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ABSTRACT. For the Wigner equation with discontinuous potentials, a phase
space Gaussian beam (PSGB) summation method is proposed in this paper.
We first derive the equations satisfied by the parameters for PSGBs and estab-
lish the relations for parameters of the Gaussian beams between the physical
space (GBs) and the phase space, which motivates an efficient initial data
preparation thus a reduced computational cost than previous method in the
literature. The method consists of three steps: 1) Decompose the initial value
of the wave function into the sum of GBs and use the parameter relations to
prepare the initial values of PSGBs; 2) Solve the evolution equations for each
PSGB; 3) Sum all the PSGBs to construct the approximate solution of the
Wigner equation. Additionally, in order to connect PSGBs at the discontinu-
ous points of the potential, we provide interface conditions for a single phase
space Gaussian beam. Numerical examples are given to verify the validity and
accuracy of method.

1. Introduction. In this paper we present a phase space Gaussian beam method
for solution of the Wigner equation. The Wigner equation describes quantum trans-
port in semiconductor materials and can be derived from the density matrix for-
mulation of quantum mechanics. It describes the time evolution of the Schrodinger
equation using the Wigner Distribution Function [43]

There are two main reasons for using the Wigner formulation in applications.
First, thanks to its form of a quantum Boltzmann equation, the Wigner equation can
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model the scattering phenomena. Second, inspired from classical kinetic models [10],
the quantum-kinetic formulation makes it easier to construct boundary conditions
at the device contacts.

The Wigner function is widely used in describing the properties of electronic
devices such as the Resonant Tunneling Diode (RTD) and others [10]. The Wigner
model is often employed to determine the current-voltage characteristic of these
devices as well as their behavior away from equilibrium. Previous efforts in the
simulations of Wigner equation can be put into two categories, one is determinis-
tic, the other is the Monte Carlo method. The earliest numerical simulations in the
mid-1980s were based on finite-difference schemes [10, 16, 34]. In 1990s, spectral col-
location methods were developed as an efficient improvement for the discretization
of the nonlocal operator LEW€ [35]. In [36] an operator-splitting technique for the
transport term k-V, and the pseudo-differential term were used to solve the Winger
equation. An analysis of the discrete-momentum Wigner model was performed in
[5, 12]. A deterministic particle method for the Wigner equation was proposed and
analyzed in [3]. The Monte Carlo method was studied from 2002 [28, 38], which
allows the inclusion of more detailed scattering processes. For more recent results
and advances about the Monte Carlo method, see [20, 29] and the review paper [39].
The Monte Carlo method has the potential to make multi-dimensional simulations
feasible.

The Gaussian beam method (GB), which was first developed for the Schrodinger
equation by Heller in 1970s [14], and independently developed by Popov for the
linear wave equation [31], is an efficient approach that allows accurate computation
of the amplitude near caustics. Similar to the classical ray tracing method, the
Gaussian beam solution in physical space for the Schrodinger equation also has
a WKB form. The center of the Gaussian beam follows the ray determined by a
Hamiltonian system. The difference lies in that the Gaussian beam allows the phase
function to be complex off its center, and the imaginary part of the phase function
is positive, which makes the solution decay exponentially away from the center. The
validity of the Gaussian beam method at caustics was analyzed by Ralston in [33].
Its uniform convergence was proved by Robert [37] recently.

The accuracy of the beam is determined by the truncation error of the Taylor
expansion, and the approximate solution is given by a sum of all the beams. The
accuracy of the Taylor expansion was studied by Motamed and Runborg in [27],
and Tanushev in [42]. A Gaussian beam method was presented for the analysis
of the energy of the high frequency solution to the mixed problem of the scalar
wave equation in a convex domain by Akian, Alexandre, Bougacha in [1]. By
computing Wigner measures based on the Gaussian beam formalism, they obtained
more accurate asymptotic estimates for the limit of the energy of the waves than
methods based on pseudo-differential calculus. Higher order Gaussian beam method
that give better accuracy for the linear wave equations was developed and analyzed
in [42]. Also for the Schrédinger equations, Yin and Zheng [44] constructed a
high order Gaussian beam method and derived the interface conditions for the
discontinuous potentials. Eulerian Gaussian beam methods were developed in [19,
21, 22]. See also a recent review on numerical solutions of semicalssical limit of high
frequency waves [17]. Accuracy studies were carried out in [8, 24]. New initial data
decomposition methods were developed in [2, 32, 40, 45].

In this paper, we propose a phase space Gaussian beam (PSGB) method for
the Wigner equation. We first derive the equations satisfied by the parameters
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for PSGBs and establish the relations of parameters for Gaussian beams between
physical space (GBs) and the phase space. This gives efficient initial data prepara-
tion which yields a computational cost lower than previous method in the literature
[15]. The method consists of three steps: 1) Decompose the initial value of the
wave function into the sum of GBs and use the parameter relations to get the ini-
tial values of PSGBs; 2) Solve the evolution equations for each PSGB; 3) Sum all
the PSGBs to construct the approximate solution of the Wigner equation. Addi-
tionally, in order to connect PSGBs at the discontinuous points of the potential, we
establish interface conditions for a single PSGB. Compared to the PSGB method
for the one dimensional Liouville equations with quantum initial conditions in [15],
our approach requires the number of PSGBs to be O(¢~ %) instead of O(¢™"), thus
significantly reduces the computational cost.

One may argue that the Wigner equation is defined in the phase space, thus an
approximate method such as the PSGB method is much more expensive than a
GB method for the original Schrodinger equaiton. This is true in the pure state
case. However, for mixed state, one needs to use the von Neumann equation, which
doubles the dimension anyway, while the Wigner equation has the same dimension.
This is another motivation for the PSGB other than those mentioned earlier.

Here we compare the computational costs of these different approaches. To solve
directly the 2n dimensional Wigner equation in order to resolve €, the mesh size
must be O(e) and the time step have to be O(e’/™), with m the convergence order
of the time discretization. Thus, the total computational cost of direct simulation is
of O(e~2"=1/m). A direct solver for the von Neumann equation is of O(e~1->n=1/m),
since for each time step, the most efficient method [13]-the short time Chebyshev
propagator for the von Neumann equation—needs O(e~1:5") operations. As for the
PSGB summation method for the 2n dimensional Wigner equation, the number of
the PSGBs is O(e~"/?), while the time step can be taken as At = O(¢'/?) in a fourth
order time discretization; the computational cost of the summation process for the
PSGBs is of O(e7"/2). Therefore, the total computational cost of PSGB summation
method is of O(e~("+1)/2). Therefore, the PSGB method significantly reduces the
computational cost, and provide an accurate approximation to the Wigner equation
and von Neumman equaiton, even with a discontinuous potential.

The paper is organized as follows. In Sec. 2, we introduce the PSGB formulation
for the Wigner equation and study the relations between GBs and PSGBs. In Sec.
3, we give the interface conditions at the discontinuous points of the potential.
The strategies to implement the PSGBs summation are illustrated in Sec. 4. To
demonstrate the accuracy and efficiency of our PSGB method, numerical examples
of both one and two space dimensions are given in Sec. 5. Finally, we make some
conclusive remarks in Sec. 6.

2. The Gaussian beam method for the Wigner equation.

2.1. The Wigner equation. The Wigner equation can be derived from the Schrédinger
equation using the Wigner transform. Consider the following Schrédinger equation,

ie;(t,x) = —%eQAwe(t,w) +V(x)e, x € Rd,t >0, (2.1)
Ve(0,2) = §(x) = Ag(x)eto@)/e, (2.2)

where x is the position, t is the time, ¥ (x,t) is the complex-valued wave function,
V() is the potential and e is the rescaled Plank constant.
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The Wigner transform of ¢ is

We(t,z, k) =

/ eF Yy (t, @ — ley)md% (2:3)

(2m)" 2 2

where 9 denotes the complex conjugate of ©. Then the corresponding evolution
equation for the Wigner distribution function W€(t, x, k) is,

oOWe(t,x, k) + k- -V We(t,x, k) + LWE(t,x, k) =0, (2.4)
where the operator L€ is defined by
eTre _ i € i(k—P)'yl _f
LWt k) =~ [ Weltap)([ 6PV @Gy V@) dy ) dp,

(2.5)
which is local in @,t and nonlocal in k. The initial data corresponding to (2.2) is
We(0,x, k) = W§(x, k), which is not necessary to be specified for this paper.

The above two formulations (2.1) and (2.3) give the evolution in the physical
space and phase space respectively. In fact one can recover the physical observables
from both the wave function ¥¢ and the Winger function W€, namely,

position density : p° = |e|? = We(t, z, k)dk, (2.6)
Rﬂ,
density flux : JE = g(wvﬁ — PV = / kW< (t, x, k)dk, (2.7)
1 n
2
kinetic energy : B = %\wﬂ? = / k|2We(t, , k)dk. (2.8)
]R’n

When V(x) is smooth enough and e — 0, the Wigner equation converges to the
Liouville equation [11, 23]

oW (t,x k) + k- VaW(t @, k) — VoV(x) VW (tz, k) =0.  (2.9)

Moreover, if the initial data in the physical space have the WKB form (2.2), as
€ — 0, the corresponding initial condition for the Liouville equation is

W(0,z, k) = |Ao(x)|?6(k — VSy(x)).

2.2. The Gaussian beam method for the Schrédinger equation. Similar to
the WKB method, the Gaussian beam solution is given in the form

¢ (t, @, y,) = A(t, y)e' =)/ (2.10)

where the variable y = y(t, y,) is the center of the beam, to be determined below,
and the phase T'(¢,x, y) is given by

T(t,2,y) = S(y) +plty) (@ —y) + 3@ —y)" M(t,y)(@ — v).

This is reminiscent of the Taylor expansion of the phase S around the point y, upon
identifying p = V.S € R?, M = V28, the Hessian matriz. The idea is to allow the
phase T' to be complex-valued, and keep the imaginary part of M € C™*™ positive
definite so that (2.10) indeed has a Gaussian profile.

Plugging the ansatz (2.10) into the Schrédinger equation (2.1), and ignoring the
higher-order terms in both € and & — vy, one obtains the following system of ODEs:
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dy

- 2.11
= P, (2.11)
d
d—’t’ = -V, (2.12)
ds 1 .
as _ L e 2.1
B v, (213)
dM s
dA 1
= = §(Tr(M)>A, (2.15)

where p,V, M, S and A are functions of (¢,y(t,y,)). Equations (2.11)-(2.12) are
the classical Hamiltonian system defining the ray-tracing algorithms. Equations
(2.11)-(2.15) define the Lagrangian formulation of the Gaussian beams.

In practical computation, the Gaussian beam summation method for the Schrodinger
equation can be implemented in three steps:

1. Decompose the initial data into summation of Gaussian beams
N
Ue(0,) = 650, z);
j=1

2. Solve the evolution equations of the parameters (as in (2.11)-(2.15)) for each
Gaussian beam, to find the evolution of each Gaussian beam;

3. Sum up these Gaussian beams to construct an approximation of the wave
function v°.

2.3. The Lagrangian method in the phase space. In this section, we will
construct the phase space Gaussian beam (PSGB) for the Wigner equation and
derive its evolution equation. The basic idea of a Gaussian beam method is to
locally approximate the potential of the Schrodinger equation by a quadratic form,
and then find out the corresponding evolution dynamics of Gaussian beams. The
similar idea can be extended to the Wigner equation. Let the density distribution
function have the following PSGB form

1
W(t,xz, k) =U(t,q,p)exp ( — ET(t,CB, k,q,p))ﬂnk eR", n=123, (2.16)

where T is defined as

P () Gl ) ) e wamne
2.17

with N (t) = Na1(t). When the potential is a quadratic function of x, i.e. V(x) =
x'Bx+b-x+c,x € R", the Wigner equation coincides with the classical Liouville
equation. Therefore, if we approximate the potential V() near g by

V(@) ~ Via)+ VaV(a) (@) + 5(@—a) ViV —q)

in the neighborhood of (g, p), the original Winger equation (2.3) reduces to the
Liouville equation

Ok VoW~ (VaV(a) + ViV (@)@ — ) VW =0, (215)
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We now try to find the evolution dynamics of PSGB (2.16) determined by (2.18).

Define
v= (@ &= (—(VwV(q) + %V(Q)(w - q))) T <Z> ’

rewrite (2.18) as
ow

5 TE VW =0, (2.19)

Note that z depends on ¢. Inserting the PSGB form (2.16) into (2.18), and collecting
the first two orders with respect to €, one obtains

0(%): %—f+vz:ﬁ-%+g-vyT:o, (2.20)
0(1): %—[t] + V.U - % —0. (2.21)
Taking the first and second derivatives with respect to y in (2.20) gives
8<va’t’T) + (Vsz)T%j + (V) VT + (V2T)Te = 0(2.22)
a(va%T) - (vysz)T%: + (V&) V2T + (V2T) Ve + V3T = 0(2.23)

Let y = z and noting (2.17), one has
— _ 2 _
VyT|,_, =0, Vy:T|,_ =-2N, ViT| _=2N,

x= () e

with

so that (2.22) becomes
0z
N(Z; - &l,_. =0

If N is nonsingular, then

0z p
— = = . 2.24
Similarly when y = z, (2.23) becomes
ON 0z T
5 T V2N + (Vy€) N+ NV € =0. (2.25)

Combining (2.21), (2.24) and (2.25), we obtain the ODE system describing the
evolution of the parameters of the PSGB:

B (v N+ VL], (2.26)
% I (2.27)
%;1 ~ (2.28)
%’ = —V4V(g) (2.29)

To preserve the Gaussian profile, the matrix N (¢) must be positive definite. The
equation (2.26) is the Lyapunov equation. Dieci and Eirola proved the following
proposition in [9].
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Proposition 1. The solution of the following Lyapunov equation

X(t) C(H)X(t) + X(t)CT(t) + D(t), (2.30)
X(0) = Xo, Xo is symmetric, (2.31)

exists and is symmetric for all t > 0. Furthermore, if X(s) or D(s) is positive
definite for some s > 0, then X (t) is positive definite for all t > s.

Directly substitution shows that the solution of the Lyapunov equation (2.30)
satisfies for t > s > 0,

X(t) = ®(t,s)X(s)®(t, )" + /t ®(t,7)D(1)®(t, 7)Tdr (2.32)

where ® is the solution of
0@ (t,7) = C)P(t,7), O(1,7)=1. (2.33)

Then the claims follow now from the fact that ®(¢,7) is non-singular for all ¢, 7.r
Applying the above proposition to our case with C(t) = —V,T and D(t) = 0

implies that if the initial data N(0) is symmetric and positive definite, then N ()

remains so for all t > 0, thus the Gaussian profile will be preserved for all ¢ > 0.

2.4. Relations between the GBs and PSGBs. The ODE system (2.26)-(2.28)
was derived in [15], but only the cases with smooth potentials were considered.
Additionally, the computational cost of the initial data preparation in [15] is very
expensive. In this section, we illustrate a new way of initial data preparation, which
can significantly improve the efficiency.

Before going to the details of our initial data decomposition, we review the pro-
cedure used [15]. Firstly, the Monte Carlo method was employed to decompose the
initial data into Gaussian wave packages in the physical space, namely,

Y(x,0) = iAj exp [f a;(x — :cj)2 + ék](x — mj)}

Jj=1

Apply the Wigner transform on this approximation, which is further decomposed
into Gaussian beams in the phase space via the Monte-Carlo method,

M
We(t,x, k) ~ Z A, exp { — [an(x —2,)? 20, (2 — 2,)(k — k) + cn(k — kn)Q] }

Finally, the ODEs (2.26)-(2.29) were solved for each beam. A large number of
beams is required to approximate the initial data, and O(1/€) beams are needed to
approximate the Wigner function.

We will use the relation between the GB and PSGB to get a more efficient
decomposition of the initial data.

Take the WKB initial data (2.2). According to [42], one can approximate the
initial data by the sum of a series of GBs

V(0 z) = Az)e @)/ ~ ﬁ:AJ‘ exp E (Sj +Pj'(w—q]‘)"‘%(x—q]‘)TM(fB—Qj))}-

j=1

(2.34)
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We now take the Wigner transform on the right side of (2.34). Introduce the general
Wigner transform:

wWh%LZ@%;/J%iM@—EiWﬂw+§@ﬁg (2.35)

which is a bilinear operator of 17 and 5.
First of all, we consider the Wigner transform of one single GB. The Wigner
transform for the GBs of the form

o(t,x) = Ao(q) exp E (S(q) +p-(x—q)+ %(m —-q) "Mz - q))]

1 o € €
‘(t,x, k) = kot e — —2)(t —2)da
Witak) = g [ eRRete ool + g
_ ! / (k75| Ay [2¢il-P—La—a)3— 557 Ka—2 (e-0)" K(2—a)]
2m)" Jgn
| Ao|?

(rey 2|k} P { - %(y —2) My — Z)} (2.36)

with L = Re(M), K = Im(M), |K| = det K and
y_ (K+LTE'L —LTK!
“\ —KL K1

From (2.36), one can express the parameters of PSGB in (2.16), (2.17) by the
parameters of GB,

Ut) = [A@®P/V/ (e K], (2.37)
Ny = K+L'K™'L, (2.38)
N, = —-LTK™ (2.39)
Ny = —-K'L (2.40)
Noy = K7L (2.41)

Next, we consider the Wigner transform for the summation of GBs. We only

need to consider the case of a summation of two GBs:
2 > i 1
bit@) = 6i(t@) = Y A(@) exp |2 (8,4p,(2-a,)+5(@-q,) M;(z—q))) .
j=1 j=1

whose Wigner transform is

Wet, x k) = (2i)n /R Ryt x — %i)mdﬁ:
= (zi)n /R ERR(GT +03) (0] + 65 di
= (2710,1 /R ERRGTOT + by 07 + 6707 + by 67 )di
= Wlor, o]+ Wley, ¢3] + Wlor, ¢3] + Wy, 61,

where

€ . .
(bj—t =¢j(x* iw), j=12.
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The Wigner transform for ¢1, ¢2 is known from (2.36). The rest is to derive the
formula for the crossing terms ¢, ¢ and ¢ ¢4 . We first calculate

AT ZlAQ (z—q)T Ky (z—q)+(z—aq2) T Ko (z—q5) s I ~ ~
/ ezk-m¢2 ¢;rdw _ e = ezkmeznz/eezr(m)eg(m)dw’

(2m)" (2m)"
with
Lj = RG(M]‘), Kj = IIH(MJ), ] = 1,2,
T2 = (S2=51)+ (P2 (®—q2) —p1 - (- qy))
1
+§((f’3 —q,) Ly(z — q5) — (. — q,)" Li(z — q1)),
. 1 . €. -
7@ = Sl tp)+la(@—a)+ Lil@—q)] 2+ 2 (L - L)z,
- € .1 B
g(@) = *ng(Kz+K1)$+§(K1(w*ql)*K2(w*q2))'w~
After a tedious but trivial calculation, one gets
Wo; ,o7] = 44, [-# (@)K (@0 He—as) " Ka(o—az)) +i22]

V&, = )]

2
wel 2 (k-pt5(Ka@-a)-Kr@=an)) " (M2-20) " (k=145 (Ka (@)~ Ks @-a1)) )]

b

where )
—) §(K2($ —q;) + Ki(x — Ch))-
From the fact o _

Wy 63] = We, ¢],

the summation of the crossing terms in the Wigner transform of two GBs is

Wy, b3 ]+ Wley , ¢1] = 2Re(W(o5 , ¢7]). (2.42)
which represent the interference between different GBs.
Until now, we are able to get the Wigner transform of the initial data. Using
the relations (2.37)-(2.41), again, one can derive the evolution equations for the
parameters of PSGBs from (2.11)-(2.15):

q = p, (2.43)
p = —VqV, (2.44)
U = 0, (2.45)
Nii = VoVNi+ NaViv, (2.46)
Nig = —Nii+ V2V Ny, (2.47)
Ny = —Nii+ Nax V32V, (2.48)
Nay = —(Niz+ Nap), (2.49)

which are exactly the same as (2.26)-(2.28). Each PSGB proceeds with time and
we can reconstruct We(t, x, k) at any fixed time by the summation of all PSGBs
and their interferences. The details about the reconstruction will be described in
section 4.

In summary, the initial value of the wave function in the physical space can
be decomposed into the sum of GBs. After the Wigner transform, each GB is
transformed into a PSGB, and the obtained parameters of these PSGBs will be
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used as the initial value of the ODE system (2.43)-(2.49). Namely, we solve the
following initial value problem for each PSGB,

q=mp, q(0) = q(0),

p=-VqV, p(0) = p(0),

U=0, U(0) = [A(0)[*//(me)" K (0)],

Nip = V2V Nip + Ny V2V, Nyi(0) = K(0) + (LTK 11)(0), (2.50)
Niz = —N11 + V2V N, Ni5(0) = (LTK )

Noy = —Ni1 + N22V(21V, No1(0) = (K )

N22 = —(Ni2 + Nay), Na2(0) = 1(0)~

Furthermore, the configuration of the PSGB will be preserved as time evolves,
which can be seen as follows. From (2.38)-(2.41), we have

Tvre — (@ "IK+ITK'L —LTK-\ (2
vuy =k ~K'L K ) \k
= a'Ka+ (Lz — k)TK YLz — k).

From the theory of GB, K is positive definite if the initial data of K is positive
definite. This indicates that the coefficient matrix M of the PSGB is positive
definite if the coefficient matrix of the initial data is chosen to be positive definite.

Compared to the method in [15] which needs O(e~") Gaussian beams for the 2n
dimensional Wigner equation, we only need O(e_"/ 2) Gaussian beam due to the
efficient initial data decomposition. Thus our method reduces the computational
cost dramatically.

3. The interface conditions. If the potential V(z) has some isolated disconti-
nuities, the PSGB method will break down at these discontinuous points. Some
interface conditions must be found to connect the PSGB at the interfaces. From
the interface conditions for GB and the relations between GB and PSGB, one can
find the interface conditions for PSGB.

We recall the interface conditions for GB [18, 44]. Assume that the interface is a
line (if n = 2) or a flat surface (if n = 3) locate at ¢ = 0. With q, p, A, M being
the parameters as before, we introduce the following notations, see Figure 1:

Region 1:{q|q1 <0}, q =1[0",q2,- - ,qn}, Vi(q"):= lim Vi(q);

q—q~

Region 2: {q|q1 >0}, q" =[0",q2,--- ,qn]. Va(q"):= lim_ Va(q);

the incident wave vector : p’ := (p%,pa, ..., Pn);

the reflected wave vector : p" := (—p',pa,...,Dn);

the transmitted wave vector : p* := (p,pa, ..., pn),

the amplitudes of the incident/transmitted/reflected beam : A*/A" /A",

the Hessian matrices of the incident/transmitted/reflected beam : M*/M*/M".
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reflected beam
(P M AT) (P, M, AY)
transmitted beam
Region 1 Region 2
o Vi) [ (ay
(P, M} AT)
incident beam interface

FIGURE 1. beams at the interface

When the interface is as in Figure 1, the interface conditions for PSGB are given
as follows. For wave vector p, the Hamiltonian must be conserved,

, , 1 1 B
Py = Py Py =ph 5P+ VA(gT) = 5l + VilaD), (3.1)
. 1 1 . _
P = ph Py =ph 5IP'7+V2(@") = SIP'PF + Valg ). (3:2)
The interface conditions for the amplitudes are
-
A" = a"A' a" = pg pi, (3.3)
p1 +pi
. It
At = A of = Lt - (3.4)
p1 +Dpi
For Hessian matrices, one has
- 1
M' = Q'M'Q — e Q" (3.5)
p1
M= QM (3.6)
where
1
Ql = 1 . 9 l:T7t’ 'U:qu2(q+)*qul(q7)
pi/pi
Then for L = Re(M), K = Im(M), we obtain the following interface conditions
K' = Q'K'Q', l=rt. (3.7)
. 1
L' = QL'Q"- p—tegvTQt, (3.8)
1
L' = Q'L'Q". (3.9)

One can derive

i PiN? i
K = 1R = () 1L 1=t
1
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Combining the above equation with (2.37), we obtain the interface conditions for
U,

) Tt 2
Ut = BUY, with gr = |[ELELIT (3.10)
p1+ D01
; P 4pipt
Ut = pUY, with gt == (3.11)

pi It +pi*

For p, the interface condition is the same as for GB’s in (3.1) and (3.2).
On the other hand, from (2.38)-(2.41) and (3.7)-(3.9), we get the interface con-

ditions for N,

ND = QN QT+ QN (N (Ndy) T NG QT (3.12)
N = @w@*@+mW&Fm@*@—é@ﬁ]

(@) V(@) QRN - eenTIQ (313)
Ny = (@) 'Nyp(Q) ' 1=t (3.14)
Ny = <Qt>-1N5‘1Qt+<Qt>-1N52<Qt>-1pitlechza (3.15)
N = (@)INLQ (3.16)

We will use these interface conditions in our practical computations.

For the general case, one can apply the above techniques in the normal direction
of the interface as in [30]. Take &7, &; to be orthogonal coordinates on the interface.
Defining I'(0,0) = I'g, we can define the interface near £ = & =0 as

2
[(&1,62) = To + &uty + Eata + Z Cij&i& ts, (3.17)
ij=1
where t;,j = 1,2 are orthogonal unit vectors in the tangent plane at I'g, and %3 is
the unit normal of T" at T'y.
The interface conditions for the reflected GB are
pT t_] :pl't_ﬁ .7: 1727
|pr|2 i|2 (3.18)

5 +Vi(q") = ——

and the connection conditions for the transmitted wave
poty=p'-t;, j=12

@Jﬂé(qﬂ = @Hﬁ(q‘). (319
For Hessian matrices M, the reflected GB satisfies
M"=P'MP,, (3.20)
where
P =QiQ; ", Q= (P t1,t2),j =1,
and the transmitted GB satisfies
M'=PTM'P, + Q;"DQ; ", (3.21)

where '
Pt = Q;TQi, Q] = (p]at17t2)7 .7 = iat,
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and
pi'qul(q_)_pt'quQ(q—"_) _ ti v _ to-v
D= ty-v 2(1)7, - pt) ' t3cll 2(171 - pt) . t3012
ty-v 2(p' —p') -t3Cy 2(p' — p') - t3Cos

The amplitudes A are connected by the following conditions

r oAt r (pZ - pt) i t3
AT = andl af= PR (3.22)
A = atAl ato 2Pt (3.23)
’ (p" +pt) - t3

Then by using the relation between the GB and PSGB, one can derive the interface
conditions for the PSGB.

U = B'UY, with 8" = M P, (3.24)
4(131 tz)(P t3)
|(p* + p') - t5?

For p, the interface conditions are the same as for GB’s in (3.19) and (3.18).
The interface conditions for N are given as following

Ut = pUY, with gt = [P (3.25)

N{, = PI(Ny) 'P.+ Pl (N3)" (N3y) ™' N3, Py, (3.26)
Ny, = P IN P, (3.27)
Ny, = P INLPTT (3.28)
Ni, = PI(N3y) 'Pi+ [Q;"DQ; " — Pi(N3y)" (N3y) ' Pl

P NG, P [Qy T DQ — P (Nsy) ™ N3, P, (3.29)
Nztl = Pt_lNélpt - Pt_lNQiQPt_TQt_TDQt_lv (3~30)
Ni, = P7INLPTT (3.31)

4. PSGB Summation. Now we reconstruct the approximate solution of the Winger
equation from PSGBs. One difficulty is that the phase information of GBs is lost
in the Wigner transform. So one can not recover directly the interference terms of
different PSGBs. We will recover the phase information from the parameters of the
GB. The Wigner function of one single GB is a PSGB, which is always positive.
However, the Wigner function of the sum of two GBs is not always positive. The
negative part comes form the cross terms of these two beams.

In the reconstruction process, besides the summation of all the PSGBs, we need
to add the crossing terms (2.42), namely, the solution is

J
We(t,x, k) ZU exp{—f(z—zj) Nj(z—z;)} + Z Uji. (4.1)
j=1 Gl=1,1<j
In order to find Uj;, we must express (2.42) by the parameters of PSGBS From
I,m=1,2,

m”

equations (2.38)-(2.41), one can write L; and K as functions of N

Li=—(Ng)'Ny, K= ()T =12
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Thus, the crossing terms can be expressed by the parameters of PSGBs:

— A A Dy ()y— 71
Uyt = 2067 07 = j l o[- 2 (@=a)T(VED) " (@—a)+(z—a,)T (N~ (w—q,))+i L]
(%) |iM

we 2 (k=pyt 5 (V) @=a)) = (V) (@=a;) 815 (ki +5 (V) (mmay) ~ (V) (@=a1)))]

where
- )y — N )y — Dye1nr (D) par(Dy—
My = —(Ng) TN (N T+ (Ng) T g — ()
R ptp; 1 )\ — 1)y~
pu = T (V) e —qp) + (V) @ - ),
;= (S =9+ (®—q;) —p(z—q))
1 . . D 1
—5 (@ q)" (V) N (@ — q)) + (@ — q) (V) TN (@ - )
In the above formula, S; and A;,5 = 1,---,J include the phase information and
can not be recovered directly. From the equations of GB, we know
. 1
Sj(t) = §|pj|2 - V(‘]j)v (4.2)
. 1
A1) = —5(Tr(My))45(t). (4.3)

Since

|4;(0)2 = U (t)y/ (me)n| K| = Uy (04 (re)" (NS, 0<j <,

we can rewrite A;(t) =|A;(t)|e®7, then

(1) = — 5 Te(IG (1)) = — T(VE)) ™ 1), (14)

2
From (4.2) and (4.4), for j =1,---, N, we obtain

50 = 0+ [ 27— v, )] (@5)
2, = @,0)- / Tr((Ngy)) ™" (r)dr. (4.6)

Finally, the crossing term can be recovered. The approximate solution W (t, z, k)
obtained form the above summation can be negative due to the crossing term Uj;,
which gives important corrections near the caustics.

We summarize our PSGB method as follows,

1. Decompose the initial wave function into a sum of GBs.

2. Define the centers (q;(0),p;(0)) of the GBs as the centers of PSGBs, and
use the relations (2.37)-(2.41) to define the initial values of U;(t), Nl({)(t),
Nl(g)(t), Né{)(t), Nz(%)(t) for PSGB from the parameters of the corresponding
GB.

3. Solve the ODE system (2.50) for each PSGB, and connect the beams at dis-

continuous points with interface conditions (3.12)-(3.16).
4. Use (4.1) to reconstruct the Wigner function W€(t,x, k) from the PSGBs.
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5. Numerical Examples. In this section we present four numerical examples to
demonstrate the validity of our scheme and to show its numerical efficiency. In the
numerical computations the fourth order Runge -Kutta time discretization is used.

Example 5.1. Consider the 1-D Schrodinger equation (2.1) and (2.2). Let
1
V =10, Ao(z)=exp(—252%), So(z)= R log(2 cosh(5z)).
The corresponding Wigner equation is
OWe(t,x, k) +k-V,We(t,z, k) =0, (5.1)
with initial value defined by the Wigner transform of ¢ (0, z).

In this example, the reference solutions are computed by the time splitting spec-
tral method for the Schrédinger equation in [7].

We choose € = 1/1000, the number of PSGBs is 150 and time step At = 1/200.
Figure 2 compares the position densities, the fluxes and the kinetic energies of
the direct simulation of the Wigner equation and our PSGB method. The PSGB
summation method provides an accurate approximation even in the region of the
cusp caustics.

For different €, Figure 3 gives the ! and [? errors of the solution computed by
the PSGB method for position density at time ¢ = 0.5. We use 250 Gaussian beams
and At = 1/1000 in the PSGB method. The convergence rate of both [! and [?
errors is about first order with respect to e.

Example 5.2. Consider the Schrédinger equation (2.1), (2.2), where

0, =<0.2

Ao(x) = exp(=50(z +0.2)%), So(x) = 1.6z, V(z)= {1 x>0.2

the corresponding Wigner equation is
OWe(t,x, k) + k -V, We(t,x, k) + LW(t,x, k) =0, (5.2)
and initial condition is given by the Wigner transform of (0, x).

In this example, the potential contains a discontinuity at * = 0.2. We use
200 PSGBs to simulate the Wigner equation, and the time step is chosen to be
At =1/200. We need the interface conditions (3.12)-(3.16) to connect the reflected
and transmitted PSGB to the incident PSGB.

For the sake of comparison, a reference solution for each potential is computed
by the characteristic expansion method as in [44].

Figure 4 shows the position density, fluxes and kinetic energies of the solution
obtained by directly simulating the Wigner equation and the solution computed by
our phase space Gaussian beam summation method. When an incident wave hits the
singular point of the potential, it splits into a reflected wave and a transmitted wave.
The PSGB method captures the reflected wave and transmitted wave accurately.
The numerical results verify the validity of the interface conditions for PSGB.

Figure 5 gives the I' and [? errors between the solution of the direct simulation
of the Wigner equation and the solution computed by the PSGB method at time
t = 0.4. We use 250 PSGBs and At = 1/1000. The convergence orders of both !
and [? errors are about one half with respect to e. We have seen in Example 5.1
that the convergence order is 1 in ¢ when V() is smooth, whereas in this example
the order reduces to 1/2 due to the discontinuities in V().
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density p

density p

density flux J density flux J

(c) kinetic energy

FIGURE 2. Example 5.1. Evolution of solutions when ¢ = 1/1000.
Left: reference solution; right: approximate solution by PSGB
method, using 150 PSGBs and At = 1/200.

Example 5.3. Consider the Schrodinger equation (2.1), (2.2), when

0, z <0,
1-02z, 0<x<0.5,
Ag(z) = exp(—100(z + 0.4)%), So(z) = 1.8z, V(z) = { —0.2z, 0.5 <z < 1.5,

1-02z, 15<x<2,
—0.5, T > 2,
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FIGURE 3. Example 5.1: the convergence rate in € of the I* and [?
of the position density. Here we use 250 PSGBs and the time step
is chosen as 1,/1000.

the corresponding Wigner equation is
OWe(t,x, k) +k -V, We(t,x, k) + LWe(t,z, k) =0, (5.3)
and the initial value is defined by the Wigner transform of (0, x).

The potential V' (z), as depicted in Figure 6, possesses the form of the potentials
for the resonant-tunneling diode (RTD) [10]. This kind of potentials appears in
nanostructure and has been considerably explored in the field of semiconductor
technology.

V(z) has four discontinuities, and we need the interface conditions for PSGBs
at these points. We use 200 phase space Gaussian beams to simulate the Wigner
equation, and the time step is chosen to be At = 1/200. Figure 7 shows the posi-
tion density, fluxes and kinetic energies of the reference solution and the solutions
computed by our PSGBs summation method. Thanks to the interface condition-
s, our method captures the reflected wave and transmitted wave accurately. The
numerical results verify the validity of the interface conditions for PSGBs.

Figure 8 gives the {! and I? errors between the reference solution and the solution
obtained by the phase space Gaussian beam method at time ¢t = 1.8, where we use
200 PSGBs and and the time step At = 1/1000. The convergence rates of both I!
and [? errors are about half order in .

Example 5.4. Finally, we consider the 2-D Schrédinger equation (2.1) and (2.2),
where

0, <0,
Ag(z,y) = exp(=100((z + 0.5)* + ¢%)),  So(z,y) = Lbz, V(r,y)= {1 ; >0
) X )
the corresponding Wigner equation is
OWe(t,x, k) + k- V W(t,x, k) + LW (t,xz, k) =0, (5.4)

and initial condition is given by the Wigner transform of ¢(0, x).



18 DONGSHENG YIN, MIN TANG AND SHI JIN

(c) kinetic energy

FIGURE 4. Example 5.2. Evolution of solutions with ¢ = 1/1000:
left, the reference solution, right, the approximate solution by PS-
GB method

V(x) has a jump at x = 0, so we need the interface conditions for PSGBs at
this interface. In this example, a plane wave propagates form left to right, hits the
interface and gives rise to a reflected wave and a transmitted wave. We use 200
phase space Gaussian beams to simulate the 2-D Wigner equation with e = 1/400,
and the time step is chosen to be At = 1/200. Figure 9 and Figure 10 show the
position density, fluxes and kinetic energies of the reference solution and the solution
computed by our PSGBs summation method. Thanks to the interface conditions,
our method captures the reflected wave and transmitted wave accurately. The
numerical results verify the validity of the interface conditions for PSGBs.
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FIGURE 5. Example 5.2: the convergence rate in € of the I* and [?
errors of the position density. Here we use 250 PSGBs and At =
1/1000.

V(x)=1-0.2x

V(x)=1-0.2x

V(x)=0

V(x)=-0.t

FIGURE 6. Example 5.3: An electric potential V(z) in Resonant
Tunneling Diode.

6. Conclusion. In this paper, We constructed a PSGB summation method for
the Wigner equation with discontinuous potentials. By expanding the potential
into a quadratic function locally, we derive the formulation of the PSGB method
for the Wigner equation. We explore relations of the GB and the PSGB. Using
these relations, we derive an efficient initial data decomposition method and the
interface conditions for PSGBs and develop a summation method for the PSGBs.
The computational cost of the PSGB method is much less than the direct simulation
of the Wigner equation, but similar to the GB in physical space.

In the future, we will extend our method to the Wigner-Poisson and Wigner-
Boltzmann equations.
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18

(c) kinetic energy

FIGURE 7. Example 5.3. Evolution of solutions when ¢ = 1/1000.
Left: the reference solution; right: the approximate solution by our
PSGB method, using 200 PSGBs and At = 1/200.

REFERENCES

[1] J. Akian, R. Alexandre and S. Bougacha, A Gaussian beam approach for computing Wigner
measures in conver domains, Kinetic and Related Models, 4 (2011), no.3, 589-631.

[2] G. Ariel, B. Engquist, N. Tanushev and R. Tsai, Gaussian beam decomposition of high
frequency wave fields using expectation-mazimization, Journal of Computational Physics,
230 (2011), 2303—2321.

[3] A. Arnold and F. Nier, Numerical Analysis of the Deterministic Particle Method Applied
to the Wigner Equation, Mathematics of Computation, (58) (1992), no.198, 645-669.

[4] A. Arnold and C. Ringhofer, Operator splitting methods applied to spectral discretizations
of quantum transport equations, SIAM J. Numer. Anal., 32 (1995), 1876-1894.


http://www.ams.org/mathscinet-getitem?mr=MR2823990&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2764548 &return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1122055&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1360463&return=pdf

(5]

[6]

[7]

(8]

[9]
(10]
(11]
(12]
(13]
(14]
(15]
(16]
(17]
(18]

(19]

20]

GAUSSIAN BEAM FOR WIGNER EQUATION 21

10°

—_—l2

—©—error

—+— 12 error
107 1
107 E
107 -4 ‘—3 ‘72 =

10 10 10 10

FIGURE 8. Example 5.3: the convergence rate in € of the I* and [?
errors of the position density. Here we use 200 PSGBs and At =
1/1000.

A. Arnold, H. Lange, and P. Zweifel, A discrete-velocity, stationary Wigner equation, J.
Math. Phys., 41 (2000), 7167-7180.

A. Arnold, Mathematical properties of quantum evolution equations, In “Quantum
Transport-Modelling, Analysis and Asymptotics”, (eds. G. Allaire, A. Arnold, P. Degond,
and T. Hou), Lecture Notes Math. Springer, Berlin, 1946 (2008), 45-110.

W. Bao, S. Jin and P.A. Markowich, On time-splitting spectral approximations for the
Schrédinger equation in the semiclassical regime, J. Comput. Phys., 175 (2002), 487-524.
S. Bougacha, J. Akian, and R. Alexandre, Gaussian beam summation for the wave equation
in a conver domain, Commun. Math. Sci., 7 (2009), 973-1008.

L. Dieci and T. Eirola, Positive definiteness in the numerical solution of Riccati differential
equations, Numer. Math., 67 (1994), no. 3, 303-313.

W. Frensley, Wigner-function model of a resonant-tunneling semiconductor device, Phys.
Rev. B, 36 (1987), 1570-1580.

P. Gérard, P. A. Markowich, N. J. Mauser, and F. Poupaud, Homogenization limits and
Wigner transforms, Comm. Pure Appl. Math., 50 (1997), 321-379.

T. Goudon, Analysis of a semidiscrete version of the Wigner equation, STAM J. Numer.
Anal., 40 (2002), 2007-2025.

H. Guo and R. Chen, Short-time Chebyshev propagator for the Liouwville-von Neumann
equation, Journal of Chemical Physics, 110 (1999), 6626-6623.

E. J. Heller, Time-dependent approach to semiclassical dynamics, The Journal of Chemical
Physics, 62 (1975), no.4, 1544-1555.

I. Horenko, B. Schmidt and C. Schiitte, Multdimensional classical Liouville dynamics with
quantum initial conditions, Journal of Chermical Physics, 117 (2002), no.10, 4643-4650.
N. Kluksdahl, A. Kriman, D. Ferry, and C. Ringhofer, Self-consistent study of the resonant
tunneling diode, Phys. Rev. B., 39 (1989), 7720-7735.

S. Jin, P. Markowich and C. Sparber, Mathematical and computational methods for semi-
classical Schridinger equations, Acta Numerica, 20 (2011), 121-209.

S. Jin, D. Wei and D. Yin, Gaussian beam methods for the Schrédinger equation with
discontinuous potentials, submit to Journal of Scientific Computing.

S. Jin, H. Wu, and X. Yang, Gaussian beam methods for the Schrodinger equation in the
semi-classical regime: Lagrangian and Eulerian formulations, Communications in Mathe-
matical Sciences, 6 (2008), 995-1020.

H. Kosina and M. Nedjalkov, Wigner function-based device modeling, In “Handbook of The-
oretical and Computational Nanotechnology” (eds. M. Rieth and W. Schommers), American
Scientific Publishers, Los Angeles, 10 (2006), 731-763.


http://www.ams.org/mathscinet-getitem?mr=MR1788568&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2497875&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1880116&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2604628&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1269499&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1438151&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR1974172&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2805153&return=pdf
http://www.ams.org/mathscinet-getitem?mr=MR2511703&return=pdf

22

DONGSHENG YIN,

MIN TANG AND SHI JIN

(b) density flux

FIGURE 9. Example 5.4. Solutions when e = 1/400. Left: the
reference solution; right: the approximate solution by our PSGB
method, using 200 PSGBs and At = 1/200. Upper: ¢t = 0.4, Lower:
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