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Abstract

A numerical method for the resolution of the one dimensional Schrédinger equation
with open boundary conditions was presented in [N. Ben Abdallah, O. Pinaud,
Improved simulation of open quantum systems: resonances and WKB interpola-
tion schemes, submitted in J. Comp. Phys.]. The main attribute of this method
is a significant reduction of the computational cost for a desired accuracy. It is
based particularly on the derivation of WKB basis functions, better suited for
the approximation of highly oscillating wave functions than the standard polyno-
mial interpolation functions. The present paper is concerned with the numerical
analysis of this method. Consistency and stability results are presented. An er-
ror estimate in terms of the mesh size and independent on the wavelength A is
established. This property illustrates the importance of this method, as multi-
wavelength grids can be chosen to get accurate results, reducing by this manner
the simulation time.

Keywords : Schrodinger equation; Open boundary conditions; WKB approximation;
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1 Introduction

The Schrodinger equation is frequently used for the description of the quantum, ballistic
electron transport in nanoscale semiconductor devices. A lot of work is dedicated to
the numerical simulation of such 2D or 3D devices [6,7,17]. In a previous work [4],
a numerical method for the resolution of the 1D Schrodinger equation, describing the
electron transport in a resonant tunneling diode (RTD) was introduced. This method
is based on the self-consistent resolution of the Schrodinger-Poisson system with open
boundary conditions [13] and combines two methods to reduce the simulation time. On
one hand, the WKB approximation enables the use of coarser space grids. On the other
hand, a reduction of the injection energy grid points is achieved by means of a one-mode
approximation. Accurate results have been obtained with much coarser grids and sig-
nificantly reduced computational time.

In the present paper we shall be concerned with the numerical analysis of the model
introduced in [4], with the difference that we apply this model to describe the electron



transport in a double-gate MOSFET device. A very fine discretization of the energy
variable is thus not so necessary as for the RTD, so that only the WKB approximation
shall be investigated. Moreover we shall use in this paper a finite element scheme rather
than the finite volume scheme used in [4]. The resolution of the Schrédinger equation
by standard finite elements (or finite volume schemes), requires a refined mesh size, due
to the highly oscillating solutions for large electron energies E. The idea is to con-
struct a Galerkin finite element method in which the approximating space is spanned
by WKB basis functions. In contrast to the standard finite element methods, where the
basis functions are picewise polynomial, the WKB basis functions are strongly oscillat-
ing, with a frequency close to that of the wave function. This WKB basis functions
are determined asymptotically by the WKB approximation and are constituted of a
smooth amplitude multiplied by an oscillating function of a phase, which is solution
of the eiconal equation. The fact that the WKB basis functions incorporate a prior:
knowledge about the solution, avoids the restrictive choice of refined meshes. Accurate
approximations are obtained with a large mesh size, independent on the energy E. The
reduced number of unknowns naturally leads to a considerable gain in the simulation
time.

The purpose of this paper is to prove consistency and stability of the method and to
establish an error estimate in terms of the step size h and independent on the energy
E and the rescaled Planck constant . The independence of the estimate on E and e
is the essential feature of this method. It allows the choice of a unique, relative coarse
grid to achieve the same required accuracy for all possible wave-lengths A\ ~ ¢/ VE.

Similar problems were investigated for the Helmholtz equation. In [10,11], standard
finite element methods, based on polynomial basis functions of order p > 1, are used
for the resolution of the Helmholtz equation. Error estimates are derived for the 1D
case, under the assumption hk < 1 and the constants involved in these estimates de-
pend moreover on the term hk?, with k the wave-vector and h the step size. This is
rather restricitive from a numerical point of view. A more similar numerical asymptotic
method, based also on the WKB approximation and applied to the Helmholtz equation
is presented in [8]. The results obtained with this method are compared with the stan-
dard finite element method. However the mathematical and numerical analysis of the
asymptotic method was not investigated.

This paper is organized as follows. Section 2 is devoted to the analysis of the contin-
uous problem. In Section 3, the WKB basis functions are derived through the WKB
asymptotics and the Galerkin finite element scheme is constructed. Finally, Section 4
is the main part of this paper and concerns the numerical analysis of the method. The
consistency is investigated in Section 4.1 and the stability is treated in Section 4.2.



2 The continuous problem

2.1 Description of the model

The model problem we investigate in this paper is the one-dimensional stationary
Schrodinger equation with open boundary conditions

—eYp(x) + V(2)pp(r) = Eyp(r), i (ab)
Qz}}_@(a) + ikawE(a') = 2ika (21)
Yip(b) — ikypp((b) = 0.

The equation describes the evolution of a wave-function 1, penetrating the domain
(a,b) from the left and being partially transmitted or reflected by the given electrostatic
potential V. It is a quantum mechanical picture of an electron injected from the left
into the device (a,b), with the injection-energy E. We shall consider in this paper the
oscillating case, characterized by an injection energy E verifying ' — V(z) > 7> 0 in
[a, b], with 7 a threshold value, fixed later on. The imposed boundary conditions are the
so-called quantum transmitting boundary conditions (QTBM), introduced by Lent and
Kirkner in [13] and enabeling the current flow through the boundaries. The wave-vector
k(z) and the de Broglie wave-length A(z) are given in terms of the energy by

k() = YEZV@ gy 2 2 (2.2)

- € k(x) E—-V(z)

The parameter ¢ stands for the rescaled Planck constant. We shall assume in this paper
that e is arbitrarly small, 0 < e < 1.

In the self-consistent case, the Schrodinger equation (2.1) is coupled with the Poisson
equation, in order to compute the electrostatic potential. In this paper however, the
potential is supposed to be fixed, as the coupling with Poisson does not change the
subsequent analysis.

2.2 Existence, uniqueness and stability of a continuous solu-
tion

Let us start by analyzing equation (2.1) concerning the existence and uniqueness of
solutions. The proof of the following theorem can be found in [2].

Theorem 2.1 (Existence + uniqueness)
Let V € L*(a,b) and 0 < ¢ < 1. Then, the equation (2.1) admits for all E >V a
unique solution g € W2*(a,b).

Estimates on this solution are given in the following



Theorem 2.2 (Boundedness)
Let Ve Wh>®(a,b) and let 0 < & < 1 and E be arbitrary values with E —V > 1 > 0.
Then the following estimates hold

€
elle@y < ¢ ||ﬁ¢%||ﬂ”(a,b) sc, (2.3)
with a constant ¢ > 0 independent on € and E.

Proof: The proof of this theorem relies on the Gronwall lemma. Let in the following
¢; > 0 denote constants independent on € and E. Multiplying the Schrodinger equation
(2.1) by ¢, leads to

Y + (B = V)i =0,

which can be rewritten by taking the real part in the form

e2d, . E-Vd .,
=4 2o Yy =o.
5 T+ =5

Hence, using the fact that V€ Wh*(a,b) and £ —V > 7 > 0, we deduce
d
—EWPHE-VIUF] = V[P <alpl
< e [EW P+ (E-V)YP] .
Defining the auxiliary functions
G(z) = W'* + (B - V)¢,

we have G > 0 and

d :
%G(:U) < ¢G(z), in [a,b].
At this stage the Gronwall lemma yields
G(z) < G(a)e? ™Y < ¢3G(a). (2.4)

In order to deduce some estimates for ¢ and ¢/, it is thus necessary to estimate (a)
and v/(a). For this let us multiply the Schrédinger equation (2.1) by v, integrate with
respect to x, perform a partial integration and take the imaginary part. This yields

kalth (@) + Kot (b)]* = 2k, Re((a)) ,
implying
0(@) = 1P+ O = 1.
and thus |¢(a)| < 2. The boundary condition v'(a) + ik, (a) = 2ik, yields immediately

|V (a)| < 4k, = 4—”5;1/(@) . Altogether we have E(_;g.‘()a) < ¢4 and with (2.4) we get
finally

2
with ¢5 > 0 independent on € and F. [



2.3 Variational formulation

In order to derive a discrete approximation scheme for the resolution of the Schrodinger
equation, we need to introduce the variational formulation of problem (2.1). Hence, let
us introduce the space V of test functions

V= H'(a,b),
and define the following weighted norme in this space

2

c 1/2
mlle%Q) R for #eV.

6]}y = (H% n

The variational formulation of (2.1) writes then: Find ¥ € V), solution of
b(v,0) = L), Vo€V, (2.5)

with the sesquilinear form b : V x V — C given by

52 b , —/ 1 b —
W0.0) = g | V@ @+ e [ (V) - D)
. g? — ) g2 _
—lk(a)m¢(a)9(a) - lk(b)mw(b)e(b) :
and the antilinear form L : V — C defined as
) e -

This weak formulation is derived in standard manner, by multiplying (2.1) with the
complex conjugate of a test function # € V and integrating by parts. Notice that, the
sesquilinear form b is continuous, but not hermitian and not coercive, the latter due to
the negativity and non-boundedness of the term V(z) — E. Remark also, that Theorem
2.2 ensures the boundedness of the unique solution g in the V-norm, uniformly in ¢
and F.

Hence we can pass to the discretization procedure.

3 The discrete problem

Starting from the variational formulation (2.5), a standard finite element method can be
used to find an approximate solution of (2.1). In particular, the finite dimensional spaces
V), C V could be chosen as consisting of continuous, picewise polynomial functions and
the discrete method would write: Find 1, € V}, solution of

b(@bh, Qh) = L(Gh) , VO, € V. (31)

The disadvantage of this method is, that for high injection energies FE a refined mesh
size is required (10 node points per wavelength), to accurately approximate the highly



oscillating solutions. This leads to high computational costs and simulation time. In
order to overcome this limitation, one idea is to approximate the infinite dimensional
space V by better adapted finite element spaces V;,, which incorporate essential analytical
properties of the solution of the differential equation. The hope is, that this spaces will
be able to approximate better the exact solution than the spaces of picewise polynomial
functions, and this independently on the wavevector k, avoiding thus the expensive
refinement process.

3.1 A WKB finite element scheme

We shall expose now the main ideas how the finite dimensional spaces V), are constructed,
using the WKB approximation (see also [4]).

Let us partition the interval [a,b] into a = 27 < 29 < .-+ < zxy = b and denote
the meshsize by h, = x,.1 — x, and h := maz, h,. The starting point is then the
plane-wave Ansatz

pla) = @/, (3.2)

where S; is the phase function, which may also be complex. We are searching for
approximating solutions for the Schrodinger equation (2.1) in the form (3.2). Inserting
thus this Ansatz in (2.1), leads to

—ie (Ci;) + (‘ilis)Q +(V—-E)=0. (3.3)

Approximating 5. as a series of powers of €

2

S.(x) = Solw) + 81 (x) + %sg(x) T

substituting it into equation (3.3) and comparing the terms of the same order of ¢, leads
to a series of equations, to be solved to get Sy, Sy, Sa, ...

(So)? +(V—-E)=0
_iS! 4+ 2808 = 0
—iS) + (S1)* + 5585 = 0.

To stop the approximation at the first order term in ¢, we will require, that |£S5/2| < 1,
which writes

’ Viz) | oy, (3.4)

(B —V(x))*?

This criterion is the WKB validity condition. It signifies, that the changes of the poten-
tial energy within a de Broglie wavelength have to be small compared with the kinetic
energy.

In order to applicate the WKB approximation, we have thus to avoid the turning points
(V(z) = E). It is at this stage, that the threshold value 7 > 0 is chosen, and we shall
assume in the following




Hypothesis A Let 0 < € < 1 be an arbitrary, real value and let the electrons be
injected with an energy F € R satisfying F — V(z) > 7 for all = € [a,b] , where 7 > 0
is chosen for a fixed potentiel V' such that (3.4) is valid in [a, b].

Then the WKB approximate solutions of the Schrodinger equation (2.1) in the interval
I, = (Tp, Tpy1) write
1

p(x) = TV(:L‘) (Aneiso@) + Bne_éso(x)> ; (3.5)

with So(z) := [ /E — V(t)dt. These functions are the starting point for the derivation
of the basis funct?ions, being then used for the construction of the Galerkin finite element
method. Straightforward calculations enable to rewrite the wavefunction (3.5) in each
interval I, = (2, Zy41) as

p(2) = wa(2)e" +va(@)e" "= (za), (3.6)
with
wn(x) = an(z)fulz) ; vn(@) = Bul@) fan (@),
. Sinoup(z) ' 2 = sinoy, ()
an(x) = —Sin% ) 6n() . sin% ) (37)
on(z) = %/ VE-V@Hdt : = é B V@dt,

and the amplitude factors

ful) = ,4/%__—%. (3.8)

The functions o and 3/ are the so-called WKB basis functions. They oscillate with a
frequency close to that of the unknown wave function and actually permit solving the
problem on coarser grids. In the limit A < A, these WKB basis functions reduce to
usual linear interpolation functions.

To avoid division by zero, let the following Hypothesis be verified in the sequel.

Hypothesis B Let v > 0 be a fixed constant and assume that the following statement
holds for all n

Tn+1

VE = V({)dt — kr| >~, VkeN\{0},

1

€ x
such that we can estimate

|sinvy,| > ¢y, Vv, far from zero,

with ¢, > 0 a constant independent on ¢, F and h.



Hence possessing in each I, basis functions, asymptotically derived from the WKB
Ansatz, we introduce an appropriate finite dimensional space V), as

Vh = {Qh eV / Hh(l‘) = Zzncn(l‘), Zn € C} s (39)

n=1

where (,, are the so-called “WKB hat-functions”

Col2) ::{ onct(z). i, 2] (3.10)

wy(x), i [zh,x,41].
The WKB finite element method states finally: Find ), € V},, solution of
b(i/}h, Hh) = L(Gh), Vo, € Vh, (311)

with the linear forms b and L given in Section 2.3. The subscript h refers to the
discretization of (a,b) and emphasizes the dependence of the discrete solution on the
meshsize.

In Figure 1 we illustrate a “hat-function”, constructed with the WKB basis functions
and, as comparison, a standard linear hat-function.
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Figure 1: A WKB hat-function and a standard linear hat-function, on an irregular grid.

Remark 3.1 The WKB hat functions ,, are solutions of the following equation

, & » (1 V'(z) 5 (V'(x))?
_EEEQ+S(ZE—V@) 16 (E — V()

2) G+ (V(z) — E)G, =0. (3.12)
For notational simplicity, we shall use in the sequel the abbreviation

Wy L V@5 (V@)

15—V T6E-V@R (3:13)



Let us now proceed to an V-estimate of the WKB hat-functions (,.

Lemma 3.2 Let V. € W'*(a,b) and let Hypothesis A and B be satisfied. Then the
WKB hat-functions satisfy for each n € {1,---, N} the estimates

h 1
Callzoe(tuosury < ¢ 5 G l|zoe(tu_sun,) < € (h 7 + )\—> ; (3.14)

and hence

3 h 1
nlly < cevh ~— | 3.15
Gl < b (mmﬁm) (3:19)

where A, := A(x,,) and the constants ¢ > 0 are independent on e, E and h.

Proof: We start by rewriting ¢, (x) and ¢/,(z) in their corresponding support intervals
(.lfn,l, $n+1)-

;

(B v sin (é /le \/E—ilf(t)dt>
(E=V@r" G, (g " m@’

in [r,_1, %]

Cal) == fn_lz
(B — V) sin (E \/E—V(t)dt)
- - x;::l , In [xn7 xn+1] )
(B —V(x))/4 in (é 0 V(t)dt)

(1(E = V)"4V'(2) sin (01 ()
4 (E—=V(x))*  sin(vu_1)
(B — V)Y cos(0,-1(x)) 1

“(E=V()Y?, in Tn—1,Tn),
BV sin(y 2 T VED i ()

_I_

LE V) V() sin (0 (x)
4 (E—V(x))>* sin ()
(E - V)Y cos(op1(2)) 1

B (E =V (@) sin(y,) E(E —V(@)?, in (2, 204).

\

Two cases have now to be considered separately.

Case I:  Let h, < 3A(2) in I,.

This case corresponds to a meshsize smaller than the de Broglie wavelength and includes
also the particular case h,, < A of linear interpolation functions. The characteristic
feature of this case is that the phase function o, is close to zero, enabeling thus the
following expansion for z € I,

sin (opy1(2)) = opyr () (1 - U"JrTl(x)cos({)) . with € € (0,0,41()),



where due to the fact that h, /A < 1/2, we have

1

o1 (@) < -
24

6

cos@)\

Hypothesis A as well as the assumption that V' belongs to W1 (a,b), enables us to
write by a simple Taylor expansion

15;—%_1]9%%

with ¢ > 0 independent on F, implying thus immediately the estimates

1
Callemy < ¢ 5 Gz < =

with ¢ > 0 independent on € and E. Analogously we would get for the neighbouring
interval I,,_q, in the case h,,_1 < %)\(x), the estimates

CallLoe(roy S ¢ 5 NGllLoe(,y) < -
n—1

CaseII: Leth, > %/\(xo) for some xy € I,,. Then there exists a constant 0 < ¢y < 1/2,
independent on n, ¢ and E, such that h, > coA(z) in I,,. Indeed, expanding A\ around
zo and using the validity conditon (3.4), yields ¢o = 2/5.

In contrast to the previous case, this case represents the situation where the stepsize is
larger than the de Broglie wavelength and where the WKB oscillating basis functions
start to be useful. Being far from ~, = kn Vk € N, we have the estimate

¢y < [sin(ym)| < 1,

and deduce thus

1
HCnHL‘X’(In) <c ; HQ/LHLOO(In) < C)\—,

with ¢ > 0 independent on € and E. The same estimates hold for the neighbouring
interval I,,_q.
Bringing together these results yields the V-estimate for the WKB basis function ¢,.

3.2 Existence, uniqueness of a discrete solution

The question to be posed now is, wether the discrete problem (3.11) has a solution
Yy, € Vy, and if this solution is unique.

Theorem 3.3 (Existence 4+ uniqueness result)

Let V€ L*>(a,b). Then assuming Hypothesis A and B, the discrete problem (3.11)
admits a unique solution v, € V) for every 0 < h < hy, with 0 < h, < 1 a value
independent on € and E.

10



Proof: We seek for a solution belonging to Vj,, thus of the form 1, (z) = SN 2,¢.(2).
Substituting this expression in (3.11) and choosing as test functions the basis functions
¢i(x), leads to a linear system to be solved to determine the unknows z,

b(Cb Cl) b(C2> Cl) T b(@N, Cl) <1 L(Cl)
b(Cl: Cz) b(sz, Cz) T b(CN:a CQ) 212 _ L(:Cz) ' (3.16)
b(C1,¢n) b(C,Cn) -+ B¢, ) ZN L(¢n)

Let us denote in the sequel by M the matrix of this linear system. M is a tridiagonal
matrix due to the fact that the supports of the basis functions (; cover only the two
intervals I;_; and I;. To prove that this system has a unique solution, we have to show,
that the corresponding homogenous system Mz = 0 admits as unique solution z = 0.
The homogenous system corresponds to b(1y,, ;) = 0 Vi, hence b(t)y,, ¢,) = 0. Taking the
imaginary part of this last equation yields ¢, (a) = ¥, (b) = 0, which means z; = zy = 0.
The next lemma will show that b((; 11, ¢;) # 0 Vi, which permits to conclude immediately
that z; = 0 Vi, by solving the homogenous system step by step. This implies that M
is invertible and as such that the system (3.16) is uniquely solvable. Thus to finish our
proof we shall analyze in the following lemma the asymptotic behaviour of the terms

b(Civ1,Gi)- n

Lemma 3.4 Let V€ W?*(a,b). Assuming Hypothesis A and B, there exists a value
0 < hy < 1, independent on € and E, so that for every discretization with 0 < h < h,,
the terms b(Cag1, Go) and b(Cp, C) verify Vn € {1,---, N} the estimates

g2 1 1 g2 1 1
o\ — 1+ < b n+1,Sn < o\ T |
B V] (hn An) S Gl < g (hn An)

2 h 1
0 < |6(¢ns )] < )
< [b(Cn, Go)l C3E+||V||OO (hnlhn - An)

with positive constants ci, co, c3 independent on the parameters €, E and h. Remark
that b(Cni1,Cn) = b(Cny Curr). Moreover the following asymptotic behaviours hold for
n=2,...,N—1

%_ —[e_in%—%(igl xg / W (@)|Cx| dx) (1+0(h)),

b(éfn;CZ‘i) - _[Smws?x;:n_l)—% + W(x)ICnIde} (1+0(h)),

2@123 N {i?ﬁ:*%(](f__vrﬂl:@ o W(:c><n+1<ndx} (1+0(h),
= T 0wy,

(3.17)
with W given by (3.13). The notation O(h) stands for terms g of the order of the
meshsize h, more precisely satisfying |g| < ch with a constant ¢ > 0 independent on ¢,

E, h andn.

11



Proof: Performing a partial integration and using the fact that ¢, are solutions of the
equation (3.12), we can write the term b((,41, () under the form

52 Tn41 , , 1 Tp41
b(Cot1,Cn) = Ve /:En Crr1Cndr + Er Ve /xn (V(z) — E)Cus1Gade
B —82 , Tnt1l /] V”(CL’) 5 (V’(a:))2
S Er Ve [Cn+1(37n) +/xn (Zﬂ + Em) Cn+1Cndx1 :

(3.18)

where (E V) VET .

C;H-l(xn) = o = .
(E — V)4 € sin vy,
Similarly
_ € : - 1V (@) 5 (VI(2))? 2

b(Gns Gn) = Er Ve [Cn(ﬁ) — Gulzy) + /In_1 (Zm + Em) |Gl dw] ;
(3.19)

with

Guat) = Gula) =~ (S0 )
Tn S “Yp—1
and
_ ¢ TN ™1IV(@) 5 (V(2))? 2

b(Cn, CN) = ENIG —Cy(ay) + ik + /M_1 <er + Em) (6% dx] :
(3.20)

with

C/ ( —) 1 V/('TN) + \/E_VNCOS'VN—I
X = — .
NN 4B — Uy e sinyn_;
We proceed now in two steps, corresponding to a meshsize h,, smaller respectively larger
than the de Broglie wavelength, as done in the proof of Lemma 3.2.

Case I:  Let h, < A(z) in I,.
On one hand, we have with Lemma 3.2 immediately

unts 6l < e (et ) S epo

i, G)| <e———— | —+ch, )| <o —.

- E+1[Vlleo \hn E+[[Vl]oo hn

To get the other estimate, we shall use in this case that |sin(o)| < |o|. There exists a
value 0 < h, < 1, sufficiently small, but independent on € and F, such that we have for
meshsizes h < h,

1
(G ()| 2 7=,

ho,
implying, by adapting h,, the following estimate with ¢ > 0 independent on € and F
g2 1 g2 1
(G, G| 2 e—— | 7 —Chn ) 2 e
e > oo (=) 2 e

12



Case II:  Let h, > cpA(x) in I,,.
A direct conclusion of Lemma 3.2 and the estimate ¢, < |sin~,| is

1b(¢ C)’<CL (i+ch)<c€—2i
T =ETE Ve \ ") T E+ Ve A

The minoration is deduced from the fact, that |sin(o)| < 1, leading for h < h, with
0 < hy < 1 small enough but independent on € and F, to

1
|<;L+1(xn)‘ > C/\_n’

and hence

b, Co)l > e (1 h)> =1
n , Gn > C——7—5 — — Chp > C /.
1 E+|[V]lse \ A E+|[V]]so Mn

Combining these estimates, yields the desired result for the term b((,41,(,). Similar
arguments enable to get the estimate for the term b((,,(,). Due to the fact, that the
difference |¢! (x;}) — ¢/, (z;))| can not be minorated in the case h, > coA(x), we have not
the minoration estimate as for the term b((,41, ().

The expressions (3.17) are deduced immediately from (3.18)-(3.20). It is important for
the subsequent analysis to show that the terms denoted by O(h) are of the order of the
meshsize h and this independently on the parameters € and E. To this aim, let us detail
here the derivation of the asymptotic behaviour of one of the terms (3.17). We have for

n#l,n#N
M _ {Msin(% +’}/n71) B Tni1

b(Cn-1,Cn) € Sin 7,1 sin 7y,

WG |

Tp—1

—1
(E-V)V* VE—V,o, 1 /xn
' id
[(E — Voo)V/4 € sin vy, _1 - . W (z)¢nCrrdx

_ [Sin(%+%1) esiny, - [

sin 7y, _\/E—Vn —

W<x>|<nrzdas} 0.

with

E—-V)V* VE=V,| esiny,, [ -

( ) _ L, ey 1/ W (2)Cnloadr| .
(E=V,)V VE=V,  VE=V, /.,
Due to Hypothesis A, the fact that the hat-functions (,, are uniformly bounded in

L>(a,b) and that V € W?%*(a,b), we can easily show for h < h,, with a readjusted
0 < hy < 1 but still independent on € and E, that

o]

|Qn — 1| < ch, with ¢>0 independent on ¢, E, and N.
Analogously we obtain the other asymptotic behaviours. [

Another important question is wether the discrete solution 1, € V is bounded in the
V-norm, and this independently on the parameters €, £ and on the meshsize h. This
will be the aim of the next theorem.

13



Theorem 3.5 (Boundedness result)
Let h < h, and 1y, € Vy, be the unique solution of the problem (3.11). Then we have the
V-estimate

[|Unlly < e, with ¢ > 0 independent on e, E and h.

Proof: From now on, we shall denote by ¢ > 0 a constant independent on ¢, ¥ and h.
Writing the discrete solution 1, € V), of problem (3.11) in terms of the basis functions

¢ as follows
N

77Z)h($) = Zann(x>> (3.21)

n=1
we observe, that it suffices to show that the coefficients z,, satisfy |z,| < ¢ Vn, to get the
boundedness of ¢, in the V-norm. Indeed, |z,| < ¢ ¥n implies with Lemma 3.2

b N Tn Tntl Tnt1
/ [n () Pdx = (znzn_l CnGn-1d + |zn|2/ (GalPd + 2pZn1 CnCn+1d:v)
a Tn—1

n=1 Tn—1 Ty

< c.

Moreover, taking the real part of the equation b(tp, ) = L(1y,), we can estimate the
derivative term as

52 /b b 52
= [ e)de < / (@) P+ 2k —— ()] < c,
E+|[V|eJs " . E+[|V]|so

which implies the desired result.

Let us thus prove, that the coefficients z, of the decomposition (3.21) are bounded
independently on e, F and h. These coefficients are solution of the linear system (3.16),
with M a tridiagonal matrix and L((;) =0, for [ = 2,---, N. Taking the imaginary part
of the equation b(¢p, ¥y) = L(1y,), we obtain

hye o 22+ k e 2|2 = 2k e Re(z1)
a1 v 1”1 b v I*N| — a T s 1)
E+ (V] E+ V]l E+ V]l

which yields the boundedness of z; and zy, in particular

[k
|21 <2 5 |an| < k—“gc, with ¢ > 0 independent on &, E.
b

Starting from the last line of the linear system (3.16), we are now able to show, step by
step, the boundedness of all coefficients. Indeed, with expressions (3.17), we can write

b(Cw, CN)

ZN_1 = —mzzv = (N1 + "y_1sinyn_1)(1 + O(h))zn ,

with

; € 1 V'(z
NMnv_1=¢€e N1 gkyo = NIRRT <4E ‘]; / W(z)|¢n |2dx> . (3.22)
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Straightforward calculations yield by induction the following expressions for zy_; in
terms of zy and for: =2,..., N — 2:

IN_i = _b(CN—i—i-laCN—H—l)ZN - b(CN—i+2a§N—z’+1)ZN e
B b(Cnis Cvivt) T bty Cvein) T

= (Mn_i +En_1sin(yy_1 + ...+ v_i) + ...+ Ey_isin(yn_)) (1 + O(h)) zx,

with
NN—; = e 1N 1t N i) 7 (3.23)
and
KN-j; = — (77ij+1 + KN-1 Sin(’YNq +...4+ ’YNle) + ...+ EN_j11 Sin(’YijH))

W(@)[Cx—goafPda, j=2,...,N =2,

£ /xN—j+2
\V E— VN*jJrl TN_j

This can be simply verified by observing that

(3.24)

sin(p + v)e P —sin(v)e ¥ = sin(p)e P Y pvp e R.

In order to prove the boundedness of the coefficients zy_; we have thus to estimate the
terms ry_j. Observe that |ny_;| =1, Vj =1,...,N — 2. Setting x := |ky_1| < ¢, we
get by simple induction arguments

lin_j| < ch(l+kK)(1+ch) ™2, j=2,...,N—2, (3.25)

with a constant ¢ > 0 independent on ¢, £ and h. Thus we deduce

lzvi| < (1 + K+ Z ch(l14+r)(1+ ch)j_2> (14 ch)"|zn|

j=2
= (1+r)(1+ch)* 2y|, i=1,...,N -2,

implying the boundedness of the coefficients z, independently on ¢, F and the meshsize

h < h,. "

4 Convergence of the numerical scheme

This section is devoted to the convergence study of the just constructed numerical
scheme, in particular to the derivation of error estimates. Let in the following ¢) be the
exact solution of (2.1), ¢, the discrete one, solution of (3.11), and let HZ’Ew € Vy be
the interpolant of ¢. The projection operator is defined by

N
2V =V, with TPe(r) =) o(z)Glx), YeeV. (4.1)

i=1
To ensure that the discrete solution v, converge in the )V-norm towards the exact solution
1, as the stepwidth A tends to zero, we have to show an estimate on the error ej, := 1)—1y,

in terms of h. The investigation of this error term is the subject of the subsequent
analysis. Let us state the main theorem of this paper.
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Theorem 4.1 (Convergence)
Let Ve W%>(a,b). Under Hypothesis A and B, the WKB finite element error between
the exact solution v and the discrete one 1y, satisfies the estimate

e

with h = max,h, satisfying h < h., where h, is independent on e, E, and with ¢ > 0
a constant independent on €, E and h.

We emphasize that the independence of this estimate on € and FE signifies that the
stepsize h has not to be adjusted to the wavelength A. This is the essential advantage
to the standard finite element schemes. A unique coarse grid, consisting of multi-
wavelength size elements, can be chosen to approximate the solution of the Schrodinger
equation with a desired accuracy, independently on the electron injection energy E.
The proof of this theorem consists in two steps, studied in the following two sections.
Obviously

lleally < [ — T 59 |y + [T P — |y,

and each of these terms shall now be analyzed separately.

4.1 Consistency

The goal of this section is to estimate the interpolation error e (x) == (z) — 15" (z)
in the V-norm. For notational simplicity, we shall often omit the index ¢ and F of the
interpolant.

Theorem 4.2 (Interpolation error)
Let V€ W2>(a,b). Under the Hypothesis A and B, the interpolation error of the ezact
solution 1, in the V-norm, is estimated as follows

g
H”Lp — HZ’EwHy < ch <h —+ —> HwHLQ(a,b) 5 (43)
VE+|[V]|s

where H‘;’E is the interpolation operator defined in (4.1), h := max,hy,, h < h, with h,
independent on £, E, and where ¢ > 0 is a constant independent on €, E and h. In
particular we have

1 — TP pooqayy < || poq@yy 5 110 — IP0) | ooqasy < chl|9]|e(ap) -

Proof: We shall prove the estimate picewise, in each I,, = (z,, ,.1), the stated result
follows then by summing over n. Recall that

Myih(2) = wa(2)3" + v (2)y"

with w,, and v,, given by the formulae (3.7). The boundary conditions, these functions
satisfy, are

Wp(xy) =1, wy(rpi1) =0 ;5 wvu(x,) =0, vu(xpey)=1.

16



Note moreover, that w, and v, are exact solutions of a slightly changed Schrodinger

equation of the type
A. g0 =0,

with the operator

zd_2+€2(1 Vi) 5 (V')

dx? 4E—V(z) 16 (E — V(m))Z) (V@) - B). (44)

AE, E = —¢
The exact solution 1 of (2.1) satisfies the equation

Aa,Ew = 527'(.1') )

with a rest term r, given by

Vi) s (V@)
r(z) = (ZE V() "6 (E - v<x>>2> v

Thus, the interpolation error function ey ,(x) = ¢(z) — I (), is solution of the fol-
lowing system

(4.5)

{ A pern = er, in I,
ern(Tn) = e1p(Tni1) = 0.

The functions w, and v,, are linear independent solutions of the corresponding homoge-
nous equation. Applying thus the “variation of constants” method, starting from the
Ansatz

e1n(z) = a1 (x)wy () + co()vn (),

we deduce after some simple computations

o) =+ = | e (2 [, VES V0

and

0 £ ’ r(y) (1
() =y + (E— V)7 /mn (= Vy(y))l/‘lsm (— VE— V(t)dt) dy .

€ Tn+1

The boundary conditions of (4.5) enable us to compute ¢! and ¢, leading finally to the
formula

ern(z) = E1(z) + &), (4.6)
with

) =~ [, v (2 VES V0 i,
540 = T st S, v (2 VE V)

Differentiating the interpolation error function yields

€1 5(x) = Di(z) + Da(x) + Ds(x) + Da(x), (4.7)
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Di(x) = —(E — V(z))* / %cos (% /y Mdt) dy.

Dy(x) = - gvv/((?))w / . r‘(/y( _sin ( / Wdt) dy.

Do) = ST i, v (| VES V) d.
Dy(z) = (F — V(x))”‘*M /;Hl%sm ( xnﬂ\/idt) dy .

sin(vn)

In order to estimate the interpolation error in the V-norm, we shall investigate each
of these terms, for the two different cases of a meshsize smaller or larger than the de
Broglie wave-length.

Case I h, < $A(x) in I,
Defining the phase by

1 x
7) = -/ JE=V{)dt,
€ Yy
we shall take advantage in this case of the fact, that the phase is close to zero and thus
sin(o(y; x)) = o(y; 2)O(1).

As besides r(y) = O(1)¥(y), we get easily by using Hypothesis A and the fact that
V e W2*(a,b)

(E1(2)] < choVhnl[Vll2,) 50 [E2(2)] < chu/ hnl|¥]] 121,y -

Case II:  h,, > coA(z) in I, with 0 < ¢g < 1/2.
The characteristic of this case is, that we are far from ~, = knr, Vk € N, such that

C'Y S |Szn(7n)| S 17

leading immediately to

1&1(2)] < e/ hy—e———

2y < ch3|) 2,

VE=V(z)

and similarly

C E
Ea(z)| < —V hanWB(m < ch¥|1¥]|ra(r,)
: —

Altogether, we have

llewnl 2@ < ch?|¥]|ie@py,  as well as  |lennl (o < ch?[|1]| 1o @p)

18



with a constant ¢ > 0 independent on ¢, E' and thus on the wave-length \.

Next, we estimate the derivative terms:

Case I: h, < i)(z)in [,
Similar arguments as for the terms &;, &, yield

D1(@)] < evVhallllz,y 5 [Da(@)] < cha/hnl[l|21,)
Ds(@)] < chn v/ holl¢ll2y 5 [Dal@)] < e/ |9l 2

implying for a stepsize smaller than the wavelength

levnllz) < chall¥llzm,y,  as well as €] y||Loor) < chal[¥]| Lo () -
Case II:  h, > coA(z) in I,.
Analogous reasoning as for the terms &, &, leads to

£
Di(z)] < evVhalll|2@y 5 |Da(2)] < e/ hanIﬂHm(m < ch¥?|Y|| 121, »

C C
Ds(z)| < C—hi/2||¢||L2(In) i | Da(z)] < —V Pl [ 221, -
Y

o

Combining these estimates, we deduce in the case of a stepsize larger than the wavelength

el nllzey < chnllll2@,y . as well as  |[€] ]| Lo (1) < chnl[¥0]| Lo (1) -

Altogether the two cases lead to
€ €

——————lle1pll2(0) < h =[] 20 -
VE+[[V]]s VE+[[V]]s

The exact solution 1 of the continuous problem (2.1) satisfies the numerical scheme
(3.16) with a certain error, the consistency error. Introducing the exact values ¢ (x,,) in
the discrete scheme, yields the following equation

b(thﬂgn):L(Cn>+wn7 vn:lv"wNv

with w,, the corresponding error terms. Due to the fact that b(v, (,) = L((,), we can
write

wn:b(thvz)_waCn)v vn:]-v"'yNa

and the estimate of this error term is given by the next lemma.

Lemma 4.3 (Consistency result)
Let V€ W?>(a,b) and let Hypothesis A and B be satisfied. The terms b(I1 — 1, ()
can be rewritten ¥Yn under the following form

(1 Vi) +3M) (M) — )l

62 Tn+1
bt =, Gn) = =0 / 4E—V(z) ' 16(E - V(2))?
(4.8)

E+[Vls Ja

n—1
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leading to the estimate

2 2

9 £
c— ||y — R < ch?
E + HVHOOH hw wHLl( n—1,Tn4l) —

b(Ilpy — 1, ()| < P

with ¢ > 0 a constant independent on €, E and h < h,.

Proof: Expression (4.8) is deduced immediately from

62

by =, G) = RN

b b
/ () e+ / (V = B) ([ — ) Code

E+1[V]]so

by observing that ¢, € V}, is solution of the equation A. g¢, = 0 in I,,_; U I,,, with the
operator A, g given by (4.4). Using Theorem 4.2 and Lemma 3.2, we get the desired
result.

| |

4.2 Stability

We shall start with a stability result generalizing the statement given in Theorem 3.5.
This result will permit to establish the estimate for the second error term ||TI5" ) — )y ||y

Theorem 4.4 (Stability result)
Let V € W?>(a,b) and let Hypothesis A and B be satisfied. Let moreover ¢, € V, be
the solution of the equation

b(¢n, On) = F (), Y0 € Vy . (4.9)

with the antilinear form

2 b
F(0,) = —/ F@)r@)dz, e L®a,b).
E+[Vlleo Ja
Then ¢y, satisfies the following estimate

[|énlly < ¢

g
——||fllz(a) ;
VE+V]|s

with a constant ¢ > 0 independent on £, E and h < h,.

Proof: Let us decompose ¢, € V}, in terms of the WKB basis functions

on(a) = 3 2Gala).
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The coefficients z, are thus solution of the linear system

b(C1,¢1)  b(CsCi) -+ DN, Cr) 21 F(¢)
b(Ch@) b(CZ?CQ) b(CN;Cz) %) _ F (410)

b Cw) DG Cy) - b))\ an F(Cx)

which differs from the linear system (3.16) in the right hand side. Similar as in the proof
of Theorem 3.5, we shall start by estimating the coefficients z,,, proceeding in two steps.

1. STEP Estimates on z; and zy.
Choosing in (4.9) as test function 6, := ¢, and taking the imaginary part, yields

b
kal 21 + k2w |* = —Im/ f(@)on(z)de < || f]|L2@@pl|n]l2 (@) (4.11)

This implies

2 for i=landi=N.

|2

9
< e[ fl (@)l 0] L2(a.t)
VE+[[V]]oo

2. STEP Estimates on the remaining z,.
Starting from the last line of the linear system (4.10), we are now able to prove step by
step the remaining estimates. We have

Flv)  b(Cw, ) .
b(Cv-1.Cn)  b(Cv-1,Cn)
= Ty + (Mn—1 + knv—1sinyy—1)(1 + O(h))zn ,

with ny_1 and kKy_1 given by (3.22) and
TN_1 = TN-1 Sin’YN_l(l + O(h)) 5

where
X

TN—-1 - — _\/E%‘/N_l mNNl f(I)CNdQZ . (412)

Let us define Ty := 0. By a simple induction we deduce the expression for the coefficient
zZn—; in terms of zy, fori=2,..., N — 2
o F(Cn—iy1) b(Cn—is1, CN—H—])ZN ) b(Cn—is2, CN—i+1)ZN )
—i = - —il — —it
b(CN—i, CN—it1) b(Cn—i, CN—iy1) b(CN—i, CN—it1)

=Ty i +(n_i + En_1sin(yv_1 + . +9v_i) + . + En_isin(yy_;)) (1+ O(h))izN

with
Ty = Tnoasin(ynor + .+ yv-) (L +OMR) + .. 4 7y sin(yv—i) (1 + O(R))

= Z TN—] sin(yN_l + ...+ ’7N—z>(1 + O(h))i—l+1 7
=1

(4.13)
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and where the coefficients ny_; and ky_; are given by (3.23), (3.24). The terms 7y_;
have the form

TN — ]+2

£
J \/E VN ,] TN —j
TN — ]+2
dx'T , g =1,...,
\/m/ |CN ]+l‘ N—j+1 J

In order to estimate the coefficients z,, we remark that

)gN j-‘rldl‘

Tl <Y lval(L+ch) ™, i=1,... N -2,

=1

and

9
‘TNfl‘ SCh—HfHL (a,b) h—’TNflJrl‘;
VE+[[V]]oo VE+[[V]]oo

with constants ¢ > 0 independent on ¢, F and h. Induction arguments yield finally for
I=1,...,N =2

-1
I .
ITvo| < ch——=||fl|1=(@p) |1+ ch (14 ch)*~1
VE+ V]l ;
!
T < Chw“ﬂh abz +ch)¥ 1,
() j=1

implying with (3.25) fori =1,..., N — 2

lav—i| < [Tl + <1 + Z |/fN—l|> (1+ ch)'|zn]

=1

11z (L4 ch)? ™ 4 (14 k) (1 + ch)* ! zy|
7=1

(1 + ch)**1 — (1 + ch)
2+ch

L —

VE+[[V]]oo

|l
VE+[[V]]oo

Due to the fact that (1 + ch) — e for N — oo, we get

+ (14 &) (1 +ch)* Y zn].

£ 19
20| < c——==||fll1=@p + ¢ <—
VE + V] VE+V]leo

with a constant ¢ > 0 independent on the parameters € and £ and on n. This leads to

1/2
!!f’!Lw<a,b)H¢hHL2(a,b)> v,

b N Zn Tnt1 Tn41
/ o (z)Pdx = E (annl CnCnrdx + \zn\z/ |ColPdz + 202011 CnCn+1dx)
a Tn—1

n=1 Tn—1 Tn

&2
1 oo @y +

< e 11z (o) |8 2 0at)
B+ V] )

VE ||V||oo
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implying with the Young inequality

62

2 < 200
||¢h||L2(a,b) = CE + ||V||oo ||f||L (a,b) »

with a constant ¢ > 0 independent on the parameters ¢ and E and on the meshsize
h < h,. The rest of the proof is straightforward, by observing that

82

62 b ) ) b
ERTGEIN dr < 2dr 4+ —— . o
EHWHOO/OL |on ()] x_/a |on(2)|"d E+]|V]|oo||f“L2( »l16nllz2(an)

This inequality is deduced by taking the real part of the equation b(¢y, ¢r) = F(¢p).

We proceed now to the study of the second error term ||TI57¢ — 44]]y. Let us denote

ean() = H‘;’Ew(x) — ().

Theorem 4.5 (Error estimate)
Let V.€ W2>(a,b). Under Hypothesis A and B, the error between the interpolant of
the exact solution and the discrete solution is estimated as follows

€ 2

—h7
VE+ V]l

with h = max,h, satisfying h < h., where h, is independent on ¢, E, and with ¢ > 0
a constant independent on ¢, & and h.

T2 — gyl < ¢

Proof: We start by observing that
b( = ¢n,0n) =0, VO, €V,
implying
b(Ip) — p, 0r) = b(Il) — 1, 0,) = —b(erp,0n), VO, € V. (4.14)

At this stage, we remark that the term on the right hand side can be rewritten with
(4.8) under the following form

B g? b1 V' (x) 5 (V'(x))? —
(Il =, 0,) = —m/a (ZE——V(:U) + Em) (Hptp — )Onda
such that using Theorem 4.4 with f(z) := —W (x)(Ilyy(z) —¢(x)) € L*®(a,b), W being
defined in (3.13), we deduce

T E g — |y < ¢ T Z4p — )| Lo (ap) -

9
VE+ V]

Using now the estimate of Theorem 4.2, we get the desired result.
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5 Conclusion

This paper was devoted to the numerical analysis of a finite element scheme, based on
the WKB approximation and applied to the 1D stationary Schrodinger equation. The
consistency and stability results have proven the convergence of the method in the oscil-
lating case without turning points. The convergence error is shown to be proportional
to the meshsize h. The constants involved in the error estimates are independent on
the wave-length, which emphasizes the important feature of this method, namely the
fact, that a unique multi-wavelength grid is sufficient to get accurate results. In a forth-
coming paper, the numerical analysis of the 1D case including turning points shall be
treated, as well as the the extention to the 2D case.
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