A NOVEL NUMERICAL METHOD FOR THE SEMICLASSICAL LIMIT OF
THE SCHRODINGER EQUATION AND THE VLASOV-POISSION
EQUATIONS

SHI JIN AND DONGMING WEI

ABSTRACT. We propose a novel numerical method for the semiclassical limit of the Schrodinger
equation. When using deterministic particle methods, point values of the computed solutions
have to be recovered from their singular particle approximations by using some smoothing
procedure. The choice of the smoothing procedure is rather flexible. Moreover, there is always
a parameter associated with the smoothing procedure: if this parameter is too large, the
numerical solution loses its accuracy; if it is too small, oscillation appears. No explicit formula
has been given on how to choose this parameter.

Based on the idea of [30], we develop a particle method in which we use the conservation of
charge for the reconstruction of density. This method avoids the recovery step of the previous
particle methods, thus it is simpler and more accurate. In particular it gives more accurate
field quantities. Consequently, we apply the new method to the Vlasov-Poisson equations,
which yields more accurate density and electric filed in each time step. We carry out numerical
experiments in both one and two dimensions for the Schrédinger equation and Vlasov-Poisson
equations to verify the method. Some comparisons with the other particle methods are also
made.

1. INTRODUCTION

In this paper, we propose a novel numerical method for the Liouville equation
fi+ He - Vif —Hy-Vef =0, t>0, x,€&€R?, (1.1)

with initial data

£(0,%x,€) = po(x)6(§ — uo(x)) . (1.2)
The function f(¢,x, &) is the density distribution of particles depending on position x, time ¢
and velocity £. The solution to this problem is a superposition of delta functions of variable
weight concentrating on the bi-characteristic strips of the equation which is governed by the
Hamiltonian system

ox o€
¥ = H W = xH7
a - Vel v
with the Hamiltonian )
H(x,€) = 5|£|2 + V(x), (1.3)

where V' (x) is the potential function.
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We will also consider the Vlasov-Poission equations which are just (1.1) with potential V'
given by
AV = | f(x,v,t)dv =: p(x,t). (1.4)
Rd
Equation (1.1) provides a phase space description of the semiclassical limit of the Schodinger
equation [9, 19]:

2
ihop)" = —%Aw +V)9W",  xeRY (1.5)

where 9" is the complex-valued wave function, & the reduced Planck constant. In this setting,
one typically considers the Schrodinger equation (1.5) with the WKB initial data of the form

(x,0) = Ap(x) exp(iSo(x)/h) (1.6)
with smooth Sy. In the semiclassical limit A — 0, the Wigner transform of ¢ is f that satisfies
the Liouville equation (1.1) with the mono-kinetic initial data (1.2):

£(0,x,€) = [Ag(x)]*0(€ — VxSo(x)) =t po(x)3(€ — VSo(x)). (L.7)

The Vlasov-Poission equations arise in semoconductor device modeling [23] and plasma
physics [18]. For mathematical analysis of this system see [2, 20, 31, 21, 22|, while for nu-
merical methods see [11, 1, 8, 28, 29].

When one closes (1.1) and (1.2) with the moments—which give the density and momentum of
particles—the moment system satiefies the pressureless gas dynamics equations, which develop
delta-shock solutions in finite time, corresponding to caustics in geomertic optics. Beyond the
caustics, only the multi-valued solutions are physically relevant [27, 12]. The computation of
multivalued solutions in geometrical optics and semiclassical limit of the Schrodinger equation,
using the Liouville equation (1.1) in the Eulerian level set framework, has been an active area
of research in recent years, see for examples [24, 3, 17, 14]. Recent overviews of this subject
can be found in [7, 13].

We focus our attention on the Lagrangian particle methods. When using the particle method,
one has to recover the point values of the computational solutions from their singular particle
approximations which are Dirac delta functions. The most common approach is to approximate
the Dirac delta function by its convolution with a smooth kernel, see, e.g., [5, 26, 6]. For a
comparison between the convolution recovery and other redistribution recovery strategies, see
[4]. In this paper, we propose a more accurate recovery strategy. The idea was first introduced
in [30] to deal with the 1D Vlasov-Poisson equations with electron sheet initial data, and it is
based on the following conservative quantity

/ £(0,x,€&)dédx = f(t,x,€)dédx, VYY(0) C R*, Wi, (1.8)
T(0) T(t)
where
dx dg
1(0) = {ix. )t 50,60 |2 = & = 9.1 x(0) =m0, €0) = &, (0. 8) € TO) -

We call this the conservation of charge. This allows one to get a more accurate density p, which
is only a postprocessing for (1.1) of course, but for equations with a field, such as the Vlasov-
Poission equations (1.1) and (1.4), it provides a more accurate (time-dependent) potential-and
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consequently the electric field £ = —VxV - at each time step, thus enhances the numerical
accuracy overall in long time.

This paper is organized as follows. In section 2, we derive a formula of weak solutions of
the Liouville equations with singular (measure-valued) initial data. In section 3, we describe
a numerical density reconstruction method based on the conservation of charge (1.8) for one,
two and general space dimensions. In section 4, we extend the method to the Vlasov-Poisson
equations. In section 5, 1D and 2D numerical examples are given for the Liouville equations
and Vlasov-Poisson equations, and comparisons are made with classical particle methods. This
paper is concluded in section 6.

2. WEAK SOLUTION OF THE LIOUVILLE EQUATION WITH MEASURE-VALUED INITIAL DATA

We construct weak solutions of the one-dimensional Liouville equations with measure-valued
initial data in section 2.1. Then we extend the result to the multi-dimensional case.

2.1. One space dimension.
First, we introduce the following definition which will be used in the weak solution formula.

Definition 2.1. Let C be a curve in the x-§ space. Let C(a) = {(x(oz),ﬁ(oz))‘oz € Q} be a

parameterized form of C. The function 9c(x,€) is a surface measure supported on the curve

C, defined by

dC(a)
da

[ e icle st = [ v(ale) @)D o, wecrEy, @)

) - rap T ear,

where

Remark 2.1. The definition 2.1 is independent of the choice of the parametrization a. Without
loss of generality, we assume o € Q = (a,b). Let C(5) = {(5(@,5(6)) ‘B e (r 5)} be
another parameterized form of C'. Then there exists a unique monotonic function g such that

(+(9(9)). £9(8))) = (7(5).€(5) ). Therefore

b

[ v(st).6@) VaTaP T €arda

a

g1 (b)
= [ (a0, 6(9) VG + EGBP(9()

o (7(6). €)@ + 839 (84 (8)d5

_ /g sign(g'(9))0 (7(8).89)) @) + €048
B /Tsw<f<ﬁ>v€<ﬁ>) (7(8)2 +E(8)2)dB.
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Remark 2.2. If one considers the mono-kinetic initial data then the following forms are
equivalent in the weak sense:

f«ngf)::mﬂx)digf)lﬁc, (2.3)
where
C(x) = {(w,é‘(m)) = (:U,VxSO(x))‘x € (—oo,oo)}. (2.4)

We verify it below: Vi € C5°(R?),
/ N / 0 )po(@)3(E — VSo(x))déde = / " (i VaSo(2)) polx)dr, (2.5)

o

| [ v gn| 2| vedsis = [~ o(e usi)m)| G2 TG w20

oo dx

Thus (2.5) and (2.6) are identical for all test functions, hence (2.2) and (2.3) are equivalent in
the weak sense.

Remark 2.3. A general measure supported on the curve C(«) has the form h(z, &)Y, such
that

dC(«
$a e, (o, Odeds = [ wlata),l@)n(a(e). )G o, vo e o)
]RQ
(2.7)
Notice that for function h, only the value on the curve C' matters, that is, only
h(z (@), §(@)) =: h(a) (2.8)
matters. Therefore, we denote the measure as
h(z,&)0c =: h(a)Vc(q)- (2.9)

We give a formula for weak solutions of the 1D Liouville equations in the following theorem.

Theorem 2.1. Consider (1.1) subject to the delta function initial data, i.e., a measure sup-
ported on a curve C(a,0) = {(a:(oz, 0),&(ev, 0)) ’oz € Q} which has the following form

dC(a,0) |1
f(0,2,8) = Qo(a)‘%‘ Ve(a,0)- (2.10)
Denote the solution of the initial value problem of the Hamiltonian system
d d
Toe Bl 9 w(0)=0(0,0) £0) =) 2.11)

by (x(oz,t),f(a,t)). Then

dc -
2,6 = o) 8D Py (2.12)

is a weak solution to (1.1), which is a delta function supported on the curve

ﬂmﬂ:{@mﬁfQJMaEQ}
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Moreover, for every interval (3,7), let A(t) = {(ac(oc,t),&(a,t)) ’oz € (5,7)}, then
v
[ e onode = [ feennodes = [ afeya, . @)
R? R? 3

Proof. For all ¢ € C§° (]R x R x [0, T]), since

dx(a,t)
dt

= €(a7 t)a dg(dO; t> = _vx‘/a

it follows that

d(x(a,t),&(at),t)  0v(z(o,t), &, t),t)
dt = 5 + &(a,t) - Vab(z(a,t), E(a,t), t)

—V.V - Vep(z(a,t), {(a, t), ).

Therefore

T
/0 /Rz(wft—i_wf'fo_¢vxv'vgf)dxd§dt
T
- _/0 /RQ(lbtvaf{-szb—fvxv.vgdj)dgcdgdt

_ /OT/R [0¢($(a,tg,tf(oz,t)7t) + & t) - Vat(z(a,t), E(a, 1), 1)
-V, V - Vep(z(a,t), (o, t), t)] Qo(a))dc(a’ t) ll)dC(a’t

dOZ dOz
T d payey (8%
— A / ¢( ( 70;5( at)7t) 0( )l It 0.

) ’dadt

O

We now explain the relationship between f(¢,x,€) and the physical observables. First, for
the mono-kinetic initial data

dC'(x) |1
(0,2,€) = ()36 — VoSola)) = o) 22 Mo
po(x) is the local density, that is,
mia) = [ f00.0)c (2.14)
If we fix x, then f(0,z,&) is a Dirac-delta function with respect to £ supported on the point

Next, we consider the general case, where f(¢,z,£) is a measure supported on C'(a,t), and
C(a, t) is not necessarily a graph in the z-£ plane. We claim the following theorem

Theorem 2.2. Consider a solution of (1.1) with the following form

.. €) = oo(e)| 2000

-1

Doy (2.15)
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Vw € R, such that x(a,t) = w has finite many solutions which are denoted by

that is
w(a(w), 1) = w(az(w), 1) = - = w(a(w), 1) = w, (2.16)
and
g—z e £0, j=1,...,k (2.17)
there ezists k > 0, such that
. O |1
0= wlai@5] | et vEeworurn. @19
=

Proof. For every fixed w satisfies (2.16) and (2.17), there exists 7 > 0, such that z(a,t) is
one-to-one on (a;(w) — 7,a5(w) +7), j =1,..., k. Denote

gj(a) = z(a, t), a € (a;(w) — 7, a5(w) +7), j=1,... k. (2.19)

Consequently, there exists k > 0, such that Vz € (w — k, w + k), the equation x(«,t) = z yields
exactly k solutions aq(z), ..., ax(2), such that

aj(z) € (oj(w) — 1,05 (w) + 7), j=1,... k. (2.20)

See the graph below. Therefore, Vz € (w — k, w + k) and Vi € C5°(R?), we have



A NOVEL NUMERICAL METHOD FOR THE SCHRODINGER EQUATION 7

W7 X S \W'l'K

Figure 1: A simple illustration of (2.20)

/_OO V(2 &) f(t, 2, §)dE
2 [ vwese o

o
E/wﬁ /w@b(faf)f(tx,f)dfd:c

L a0
% ( ]zi; sign(g; '(2) — g; ' (w — k) /g;j((z)_:l(Z) w(w(a), 5(@)) o(a) d(;((f) ‘1 ‘ dCdLoz) ‘da)
(S smtar @ a0 [ oot o))

Jj=1 j

> sienta; ) g5 0 — 1) 2 O (a1, €002 )
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Remark 2.4. If there are infinite but countably many solutions of x(«) = z, then there exists
0t | v—ay(z) = 0, and the local density p(z,t) = oo. If the set {a|z(a,t) = z} is not discrete, i.e.,
its measure in R is greater than 0, then the local density p(z,t) is a Dirac mass.

We define

Ao t) axé‘;’ D1 (). (2.21)
Then
J(t.2.6) = 3~ ey (2), 05 (€~ Elos(2).1)). (2:22)
Thus the physical observables at x = z are
pet) = [ Flt s = 3 play o)) (2.23)
punet) = [ €Mt e = Y (o). 080210 2:20)
Suppose x(a, t) is one-to-one on (f3,7). Denote its inverse on (3,7) by a(z) = 27!(z). Let
A= {(x(a,t),g(a,t)) ‘a c (ﬁ,v)}, (2.25)
then e
/ / Inf(t, z,&)dEdx
- [ atan ey,
B
= //3 oo(@)dax (2.26)
() . o1 Y
= [ (o) =
z(7)
= sin(a) ~o(3) [ pele) i
Let _
M(w) = /0 oo(a)da, (2.27)
then

x(7,t) 0l
sign(z(vy) — x pla(z),t)dz = — = o(a)dar. )
n(e() ~2(3) [ plate) )z = M) - M(5) /ﬁ o0(0) (2.28)
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We summarize the result here. To calculate the physical observables, one needs the following
information: (i) the curve C'(a,t) and (ii) p(c,t). Then to find the moment pu™(z,t) at z, we

solve x(a, t) = z, suppose there are k solutions ay, ..., ax, then
k
o (2,1) = 3 e, €™ (a5, ). (229)
j=1

The detailed numerical algorithm is given in Section 3.

2.2. Multi-dimensional case.
Now, we extend Definition 2.1 to surface measure supported on a hyperplane in multi-dimensional
space.

Definition 2.2. Let P be a hyperplane in the x-§€ space, x € R1 ¢ € RY. Let Pla) =

{(x(a),é(a))’a € Q} be a parameterized form of P. The function np(x,€) is a surface
measure supported on the hyperplane P, defined by

Ve Or(x Qagix = [ v(x(@).g@) T M da wecrE,  (230)
R2d Q o
where fA dé;a)da is the area of the hyperplane P(a € A), YA C Q.

Remark 2.5. It is easy to verify that definition 2.2 is independent of the choice of the
parametrization cx.

In general, the hyperplane has dimension 0 < k£ < 2d, with Q C R*. The mono-kinetic initial
data (1.7) is a special case of (2.30), where the hyperplane has dimension d. More precisely,
(1.7) is equivalent to a measure supported on a hyperplane P(x, VxSy(x)) such that the local
density [p. fd€ = po(x), that is,

1

44y nP(Xa €)

£0.%,€) = po() ()
We verify it below: Vi € Cg°(R??),

| 9 Ome3(E — ViusSolx)dedx = [ (x, VaSolo)) i,

/leb(x,ﬁ)po(x)(%)_lnp(x, £)dedx = /Rdl/z(x, VXSO(X))pO(X)<%>_1(%)dX.
Thus
[ o On(x3(E - Tasiboteax = [ vix mix) () el E)dei

In general, we do not require P to be a graph in x — & space with dimension d. Let g(x,&) =
p(x,€)np be a surface measure supported on P. Then the value of p on P determines the
measure g. More precisely, p(a) = p(x(a),é(a)),a € Q, determines g. Therefore, for

Pla) = {(x(a),&(a)) ‘a € Q}, we simply denote g as

9(a) = p(a)nP(a)-
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Theorem 2.3. Consider (1.1) with measure initial data, i.e., a measure supported on a hy-
perplane with dimension k which has the form P(a,0) = (xo(at),&y()), a € Q C R¥, with

, dA(e,0) |-t . L
weight p(a,0) = go(a)‘T . Denote the solution of the initial value problem to the
Hamiltonian system
dx d€
I £ o ViV, x(0) =xo(a), £(0) =&(a), (2.31)

by (x(c,t),&(e,t)). Then a measure supported on the hyperplane P(o,t) = (x(a,t),&€(ax,t)),
a € Q, with the weight given by
dA(a,t) |1
plot) = e G

is a weak solution to (1.1) with the given initial data. Let Py(t) = {(x(c,t),&(e,t)) o € A C
R*}. Then

Y

Fx €0 roidxie = [ [ &I gixdg, VACQ W (23
R2

/A p(a,())wcza - /A p(a,t)%da. (2.33)

(81

R2d
that is,

Proof. Y € CS° <Rd x RY x [O,T]),
T
/ / (fs + 0 - Vof — VLV - Vef )dxdédt
0 Jred
T
= = [t e V= 1Oy e axaga

_ /T /k [0¢(X(a,té)9,t§(a,t),t) +E(a,t) - Vb (x(ant), Ela, 1), 1)

—V, V- Veb(x(a, t), €, t), t)} Qo(a)‘dAc(iZ’ ™ dAc(zZ’ ) ’dadt

[T dv(x(a,t), & t), ) _

= /0 /Rk o oo(a)dadt = 0.
Here we used the fact that

dx(e,t) d¢(e,t)

therefore

dyp(x(e,t),€(et),t)  Op(x(a,t), &(e,t), t)

L - > +E(ont) Tub(x(en ), € t) 1)

ViV - Ve (x(a, t), §(a, t), 1).
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Consider the Liouville equation with initial data (1.7), that is @ C RY. Similar to the

-1
w oo(ax), then f(t,x,€&) can be rewritten as
[6"

one-dimensional case, denote p(a,t) :=

[(t.2.8) = Y ploy(z), 0)5(& — &lay(2).1). (2.34)

where a(z),...,o(z) are solutions of x(a,t) = z. Moreover, if x(a,t) is one-to-one on
a € )y CQ, then

o(xYz),t)dz = o(a)da. 2.3
[, 70 0dn= [ o) (235)

1951

3. THE DETAILED NUMERICAL IMPLEMENTATION

3.1. The one-dimensional numerical implementation.

We now describe the numerical details for the one-dimensional Liouville equation. Suppose the
initial data is given by

-1

dC(a,0)
=22 oo (3.1)

f(0,$,§> - QO(a)

Without loss of generality, we assume « € (0, 1).

Step 1. Let a; = %,j:O,...,N.
Step 2. Evaluate the initial charge

mj:/ 0o(a)do j=1,...,N,

Jj—
numerically by some quadrature rule or analytically if possible.
Step 3. Solve

da;(t) . d§(t) O — v, (0) = £l
dt - §]7 dt - ‘/IB7 IJ(O) - ,I'(OZJ,O), é](o) - g(Oé],O),

numerically to obtain z;(7T"),u;(T), j =0,...,N.

Step 4. Approximate C'(«,T). For example, if a piecewise linear approximation is used, one
gets

2(a,T) = 2, 1(T) + %(@(T) —2;4(T)), (3.2a)
§lat) = &1(T) + =2 (G(T) = §4(T)), (3.2b)

a € (aj1,05), j=1,...,N.
This also gives a multi-valued solution of the velocity u, that is,
u(z(a,t),t) =E&(at), a€(0,1). (3.3)
u can be multi-valued since it is possible that z(8;,t) = x(0s,t) for B; # Ba.
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Step 5. By (2.28)

z(ajy1,T)

sign(z (41, T) — z(oy, T))/ pla(z),t)dz = M(aj1) — M(a;) = m;. (3.4)

"L'(O‘]'ﬁT)
We use a constant to approximate p(a, T') on o € (aj, aj41). That is,
m;

ola.T) ~
Pl D)~ e aa T1

a € (O&j,O&j+1). (35)

Similar to u, p gives a multi-valued solution of density. The (single valued) position density is
given by

N-1
p(y, T =Z

I:p a;,T),x(ajr1,T (y) (36>
- T)l (z(a;,T),z(aj+1,1))

‘I’ O[_7Jr17 ) :L’(Oz],

Step 6. Compute any desired physmal observables by using the results of Step 4 and 5. For
example

p(y, T Z plan(y a(y),T), (3.7)

where ap(y) are solutions of z(«o,T) = y. By (3.2), if y € (x(«a;,T),2(cvj41,T)), then a =

T z; (T (T
WN + a; is a solution of (o, T) = y, and &(a,t) = §(T) + = Jijjz((%’“lij()ﬂgj( ),

Therefore

p(y, T)u(y, T) =

N1 m; (y — (1)) (& (T) — §(T))
J;O z(aj1, T) — z(ay, T)|I(x(aj’T)’x(ajH’T))(y) <§j T+ zjr1(T) — x;(T) >( )
3.8

3.2. The multi-dimensional numerical implementation.
We briefly describe the multi-dimensional procedure with the use of (2.33)

Step 1. Decompose €2 into N subdomains, €2,€, ...y, each has k£ + 1 vertices, which are
initial particle positions.

Step 2. Evaluate the initial charge

dA(e, 0) ,
- 7 =1,...,N
m] /{; p<a70) da « J ) ) 9

i
numerically by some quadrature rule or analytically if possible.
Step 3. Follow all particles by numerically solving

dx(t) . dE(t) _ _
— =g =V x(0) =x(e0), £(0) = &(e,0), (3.9)

Step 4. Approximate P(a,T') by a piecewise linear function. That is, connecting vertices at
time 7" in the original order to approximate 2,(7). Use the linear interpolation to approximate
€(a,T) for a € ©2;(0).
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Step 5. Approximate p(a,T') on a € ©,(0) by a constant, that is, let
~ m;
pla,T) = —2—, a € Q;(0).
,(7)] j

Step 6. Calculate any desired physical observables by taking the moments of f(x,€&,7T). For
a 2D example of this step, see section 3.3.

Remark 3.1. When using the deterministic particle methods, point values of the computed
solutions have to be recovered from their singular particle approximations by using some s-
moothing procedure (for details, see section 5.1). Our method avoids this recovery step, thus it
is simpler and more accurate. Moreover, our solution will remain a surface measure supported
on a hyperplane with dimension k provided the initial data is such. Therefore, no matter how
singular the initial data is, we keep the detailed structure of the singular solution. The reason
is that our mesh points is on €2, not the x — & space.

3.3. A detailed implementation of the 2D Algorithm.
In this subsection, we give a detailed numerical implementation for the 2D Liouville equation
with initial data (1.7). Numerical methods for the higher dimensional Liouville equation can
be constructed similarly.

Without loss of generality, assume x = (z,y) € [0,1] x [0,1], & € R%

Step 1. Given mesh size Az = Ay = 1/N. Denote x(j,1) = (z;, ).

Step 2. There are N? cells. Denote the cell (zj,2j41) X (Y1, y1+1) by Qk(0), where k& =
(4+1+IN). Since the elementary elements in 2D are triangles, we further split €24 (0) into two
parts Q1(0) and Q42(0), where Q1 (0) is the triangle with vertices x(j,1), x(j +1,1), x(j,{+ 1),
and Qx2(0) is the triangle with vertices x(j,l+1),x(j+1,1),x(j+ 1,14 1). Evaluate the initial
charge

mkq:// po(z,y)dxdy k=1,...,N* q=1,2
g

numerically by some quadrature rule or analytically if possible.
Step 3. Solve numerically

subject to the initial data
xu(0) = (zj,5)  &;(0) = VxSo(x;(0)),
to obtain x;(7),£,(T), j=0,...,N,[=0,...,N.

Step 4. Apply the linear interpolation to approximate velocity on §,(7). More precisely,
denote the vertices of {1, by a, b, ¢, and the velocity at them are u,, up, u. respectively. Then
for every x € (2, one can decompose x — a uniquely as

x —a=u(b—a)+v(c—a),
here (u, ) can be solved analytically, and interpolate

E(x,t) = Ua + p(up — uy) + v(ue — U,).
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This gives a multi-valued solution of velocity u at time 7. Denote £(x,t) on Q, by &, (x,1).

Step 5. Denote the area of the triangle €, (7") by Ak, (7). Let p(a, T) = Aml(f;) on (associated
kq

with) Qu,(T"). This gives a multi-valued solution of density at time 7. The (single valued)
position density then follows

T):ZZ m’“q ow (%) (3.10)

q

Step 6. Compute any desired physical Varlables by using the result of Steps 4 and 5. For

example
N2
my,

Akq(;j) qu(T( )Ekq( ) (3'11>

Remark 3.2. One can apply any higher order numerical method in Steps 3, 4 and 5. In
addition to its high efficiency and accuracy, a major advantage of the method is that it gives very
accurate numerical solutions around caustics. The reason is: the particles become automatically
dense when caustic develops, and the total charge inside any cell around the caustic is calculated
at t = 0. For classical particle methods, one has to apply some smoothing procedure to recover
point values of the computed solutions from their singular particle approximations, therefore,
even the particles are dense around the caustics, the smoothing procedure smears the solution.
For details of the smoothing procedures, see Section 5.1. In addition we give the multi-valued
solution rather than the single valued physical observables.

Remark 3.3. For a 2D problem, when using (3.10) to calculate the local density p on a
mesh {y;;}, one needs to identify whether y;; is inside a triangle or not many times. We
apply the following fast test method. Denote the vertices of the triangle (2, by a, b, c, where
a= (ay,az), b= (by,be) and ¢ = (¢, ¢2). Denote xp;, = min{ay, by, ¢1}, Tmax = max{ay, by, 1},
Ymin = min{az, ba, ca}, Ymax = max{as, by, ca}. Then for every y;; € R?, we first test whether
Vii € (Tains Tmax) X (Ymin, Ymax ), if n0t, y;; is outside the triangle €,; otherwise we decompose
Yij —aas
yij —a=p(b—a)+v(c—a),

then y;; is inside the triangle €2, if and only if 0 < p < 1,0 < v <1 and p+ v < 1. This
procedure greatly enhances the numerical method for the Vlasov-Poisson eqution to be present
in the next section, since there one needs to construct p at every time step.

4. THE VLASOV-POISSON EQUATIONS

We can apply the new method to the Vlasov-Poisson equations
fi+v-Vif —E(x,t)-Vyf =0, (4.1a)

AV = f(x,v,t)dv =: p(x,t), E =—-V,V, (4.1b)
Rd
here F(x,t) is the electric field, V' the potential.
For example, for the 1D and 2D Vlasov-Poisson equations, in each time step t to t + At, we
do the following:
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(i) Choose a uniform mesh {y;;} on x-plane. The initial particles are located at the mesh
points: x;;(0) = yi;.
(ii) solve the characteristic equations numerically

dx;;(t) _¢ d€;;(t)
dt 7 dt
to get particle positions and velocities x;;(t + At), &,;(t + At);

(iii) use (3.6) and (3.10) to calculate the local density on uniform mesh points {y;;} at time
t + At; then use the standard three-point center difference scheme (1D) and five-point
center difference scheme (2D) to solve the Poisson equation (4.1b) to get the potential
V(t+ At,y;;); take finite difference of V(¢ + At,y;;) to get E(t + At,y;);

(iv) use the linear interpolation to get E on particle positions x;;(t + At), which will be used
in (ii) in the next time step.

= —F,

Remark 4.1. Denote the particle number by M. In step (iii), the computational cost for
evaluating the single valued position density p on uniform mesh points y;; of our method
and all other particle methods are of the same order O(M?). In step (iv), the computational
cost for evaluating F on particle positions of all methods are of order O(M). Although the
computational cost for all methods have the same order, our method is much faster than the
previous particle methods in practice. We show a comparison in a 2D numerical example in
section 5.2.

5. NUMERICAL EXAMPLES

We carry out one and two dimensional numerical experiments in this section. In these
examples, we compare numerical solutions obtained by our method with solutions obtained
by previous particle methods. The main difference between our proposed method and the
previous particle methods is that the latter have to apply some smoothing procedures to recover
point value of the numerical solution from the singular particle approximation. For reader’s
convenience, in Section 5.1 we briefly describe three smoothing procedures that have been
studied in [4], and refer to [4] and references therein for more details.

In all examples, we solve the ODE (3.9) by the forward Euler method, although one can
use any other higher order methods. The initial charge m; was computed by the Matlab
subroutines QUAD and QUAD2D, which approximate the integral by using recursive adaptive
Simpson quadrature.

5.1. The smoothing procedures of particle methods.

To use the particle method, one first replaces the initial data f(0,x,&) = po(x)d(€ — up(x))
with a singular particle approximation. More precisely, one decomposes the computational
domain €2 into M nonintersecting domains Q@ = Q; J---J Q. Then particles with masses
fQi po(x)dx are placed initially at x;(0), where x;(0) are the coordinates of the centers of mass

of Q;. The initial velocities of the particles are taken to be ug(x;(0)). That is, one replaces

f(0,%x,€) = po(x)5(€ — up(x)) with

f((),x, £ = Z /Q po(x)dxd(x — x;(0))d(& — up(x;(0))). (5.1)
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Denote f(O, X, €) in its equivalent form

Zgz (x — x;(0)).

(5.2)

Here ¢;(0) = (gl-(l), . ,gl-(d), gz-(dﬂ))(()), and ¢F is the zj-moment (k = 1,...,d) of the ith particle,

(d+1)

S is the mass of the ith particle. Solving the following ODEs
dxi(t) dg,(t)
—£.(t L = —V,V, 5.3
g, oy (53)
one obtains a singular solution at time ¢
Zc, (x — x;(t)). (5.4)

Assume one wants to find computational solutions of physical observables in © C R?, the final
step of the particle method is to recover the point values of the density and momenta from

(5.4). Three recovery methods have been compared in [4]:

e AVE: The simplest way of regularizing (5.4) is to approximate it by a piecewise

constant
1 M
t) = [ > silt)xe, (xi(t), x€C;.
I =1

Here {C’j}‘j]:1 is an auxiliary mesh consisting of non-overlapping cells such that
ay---yc,=e

CONYV: This is the most widely used way of regularizing (5.4). Taking a convolution
product with a smooth kernel (5(z):

w(x, 1) = (W' G)(x. 1) Zcz )Gs(x — x(1), (5.5)

where (5 serves as a smooth approximation of the delta-function with the following
properties:

6 D). [ e

where ¢ is a positive parameter measuring the “width” of the kernel. In our experi-
ments, we have used the Gaussian kernel.

RED: This recovery procedure is based on the particle weights redistribution tech-
nique typically used in the immersed boundary method, [25]. In the numerical
experiments of [4], the point values of w have been computed at the equally spaced
points where the particles were initially placed, namely:

M

_ 1 |21 — 2 (t)] [%a — @ia(t)]
w(x,t) = Axle2~~Axd;§i(t)¢( Ar, > ¢( Ao >,
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OUR OUR
T
T

Figure 1: Example 5.1, our method with 400 particles, left: velocity u, right: density p, t=1.

where
(3—27’—\/1—1-47“—47’2), Ir] <1

(5—2r—\/—7+12r—4r2), 1<|rl <2

| —oo| —

o(r) =

S oo

otherwise.

5.2. Numerical examples.

Example 5.1. A free particle model for a Gaussian pulse: V(z) = 0. The initial data is
taken to be f(0,z,€) = po(x)d(§ — ug(x)), where py(x) = exp(—(z — 0.5)%), and wug(x) =
—sin(mz)|sin(7x)|. This example is taken from [10]. We plot the solutions at time ¢ = 1,
“OUR” indicates the numerical solution obtained by our method, “AVE/CONV/RED” indi-
cates the numerical solutions obtained by the “AVE/CONV/RED” recovery procedures. In
these four methods, the time step is taken to be At = Az/5, where Az = 2/N, N is the
number of particles.

We show the multi-valued solutions w and p at time ¢ = 1 obtained by our method with
N = 400 in Figure 1. One can compare them with Figures 7, 8 and 9 in [10] which are
numerical solutions of this problem obtained by the moment methods, and our method yields
much better numerical solutions.

We also compare our result with solutions obtained by previous particle methods. One can
see in Fig 2, that the solutions obtained by AVE and RED methods are oscillatory. Fig 2
also shows that our solution is much better than the CONV solution, especially around the
caustics. Fig 3 shows the comparison between our solution and exact solution which is obtained
by taking Az and At very small. One can see that they match very well.

When using the CONV method, one has to choose the width of the Gaussian kernel. We
show solutions for different choices of the width in Fig 4. One can see that for large width 9,
the solution is severely smeared, while for small d, the solution becomes oscillatory. The best
choice turns out to be 0.004 for this example. No formula has been given on how to choose §
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Figure 2: Example 5.1, single-valued density p with 1000 particles, t=1. Upper left: AVE,
upper right: RED, lower left: OUR, lower right: CONV.

OUR Exact
T T

Figure 3: Example 5.1, multi-valued density p at t=1, left: OUR with 1000 particles, right:
Exact solution, t=1.
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Figure 4: Example 5.1, density p obtained by CONV with 1000 particles at t=1 with different

J.

for general problems. Our solution outperforms the CONV method even with the best choice

0 = 0.004.

Example 5.2. In this example (taken from [4], example 4.3), the initial data are given by
f(0,2,&) = po(x)d(§ — uo(x)), where po(x) =1, ug(x) = 1 — 0.5 arctan(20x), and the potential
is V(z) = 0. We compute the solution with N = 400 and output the solution at t = 0.4. In [4]
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OUR —- Multi-Valued Velocity OUR —- Multi-Valued Density
T T T T T T
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Figure 5: Example 5.2, left: multi-valued velocity u, right: multi-valured density p, t=0.4.
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Figure 6: Example 5.2, left: multi-valued density p zoomin, right: single-valued density p,
t=0.4.

AVE, RED and CONV particle methods had been performed with the same particle number
N =400 (figures 5 and 6, page 574). The AVE and RED solutions are very oscillatory, while
the CONV method with the best choice of § = 0.14/0.005 yields a better solution but still has
oscillation. If one doubles 9, then it is oscillation-free, but the peaks in the density are much
lower, i.e., peaks equal 5 for bigger § and 6 for smaller §. Our method yields much better
results: our solutions are oscillation-free, much more accurate at peaks — the peak value of our
solution is around 70. See Figures 5 and 6.

The following examples are numerical solutions of the Vlasov-Poisson equations. We compare
our method with the CONV particle method. The main difference of the two methods is: in
our method, we use (3.6) and (3.10) to calculate the local density p on uniform mesh points in
each time step, then solve the Poisson equation; in CONV, we use (5.5) to calculate the local
density p on uniform mesh points in each time step.
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Example 5.3. We solve the 1D Vlasov-Poisson equations with periodic initial data

of  of of
o ” 1%
@V:/wf(x,v,t)dv—l, p=-2

fo=0(v —sin(27x)).

We compare density p, and electric field E obtained by different methods with different particle
numbers N at ¢ = 0.5. When solving the Poisson equation, we take the boundary condition
#(0) = ¢(1) = 0. We take At = Az = 1/N. The results are shown in Figs 7, 8.

One can see that our method yields much better solutions for the density p and electric field
E. Furthermore, when apply the CONV method, for each N, we do serval tests for different
widths of the Gaussian kernel 0, and show the best in our graphs. Hence, our method out
performs the best that a CONV method can do, especially when N is small.

Example 5.4. We solve the 2D Vlasov-Poisson equation
ft +v: vxf - E(X>t) ’ vvf =0,
AV = fx,v,t)dv, E=-V,V,

R2

with initial data

f(0,x,8) = po(x)d (€ — uo(x)),

2sin (4w|§(x —(1,1)) \5/6> (x = (1,1))
3(x— (1,1)) '

where

po = Ix—(1,1)<0.75, W0 =

We calculate the solution on spatial domain [0,2] x [0,2]. The initial particles are placed on
[—0.75,0.75] x [—0.75,0.75], with Az = Ay = 1.5/N. The uniform meshes for the Poisson
equation are on domain [0,2] x [0, 2] with Az = Ay = 2/N. At is chosen to be 1/2N. When
solving the Poisson equation, we take the following boundary condition

The initial velocity profile is shown in Fig 9. For short times, if one ignores the Poisson
potential, one can still gain some information (such like the basic shape) of the velocity profile.
The velocity at t = 0.2 without involving the Poisson potential is shown in Fig 9, which suggests
that for the Vlasov-Poisson equations of this example four caustics will form at ¢t = 0.2.

We compare the density p and potential V' obtained by our method and the CONV particle
method with different N at ¢t = 0.2. The results are shown in Figs 10, 11, and 12. The time
cost for each method with different N are listed in Table 1. Roughly speaking, with the same
particle number, the time cost of the new method is approximately 1/10 of the CONV particle
method. The largest local density near the caustics that obtained by the new method and the
CONYV particle method are listed in Table 2. Combine these results, we can say that compared
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Figure 7: Example 5.3, left: density p, right: electric field E.

with the CONV particle method our new method yields better numerical results with less

computational cost.

6. CONCLUDING REMARKS

In this paper, we proposed a new numerical method for the semiclassical limit of the Schrodinger
equation (the Liouville equation with measure-valued initial data) and Vlasov-Poisson equation-
s. Our method constructs local density based on a conservative quantity—the charge. Therefore
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Figure 8: Example 5.3, comparison between OUR with N=400 and CONV with N=4000, left:
density p, right: electric field E.

Initial velocity of the 2D Vlasov-Poisson example Velocity profile at t=0.2 without the Poisson potential
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Figure 9: Example 5.4, left: initial velocity, right: velocity at t=0.2 without the Poisson
potential.

N=50 N=100 N =150 N =200
New method 40 807 17493  (seconds)
CONV method 435 10735 113318 (seconds)

TABLE 1. Example 5.4, comparison of the time cost of the new method and the
CONYV particle method.

it avoids the smoothing procedures of the previous particle methods. Numerical examples verify

that compared with the previous particle methods our method yields better numerical solutions
with less computational cost.
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[1]
2]

SHI JIN AND DONGMING WEI

N =50 N=100 N =150 N =200
New method: maxp 12.6083 21.3102 80.3682

CONV method: maxp 1.9091  2.3927  2.9320

TABLE 2. Example 5.4, comparison of max p of the new method and the CONV
particle method.
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Figure 12: Example 5.4, New method, N=200.
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