ATV 050

Proof. According to the definitions,

Ny = > G(k)= ) int (L&) > (LA; > §k> — N,

k€S kESMH keSm
1 (V10 -3)v2D
L JE 2D — AE) - —

N t

> LA;,; (\/(\/@HAQ?—QD) —%L (Aﬁ%) (\/TO—?))@

@

3L
> —— )\
V20D Z

N,
—1

(\/@ + ZA§> \/<@ + iA§)2 . 2D]

2

—%L (A; + Ag) (Vio-3)v2D

T
_ N i [3 (V2D +iag) \/ (VoD + mg)Q —9DAE
V20DAE =
Lo
~=L (Ax + 2 (Vi0-3)v2D
V30D
L)\t T_4A£ 1 )\t
—_— 3xva? —2Ddr — =L )\t—l——5) V10 — 3) V2D
V20DA¢ J2p 3 ( T < )
L), 1 8vV20DAE 1 Y
ipac (3\/217 - 3) 5L (Ax + T) (V10 -3)v2D
(6.37)
We impose the following restriction on the mesh sizes
Sy QZD AL o ?),D | (6.38)
DY 10 — 3)v2D 1
(14 2 (VI0=3)VRD | (6.39)
T 3 12¢/10
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then continue from (6.37),
LA LALN
Ny, > & = ¢ .
124/10A¢  124/10At

According to (6.33), Ly < LL'™7 = (LAf)l:;,. Therefore, in order that N, > Ly,

one needs to impose the mesh size restriction

MAL N\
At < | ————] . 6.40
(12@T1—q') (640)
One can rewrite the mesh size restriction (6.38), (6.39) and (6.40) to that on Az

which are (6.34)-(6.36).
Now, under the mesh size restriction (6.34)-(6.36), it holds that N, > L.

We now prove the following theorem:

Theorem 6.2. Vg > 0 in Assumption 2, Vhg > 0, dAx < hg, T > 0, VB > 0,
3 0

157

(1,7) € Ey satisfying Assumption 2, such that

| > Bl

Proof. We define a function Fy in H as

s—1

Fu(i,j) =m—G(j)+ 14> G(k) if j=k, (i,j)€H.

=1

Fpy in fact is an one-to-one map from H to (1,2, -+, N,). Now define the set

Since Nj, > Lo by Lemma 5.1, the number of elements in Hy, is L.

0

We can now introduce the initial value f;; satisfying the condition of Theorem

0 = Co, (7’?]) € HL> (641)

ij

0 =0, (i,j) € Eq\ Hy, (6.42)

where ¢y > 0 is a constant.
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We first check that these initial values satisfy Assumption 2. Since

5] Na_ 2MN 2@y — 36 — G
oL Ly L2 AT Azt

thus Assumption 2 is satisfied if

2Aayey — )6y ~ N oy (6.43
NT2—4' A Azd’ ‘

Condition (6.43) is satisfied under the following mesh size restriction

1

Cl A§T2_q/ q—q’
Ax < 2 ¢
2oy — o) Enrry — €)%

because we have chosen ¢’ < g.

(6.44)

Next we analyze the relation between |f%|, and |f°|;. Since L < N —m — 1, the
solution at the boundary cells remains zero for all the time steps. If we define the

sets

577;1 = {(Zaj)|xl > xm—i—%?j € 5;11}7
then at each time step, only solutions at cells belonging to S! or S’ are possibly

nonzero. Namely
1=0 for (i,j) € B4\ {S, U5} (6.45)

Since our scheme is positive preserving, and the initial values (6.41) and (6.42) are
nonnegative, the numerical solutions at each time step are always nonnegative. Then

similar to the proof of (6.7), at each time step

1
|fn+1‘1 _ Z Zy}+1

4 (i )eBq
1 n
- Ny Z QijJij
(1,5)€Eq
(4,9)€8%, (4,9)€ST, (4,5)€Ea\{S},UST, }

(6.46)
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Note the last term in (6.46) is zero by (6.45).
For scheme (6.2) one sees that among those ay; with (4,7) € S!, U S%, ay; # 1

only when (i, j) € S/, so continuing from (6.46) gives

|/ = N Z Uy fmj + N, Z i (6.47)
(m.j)es (6,5)€Ea\ST;
We now estimate a,,; for (m, j) € S). From schemes (6.2) and (6.4), for (m, j) €
S by setting j' = Ts(j), one has

Oémj =1- é-])\tm + é-j’)‘tmcj’jv (648)

where c¢;j/; are the coefficients in (6.4).
According to the definitions of S,, and S}, ¢jr; > %,5]- < %\/QD,@/ > /2D in

(6.48). So (6.48) gives
Qi > 1+ %D)\t (6.49)

Then (6.49) together with (6.47) give

> F — > fh Z

(m] esm (Z] EEd
n n
_ v2b — Y i (6.50)
(m] )esm

Summing up (6.50) from n =0 to L — 1, one gets

f |>|f°|1+—A Z S (6.51)

n=0 (m,j)eSm

Write
= > nafe. (6.4) €S, (6.52)

(p,q)€Sk,

Since S™ € S! | substituting (6.52) into (6.51) gives

1 1 mjin
> I VDX Y >y )

(p,g)€Sh, \ =0 (m,j)esn:

= |L700|1-|—é\/ﬁ)\§0]\[i Z Z Z 77;2]”0 ¢

(p,9)eHr, \n=0 (m,j)eSm
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= |f0|1+é@)\fv;[—od Z Z an;uno

(m.j)esm (p,j)€H n= 0
s—1 —
1 ¢ mkin
= gV | X ank’fl "l (6.53)

I=1 \ (pe)eH n=0

where ks € S, is the quantity such that 3 ¢ satisfying m — G(ks) < @ < m and
Fp(i,ks) = Lo. Thus we need to estimate ), .y S én;';’"(] for (m,j) € Sm.
From scheme (6.2), one has for (k,j) € H,

kjmn kin k n
iyl = (1= GAL) ™ 4 ALy ", (6.54)

Adding (6.54) from n =0 to L — 1 leads to

L—1
kjLO k]nO t kjn0 t k—1,5n0
Tlp; Z Tlp; 1 — 5N Z Toj T &M Z Tlp; ’

therefore,

L-1 L-1 1

kjn0 k—1,jn0 kjLO
§ :npa o 2 :npj £ Tpj
n= )

=0
L—-1
o k—2,jn0 1 kjLO k—1,5L0
o Tlp; 5 AL [nm + Tlp; ]
n=0
L-1 k
— 2 : pjn0 1 2 : ljLO
Py ,>\t pJ
n=0 gj T =p+1
L—-1 1 k-1
_ kjn0 kjLO
= M) o) : (6.55)
n=0 J m l=p

Applying (6.55) when k = m, one gets the relation

L-1 m—
Z n;r]LjnO Z nmynO (656)
For a fixed j € S,,, adding (6.56) for p such that (p,j) € H gives
L-1 ' 1 m—1
> SpeocnTmr - ¥ t-mrcom 6m
(p.j)eH n=0 n=0 T l—m—G(j)+1
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According to the definition of S,, and S;,, when j € S, § < %\/ 2D. The
CFL condition (3.3) implies that V2D, < 1, so AL < § when j € S,,. Define
= §;AL, one has nm] PO — (1 — )ttt " ~tCmt hence,

m—1 m—1
mjL —m, m—Il, ym—
Z %J 0 _ Z (1 _Iuj>L+l i lCL !
l=m—G(j)+ l=m—G(j)+1
G(5)—-1 int(u; L)—1

1
= Z 1_,UJLllCL— Z (1_NJ)LIICL<§
l

J
=1 =1
The proof of the last inequality is in the Appendix A. Continuing from (6.57) gives

L—-1 .
Z anajo > G()) nmgo_ﬁ)\t 2
(p] EH n=0 n=0 )7
1-(1-gX)" 1 G()
i, §A, 2

= G() (6.58)

By the definitions of S,, and S/, for j € S,,,

& > \/(VaD+ A& —2D — A
> \/2V2DAE — A¢. (6.59)

In order for AL > 2 = %Af, from (6.59),

2
\/2V2DAE — A > oY

T

Ag

& Ap< —Y (6.60)

Under mesh size restriction (6.60), &AL > 2 > 1, thus

1 1 1
LM< (1- )< c —.
By using (6.58), one gets
L-1 . 1
- GG _F-gw L

mjn0 A\
: — .61
2 2 "> 06N, ~ 10~ 20° (6.61)

(p,j)eH n=0
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where in the last inequality we used &)X, > 2 under mesh size restriction (6.60).

Next one needs to estimate s appeared in (6.53) as the upper bound of the

summation. From the definition of s in (6.53),

zs: G(k)) > Lo. (6.62)

On the other hand, for 1 < s’ < N,
Y Glk) < LAY &+ <LA> J& = 2D + SN, LA + &
=1 =1 =1
L)\t s’ /)\t
< ,— 2D + + s
3v2D & 3/ AL

V2D+(s'+1)A /)\tT
< 3 VE —2DdE + ——
3\/2DA£ / Ve ¢

LA OogANT
< Smmae [2\/_(3 +1)A§] TR (6.63)

By choosing s’ = sy!767 (6.63) gives

al SAL(2D)ILVAE 5 AT
ZG(/{:;) < +(2D) §S,§+_s — 45
3 AL
SA(2D)iL\/AE 5 5., AT
o ; gsNa—zq + SN)\;C + sy

5 1

S (2D)AVTL (Y52 /5D ¢ ¥
Ag

3y MVE

SXL(2D) VT (3% (2 - 1) @>%—3q

(6.64)

V2D _ \/2D) AL
<\/230D@>)\;L+< . ) _
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If one imposes the mesh size restrictions

3_ /
2

Mm

SXL(2D) VT (5 (42 - 1) v2D) ' e
3. /A

3
V20D 1.,
(TO — \/2D> NL< L

(2 v) s

1

< =L*1
4 Y

!

iy el
T 4 ’
which corresponds to
34/ AL
T 3
32\L(2D) 1T % Vo _ )’ B
T
Z&x < Xg ( 20D )
T
At < —
AL \/20 \/@ )\t

then under (6.65)-(6.67) one has, for s' = sy'~67,
ZG k) < L2 7 < L.

Comparing (6.68) with (6.62) gives

1-2¢
1 20D 6
(32 - voD)

s> le_%q/ > T L1737 4 1.
Now combining with (6.61) and (6.69), (6.53) gives
V20D o
I > 1 L V2D o %< s —\/@>A2
! P 120 T T
5 1
5
> o]y 4+ Y22 T (52 - VD)X
= VT 90 TN, T

(6.65)

(6.66)

(6.67)

(6.68)

(6.69)

(6.70)



s (@2 - vap)a]
= <1+ A

lq 0

So VB > 0, one can choose mesh size such that

1-3¢
D 6
(42 - )

L+ 50 AL 7 Ls? > B
or
1-2¢’ é’
1 (V20D /5P \¢ !
Ap< L | YD) (2 (57~ v2D) (6.72)
)\2 120B ° T ’
under which it holds that
|51 > Bl f°)L.
O

7 Stability theory of Scheme II

In this section we study the ' and [* stability of Scheme II. Its positivity is obvious
under the hyperbolic CFL condition (3.3).

Theorem 7.1. If the forward Euler time discretization is used, then the fluzx is given
by Algorithm II yields the scheme (4.1) which is I*-contracting and [*°-stable.

Proof. For simplicity, we discuss the case when the potential has only one disconti-
nuity at grid point z,, . 1 with jump Vﬂ;r% _Vr:+§ =D > 0,and V'(x) < 0 at smooth
points. The other cases, namely, when V'(z) > 0, or the potential having several
discontinuity points with increased or decreased potential jumps, can be discussed
similarly.

We consider the typical situation when & < —v/2D, &y > V2D, so that all the
three situations discussed in Section 2 are included. We assume the mesh is defined

such that 0, =v/2D are grid points in the &-direction. We define some sets of indexes

Dr—; = {(m>])|€] > 0}7
Dy = { m+1.5)l¢,-

1
2

z@},
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D= {mi) - /& -2 <g ) <o},

D= {(m—i— 17j)‘£j+% < _@}7

These domains are shown in Figure (7.1).

vV,

M
+
I:)m+l
+
Dm
Ed
D
m
4 I:)m+1
DI
vl
Xl Xm+1/2 XN

Figure 7.1 Sketch of the index sets D}, D 1. D, D, . D}
Again the computational domain is chosen as (6.1):
Ey={(i,j)li=1,--+,N,j=1,---, M}\ D’
V-, —V7',|. Our scheme (4.1) with Algorithm IT can be

: 1
i+ =3

Now denote F; = ﬁ

made precisely as
1)if & >0,i #m+1,
= (L= FX e = &) fij + FNij1 + EM, fim1y s (7.1)

2) if & < 0,i #m,

nl = (1 - F;')\é - |§j|)\;) fij + F;')\éfi,j—l + |EIN, firny (7.2)

v
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3)if & >0,
fring = (U= Fopadg = §AL) vy + Frnpi Aefmprj—1 + fjAfcfntJr%J ;o (73)

4)if ¢ <0,
fodt = (1= Fu g = 1§108) fng + FnXefng—1 + €510, Frrso (7.4)

where we omit the superscript n on the right hand side.

By summing up (7.1)-(7.4) for (i,7) € Ey, one typically gets the following ex-

pression
n+l __ Cf t t
Yo = > aufut Y NS AR > gALS _y
(i,j)€Eq (i,j)€Eq (m+14)€D} (m,j)€Drm,

As in the proof of stability of Scheme I, we assume that f satisfies the zero

boundary condition. In this situation, the coefficients «y; in (7.5) satisfy

IA

a; < 1, (6,5) € Ea\{D;, U Dy}, (7.6)
Oéij S 1-— |€]|)\§c’ (Z,j) € D:,; U D;H-l' (77)
We now study the relation between I and 3, oo p+ [§AL finjl- Let

PN41 = 512v+§ — 2D,

and assume
§k <PNt1 S Ehpr S €yt

Assume &;, 1 = 0 for some .J,. Since

k—1
p
L< Y & fngl + = NH |§kfmk| < D & fmil,
j=J2 (m,j)eDik,
thus
L< > &M ful- (7.8)
(m,j)eD;,
Similarly, one gets
I3 < Z }gj)‘tmfm+1,j} . (7.9)

(m+1,5)€D,, 4
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Combining (7.5), (7.6), (7.7), (7.8) and (7.9) gives

Moot S s (7.10)

(i,j)€Eq (,5)€Eq

This is the {!-contracting property of this scheme.

Next we prove the [*-stability. In the cells where §; > 0,1 #m+1or¢; <0,¢ #
m, one uses (7.1) or (7.2). Observing that the coefficients on the right hand side of
(7.1) or (7.2) are positive and the sum of them is 1, so in fact these schemes are (-
contracting. It remains to study the cells where §; > 0,i =m+1or § < 0,7 =m,
corresponding to (7.3) or (7.4).

We first consider (7.3). It can be checked that when o1 < V2D, fnt+%,j =
fm+1,k With k such that § = —¢&;, thus the [*°-contracting property still holds.
When 5]-_% > \/@, denote

£ = \/(5]’—%)2 — 2D, & = \/<€j+;>2 —2D. (7.11)

Since VWL 1 <V .., one has & — & > AE. Therefore, it is impossible that
2 2
§po1 < £ <& < §pyr for any k. Assume §, 1 < & < §hpt <  <&ppsop < & <

£k+s+% with s > 1. In this case

Foir,; = - {Mgkfmk + Eha1fmpsr + o
M2 & Ag ’
+&kts—1Smk+s—1 + fé—i%_;&m fm,m} : (7.12)
Substituting (7.12) into (7.3) yields
mity = (1= Foeade =A%) frnsrg + Frnpr Nefnrrj1

Eprr — &
+ A {%@fmk + k1 fmprr + o

gé - gk—l—s—

+£k+s—1fm,k+s—1 + Ag 2 gk—l—sfm,k-i-s} . (713)

Observing that the coefficients on the right hand side of (7.13) is still positive.

Thus it remains to check the sum of these coefficients given by

§k+% - fi fé - §k+s—l }

Iy = 1—§j>\§0+)\i{T§k+§k+1+"'+§k+s—1+ A *Eks
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£er1 i e fkﬂ,,
gk_l_gk ++€k s—1 1 2§k8
_ 1+§jA;{ ag = i AN RN ATY

&
Let

é—l . gk + Sk—i-s . gk—l—% + gk—l—s—%
k= 2 = 5 7
/ §k+f - 51

a; = 275 S (0, 1],
’ gé - 5]{:—"-8_1

% = —a <01

then
sA¢ sag

5k:5’/f_7’ Erys = & +

Also notice

N | —

6~ €+ ) =5 [(Grs —8) + (Guy — )] = 3t —ab)Ag,

hence one gets

é {ugk € Erpat T H&&m}
J

A& Ag
§ & €5 = Ehys A
= 59 { k+2A£ lgk &+t #@f} S%f(% — ay)
_ (5& - Sl)gk SAf !
AT A et
_ (& 523§2+£2) 4 32£f(a/2 —a) - (522§j§1)(a/2 —d)
_ ( é2 — 12) + (1 B allz_ ag)Ag (CL/2 _ all)
(SHl - 5'—%) (€j+1 +§j—%> &
A¢ A¢
< g <ltgns (7.15)
Substituting (7.15) into (7.14), the sum of the coefficients in (7.13) is estimated
as
<1+ @Afci <1+ Lm, (7.16)

8v2D 8ALV2d

where the last inequality is deduced by using the CFL condition.
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Now we consider case (7.4). Denote

¢ = (§j_5>2 +2D, & —— (§j+%)2 +2D. (7.17)

In this case, we know &, — &} < A&. So there are two cases §k_% <g <é < £k+%
or £k_% << §k+% <& < §k+g corresponding respectively to

- 1§ —

fm+%] & A §kfm+1k (7.18)

or

_ 1 €k+§ —¢& & — &g
Fns1 = 3 {ngkfm-i-l,k ngk-i-lfm—i-l k1 (7.19)
Substituting (7.18) or (7.19) into (7.4) gives

= (L= Fudg = 1§1X) fonj + Frndefonjmr + X, 52 Sl frir, (720

or

= (1-F, At—|sj|At)fmj+F Aefri-t

A§ |€k+1|fm+l,k+1} . (721)

§
+ )\x{ s |€k|fm+1k

In each case, the coefficients on the right hand side are positive. Thus it remains

to check the sum of the coefficients, which is, respectively,

5 — &6k
1+ »A;{<7—1 7.22
" (1 — EDIE + ( e
et — EDIER] + (65 — &y )[kan
14+ & )\; 2 2 — 1. 7.23
ol { Agg| (7.23)
(&b —€1)|€l (€1 —EDNERIF(E5—E, . 1)]Era1]
Let Dy, be Aflfg\k A AT A . One has
D, < (& — &)[5(1&1 + 16D + Ag %(\Ei\ ﬂt \5&|)/+A£ 1y At |
ALE5] s(1&l+ 1&]) )\2\/ 2D
thus the sums (7.22) and (7.23) are both bounded above by
1
At. (7.24)

+ -
\A2D
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Combining (7.16) and (7.24), and letting Cy = ﬁ be an O(1) quantity, we
3

get
" oo < (1 + CoAL) | oo,

thus
| oo < (14 CoAD)"| e < €7 o (7.25)

This is the [*°-stability property of this scheme.
O

Similar to Scheme I, Scheme II is also positive under the CFL condition such as
(3.3).

8 Discontinuous solutions and numerical accuracy

When the solution of the Liouville equation is smooth, the formally second order
shock capturing finite difference scheme will produce second order numerical approx-
imations. Consequently the physical observables obtained by evaluating the numer-
ical d-integral concentrated on these numerical solution, such as those in (1.8)-(1.9),
should generally be of first order. However, when the potential V is discontinuous,
the solution of the Liouville equation, even with smooth initial data, may produce
discontinuities at downstream part of the potential discontinuity. These disconti-
nuities influence the accuracy of the numerical d-integral through which the desired
physical observables are obtained.

8.1 Discontinuities produced in the downstream part

For the Liouville equation with a discontinuous potential, if the initial data are
smooth, the level set function exhibits discontinuities in the downstream side of the
potential discontinuity.

We use a 1D example to illustrate this. Let ¢ be the level set function that solves
the 1d Liouville equation with the potential given by

A, r < —b;
Vi(z) = —%, —b<z<0; (8.1)
0, x>0,

with A, b positive. Let the initial velocity profile be a constant velocity &, > 0 and
the initial density is denoted by po(z). The initial value of the level set function is

¢(x,8,0) =& — &
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We consider the solution at ¢t = T'. In this example the potential is continuous,
and the initial level set function is continuous, so this level set function should still
be continuous at t = T. Now look at the set

Sl = {(l’,fo” —b<ax< 0},

which is part of the initial zero level set. The bicharacteristic of the Liouville equa-

tion (2.1) is

L =-Vix), £0)=¢.

Denote the solution of (8.2) by
I:x(I0a§0at)> §:§(x0>€0at)>

(8.2)

then define the set

Sy = {(x,&)|r = x(20,&0,T), & = &(20, &0, T), (w0, 60) € 51},

which is a subset of the zero level set of ¢(z,&,T).

Select an element (z1,&;) € S2. We now want to evaluate ¢¢(x1,£1,7"). Assume
(x1,&) = (2(—c,&,T),&(—c,&,T)). Consider the case that T is large enough so
that (x1,&;) is a downstream point. Then the relation between x; and ¢ is

xl(c):T\/§8+2TAC—%<§g+2TAC>~

The density at © = x; at time T is the inverse of the Jacobian of x(c) multiplied by
the initial density

—c bpo(—c
/)($1,T) = pgil(c)) = Po( ) .
dc ‘ rA — 2[)‘

On the other hand, it is known

e [ I Gl
Ao, T) = pul =) /5 o0(m. & TN = 1 & T
So we have
Ge(an, €1,T)] = |——2— _opfpt.
&+ 5

If we take the limit b — 0, we know |¢¢(z1,&1,T)| — oo.

Moreover, the time needed for (x1,£;) to be in the downstream domain, which
is the time for the point (—c,&y) to reach z = 0 along its bi-characteristic, should
be T(c) = £./&3 + 22<. Notice T'(c) — 0 as b — 0, we know in this example when
taking limit to the discontinuous potential, the level set function should only contain
discontinuities in the downstream domain.
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8.2 Influence of discontinuities on the accuracy of the nu-
merical evaluation of moments

In the previous subsection, we showed that the discontinuities inevitably emerge
in the downstream part of the potential discontinuity. As is well known, the [!-
convergence rate for finite difference schemes to compute a discontinuous solution
of a linear equation is at most halfth order [14], [27]. Here we show that a halfth
order error is also introduced when evaluating the moments (1.8) (1.9) based on the
discontinuous part of the solution.
We use the 1D linear advection equation with the Riemann initial data to illus-
trate this. Consider equation
u +au, =0 (8.3)

1, x <0;
u(z,0) = . o0 (8.4)

with initial data

Since the finite difference solution is closer to the solution of the modified equa-

tion
Uy + aty = Dy, (8.5)

than the exact solution of the original linear advection equation (8.3), we check the
accuracy of the numerical moments based on the solution of the modified equation
(8.5).

If the upwind scheme is used then D = $Az(1 —a),) [15, 26]. Thus D ~ Az.

The exact solution of the equation (8.5) with initial data (8.4) is

r—at

~ 2 Dt o
u(x,t) = ~ 7 /0¢T e dz. (8.6)

The exact solution of (8.3) with initial data (8.4) at ¢ is

1, r < at;
u(z,t) = { (8.7)

-1, T > at.

which has the property
/5(u(z, t))dr =0.
When evaluating the d-integration concentrated on (8.6), one gets

1 VAar Dt
/5(ﬂ(x7t>>dx = 15 = :v7iat
|Ul(at7t)‘ 6_(@)2

Since D ~ Az, the accuracy of numerical J-integral based on (8.6) is only halfth
order. This implies that the evaluation of d-integration in (1.8)(1.9) based on the
finite difference solution for (8.3) is also only halfth order.

= V4rDt.

r=at
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9 Numerical examples

In this section we present three numerical examples to show the performance and
accuracy of the proposed methods. In the numerical computations the second order
TVD Runge-Kutta time discretization [24] is used.

Example 9.1. A 1D problem with an exact L*-solution. Consider the 1D
Liouville equation

with a discontinuous potential given by
0.2, r<0;
V(r) =
0, xz>0.

The initial data is given by

1, r<0,E>0,\/12+82<1;
f(2,6,0) =19 1, r>06<0,\/22 4+ <1; (9.2)
0, otherwise;

as shown in the upper part of Figure 9.1 which depicts the non-zero part of f(z,&,0).

0.5}

1 -05 0o o5 1 -1 -o5 o0 o5 1

Figure 9.1 Example 9.1, solution in the phase space. Upper: non-zero part of the
initial data; Lower left: non-zero part of exact solution f(x,&,1); Lower right: the
part of numerical solution f(x,£,1) > 0.5 computed by the 100 x 101 mesh. The

horizontal axis is the position, the vertical axis is the velocity.
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The exact solution at ¢ = 1 is given by

1, x>0, £<v04, &> u

z—V2—x2
1, x>0, £<0, z<1, &> 55"

B _ Yoe—¢ez,
1, <0, {<z, £>—V06, z<(1 m)&

z+vV2—22 .,
1, <0, £>0, o>-1, §<TEL,

1, x>0, £>04, £>2, £<V14, ‘”>(1_\/\/;4—%>5;

f(x7€7 1) =

0, otherwise,
(9.3)
as shown in the lower left in Figure 9.1.

The numerical solution computed with a 100x 101 mesh on the domain [—1.5, 1.5] x
[—1.5,1.5] using Scheme I is shown in the lower right in Figure 9.1. It shows a good
agreement with the exact solution.

Table 9.1 compares the I!*-error of the numerical solutions computed using 50x 51,
100 x 101 and 200 x 201 meshes respectively. From these data, the convergence rate
of the numerical solution in the /*-norm is about 0.66 for both Scheme I and Scheme
I1. This agrees with our study in section 8, and the well established theory [14], [27],
that the ['-error by a finite difference scheme for a discontinuous solution of linear
equation is at most halfth order.

Table 9.1 Example 9.1, [* error of the numerical solutions with different meshes

mesh 50 x 51 100 x 101 200x 201

Scheme I 0.245192  0.155871  0.093817

Scheme IT  0.246248  0.156963  0.094275

Example 9.2. Computing the physical observables of a 1D problem with
measure-valued solution. As mentioned in the Introduction, such problems arise
in the computation of semiclassical limit of the Schrodinger equation. Consider the
same problem as in example 9.1, with the initial data

f(2,8,0) = 0(§ —w(x)), (9-4)
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where

(0.9, r < —2;
0.9 — 22(x +2)?, —2 < x <0;
_ 9.5)
W@ =3 094 %02, o0<z<2 (
—0.9, T >2.
\
Figure 9.2 plot w(z) with the dashed line.
15
l — —
- ]
051 AN ]
of- k s
-0.5} T .
-1 | | | | | | |
~2 15 -1 -0.5 0 05 1 15 2

Figure 9.2 Example 9.2, velocity. Dashed line: w(x); Solid line: multivalued
velocity at t = 1.8. The horizontal axis is the position, the vertical axis is the
velocity.

In this example we are interested in the approximation of the moments, such as
the density

plavt) = [ fa 600t
and the averaged velocity

w(ot) - L& Ve
R I ENRO

These quantities are computed by the decomposition techniques described in the
Introduction. We first solve the level set function ¢ and modified density function
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v which satisfy the Liouville equation (9.1) with initial data £ — w(z) and 1 re-
spectively. Then the desired physical observables p and u are computed from the
numerical singular integrals (1.8), (1.9), which are computed by approximating the
delta function in the integrand by a discrete delta function
(o) { (14 cos (T2 2y <1 06)
0, 2] > 1,

and then evaluating the integral on a uniform mesh [28, 5]. The w in (9.6) is half of
the support size of the discrete delta function. In our computation we choose

w = max (|1, [, 1)h,
where |¢,| denotes the Jacobian of ¥ = (¢;) with respect to v:
|8\P/8(U17 B Ud)‘a

and is approximated by the central differencing. In example 9.2 d = 1 and in
example 9.3 d = 2.

The exact velocity profile and the corresponding density at ¢ = 1.8 are given in
Appendix B. Figure 9.2 shows the exact multivalued velocity.

50 50

40} 1 40}

0.51

-0.5¢}

-1
-2 -1 (6} 1 2

Figure 9.3 Example 9.2, density p(z,t) and averaged velocity u(x,t) at t = 1.8.
Solid line: the exact solutions; ’0’: the numerical solutions. Upper: density; Lower:
the averaged velocity. Left: 200 x 161 mesh; Right: 800 x 641 mesh.
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Figures 9.3 shows the calculated density p(x,t) and averaged velocity u(z,t)
with different meshes using Scheme I together with the exact solutions. Note in the
velocity the halfth order error produced around the discontinuity travels to the right
and stops at around x = 1.2. There are also such errors produced in density, but
they can not be observed in the figure since these errors are small compared with
the maximum density value.

Table 9.2 compares the ['-error of the numerical densities p(x,t) computed with
200 x 161, 400 x 321 and 800 x 641 meshes on the domain [-2,2] x [—1.6,1.6]. We
notice that Scheme II has slightly larger errors than Scheme I. This is understandable
because in order to maintain the [!-contracting property, Scheme II may use more
cell values to perform the numerical interpolation in evaluating the split fluxes.

Table 9.2 ! error of the numerical density p(z,t) with different meshes

mesh 200 x 161 400 x 321 800x 641
Scheme I 1.691542  0.967246  0.670656

Scheme I 1.694563  0.992385  0.679215

Table 9.3 compares the [*-error of the numerical averaged velocities u computed
with 200 x 161, 400 x 321 and 800 x 641 meshes on the domain [—2,2] x [—1.6, 1.6].
It shows the halfth order convergence.

Table 9.3 [* error of the numerical averaged velocity p on different meshes

mesh 200 x 161 400 x 321 800x 641
Scheme I 0.170247  0.116522  0.073458

Scheme IT  0.170900  0.128646  0.081642

Example 9.3. Computing the physical observables of a 2D problem with a
measure-valued solution. Consider the 2D Liouville equation

fi +&fe "‘nfy - V:cf& - Vyfn =0

with a discontinuous potential given by

0.1, x>0,y >0,
Viz,y) = 0 else

45



and the delta-function initial data

f(x7y7£7777 0) = p(l’,y, 0)6(5 - p(x7y>>5(n - q(l’, y)),

where
B 0, r>—0.1,y >—-0.1;
p(:L', Y, 0) - { 1 , else ,
(z.1) (2.3) 0.4, x>0,y >0,
x,y) = q(x, = )
PRy = any 0.6, else .

In this example we are interested in the computation of numerical density which
is the zeroth moment of this delta-type solution

o,y 1) = / / F(y. €., t)dedn,

The computational domain is chosen to be [z,y,£,n] € [—-0.2,0.2] x [-0.2,0.2] x
0.3,0.9] x [0.3,0.9].
The exact density at t = 0.4 is

1, r<0 or y<O0;
3z .
p(z,y,04) = L5, 0 < <14/150,y > 22 ’
L5, 0<y<14/150,y < 5
0, otherwise ,

as shown in the upper left part in Figure 9.4.

The other part in Figures 9.4 show respectively the calculated density p with
14*, 26* and 50* meshes in the phase space using Scheme I in space.

Table 9.4 compares the I! errors on [0, 0.2] x [0, 0.2] of numerical densities com-
puted with 144, 26* and 50% meshes in phase space. Again the error of Scheme II is
larger than Scheme I. The convergence order is about 1/2.

Table 9.4 ! error of numerical densities
on [0,0.2] x [0,0.2] using different meshes

mesh 144 264 504
Scheme I 0.01851 0.01417 0.01029

Scheme I 0.01864 0.01527 0.01257
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sl
XSS
“‘0“‘0"“0'0,,

Figure 9.4 Example 9.3, density at ¢t = 0.4 in space. Upper left: the exact
solution; Upper right: the numerical solution using 14* mesh; Lower left: the
numerical solution using 26* mesh; Lower right: the numerical solution using 50*
mesh.

10 Conclusion

In this paper, we introduce two classes of Hamiltonian-preserving schemes for the
Liouville equation with discontinuous potentials. By using the constant Hamiltonian
across the potential barrier, we introduced a selection criterion for a unique, phys-
ically relevant solution to the underlying linear hyperbolic equation with singular
coefficients. These scheme have a hyperbolic CFL condition, which is a signifi-
cant improvement over a conventional discretization. We established positivity, and
stability theory in both ' and [* norms, of these discretizations, and conducted
numerical experiments to study the numerical accuracy.

This idea has also recently been extended to the Liouville equation arising from
geometrical opitcs limit of the linear wave equation with a discontinuous local wave
speed [13]. In addition, the same idea can also be extended to problems with exter-
nal fields, such as the electrical or electromagnetic fields. There Vlasov-Poission
or Valsov-Maxwell systems arise. Currently we are exploring the Hamiltonian-
preserving schemes in these more general applications, as well as the case when
the interface is a curved geometry.
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Appendix A

Lemma A.1. Assume 0 < pu < %, N is a positive integer, then

[uN]-1 1

S (1-pN ek <3, (A1)

=0

where [x] represents the biggest integer equal to or less than x.

Proof. Notice that

N
Z(l_ N-I lCﬁV_]-
1=0
so proof of (A.1) is equivalent to prove

[uN]-1

Z( NllCN<Z )N

=0 I=[uN]

[uN]-1

@Z( )CZ<Z( ) : (A.2)

1=0 1=[uN]

Denote k = [uN], then 2k < 2uN < N = k < N+ 1—k. Denote T, =
(ﬁ)l@v,l =0,1,---, N, we first compare the two terms Y;_; and Y:

T. _ Nfl-k p N+l-k pN _N+l-k k

= = 1.
Tes R — k N—uN—-  k N—k
By comparing Y;_5 and YT, one has
Trvr Lo T Tio - Tir1 Troa
T2 T Ti1Tro  Tp T
N+1—(k+1)N+1—(k=1)/ un \’
B k+1 k—1 1—p
(N+1-k2-1/ k \°
> . .
= -1 v-x) ! (4-3)
By induction, one can generally prove the following results,
Yo
%>1, 1<I<k=7"<Yoy1y O0<I<k-1.
k-1
Thus the inequality (A.2) is proved. O
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Appendix B
This Appendix gives the exact velocity profile and density at t = 1.8 for the
problem in Example 9.2.

Set 1= 1.8, X = ~2+ /(0.9 — V0.4) + V0.4,

e In domain —2 <z < =2+ 0.9t or 2 — 0.9t < x < 2, the velocity is single
phased given by

0.9, —2<r<-24+09¢;
u(z) = 0.9, 209t <z <2,

the corresponding density is the constant 1.

e In domain —2 + 0.9t < x < —0.09150169603022, the velocity is single phased

given by
09 [ 2 4z 2 \?
U(LL’)—Og—T @—\/—@4‘(2—@) y

the corresponding density is given by

2
plr) = - —
0.9t\/—m +(2-5%)

e In domain —0.09150169603022 < = < 0, the velocity has three phases.

2
09 [ 2 4z 2 \?
SR I I > B
(@) 4 | 0.t \/ 0.07 ( 0.9t) ’

while uy, u3 both satisfy the expression

2
0.9t 2 )" 4 s
Bl N (09— /2 +04)+2/09/t] | —2__ =
1 < O.9t> +< \/0.9< Uzt )+ / /> Jar0d

and —0.36444353343385 < up < 0, —0.56860919537261 < uz < —0.36444353343385.
The first branch of the density is

2
pi(z) = . v
0.9t\/—0_—g; +(2-5%)
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To determine densities ps, p3, denote the derivative of ug(z), us(x) to be uh(z), us(x)
respectively. Define the functions

W(w) = —vVw?+ 0.4,

then

i ,(2)
p2(z) = ‘W(W(x))}/(X(W(W@))))
)

p3(z) = ‘W(ug(x))Y(X(W(u?,(x))))'

In domain 0 < x < X, the velocity has three phases. u; is determined by

2
0.9t 2 \? 4 2 Uy
(2] — 4= (09— JuZ-04) = 1,
4 < O.9t> <\/0.9 < i ) 0.9t> a 04

with 0.97449009909131 < u; < 1.05986622602208, and

0.9 2 Az 2\’
— i (N Y L )
ulr) = 09==7 | g \/ 0.0 < O.9t> ’

0.9 2 Az 2\’
= 094 |y (2
us(@) T Tow +\/0.9t +< O.Qt)
Denote the derivative of uy(x) to be v/ (x). Define the functions
W(w) = vVw? — 0.4,
4
X (W 0.9—-W) -2,
W) =/ (09— 0)
0.9
Y(X)= —7(X +2),
then the densities are
us (2)uy () '
xz = )
) ‘W(ul(w))Y(X(W(ul(x))))
pg(l’) = )
0.9t/ % +(2-2)
ps(x) =

O.9t\/—% +(2-2)°
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e In domain X < oz < —2+ 0.9t +
determined by

2
0.9t 2\’ 4 2 u
(2= =) = ()= (09— Juz—04) - 1,
1 ( O.Qt) <\/0.9 ( o ) 0.9t> g 04

with 0.96921825670040 < uy < 0.97449009909131, and

0.9 2 Ax 2 \°
= 09— 2y (2 =
() 1\ oo T \/ 0.0 ( 0.9t> !

0.9 2 dx 2\’
= 09— 2 (g 2
us(@) = 09- = | —gg \/ 0.0 < O.9t> ’

09t’ the velocity has four phases. w; is

0.9 2 4z 2 \?
= 09+ | - y P
ua(@) T Tom T \/0 ot * ( O.Qt)
Denote the derivative of uj(x) to be u)(x). Define the functions
W(w) = vVw? — 0.4,
4
X(W 09-W)-2
0. 9
Y(X)= —7(X +2),
then the densities are
uy (r)uy ()
w0 = | e
2
pg(l’) = . 5 3’
0. 9t\/—m 42— %)
pg(!L’) = )
2
0. 9t\/o w T2~ 75 9t)
pa(z) =

T 2.
O9t\/—ﬁ+ —2)

e In domain —2 + 0.9t + m < x < 0.35899646920179, the velocity has two

phases. u; is determined by

0.9t 2 \? 4 2 u
2=} = (/= (09— Juz—04) - — 2,
1 < O.9t> <\/0.9 < i ) O.9t> 204

o1




with 0.63245703734354 < u; < 0.96921825670040, and

0.9 2 Az 2\’
= 0942 -y 2 (2 =
u2(w) T Tow T \/O.Qt - < O.Qt)

Denote the derivative of uy(x) to be v/ (x). Define the functions

W(w) = vVw? — 0.4,
X(W) = \/%(0.9 - W) -2,
Y(X)= —%(X + 2),
then the densities are
Density ps is given by
_ ui (z)u) (2)
ne) = | |
2

pa(z) =

O.9t\/—% +(2- =)

e In domain 0.35899646920179 < x < 2—0.9¢, the velocity is single phased given
by

2
0.9 2 dx 2\’
=09+ 2| -y [ (2 2
ulz) = =09+ | —5 +\/O.9t +< O.9t> ’

the corresponding density is given by

2
px) = - —
0.9/ ¢ + (2 - %)
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