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Abstract

In this paper, we propose a high order Fourier spectral-discontinuous Galerkin method for time-dependent Schrodinger—Poisson
equations in 3-D spaces. The Fourier spectral Galerkin method is used for the two periodic transverse directions and a high order
discontinuous Galerkin method for the longitudinal propagation direction. Such a combination results in a diagonal form for the
differential operators along the transverse directions and a flexible method to handle the discontinuous potentials present in quantum
heterojunction and supperlattice structures. As the derivative matrices are required for various time integration schemes such as the
exponential time differencing and Crank Nicholson methods, explicit derivative matrices of the discontinuous Galerkin method of
various orders are derived. Numerical results, using the proposed method with various time integration schemes, are provided to
validate the method.
© 2007 Elsevier B.V. All rights reserved.
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1. Schrodinger—Poisson equations and discontinuous potentials

A self-consistent system of nonlinear Schrodinger—Poisson equations for a complex wave function Y(x, #) and
potential Vo (X, 1), X = (x, y, 2) is defined as

oY _ 1vzalur(v + V) ¥ (1.1)
lat = B in ch) 1, .
V2Ver = — P12, (1.2)
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where Vi, (X, ) is some given external potential or intrinsic potential due to the band structures of the materials used
for quantum confinement in heterojunctions and quantum supperlattices [10].

This simple looking nonlinear system has important applications in quantum systems and requires subtle physical in-
terpretations and much computational efforts for self-consistent solutions. To motivate the research in this paper, we will
first give some background of several physical problems which can be modelled by the nonlinear Schrodinger—Poisson
equations (1.1) and (1.2).

Quantum many body system: A system of N electrons and N, nuclei interacting via the Coulomb potential is described

by the linear Schrédinger equation for the wave function =y (ry, rp, ..., ry, 1)
. N q°
ihd, ) = — Z %Ajl// + Z mw + Vext(X1, T2, .o TN, DY,
= 1< j<k<N
Y@ =0)=y,;(r,r2,...,rN), (1.3)
where m is the mass of electron, ¢ is the charge of one electron and 7 is the reduced Planck constant. Ve (ry, ..., Iy, )

is a generic, time-dependent external potential from the interaction between electrons and nuclei and time-dependent
electric and magnetic fields. The solutions of the many-particle Schrodinger equation poses great computational chal-
lenges, which has been only solved for very small number of particles. Due to the prohibitive high cost of solving
many-particle Schrodinger equations, it is of practical importance to derive one particle equation models in the form of
(1.1) and (1.2) to approximate the many body system. The rigorous mathematical justification of one particle equation
for time-dependent quantum system is still an active research topic. Recently, the one particle Schrodinger—Poisson
equations for time-dependent many Boson system is derived in [3] in the weak coupling limit. The Poisson equation
for Veh (X, 1) in this case models the “mean field potential” from other particles on the one particle of interest.

Quantum-gravity system: The Schrodinger—Newton equations for a quantum-mechanical particle of mass m moving
in its own gravitational potential are the pair of coupled nonlinear partial differential [15]

. 0Pxt h2 3

in =——AYPx, 1) +mV(x,)¥P(x,1), xeR’, (1.4)
ot 2m

AV (X, 1) =4nGm|P(x, 1), (1.5)

where V (x, t) is the gravitational potential and G the Newton’s gravitational constant. And we can see that the
Schrodinger—Newton equations are of the same form of the Schrodinger—Poisson equations (1.1) and (1.2).

TDDFT for many body quantum system: In quantum chemistry, time-dependent density functional theory (TDDFT)
generalizes the classical Hartree—-Fock approximation of many electron system by addressing the exchange and cor-
relation effects. It has become an important tool to find excited electronic state energies [25]. The time-dependent
Kohn—-Sham (TDKS) equations for N particle systems involve N-wave functions ¥ (x, t) and are given as

L OV (x, 1) A .
ih—L = (—— + vs[n](x, r)) ¥(x,1), xeR, j=1,2,...,N, (1.6)
ot 2m
nx',t)
vs[n](X, 1) = Vexe (X, 1) + x| dx” + Vxc[nl(x, t), (L.7)

N
n(x.0) =gy |¥;x 0P

j=1

where the second term of the potential vs[n](x, t) can be solved with a Poisson equation and Vxc(X, t) is the exchange-
correlation potential. Therefore, TDKS equations are similar to the time-dependent Schrédinger—Poisson equations.
The only difference is the exchange-correlation potential term takes a more complex form

0Exc[n]

Vxclnl(x, t) = T,

where Exc[n] denotes the exchange-correlation energy for which approximations like the local density approximation
(LDA) can be used [12].
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Discontinuous potentials: In many applications, especially with localized potential structures of heterojunction
and quantum supperlattice structures formed by an array of quantum dots [10], the intrinsic potential Vj,(x) will be
discontinuous, thus producing discontinuities in the wave functions in the cases of different electron masses across the
discontinuities. It is important to have a numerical method to handle such discontinuities in the wave functions with
high accuracy and ease. For this reason, we propose to use the discontinuous Galerkin (DG) method [26] to handle this
discontinuity in wave functions along the propagation z-direction. Meanwhile, in many quantum supperlattices, such as
arrays of quantum dots, the potential is or can be modelled by periodic functions over the transverse (x, y) plane, where
a Fourier spectral method is a natural candidate [11]. For these two reasons, we adopt a hybrid spectral-discontinuous
Galerkin method for coupled nonlinear time-dependent Schrédinger—Poisson equations with discontinuous potentials.

In addition, we will investigate various time integration schemes with the hybrid method. To achieve larger time
steps, exponential time differencing (ETD) scheme has attracted much attention [8], recently. The ETD method uses a
time integrating factor associated with the linear part of the semi-discretized system, namely, the derivative matrices
resulting from the numerical discretization of the differential operator. In our Fourier spectral-DG method, the derivative
operators along the transverse (x, y) directions are diagonal matrices. As a matter of fact, the Schrodinger—Poisson
equations become a series of differential in equations in (z, t), to which the ETD could be applied. In order to find the
time integrating factor for these (z — ) differential equations, we will need the explicit form of the z-derivative matrices
from the DG methods. The explicit form of the derivative matrices will also be needed for implicit time discretizations
such as the Crank Nicholson scheme. Derivative matrices will be derived for DG methods with two types of numerical
flux definitions.

Self-consistent solutions of Schrodinger—Poisson equation are important in the simulation of carrier transport in na-
noelectronics such as the resonant tunnelling diode (RTD) [19,6,17] and MOSFET [22,18]. In most situations, time inde-
pendent Schrodinger—Poissons are solved for the eigenstates of the quantum system [4,7]. However, in some situations
a time-dependent solution will be needed due to the transient nature of the external potentials such as in a laser excited
process. Previous work on time-dependent Schrodinger—Poisson includes the work of [9] which considers spherically
symmetric Schrodinger—Poisson equations with finite difference method in space discretization and Crank—Nicholson
type predicator—corrector scheme for time integration. The authors of [14] present a numerical study of the time-
dependent Schrodinger—Newton equations in three dimensions with three kinds of symmetry: spherically symmetric,
axially symmetric and translational symmetric. The numerical discretization methods again include Crank—Nicholson
method for time integration and finite difference for space discretization method and spectral method for the Poisson
equation. A finite difference method is also used in [21] to solve spherically symmetric Schrodinger—Poisson equations.
Recently, a time-splitting spectral method is proposed in [2] to solve the Schrodinger—Poisson problems with periodic
boundary conditions in all three spatial directions.

The rest of the paper is organized as follows. In Section 2, we will reduce 3-D equations into a set of 1-D equations with
the Fourier Galerkin method in the (x, y) directions. In Section 3, we give DG methods for second-order z-derivative
in the Poisson equations, and the explicit forms of derivative matrices will be given for two types of numerical fluxes
(central and upwinding) used in the DG methods. In Section 4, the Fourier spectral-DG methods and various time
integration schemes will be investigated. In Section 5, after addressing the boundary condition issues including PML
layers and total-scattering wave formulations for the Schrodinger equation, we present numerical results to validate the
proposed method. The following numerical tests are provided: the accuracy of the derivative matrices; the accuracy of
various time integrations for the time-dependent Schrodinger equation; finally, the computation of a 3-D time-dependent
nonlinear Schrodinger—Poisson equations with discontinuous potentials, which models quantum supperlattices formed
by an array of periodic quantum dots. In Section 6, a conclusion will be given.

2. High order Fourier spectral-DG methods
The Schrodinger—Poisson system in three dimensions can be written as

ok 4 1_, 2
laz _EV +‘/tO[ W(L%Z,l),(x,y,Z)6[0727f] X[OvL]’ t207 (21)

VZiVeh = —|¥P(x, y, 2, 1)|%, (22)
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where i = +/—1 and the external/intrinsic potential Vi, (x, y, z, t) and the total potential Vi (x, v, z, t) are assumed to
be periodic in (x, y) plane with a period 27. Also, ¥Y(x, y, z, t), the particle wave function, is assumed to be a periodic
functions in (x, y) variables. We have set the Planck constant i = 1 and the mass m = 1, the electron charge in (2.2)
q = 1. The total potential function Vi (x, y, z, t) is the sum of the external/intrinsic potential Vi, and the self-consistent
potential due to the charge Vi, i.e.,

Vtot(x’ y’ <, t) == ‘/irl(-xa ya <, t) + Vch(-xa y5 <, t) (23)

Due to the periodicity of the problem in the (x, y) directions, we will use a Fourier spectral method in the transverse
(x, y) directions while a DG method will be applied to the z-direction to treat the possible derivative discontinuities of
the wave functions from the jumps of the potentials at material interfaces. The wave function is then written as

Wix,y,z,0) =) expli(mx +ny)ima(z, 1), 2.4)

m,n

where m, n are integers. Similarly, we can assume that the charge potential energy V., can be written as

Ven(x, v, 2, 1) = ) exp(imx + ny))vmn(z, 1), 2.5)

m,n

where v, ,(z, t) are complex-valued functions and v_, —,, and v, , are conjugate to each other for a real-valued
Ven(x, ¥, z, t). Substituting (2.4) and (2.5) into the Schrodinger—Poisson system yields

i% %exp(i(mx + ny)itpn(z 1) = — V? (Z exp(i(mx + ny))um (2, t))

m,n

+ (Vin + Ven) (Z exp(i(mx + 1Y)t 1 (2, r)) : (2.6)
2

> " exp((mx + ny)umn(z.1)] - 2.7)

m,n

v? (Z exp(i(mx + ny)) vy, a(z, f)) ==

m,n

The Galerkin projection of (2.6) and (2.7) into the orthogonal Fourier basis yields a set of 1-D differential equations

2
it (20 = = Stna(@ 1) + (m* 4 1)y (2, 1) + Vinlt (2, 1)
+ > Uy my (25 Dby (2 1), (2.8)
ni+ny=n,mj+my=m
ﬁv (z,1) = — Z i (z,u (2, 1) + (m> 4+ n>)vmn(z, 1) (2.9)
azz m,n\<» mi,ny ) mo,npy \&» m,n\<» . .

my—my=m,ny—n|=n

Egs. (2.8) and (2.9) form a system of 1-D ordinary differential equations for (z, 7)-variables, for which the spatial
z-derivative will be discretized by the DG method while the time derivative will be approximated by various time
integration schemes.

3. DG discretization for Poisson equation

We will illustrate the DG method for a Poisson equation in the 1-D case. The equation is written into 1-D form

4 (8(z)iu(z)) = f(z) in [0, L] 3.1
dz dz
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with the following typical boundary conditions:
0
u(0) = p, a—u(L) = 3.2)
Z

Following [26,16], we introduce a new variable

q=u'(2), (3-3)

and obtain a first-order system
d
d—Z(S(Z)Q(Z)) - f@)=0, 4

u'(z) — q(z) =0. 3.5)

Assuming the computational domain [0, L] is discretized into N elements, we let I; = [z;_1,2, zj+1/2] denote the jth
element where 0 = z1/2 <232 <--- <zy+1/2 = L. The finite element space is

Vi={veL'0,L]:v]; € P, j=1,....N}, (3.6)

where P¥(I) denotes the space of polynomials in I of degree at most k. The approximate solution (y,, ¢;) by the DG
method is defined with the following weak form:

Yopu € Pk([j)I

dvp.
- / ()i (2) @)

—_ + _
. dz dz + hq,j+1/2(t)vh,u(zj+1/2) - hq,j—l/Z(t)Uh,u(Zj,UQ) = /I; S(@vpdz, (3.7)

Yo, € PA(I)):

dvp 4 (2) _
- /1 up(z, t)d—z dz — hu, j1/2(OVhg (24 o) + hu,j—l/Z(t)vh,q(Z;!—,l/z)

=/] qn(z, Hvp,4(2) dz, (3.8)

where (h4, j11/2, hu,j+1/2) is the numerical flux which approximates (eq, u) at z;1,2, respectively.
For z € I;

up(z, 1) =Zui¢;{(z), (3.9)
k=1

Gz )= g}, (), (3.10)
m=1

where s is the number of basis functions, q’)i is the basis functions and u,j( and q,{; are the time-dependent coefficients.
After replacing u;, and g, with the expressions (3.9) and (3.10) and setting the test function v, = qﬁ{; in (3.7) and

(3.8), we can get the following linear system for the coefficients u,]; and q,{, forj=1,...,Nandn=1,...,s:
s : . . . .
—&j Y MG + hg 11205 j4172) = hg j-1205(zj-172) = / [ () dz, (3.11)
m=1 1
S . . . . § . . .
=Y Molug b1 280,@12) = hu 1280, (2 2) = f] D@l $i i dz, (3.12)
k=1 J k=1
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where the stiff matrix is
) . do/
M =/ qﬁin(z)ﬂdz. (3.13)
I dz

Also we assume that &(z) is piecewise constant,
e(z)=¢; forzelj.

In the following, we will present the resulting finite difference formula with appropriate derivative matrices for the
physical variable u with the auxiliary variable g eliminated. We first express q,ﬁ using ui by solving (3.12) (note that,
this operation need not solve a linear system of size sN, and only a small size hnear system of O(s) for each element),
and then replace ‘11 in (3.11), then we will get a linear system of size sN for u? i only.

Assuming that the local mass matrix is diagonal, which can be achieved by using Legendre polynomials as the basis
functions for P¥(I i)

i i 0 if Kk #=m
J J — )
/1,- () by, (2) dz = {ijm Sk =m. (3.14)
we obtain q,’,; in terms of u,ﬁ
. |: M,lef”k + hy J+1/2¢ (Zj+1/2) — hu j1/2¢‘,§1(zj'1/2):| . (3.15)
J.m

Substituting (3.15) and (3.11) results in

2.j
—¢&j E M, —
cj,

[ ZMZ ]uk + R, j1200, (2j1172) — ha j—1/2¢}£1(Zj—1/2):|

m

+hy, j+1200(zj412) — hg j—1205(zj—12) = /1 f@¢l () dz. (3.16)

3.1. Derivative matrix Dsy for a central flux
First, we will derive the derivative matrix for unknowns u,jc using the central numerical flux proposed in [16]
hu,j+l/2: %(M(Z;_H/z) +M(Zj+l/2))’ (3.17)

hg.j+1/2 = 50654540 ) + 410 ) (3.18)

The above fluxes at the boundaries z1,2 =0, zy+1/2 =L will be modified using the boundary condition (3.2) as follows:

huijz = 5B+ M(Zfr/g)), hg1p2= SICI(ZT/Z), (3.19)
huNvi2=u(Zy i) hgnt12= %SN(q(Z;/+]/2) + 7). (3.20)

We have assumed that the material constant is continuous across both boundaries, i.e., &g = €1 and ey = ey41. At the
left boundary z1 2, as the function value is known, we set u(zl_/Z) = [ and q(zl_/z) = q(zi"/z). At the right boundary,

the derivative boundary value is given, we set q(z; 41 /2) =y and u(z; 41 /2) =u(zy, /2).
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Now (3.16) is rewritten as

s,ZZ—M“M”

k=1 m=1 CJ-m
X —&j Z 7 ol bl @1 12+ € Z 7 Sl ) (@1 12
m=1
A B
+ hg, 1208z 41/2) —hg, j—1 20 (zj-12) =/1A F(@dl(z)dz. (3.21)
C D !

For j=1,2, N —1, N, the flux defined in Egs. (3.19) and (3.20) will be used. For 3< j <N — 2, using the flux of Egs.
(3.17) and (3.18), we have

N
=—¢j Z My ), (zj41/2) Z(# (zj41/2)u] + ¢/]<+] (Zj+1/2)u,j{+l), (3.22)
j m k=1
2B =g Z —M;,,{ Gh(2j-1/2) Z(qﬁk (@joyul + o1 ul), (3.23)
m=1 Cjom
2C/¢i(zj12) = £jq” (2j412) + €417 T (2 412)- (3.24)

Replacing q,{l in (3.24) with (3.15), (3.24) reads

2C/ i (zj412)

o o
= (ejqndl (zjs12) + ejv1gm’ TNz i412)

=g [7(—Mfggui + 1200, (zj4172) = B, j—1200,(zj—12)) 3, (Zj+l/2):|
J.m

. : )
+ejq1 [C_ , (=M by i 2js) — uj+l/2¢{n+1(zj+l/2))¢{n+1(Zj+l/2)j|
Jjt+lm
Lo i J 1 2+ gl j+1
=ej | ———M, 7 (zjr1)uy | +ej1 | — M, T (Zj 12Uy
Cjm Cji+1,m
+e '—<l5 (Zj+1/2)b1, (Z/+1/2)huj+1/2—61—¢>j (Zj=1/2) % (2 j+1/2)hu,j—172
Cjm
teji " D1 @3 i @43
J ,m
ATy AR CTERYE VRN CITRYEY DR TRYS (3.25)
J ,m

In (3.25) and the rest of this subsection, double index k or m implies summation over 1 <k <s, 1 <m <s, respectively.
No summation is assumed over the element j index.
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Substituting the numerical flux (3.17) into (3.25) yields
2C/ ) (zj+1/2)

1 _— ; 1 . ) .
_ ] J z,j+1 41 Jj+1
=&j | =M bp @jryug ) +ejar | ———— M, ¢ (22
Cj.m Cji+l,m

Jj+1

1 . . | -
+8j_c_ ¢,’n(zj+1/2)¢,’n(zj+1/2)E(Mﬁi(zjﬂ/z) +ul T o (zj512))
,m

- C—¢> (Zj—12) b}, @j+1/2)5 (M Yol 210 F ul bl (zi12)

J.m

; ; L1t 42 j+2
+&j+1 <f>f,,+l(Zj+3/2)</>f,,+l(Zj+1/2)§(ui+ 1 @jga) +ul Ol (2j432)

Cit+1,m

j ' Lo i1+l
—&j41 ¢zn“(z,~+1/2)¢z,,“(z,-+1/z>§(u~,i¢,{(z,~+1/z) +ul T o 21 0)) (3.26)

Cj+1,m

Similarly, we have

— 2D/ (zj-1/2)

1 i 1
=& (— M i 2o ] 1> +&j (——MZ Ll (2 1/2)“k)
Cj—1,m ¢

J.m

i i Loy -1 i
+ej_1 R CTIRYI A I(Zj—l/z)z(uji O (zj—12) Fuldl(zi—1/2)

Ci—1,m

. 1 . P
—&j-1 A CTIRYY T YA I(ijl/z)z(ui 20l 2o +ul T Ol @ma))

Ci—lm

' j Loy i+, it
+5jc' ¢{,1(Zj+1/2)¢{n(zj—l/2)E(”}id’/{(Zj+l/2) +ul T ¢l @)
J,m

1. . 1 o
—SjC.—¢£1(Zj71/2)¢fn(zj>1/2)§(Mi ! 3 I(Zj71/2)+u]]c¢£(zj71/2))‘ (3.27)
J.m

e Difference equations for variable u: From (3.21)—(3.23), (3.26) and (3.27), we have the difference equations for u for
j=3,4,...,N -2,

N N
Jij=2 j— jj 1j—1 JiJ JJ+1 j+1 Jl+2 j+2
E ay’y “up + E a, up  + E a,’juy + E a, E —fn, (3.28a)
k=1

where 1 <n<s,and for j = 1,2, N — 1, N the equations are

N s
Z“ﬁi“HZa”H X a PP+ nl=4, =1, (3.28b)
= k=1
S N
1 1 1 2 2 j .

ayiul +Zﬂiiu1’< Z AR Z AT ey S S Y § (3.28¢)

k=1 =
N

Z“” Cul +Za” lui_l+zaiiui+b’=ﬁ{, j=N, (3.284)
s s N s

-2 -2 1 j—1 1 it ,

ani Cul Y oan A Y a4 Y e b= =N, (3.280)

k=1 k=1 k=1 k=1
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where

f,{=/ F@di()dz, 1<j<N (3.29)
1

and a%{ is the nonzero element ((N — 1) j +n, (N — 1)l 4 k) of the matrix of the linear system. The formulas for a%{

b,{ are given in Appendix A.
Finally, the matrix form of Eq. (3.44a)—(3.44¢) is

u! b! f!
u’ b? f2
u? 0 f3
py| wt [+] 0 |[=] |, (3.30)
uV-1 pV-1 FN-1
N bN fN
where u/ = (u{, ué, ey uf) denotes the vector with components u,]; appearing in (3.9), and £/ = (flj, fzj, ey fsj)

denotes the vector with elements fnj given by (3.29) and the block pentadiagonal derivative matrix

AGD 402 403 g 0 0o - 0 0 0
AQD  AQD  4@3) 424 0 ... 0 0 0
AGD  ABG2  AB3) 4G4 4G5 0 - 0 0 0
Dsy = 0 ABG2D  A@G3) AG4 4@ 4(4.6 0 0 0 , (33D
o b o 0 0 o . oamin awen g

while AUD = (a,{’i) is a matrix of dimension s x 5. b/ = (b7, bé, ...bl), j=1,2, N —1, N denotes the vector which
comes from the boundary conditions.
If we take the basis function as

$l() =L@ (), k=12.....s zelj

; 2(z — zj
o) = 25, (3.32)
hj

where £ ; is the length of the jth element and Ly is the Legendre polynomial of degree k — 1, e.g.,

L@ =1 La)=z L3)=33-1),

— 1(5g3 _ 1 4 2

L4(9) =5(5¢ —30), Ls(&) =535 — 308" +3).

These basis functions make the mass matrix diagonal with diagonal elements
hj hj hj hj
cj1=nhj, Cj,2=?1, Cj,3=?], Cj,4=7j, Cj,5=3] (3.33)

and, the nonzero elements of the corresponding stiff matrix are

Z.j _ 2, _ zZ,j _ z,j _ z.j _ 2, _
Mz,1 =2, M312 =2, M4,1 =2, M4’3 =2, M5,2 =2, M5,4 =2.
For simplicity, we assume that ¢; = 1, for all j, and all the elements are of the same lengph h. The block matrices
in Dsy can be explicitly found for the basis functions of order 1 <s<5. The matrices AUD  AGI=D - AGIHD for
3<j< N —2are given as follows. For j =1, 2, N — 1, N, some matrices are a little different from the above one
because of the influence of the boundary condition. We also list them and the responding vectors out.
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e Casel:s=5
45
e 0
2h s
0 _=
2h
AGh | -3
2h 35
0 _
s 2h
- 0
2h

AUT=D — (A(j,j+1))T —

AUT=2D) — (A(j,j+2))T —

85 1

4h 4h
5 111

4h 4k

acn_ |6l 1
4h 4

5 71
4h 4h

5 1

4h 4h

35 41

4h 4h

51 57

4h 4h

At _| B2
4h 4h

31 37

4h 4h

1

4h

85

4h
91

4h
73
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1 1 1
A(I,Z) - bl — _ﬁ7 b2 — _ﬁ’

4h’ 4h 4h
A —_ LN lg
4n° 27
A(N—l,N) _ i bN—l =0
4n°

3.2. Derivative matrix Dsy for a upwinding flux
In [26] a different numerical flux with upwinding approaches is proposed
hu,j+1/2=u(1;+1/2); (3.34)

hgj+1/2= 8j+161(2;r+1/2), (3.35)

For j =1 or N, using the boundary condition (3.2), the numerical flux (3.34) and (3.35) will be changed into

huip=p, hg1p= SIQ(ZT/Z), (3.36)
hunt12=uZy 1), hgN+1/2=ENY- (3.37)

In this case, the derivative matrix Dgy is found to be a block tridiagonal matrix instead of the block pentadiagonal
matrix in (3.31) and only b!, b" are nonzero in (3.30)

ALD 402 0 0 --- 0 0 0
ACD 422 A423) 0 0o --- 0 0 0
0 AG2D AG3 AGH o ... 0 0 0
D5y = : : : : o : : : ’ (3.38)
(') 0 0 O O A(N—i,N—Z) A(N—i,N—l) A(N;l,N)

0 0 0 0 o --.. 0 AWNN=1) AN,N)

where AUD = (a,'i’i) is a matrix of dimension s x s and for 2<j <N — 1,

a,{ji = ejTMé;JMng - Sij Méh{‘i)%(ZjJrl/z)d)i(ZjH/z)
J.m J.m
+ ¢ (zj12)(— 8/+1) ¢>k(21+1/2)¢ Yzjs12)08  zj112)
. 1
— ¢)(zj-1)2) |:— —M”W (zj— 1/2)-|-8] ¢k(zj+1/2)¢] (Zj+12) 3 (zj— 1/2)], (3.39)
Cjm

Joitl ; 1 2+l i
a ;= 0nzjt172) |:_8j+1C'1 M, T (2j4172)

Jjt+1lm
+&j41 OI 3 P 1) LT (z,+3/2):| (3.40)
Ci+1,m
- L -
ary :ngj_m wn O (=127 (2j—1/2)

. 1. ) .
Ol zjo1)ej— bl 1) bl i) dl @ io1). (3.41)
Cj,m
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Using the flux Eq. (3.36) and j = 1, we have

. 1 - . 1 . ;
by =ej—— My &l (zi—12) B — ¢l (zj—1/2) [_3j7¢£,(zj1/2)¢£n(2j1/2)ﬁ1| .
J.m

Cj.m

The expressions of ar{’ ,J( and a,{’iﬂ are the same as that of (3.39) and (3.40), respectively. Using the flux Eq. (3.37) and
Jj = N, we have

o 1 S 1 o .
ayy = ej——Mua Myl — &j—— My 3, (2j11/2) D1 (2j+1/2)
Cj.m Cjm
j [N LY j j
— ¢(zj-172) —&j My & (zj—172) “FSjT¢k(Zj+1/2)¢m(Zj+]/2)¢m(1j7]/2) : (3.42)
J.m J.m

The expression of ai:,{_l is the same as that of (3.41), and

b = ¢l (zj41/2)E)7.

The matrices AUD, AGI=D " AGHD for2 < j < N —1 are given for the basis functions of order 1 <s <5. The different
matrix blocks and vectors at boundary elements are also given.

Case 1: s =5
50 2 44 12 30
h h
2 50 8 40 22
ho h h h h
A | % 8 50 18 36 f
h h
2 40 18 50 32
hh  h  h h
30 22 36 32 50
n h h h h
25 25 25 25 25
23 23 23 23 23
hohh h
A=Y = (aG+yT [ 1919191919
h o h
1313 13 13 13
h K h h
5 5 5 5 5
h h h h h
25 23 19 13 5 25
h  h h h h h
23 25 17 15 3 23 |
h Ko h hoh |
YR I A AU L L R NI I
h h h ho| h ’ 1
1315 7 25 7 13
h h o h hoh h !
5 3 17 25 5
ho hohoh h
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o Case2:s =4
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4 4
=1 — (A J+D\T _ h h
AGID = (AU = (B R
h
4 2 4
wMm_ | hoh i_| n v_ (1Y,
h h h
Case 4: s = 1, the block tridiagonal matrices are reduced to three scalar numbers,
A — _ 2 pG) _ gGa-n Z L
h’ h’

1

AWNN) _
h’

p'=p b=y

4. Fully discretized spectral-DG method for Schrodinger—Poisson equations

As Eqgs. (2.8) and (2.9) are a set of 1-D differential equations in (z, t)-variables, the discretization of these equations
is similar to that of the following two equations:

2
igu(z, 1) = —@u(z, 1) +v(z, Hu(z, t), 4.1
62
6_ZZU(Z’ 1) =—i(z, Hu(z, 1) 4.2)

with appropriate boundary conditions (Dirichlet or Neumann). The discretization of (4.2) is the same as (3.1), we have
the following linear system similar to (3.30):

v! g1
2 2
v g

pn| . [+® =" [ 43)

v gV
where Dy y is defined in (3.31) or (3.38), vector B) =(b!, b2, 0, e ,‘O, bV - 1}, bN)T is the boundary terms corresponding
to either Dirichlet or Neumann boundary conditions and v/ =( v{ , vé ooVl )T are the coefficients of the basis functions
on the element /; and v(z, 1) = Zlevij ¢; on I, and gj = (g{, gé, e, g{)T. On the element /;, we can write out

g,{, k=1,2,...,sas

gl = @) olu/,

where v/ = (u{, ué e, uf)T, j=1,2,...,Nand u(z,t) = Zf-:lu{c]ﬁi on element /; and the matrices Qi, k=
1,2,...,s are given by

flj G119 dz fzj P19 dz - f1j P1¢sPr dz
ij 21 ¢y dz flj Grprppdz -+ f1j P25y dz

0] = (4.4)

f[j ¢x¢l¢kdz /Ij ¢s¢2¢kdz f[j ¢s¢s¢kdz
By using the same discretization of the z-derivative, we can get a semi-discretization of time-dependent Schrodinger
equation (4.1) as a system of ordinary differential equations

MY o0 ... 0 u! u! f!
1o M> ... 0 |d|u b u? W f2 “5)
. . — . = —D, . — + . s .
1 0 O .. : dl . sN . .

o 0 --- MV u? u?V N
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where M/, Jj=1,2,..., N is the element mass matrix over the element /;

iy bi1ddz [, didodz - [, b1,z
fzj $r¢y dz f1j Prppdz - f1j $r¢5dz

f 6014z f, bbads o [, 66,42

And u = (ul, wl, ..., uN)T is the solution vector while u/ = (u{, ué s ul )T is the unknown on interval /; and

u(z, t) = Zleuljd)l Andf/ = (flj, fzj, el ij)T on the element /; where fkj, k=1,2,...,sis given by
fl=o)HTolw, (4.6)
with v/ being the coefficients of v(z, 1), and Q‘,f defined in (4.4). We rewrite (4.5) as
Z—‘; = Bu + F(u), 4.7)

where B=iM~'D;y and F = —iM~! [(fl, £l fN)T —3)]. This system of ordinary differential equations can be
numerically solved by various time integration schemes such as a fourth-order Runge—Kutta method.

4.1. ETD method

Recently, ETD method [8] has been investigated to handle the linear term in ODE systems in (4.7) with high
accuracy through an integrating factor e B!, which is assumed to be calculated with enough accuracy. In [1], an
improved approach is proposed for the computation of a matrix exponential that includes an automatic correction of
rounding errors without much extra cost. The idea of ETD is described briefly as follows.

For the nonlinear system (4.7), after multiplying the integrating factor e~ 5’ and integrating the equation over a time
step fromt =1, tot =t,4+1 =t, + At, we have

th+1
u(tyr1) = eBhu(r,) + 8" / e B'Fu(t + 1), 1 + 1) dr.
1,

n

Here F can be time dependent.
We can then use a Runge—Kutta method to approximate the integration part of the formula [8]. A third-order RK
ETD (ETDRK3) method is given by

a, = uneBh/2 + (eBh/2 — DF(u,,t,)/B,

b, =u,e?"? + (" — )Q@F @y, tn + h/2) — F(uy, 1,))/B,

U1 =w,e? + (Fu,, 1,)[—4 — Bh + eB"(4 — 3Bh + B?h?)]
+4F(a,, ty + h/2)[2 + Bh +eB" (=2 4+ Bh)]
+ F(by, ty + h)[—4 — 3Bh — B*h®> + B4 — Bh)1}/B3h?,

while a fourth-order RK ETD (ETDRK4) method is given by
a, =u,e?? + B"? — F(u,,1,)/B,
b, = u,e?"? + B"? — F(a,, 1, + h)/B,

¢, = a,eB"2 - (eB"2 — ) (2F(by, t, +h/2) — F(uy, 1,))/B,
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U,y =ue’ + (F(u,, 1,)[—4 — Bh + eB"(4 — 3Bh + B?h?)]
+ 2(F(ay, ty + h/2) + F(b,, t, + h/2)[2 + Bh + eB" (=2 4+ Bh)]
+F(c, ty + h)[—4 — 3Bh — B?h?> + B4 — Bh)1}/B>h?,

where u,, = u(nAr).
5. Numerical results

5.1. Boundary conditions

In this subsection, we will address the issues of the boundary treatment for computing the coupled Schrodinger—Poisson
equations (1.1) and (1.2) over unbounded domains. We will use the method of perfect matched layer (PML) developed
for Maxwell equations [5] to truncate the computational domain to a finite size. For the coupled nonlinear system (1.1)
and (1.2), we ignore the Poisson equation of self-consistency near the boundary, which is assumed far away enough
from the quantum device where the self-consistent potential Ve (x, y, z, ¢) from charges is important. So, in principle
only the linear Schrodinger equation is to be used near the PML regions. Also, in order to use the PML formulation, a
combination of total wave and scattering wave approaches will be used with the former for the internal computational
domain and the latter for the PML regions.

5.1.1. PML for the Schrodinger equation

For non-dispersive waves, wave velocity is independent of the wave frequencies, so an one-way wave equation
corresponding to that velocity can provide a good absorbing boundary condition. For a dispersive system such as the
Schrodinger equation, we need to provide an absorbing boundary condition valid for all frequencies. Perfectly matched
layer (PML) was proposed by Berenger for electromagnetic wave [5]. This method has many advantages over the
transmitting boundary method (QTBM) [13] and the transparent boundary condition [24] and Schmidt’s method [20].
The PMLs surrounding the computational domain allow wave to propagate outward with exponential attenuation and
negligible reflections back into the computational domains. We introduce the PML in 1-D case by starting from the
time-independent Schrodinger equation

10110
————— —+V@|¥Y=EY, G.D
£0z em 0z

where m is the electron mass and ¢ is an artificial parameter. If ¢ = 1, the equation reduces to the original form in the
physical medium. If ¢ = (1 +i0) and ¢ is a suitable real number, the wave will decay exponentially when it propagates
into the PML medium. This can be seen from the fact that the wave satisfying the above equation is of the form

¥ = exp(ikez) = exp(ik(1 + io)z) = exp(ikz) exp(—koz), 5.2)
where k = /m(E — V).

As a result, for a wave incident from a region with m to a region with &m, there is no reflection if the two regions
have the same potentials. Because the PML is valid for each frequency, it can be used for time domain simulations.

5.1.2. Total-scattering formula for the Schrodinger equation

As the PML is designed for outgoing scattering waves, a combination of total and scattering wave formulation will be
used for our problem. We will compute the scattering wave in the PML regions and the total wave in the computational
domain. When the flux on the interface of the PML and the computation domains is needed, the incident wave is
subtracted or added in either domain to make the fluxes consistent between two domains [23].

As shown in Fig. 1, scattering wave ¥ is computed in the PML domain, and ¥**! is computed in the computational
domain. We denote the elements by I_», I_1, Iy, I, I, respectively. The total wave is

ot _ ypscat | q/inc’ (5.3)
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Interface

Fig. 1. The total-scattering formula for the Schrodinger equation.

Table 1
L2 error for the solution of Eq. (5.5) with the central numerical flux (3.17) and (3.18)

s = 0 (order) s =1 (order) s =2 (order) s = 3 (order) s =4 (order)
N=10 333E-3(-) 343E—-4(-) 3.64E — 4 (-) 2.69E — 6 (-) 4.88E -7 (-)
N =20 7.53E — 4 (1.63) 1.55E — 4 (1.14) 2.47E — 6 (3.88) 2.26E — 7 (3.57) 3.27E — 8 (3.90)
N =40 3.46E — 4 (1.12) 7.57E — 5 (1.04) 2.26E — 7 (3.45) 2.66E — 8 (3.09) 8.97E — 10 (5.19)

Table 2
L? error for the solution of Eq. (5.5) with the upwinding numerical flux (3.34) and (3.35)

s = 0 (order) s = 1 (order) s = 2 (order) s = 3 (order) s = 4 (order)
N=10 1.37E =3 () 2.28E —4(-) 2.03E—-5(-) 2.01E—6(-) 3.00E — 7 (-)
N =20 6.78E — 4 (1.02) 5.74E — 5 (1.99) 2.61E — 6 (2.96) 1.45E — 7 (3.80) 1.40E — 8 (4.42)
N =40 3.38E — 4 (1.00) 1.43E — 5 (2.00) 3.29E — 7 (2.99) 9.63E — 9 (3.91) 3.97E — 10 (5.14)

where we assume that the incident wave ¥ is a known function. When we update ot ip element Iy, we need to
use P! in elements /_, and /_; according to the discretized formula equations (3.28a)—(3.28¢). We compute pine in
elements /_, and I_1, then get ¥ in these two elements by using Eq. (5.3). When we update ¥ in element /_1,
we need to compute %" in elements Iy and 11, then get ¥*°® in these two elements by using

gscat _ gtot _ 'Pinc (5.4)
5.2. Accuracy of derivative matrices Dy for the Poisson equation

To test the accuracy of the derivative matrices, we compute the solution to

6z* — 1223 + 1222 — 6z + 1

1
4 — 1
u (Z) exp (Z(Z . l)) Z4(Z - 1)4 ’ Z € [05 ]a
u(©0) =u(1) =0 (5.5)

with an exact solution representing two boundary layers at the z =0, 1,

1

The computational domain [0, 1] is equally divided into N elements. The order of the basis functions s is set to be O, 1,
2,3 or 4. The L? errors are given in Tables 1 and 2 for two different types of numerical flux, respectively. The errors
are not scaled by the maximum of u(z) which is approximately 0.018.

Next, we compute the problem

u"(z) = —4n cos(2nz), z € [0, 1] (5.7)
with the exact solution

u(z) =cos(2mnz), =z €][0,1]. (5.8)
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Table 3
L? error for the solution of Eq. (5.7) with the central numerical flux (3.17) and (3.18)

s = 0 (order) s = 1 (order) s = 2 (order) s = 3 (order) s = 4 (order)
N =10 1.96E — 1 (-) 3.78E -2 (-) 6.21E — 4 (-) 8.52E—5(-) 7.73E—7(-)
N =20 7.51E — 2 (1.38) 1.65E — 2 (1.19) 7.12E — 5 (3.13) 9.60E — 6 (3.15) 2.21E — 8 (5.12)
N =40 3.35E — 2 (1.16) 7.68E — 3 (1.11) 8.69E — 6 (3.03) 1.12E — 8 (3.09) 6.78E — 10 (5.03)

Table 4
L2 error for the solution of Eq. (5.7) with the upwinding numerical flux (3.34) and (3.35)

s = 0 (order) s = 1 (order) s =2 (order) s = 3 (order) s =4 (order)
N =10 1.33E—1(-) 242E -2 (-) 8.99E — 4 (-) 5.67E —5 () 1.13E -6 (-)
N =20 4.47E — 2 (1.04) 6.02E — 3 (2.01) 1.08E — 4 (3.05) 3.63E — 6 (3.97) 3.30E — 8 (5.10)
N =40 3.21E -2 (1.01) 1.49E — 3 (2.01) 1.34E — 5 (3.01) 2.28E — 7 (3.99) 1.01E — 9 (5.03)

The boundary condition is provided by assuming that the solution outside the region [0, 1] is known. First we got the
L? errors given in Table 3 by using the flux (3.17) and (3.18).

Then we use the flux (3.34) and (3.35) and get the errors in Table 4.

From the two examples, we can see that the numerical flux (3.34) and (3.35) are slightly better than (3.17) and (3.18),
and, as the derivative matrix for the former numerical flux has a smaller bandwidth, we will use it for the rest of our
numerical tests.

5.3. Time integrations for the Schrodinger equation

In this section, we will study various time integration schemes including Runge—Kutta, Crank—Nicholson, and ETD
for the linear time-dependent Schrodinger equation. We consider an 1-D Schrédinger equation with a piecewise constant
electron mass

.0 010
la'{I(Z’t)__a_ZEa_ZlII(Z’t)’ (59)

where the effective mass is a piecewise constant function

1.5625 if 0.3<z<0.7,
m= )
1 otherwise.

With interface boundary conditions [¥'] = 0 and [(1/ m)(0/0z)W]=0at z=0.3 and 0.7, we can find a solution of
Eq. (5.9) in the form ¥(z, 1) = Y/(z)e ™! where w = 4n°

(0.809017 — i0.588785)el2mz—47°) if z<0.3,
P(z, 1) = { (0.510739 — i1.00238)e! ™40 1 (0.111376 + i0.0567488)ei(—4m—47*) if 0.3 <z <0.7,
ei@mz—4n’n) if z>0.7.

After the space discretization, we have an ordinary differential system

du
i Au+F(),
where the time-dependent term F(#) comes from the boundary condition.

The computational domain [0, 1] is divided into N elements equally, and a fourth order Runge—Kutta method is used
up to a final time T = 0.0253. The L? errors are listed in Table 5. The time steps are 64E — 6, 16E — 6, 4E — 6,
respectively.

Though Crank—Nicholson method is easy to implement, it is only second-order accurate. So we can choose A =cAx>
with ¢ constant to get a fourth-order accurate numerical discretization. The L? errors are listed in Table 5. The time
steps are 2E — 5, 1E — 5, 4E — 6, respectively.
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Table 5

L error for the solution of RK4, Crank—Nicholson (CN) and exponential time difference (ETDRK4) with central flux defined in (3.34) and (3.35)
RK4 (order) CN (order) ETR4 (order)

M=10 1.01E — 4 (-) 1.04E — 4 (-) 1.23E — 4 ()

N =20 6.79E — 6 (3.90) 6.82E — 6 (3.94) 7.29E — 6 (4.08)

N =40 3.90E — 7 (3.88) 3.94E — 7 (4.04) 4.35E — 7 (4.07)

The polynomial order is s = 3.

A larger time step can be used with the ETDRK4 method. The L? errors are listed in Table 5. The time steps are
1E — 3, 5E — 4, 2.5E — 4, respectively. Here we choose At = cAx with a constant c. But the exponential matrix and
the coefficients used by the ETDRK4 are harder to calculate accurately for large non-diagonal matrices.

We obtained the numerical examples in Table 5 on a PC with a TM 2 Duo E6600 CPU. And the CPU time for the
time integration part on the finest mesh for RK4, CN, and ETDRK4 is 0.77, 0.76, 0.11 s, respectively. For the example
in Table 5, we calculated the exponential with the software, Mathematica. Based on numerical experiments, the size for
non-diagonal matrices is 3200 x 3200 on a mesh of N = 80 points with third-order basis functions when the expected
fourth-order accuracy of the ETDRK4 was not achieved. We also tried the algorithms of computing matrix exponentials
given in [1] and observed degeneracy of accuracy when the size of matrix is bigger than 40 x 40. The L, errors are
1.10E — 4 and 1.60E — 5 for the meshes of points N = 10 and 20, respectively.

5.4. 3-D nonlinear time-dependent Schrodinger—Poisson equations

Finally, we apply the Fourier spectral-DG method for a 3-D time-dependent problem modelling electron wave func-
tion through quantum supperlattices. The self-consistent calculation of time-dependent Schrodinger—Poisson equations
in 3-D is a challenging problem computationally. Here, we consider a 3-D problem

LOP(x,0) o2 o o2
ih——— = — + +— | P, 1)

or x| 92 o2
+ (Vin(®) + Ven(x, ) P(x, 1), x=(x,y,2) €[0,20n]* x R, (5.10)
02 o2 02 5 5
<@+a—zz+a—zz) Van(X, 1) = =Y (x, )7, x€[0,20n]" x [z1, z4], (5.11)

10(exp(0.9) — exp(—cos(x/10)/2 — cos(y/10)/2)) if z € [z2, z3],

Vin() = {0 herios (5.12)

where z1, 22, 23, z4 satisfy z| < 72 < z3 < z4. The intrinsic potential Vi, (x, y, z, f) is discontinuous along the propaga-
tion z-direction and provides quantum confinement of electron waves along the (x, y) plane such as arrays of quantum
dots [10].

Based on the accuracy study above of the three types of time integrations, the Crank Nicholson gives the best
numerical results with the most efficiency and will be used for the 3-D problem here. With time discretization by the
Crank Nicholson method and Fourier spectral method in (x, y) directions, (5.10) and (5.11) become

Hmn (2, (n + DA?) — umn(z, (n — DAr)

2At
— 1 a 1 Mm,n(Z, (l’l — 1)A[) + Mm,n(Z, (}’l + I)At)
- & aZ & 2
1 5 Sumn(z, (n = DA + upm n(z, (n + 1)Ar)
+ ﬁ(m + n-) :
M M Umn(z, (n — 1DAL) + up n(z, (n + 1)Ar)
+ Z Z Vin(m, n, 7) mnite 5 m,n(Z,
m=—M n=—M
+ Z Uml,nl(Z, nAt)umz,nz(Z,nAt),

my+may=m,nj+ny=n

mon=—M,...,M, ze[-025425], (5.13)
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02 _
ﬁvm,n (z,nAt) = — Z Umy,ny (z, nAt)Mmz,nz (z, nAt)
2 ny—n|1=n,mp)—mi|=mnm
1
+ m(m2 + 02 oz, nAL), m,n=-2M,...,2M, z € [z1, z4]. (5.14)

e Incident wave: The linear Schrodinger equation when z ¢ [z1, z4] admits a solution of the following form, which will
be used as the incident wave impinging from z < z; to the intrinsic potential barrier created by (5.12),

W, Y, 2, 0) =)t (z, 1) exp(imx + ny)), (5.15)

m,n

where

um,n(zv 1) = / %fm,n () eXP(i(km,n(w)Z — wt))dw,

—00

km,n =Vvw-— (m2 + nZ)’

NG 7

2.2
Idecay (e — ) tdecay .
Smn (@) =cmn exp | ———— | exp(irpw),

where ¢y, 5, tgecay» 0 and @, are arbitrary constants. In our numerical example, we select

. _{1 if n=m=0,
™10 otherwise
and w; = 1, and fgecay = 10, and 79 = 41gecay. The incident wave represents a Gaussian pulse along the propagation
z-direction, as shown in Fig. 2, with a periodic profile over (x, y) plane. For the selected parameters, the incident wave
takes constant value over the (x, y) plane.

The computational domain is set to be [0, 4], and two PMLs with a thickness 0.625 are added to both ends of
the computational domain, and z; = 1 and zo = 2 and z3 = 2.5 and z4 = 3. As (5.15) is a localized pulse, so
we can also use ¥(x,y,z,t = 0) as the initial condition. We will use the numerical solution got by using the
finest mesh and the maximum M as a reference solution, then calculate the error between the numerical solution

09 | =0
0.8 |
0.7 |
0.6 |
05 |
04 |
03 |
02 |
01 |

0
-160 -140 -120 -100 -80 -60 -40 -20 O 20
z

pulse

Fig. 2. The incident Gaussian pulse along the propagation direction (constant magnitude over (x, y) plane).
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z=1.6513 z=2.4263 z=3.2012

15y ' 15y E 1.5

0o

Fig. 3. The magnitude of the wave function at three planes along the z-direction. The wave is confined in the center of the region after it passes
through a potential barrier.

Yi(x,y,z,1) = ZZI:—MZQ/IZ—M“m,n (z, t)exp(i(mx+ny)) and the reference solution ¥>(x,y,z, t):ZnAfifMO
Z,I;/IZO_MO Sm.n(z, t)exp(i(mx+ny)) using the following formula:

My My

4
Emor? = ) ) /O Azl (2, 1) = fnn(z, D,

m=—My n=—M

where we assume M >N and u, ,(z,t) =0if |m|> M or [n| > M.

The computational domain [0, 4] is divided into 64 equally spaced meshes. We compute the self-consistent solution
up to T = 40 with a time step Ar = 0.00390625, and M = 0, 1, 2, 4, and the degree of the basis function set to be 3.
Due to the computational cost of 3-D problems, we limit the size of the mode number in (x, y) directions to My =6
as a reference solution. The relative L2 errors for M = 0, 1, 2, 3, 4, 5 are 0.210744, 0.159648, 0.110236, 0.0740385,
0.0487261, 0.0255488, respectively. The magnitude of the wave function at various z-locations is plotted in Fig. 3,
which shows the expected quantum confinement of the electron waves from the intrinsic potential Vi, (x, v, z).

6. Conclusion

In this paper, we have proposed a Fourier spectral-discontinuous Galerkin method for coupled nonlinear time-
dependent Schrodinger—Poisson equations and provided the explicit formulas for the derivative matrices for the wave
function, which can be readily used for exponential time difference and other implicit time discretizations. Numerical
results in 3-D problems show the potential of this method for problems where potentials are known to be discontinuous
along material interfaces in heterojunction and quantum supperlattice structures. Future work will be carried out for
cases when the potentials are also time dependent for transient excitations in laser physics.
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Appendix A.

In the following, double index k or m implies summation over 1 <k <s, 1 <m <s, respectively. No summation is

assumed for the element j index.
When3<j<N —2,a)},1=j—2,j—1,..., j+2are given as

&)

7 Mﬁh{[sz,{;f - ¢£1(Zj+1/2)¢]{(1j+1/2) + ¢L(Zj71/2)¢;{(zj71/2)]
j.m

1.
+ §¢,]1(Z,/+1/2) [—C—Mz J ol (Zj+1/2) Ry ¢k(z,+1/2)¢m(z,+1/2)¢ (zj+1/2)

J.m

e ‘ . 1
— Ll 1) P 212D b 21 /2) — DL @100 @) bl (Z,+1/2) Sit
2Cj,m j-‘rl m

- —4) (2j—1)2) [——M“W (zj— 1/2)+ ¢k(Z/ )¢k N zim12)dh (-1 2)

j m

DL 1) (L (212 bh (2j41y2) — ¢,{<z,-,] Dbz /2)>} , (A1)

L+ &j 1 Ej+l oz i+l
al It = L METT (2 dl T @) + 2 bl @jen) | — =L M I (21 0)
: 261 m 2 Cjt+1,m

DI i3 b bl T (2aa)

) ) "
b @12 Pl (12001 (211 /2) + 5
m Ci+l,m

—¢]+1 @120 @121 (Z]+1/2):|

1 1 . . ;
- —¢> (zj- 1/2)8] [54%(Zj+1/2)<f>ln(Zj—1/2)¢;j¢+l(Zj+1/2)}, (A2)

J m

H =y bl (2 1/2)¢k (ijl/Z)— (M;(Zjﬂ/z)(f)i,‘l(Zj71/2)¢£1(zj+1/2)¢]];71(Zj71/2)

2Cjm Cjm

12—l o —
- M iz 1/2)+ ¢>J Yejmidl s dl (zj-1)2)
j—lm

1.
= 5% (@j-172) [—

8'_1 . . i—1
- #Mn Yzjamdl N zim)dl ™ (zj-30)
J—Llm

- ZCS] P (@j—1/2) P, (Zj71/2)¢;{71 (Zj1/2)1| , (A.3)
J.m

P 1 . . s 2
a,ﬂj] = —<f>’(z,+1/2)[ €j+1 AR TNy VA Ca TR 1 (Zj+3/2)], (A4)

Cj+1,m

Ji=2
n

J
a’k

1. 1 1 . ) .
= §¢£(Zj—1/2) [58/'—1 " b Nz bl im0 b 2(Zj—3/2)] : (A5)
j—1,m
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When j=1,2, N —1, N, AYD will be modified due to the boundary condition. Using the flux Eq. (3.19) and j =1,
we have

,]{: 1 MZJMZJ

M5l (2 J(zie
C]m ch,m nm‘bm( J 1/2)¢k( ji—1/2)

Mot &2, (212D (2j4172) +

ZCj)m

+ ¢ (2j4+1/2) [——M”W (zjt+1/2) + —¢k(21+1/2)¢ (@j+1/2) 1 (2 j4172)
],

e _ . , . .
— i) bl DB 12) — @) b @) b 2 jg2)
2cj,m Cj+1,m

d)J

— ¢l zj- 1/2)[ 1212 bl (212Dl (2 -1 72)

Cj,m

j(Zj—1/2)¢}£1(zj—1/2)¢fn(Zj—l/z):| , (A.6)

it 1 1 i il 1 .
al i = — e —— M L )L 21 2) + S bl zi10)
’ 2 Cj,m 2

Z /+1¢]+1

1
X [—8J+1 (ZJ+1/2)+§31—¢> (Zj+12) 9, (Z,+1/z)¢k "Zj412)

Ci+1,m

T¢]+1(Z1+1/2)(¢]+ (Z/+3/2)<i>k "zj43) — ¢Zn+1(Zj+1/2)¢£+1(1j+1/2)):|
j4+1,m

— ¢z 1/2)

¢’ (2j112)b5 (zj— 1/2)¢k "@js1)0), (A7)

b)) = ZLM5A{¢%(Zj—1/2)l3— =9 (Zj+1/2) 4)/ (Zj—12)Ph zj12) B+ dh(zj—12)

Cj’m

28] b (2j—12)0) (zj—12)B- (A.8)
Cj.m

The expression of a,{’,{ﬂ is the same as that of (A.4). Using the flux Eq. (3.19) and j = 2, we have

1 1 1 .
by =5 d3(2j-172) | 5j-1 TRV GRSV B (A9)
2 2 Ci—1,m
The expressions of an 7, aé ,J(H , a,i ,i ! and al % are the same as that of (A.1), (A.2), (A.3) and (A.4), respectively.

Using the flux Eq. (3. 20) and j= N, we have
o M — =M T (211208 (21 2) +
Cjm Cjm 2¢jm

Y
a %y

}{li M;;V{(z)]{;l(zj—l/z)
j Ly Uy i Ly
X ¢ (zj—172) + §¢n(2j+1/2) —&j——M, b} (2j112) + &j —— i (2 41/2)
Cj,m Cj,m
X Q) (Zj1172) 07, (2jv172) — 26__{¢£(Zj1/2)¢£n(1j1/2)¢£1(Zj+]/2):| - §¢£(Zj71/2)
J.m
1 o1 - N
X |: & ST b) (2j—1/2) + &) 1—1—¢;j<(1j—1/2)¢fn Yzl i)
Cj,m Ci—1,m

+—¢>k(Zj+1/2)¢> (2j41/2) 1 (2j-172) — <f>k(zj 12, (212l (zj— 1/2)] (A.10)

by =Ll (211207 (A.11)
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The expresswns of a’ k "and o’ k ~2 are the same as that of (A.3) and (A.5), respectively. Using the flux Eq. (3.20)
and j =N — 1, we have

- ¢ 1
a;f’ =-3 nm<f>’ (Z;+1/2)¢>k (Z,/+1/2)+—¢£(Z/’+1/2)
Cjm 2
€j+1 1
X |:_Cj]+1 - Z]+ ¢ (zj12) + 2 Cim &l 1120, (Z/+1/2)¢k (Z,i+1/2)
fia1 - , .
BT 1) QL ) bl T @) — 105 @) bl 2 412)) (A.12)
2¢j11
J sm
1 1T ; j+1
— =P (zj—12)ej— | 070, (Zj+12) D0 (Zj—12) D% (Zj+172) | (A.13)
2 Ci 2
J.m
bl =0. (A.14)

The expressions of an k, ai,ﬂ 1and a] =2 are the same as that of (A.1), (A.3) and (A.5), respectively.
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