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Introduction

The goal of this work is a contribution to the numerical simulation of kinetic
models in electronic engineering and plasma physics [32, 84]. The MOSFET
is an example of electronic device. It is a transistor, the building block for
all the commonly used electronic objects, from CD players to laptop com-
puters. Its particular interest is due to the effort being made to reduce it
to nanoscale. During the last fifty years electronic components have been
made smaller and smaller, which allows better performances for processors
and saving of energy.

Electronic devices are physical solid state devices; they have a fixed elec-
tronic lattice, in which impurities are injected in order to modify electronic
properties. A standard semiconductor is made of Silicon, which is a tetrava-
lent atom and might be doped by injecting Phosphoros (P) or Arsenic (As)
to obtain a negative doping (there is an excess of free electrons), or by inject-
ing Boron (B), which is electron-deficient (it possesses a vacant p-orbital),
to obtain a positive doping: a sort of excess of positive charges is produced,
which is in fact an excess of electron holes. To give an idea of the dimensions
of the doping phenomenon, in 1 e¢m? of Silicon there are order 10?4 atoms;
a low doping means injecting 10'3 atoms per ¢m?, while a high doping 102°
atoms per em®. The doping of semiconductors is essential in order to create
a potential barrier high enough to induce an electron current.

Another physical object on which we shall focus our attention are plas-
mas, i.e. ionized gases: the electrons of the most external orbits are sepa-
rated from the atom, which happens to gases when warmed up to 10 — 108
Celsius degrees (that is why plasma is considered the fourth state of matter).
Positive, negative and neutral charges dissociate, like 99% of the matter.
Plasmas are a central point in the research in fusion energy.

Transport of charged particles and collisions are the main aspects which
we need to describe when simulating electronic devices and plasmas. Basi-
cally two categories of models can be used:

e microscopic: we expect to have a precise and detailed physical de-
scription of the phenomena, even if more numerically costly; at ki-
netic level the motion is described by a probabilistic magnitude (the
dynamical description being unrealizable because of the huge number

vii



viii INTRODUCTION

of particles involved) defined in the phase space (z,v), (x,p) or (z,k):
the choice of the problem may make more suitable the use of the veloc-
ity v instead of the impulsion p or the wave vector k. The probability
distribution function (pdf) is called f(¢,z,v), where f(t,z, v)dzdv rep-
resents the number of particles in volume dxdv around point (z,v) at
time t;

e macroscopic: starting from the kinetic model, hydrodynamics limits
[9, 15, 55] or fluid limits give on one side Euler and Navier-Stokes
models and on the other side Spherical Harmonic Expansion [16, 39],
Energy Transport [2] or Drift-Diffusion [3] models. Refer to [101] for
more detail.

For the scope of this work we are interested in transient-state microscopic
models, therefore the Vlasov operator is the main tool describing the mo-
tion of carriers under the effects of a positional force field F'(¢,2) and the
free motion. Collisions are taken into account by the Boltzmann operator:
sometimes we shall neglect them, sometimes we shall just use a linear BGK,
sometimes we shall take into account acoustic phonon scattering and optical
phonon scattering (phonons are pseudo-particles describing the vibration of
the lattice).

The force field F'(¢,x) can be of very different natures. Usually it has
the contribution of the self-consistent electrostatic field given by the Poisson
equation. In the nanoMOSFET model, the Poisson equation is replaced by
the Schrédinger-Poisson equation, in order to take into account the discrete
energy levels of the confined dimensions. In plasmas simulations magnetic
events cannot be neglected, so that we have to use Lorentz force (computed
solving Maxwell equations) instead of just the electrostatic force.

Numerical schemes solving the transport problems have to deal with the
filamentation problem: in the phase space strong gradients and oscillations
appear, which is a physical phenomenon, essential in the evolution of Vlasov-
based models, but it must be numerically treated in a proper way not to
add spurious oscillations, i.e. numerical non-physical phenomena. In any
numerical scheme, interpolations are required at some point; many are the
possible choices but some of them do not properly deal with the physics of
the model. In the first part of this thesis we develop Pointwise Essentially
Non Oscillatory (PWENO) interpolation methods for direct reconstruction,
and involve them in the solvers for transport problems. Moreover, we explore
the possibilities of splitting algorithms between the dimensions of the phase
space (dimensional splitting) and between transport and collisions in the
collisional problems.

More precisely, for the time discretization of the models, two techniques
are used: either we use the third order TVD (Total Variation Diminish-
ing) Runge-Kutta algorithm in [28], or we split linear operators (like in the
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Figure 1: The direct Semi Lagrangian reconstruction, based on following
backward the characteristics.

Boltzmann Transport Equation) by means of Strang splittings, a scheme in-
troduced in 1976 by Cheng and Knorr [35] based on a previous 1968 article
of Strang [98]. For example, for solving the BTE

%+a(v)'vxf+F(l‘)‘vvf: o[/l

we can split it into two blocks

transport: ?9{ +a(v) -Vaf+F(z) -Vy,f=0
collisions: g‘: = 9If],

solve them in separate steps and then recombine them: first perform a %—
time step in transport, then a At-time step in collisions and then a %—time
step in transport; this gives a second order scheme in time. Details are given
in section 1.2.

Runge-Kutta schemes have the drawback of being time consuming (their
explicit character constraints the time step to the CFL condition) and may
be more difficult to implement, while in splitting schemes, being the blocks
solved for separate, easier problems are solved. In principle, no constraints
other than the physical consistency appear on the time stepping, which

permits solving the problems in less time steps.

In section 1.3 two methods for the transport step are proposed: the
direct Semi Lagrangian reconstruction in Figure 1 and the Flux Balance
Method [42] in Figure 2. They must be completed by some interpolation
technique, for which we use PWENO methods, which are the object of an
accurate description in Section 1.1.

In Chapter 2 time splitting schemes (in Section 1.2) with Semi La-
grangian methods (in Section 1.3) for the advection parts and PWENO
methods (in Section 1.1) for the reconstruction are tested and then applied
to some 1D models: a Vlasov system with given potential with either a
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Xiciz Xisap

tn+1

The averages along the red segments
are the same, because we have followed
the characteristics backward.

FLUX BALANCE METHOD means evualuating
the flux at time £  from a balance of

fluxes at previous time't

-.—-.—.= the average along the purple segment
————— plus the average along the blue segment
.......... minus the average along the green segment

Figure 2: The Flux Balance Method, based on following backward the char-
acteristics, but mass conservation is imposed.

linear BGK or a Fokker-Planck operator for collisions

of of of
o o "o =

1 [ _
7 lp(z) M (v) — f]
a collisionless Vlasov-Poisson, where the force field is self-consisiently com-
puted through the Poisson equation (which can be solved for instance like
in Section 1.6)

af of 0vof

ot U@x or ov

0*d
E;&;Z =1- J/)fkiv,

which leads to the Landau damping if we set as initial condition a small
perturbation on the equilibrium fo(z,v) = M(v) [1 + ecos (£)], or to the
two-stream instability, a typical vortex structure:

(500 [t (SR ) )] -6

2
fO(xaU) = Z7\/%

By these two tests we see how PWENO schemes are able to control spurious
oscillations.



xi

A semiconductor model is then studied in which the force field is self-
consistently computed through the Poisson equation and the collisions are a
correction of the linear BGK, the relaxation time being position-dependent

m 2100
e 14+ /1+4((uo/vo)E(t,x))?

The main contribution of this part of the memory is the development of this
non-linear interpolation procedure PWENO and its coupling with splitting
techniques for solving kinetic equations. We also discuss the conservation of
magnitudes like LP-norms, total energy and entropy.

In Chapter 3, we apply the previously developed schemes to the simula-
tion of an electronic device in which the single energy-band is given in the
parabolic approximation, the electrostatic field is self-consistently computed
via Poisson equation and collisions are taken into account with acoustic
and optical phonons, in the linear approximation. The transport/collision
equation is solved through recursive splitting schemes in rescaled cartesian
coordinates, so that we reduce to the solution of 1D advection steps and
collisions; as for the advection, the mass-preserving FBM scheme [42] has
been chosen. The collision operator in the low-density approximation is

T(t,x) =

QUfl(tsaik) = [ SO )f (k) = (b W) (. )]

R3

with

S(k, k') = K [(ng + 1)0(e(K) — e(k) + hw) + ngd(e (k') — e(k) — hw)]
+ Kod(e(K') — e(k)),

where the reader can refer to Chapter 3 for the meaning and value of the
physical constants. The solution of this operator requires performing inte-
grations on an interval [—,/7, /7] of the pdf f(ki,u) following a semicircle
in the (k1,u)-space, where u = ||(ko, k3)||:

/_\/\;f (kl, o (k1)2> dky.

Several interpolations are needed to compute the integral, which would not
be the case in energy-adapted variables, the semicircle representing a level
of the band-energy (k) and the integration reducing to a single evaluation,
so that just one interpolation may be needed. In our case several strategies
have been tried, but without much improvement with respect to a plain
along-the-line linear interpolation; refer to Section 1.4.1 for details.

In Chapter 5 we afford the numerical simulation of a 2D MOSFET (3D
if we assume y-invariance) at a nanoscopic scale. The Silicon Debye length,
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essentially the distance over which significant charge separation occurs, is
given, at lattice temperature T, = 300K, by

esi€okBTL  yoes [ L
e2Np Np'

For the highly doped regions (N = 102°cm=3), the Debye length is about
Ap = 0.4nm, while for the lowly doped regions (N+ = 10'%cm~3), the Debye
length is about Ap = 130nm. The device object of our study is 20nm long in
the z-direction, in which we inject the carriers, and 8 nm in the z-direction,
in which the confinement takes place, thanks to a built-in potential barrier
of 3eV between the Si-layer and the SiOs-layer. While along the transport
dimension a classical description of the motion is satisfactory, the confined
dimension is very short and energy levels become quantized: from now on,
they are indexed by letter p, from lower energies, therefore more occupied,
to higher energies, therefore less occupied. A quantum description in the
confined dimension is more appropriate, therefore we assume the carriers
behave like waves, their state being described by the 1D stationary-state
Schrodinger equation (1D because the z-position only acts as a parameter):

d{ldxp

Along the z-dimension carriers behave like particles, driven by the free mo-
tion, the self-consistent force field and having collisions with the phonons
(but for the scope of this work we shall just use a linear BGK); the mi-
croscopic description of their motion is given by the Boltzmann Transport
Equation:

0
8{513 + —Vje km Vafp— *vxﬁp()t Vifp = plfpl;
where the band kinetic energy is taken in its parabolic approximation:
; R?|k|?
el;m( k‘) _ ‘ | ,
Zm*k:BTL

therefore it does not depend on the band. The force field is computed
through the Poisson equation:

. q
—div, . [er(2z,2)V, V] = o [N[V] — Np].
The Schrodinger and the Poisson equation cannot be decoupled, because
we need the potential to compute the Schrodinger eigenproperties {ep, xp}p,

which are needed to compute the density

= pr|Xp[V
P
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The Schrédinger-Poisson problem is solved through a Newton iteration, in
order to try a different strategy with respect to [101] where a Gummel
iteration is used. Newton schemes have proven robustness and fast conver-
gence, both in 1D and 2D. They require several times the solution of the 1D
Schrodinger equation, which is discretized via standard finite differences and
then diagonalized by means of a LAPACK routine called DSTEQR. They
also need the solution of a ”generalized” Poisson problem, i.e. a Poisson
equation with non-local effects taken into account by an integral term. This
fact makes the matrix full and not just tridiagonal.

As for the transport problem, several strategies have been tried: inte-
grating either the original variable f, or a slotboom variable g, defined by

folt, 2, k) = g,(t, k)efep(t,x)qkp

by means of time splitting schemes [35] or Runge-Kutta schemes [28] based
on Finite Differences. We have obtained the best results by integrating the
original pdf f, by Runge-Kutta-3. Any of these schemes is time consuming,
because of two main reasons: Poisson has to be solved very often (10~%ps)
not to introduce oscillations due to its own overcorrections, and the drain-
source potential should be applied gently not to initialize Newton schemes
too far from the equilibrium.

Chapter 4 is slightly different from the other ones, it does not follow the
line of direct application to some specific model. We are interested in inter-
mediate approximations between the kinetic equation, which is microscopic
therefore deeply detailed

ofe  0fe

1
o T Var — 2D (1)

where we choose as collision operator a linear BGK

Q[f.] = /V fedp(v) — f-,

and the heat equation

£

op P _
ot o0x2 7

(the easiest macroscopic equation) this one being the formal limit of (1)
as ¢ — (0. We develop numerical schemes, based on splitting techniques,
which are asymptotic-preserving as parameter € tends to zero without need
of resolving its smallness at meshes level. For the moment equations several
closures have been proposed: we numerically show that the first order closure
improves the zero-th order closure in the ¢ — 0 limit.

One of the main contribution of this chapter is the scheme solving the
kinetic equation (1). As speeds of propagation are order %, a direct Semi-
Lagrangian scheme or a Finite Differences scheme for Runge-Kutta dis-
cretization would become unbearably time consuming, either in order to
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give a satisfactory precision or due the CFL constraint. In this work, we
develop an asymptotic-preserving scheme based on the idea of decomposing
fe into the sum of its mean value

msz@@

and fluctuations around this mean value, following the idea of a Hilbert
expansion:

fe = pe +€ge.

After plugging the decomposition into the kinetic equation and suppress-
ing the non-leading terms in e, we proceed by splitting schemes separating
relaxations and advection:

Step 1.1 Relax g.

grt/?

Step 1.2 Relax f;
A A
N R

Step 1.3 In this first step the mean value does not change:

n+l/2 _ n
£ /_ps

Step 2.1 Solve for a At-time step

Ofe 0
f+ g

Step 2.2 Update the mean value
pett = / fedp(v).
1%

Step 2.3 In this last step g. remains unchanged:
n+1 n+1/2

9e =9

Similar ideas are used to propose asymptotic-preserving schemes for the
moment closure equations; refer to Chapter 4 for further details.

The organization of this thesis is as follows: in Chapter 1 the main pro-
posed numerical techniques are described, Chapter 2 is devoted to the appli-
cation of PWENO to the splitting schemes, Chapter 3 adapts these strate-
gies to the semiconductor Boltzmann-Poisson problem, Chapter 4 introduces
asymptotic-preserving schemes for diffusion approximations by splitting al-
gorithms, and finally Chapter 5 deals with the quantum-kinetic coupled
problem for solving charged particle transport in nanoMOSFETs.
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Chapter 1

Numerical instruments

In this chapter we develop most of the numerical techniques introduced and
applied in this memory.

1.1 Pointwise Weighted Essentially Non Oscilla-
tory interpolations

We describe the Pointwise Weighted Essentially Non Oscillatory (PWENO)
interpolation: it is based on a direct reconstruction on the grid points and its
goal is to avoid the introduction of spurious oscillations due to the Lagrange
interpolation in presence of high gradients.

1.1.1 Introduction
We have an interval [z, x|, a division into a grid of N points
xp=x0<w1 <..<IN_1=2ZIR
and the values of a function f in these points:
{fi=flzi)}ico,. No1-

Our goal is to reconstruct the function in the whole interval in a “non-
oscillatory” way near the points where the function has high gradients or
discontinuities.

In the numerical solution of conservation laws, hyperbolic and transport
equations, the sharp shape of the solutions (shocks in conservation laws)
and the total variation of the function have to be controlled.

1.1.2 Description of the method
We have an interval [z, zg] divided into a grid of N points

rp=r0< 1 <2< ...<ITN_1 =R
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1.5 i i 1.5 i
WENO-6,4 ------ Lagrange-6 ------
1+ 90000000 0 1+ 4;\0%90000*
! i
| |
0.5 |- ! . 0.5 |- :
! !
= ; - = ;'
' |
: :
-0.5 ,:' — -0.5 + !
| !
-1 400000000 — -1 »<><><>e<><><>§<'p
\/
-1.5 -1.5
-1 -0.5 0 0.5 -1 -0.5 0 0.5

Figure 1: Comparison between an oscillating and a non-oscillating interpo-

lation method.

{fi= f(ifi)}i:o,...,N—l'

We choose a stencil of ntot points

S= {xfirsh ) mlast} = {xf’iT‘Stu SE3) xf’irstJrntotfl}

and nilp substencils
Sr = {xlast—lpo—l—l—m ceey xlast—r} = {xi—Tv ceny xlast—r}

for r =0, ...,nlp — 1, where lpo := ntot —nlp+ 1 and i := last — Ipo+ 1 (see

Figure 2).
ntot = number of total points
G © (in this example ntot = 9-5+1 = 5)
4 5 6 7 8 9 10
— 4 5 6 7°.8 g 10 1
— |
So \—$0 nip = number of substenc
S L g taken into account
e s
1
\—1 S i =index of the first poin
2 . on the first substenci
S Ipo = number of points
3 per substencil

Figure 2: Left: the main stencil & with the substencils §,. Right: the

meaning of parameters nlp, Ipo, ntot and i.
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1.5

0.5 x 1 1 1 1 1 1 1 1
) 6 7 8 9 10 11 12 13 14 15

Figure 3: This figure shows how PWENO works with ntot = 6 and Ipo = 4:
it takes the (three, in this case) reconstructions given by the (three) Lagrange
polynomials and then it will make an average between them.

The reconstructed value at points x will be a convex combination of the
values given by the Lagrange polynomials in the stencils S,

nlp—1

> we(@)pe(z)

r=0

with p, the Lagrange polynomials of degree Ipo — 1 interpolating the stencil
Sy

Ipo—1
pr(x) =pP(x) = > fisrjers(x) (1.1)
§j=0
where
lpo—1
T — Tj—ryl

crj(®) = P
1=0,14] i—r4j i—r+41

wr(x) are weights which give more or less relevance to the stencils where
the p,(z) are more or less “regular”. Both the words “non-oscillatory” and
“regular” will be rigorously defined in the next section.

The meaning of the parameters

1. cardinality of the main stencil S (ntot).

2. number of Lagrange polynomials (nlp).
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3. Lagrange polynomial order (lpo), i.e. the number of points each poly-
nomial interpolates.

1.1.3 The weights w,(z)
WENO interpolation is given by

nlp—1

Z Wr(x)pr(x)
r=0
where p,(z) is defined in (1.1).
We need now to define the coefficients w,. First of all we need a mea-
surement of the regularity of the Lagrange polynomials near x.

The smoothness indicators [,

We shall call smoothness of the polynomial p,(z) a measure of its derivatives
in the interval:

e ntot] _1,L ¢; ntot] 1 if ntot is odd
first+| 252 | — 50 7 first+| 5= [+ 5

{xfirst—s—[%]—l’:Ufirst—i-[%]] if ntot is even

where the dependencies of £, and €r will be omitted and [r] means the
integer part of x. Using the notation

tot
7 = first + [n;}

we can also write

{xi*_;,xi“r;] if ntot is odd
(€L, Er] = 2 2
[ 1, 2] if ntot is even

If the derivatives are large, the smoothness indicator is wanted to be large,
and viceversa. The following measurement is proposed by Jiang and Shu in
[64, page 207]:

Ipo—1 En 9
6= Ale_l(DlpT) d
=1 Y€L

This is a weighted sum of L?-norms of the derivatives, which we can see also
as a weighted Sobolev norm of Dp, in the interval [, ER]

Ipo—1

2
Br = Z AxQZ_lHDlpr

L2(&r,,ER)
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The weights Az?~! are needed to make the terms of the sum independent
of Az, i.e., to make them all be of the same order. This will be clarified
below. Other measurements would be possible, but we shall omit discussing
this point.

Protoweights @, ()

Once we have computed the smoothness indicators, we define the @,(z) as

d,(z)
(e + Br)P

where d,.(r) are some weights we need to optimize the order of the method
(we shall discuss it later), and € is a constant to avoid the denominator to
be zero (in the code € = 107% is used). The choice of 1 < p < oo has no
influence on the order of the method. In all the tests we have set p = 2.
If we chose a greater p we would decide to give less weight to the stencils
where the reconstruction is more irregular, and viceversa.

Weights w, ()
To get the weights w,(z) we just have to normalize the @, (x) given by (1.3).
O ()

=1 ~ "
Z;L:po wj(z)

Still we have to find weights d,(x) to get the highest order method.

(1.4)

wr(z) =

The weights d,(x)

In order to get a high order method (if the function is smooth enough), we
need coefficients d,(x) such that:

nlp—1

p(x) =Y dr(2)pr(2) (1.5)

r=0
where p(z) is the ntot — 1-degree Lagrange polynomial interpolating the
whole stencil §

ntot—1 ntot—1

T — Ty -
)= 3 Frewss 11 first iy (16)
j=0

1=0, ] T first+j — L first+l

Lagrange interpolation gives a ntot-order method; by mean of these coef-
ficients we want PWENO-ntot,lpo interpolation to approach a ntot-order
method non oscillatory for homogeneously regular functions, i.e., whenever
all the weights G, have the same order of magnitude.
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Proposition 1.1.1 (Existence and uniqueness of the weights d,(x)). Let
T = [zp,xg] C R be an interval, and let

T, =20 <21 < ...<ITN-1=ZIR

be the grid. If x is not a point of the grid, then the weights d,.(x) defined by
(1.5) are unique.

Proof. The ntot-order Lagrange interpolation is exact on P~ je.,

f et — plf](x) = f(z)

where p[f] is the Lagrange polynomial which interpolates f in ntot points.
If B = {b;}"% 1 is a basis of PP f(x) = SM%1 f,b;(x) and ¢, ;(z) are

given by (1.1.2),
plfl@) = p|Yfibi] (@) = sz@-bxxj)cr,j(x) (L7)
= Zf,Zb (z5)erj(x Zf,p (1.8)

so we only need to impose condition (1.5) on the elements of a basis. Take
as a basis of Pot—1

B={bo, b1, .., butor—1} = { H — T first+1), mE {0, .. ntot—Q}}.

=0

For deg < Ipo—1, condition (1.5) gives bgeq(x) = E:Lfo_l d,(2)bgeq(x) which

means
nip—1

> de(z) =
r=0

For lpo < deg < ntot — 1, condition (1.5) gives

nlp—1

bdeg Z d prdeg )

where pr geq() is the Lagrange polynomial interpolating polynomial bgeq(x)
at points {xj_r, ..., Ti—rtipo—1}, i.€.,

lpo—1

prdeg Z bdeg Ti— r—i—])cr,j( ).
7=0

We get the following linear system

1 1 o1 1
P0,1po(T) P1ipo(T) o Prip—1,lpo() bipo()
L = pO,lpo-‘rl(x) pl,lpo-‘rl(-r) pnlp—l,lpo-‘rl(x) blpo-‘rl(x)

pO,ntotfl(x) pl,ntotfl(x) pnlpfl,ntotfl(x) bntotfl
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Note that byeg(zi—ryj) = 0 for i —r + j < deg — 1, which implies that the
matrix has the following appearance

1 1 1 .. 111
Do, ipo (l‘) p17lpo(x) pnlp—2,lpo(x) 0 blpo (.’L‘)

L = pO,lpo-i—l(x) pl,lpo—&-l(x) .. 0 0 blpo—i—l(-r)
pO,ntotfl(x) 0 0 0 bntotfl(:E)

Call L = (L1|L2). The computation of the determinant of L; is straightfor-

ward
nlp—2

det Ll H ps ntot—1)— ) 7é 0

which is non-zero because none of the terms can be zero. Since

lpo—1
Ps,(ntot—1)— s Z bntot 1)— .751 s-l-])cs,j( )

and binor—1)—s(Ti—s+j) = 0, for j =0, ...,lpo — 2, then

ps,(ntot—l)—s(x) - b(ntot—l)—s(xi*ﬁ»lpo*l)CSJpofl(x) #0

because bntot—1)—s(Ti—stipo—1) 7# 0; if not, we should get a contradiction:
a non-zero polynomial of degree (ntot — 1) — s would have ntot — 1 zeros.
Cs,lpo—1(2) # 0 because x does not belong to the points of the grid. In this
way, the existence and uniqueness of the d,(z) has been proven. [

Remark. If x is a grid point, the uniqueness would not be needed, because
in fact any linear combination of the Lagrange polynomials interpolating
that point would be suitable.

Code implementation of the weights d,(x)

Imposing the definition of Lagrange polynomials (1.1) in (1.5), we get

ntot—1 nlp—l lpo 1
tot nlp
fz r*+;5C r* ] )_ fz r+5C r,]
r=0

where 7* is defined in Figure 4. As the d,(z) do not depend on the values
of f, we have to impose for every 0 < s < ntot — 1 the coefficients of f; =1
to be equal:

i)=Y de(@)ep (@),

r,j s.t. —r+j=s



8 CHAPTER 1. NUMERICAL INSTRUMENTS

S

\

S

Fan\ Fan\ Fan\ Fan\ Fan\ Fan\ Fan\ Fan\ Fan\
N N N N N N N N N

7 8 10 11 12 13 14 15
|

i r* = i—first =
first  (=ord-lpo=) !
=4 I

r* is the difference between the first point of the substencil S and the
first point of the main stencil S

Figure 4: The parameter r*

So, the linear system to be solved is represented by the following ntot x
(nlp + 1)ntot matrix:
Ipo . . .
(15, = cj7i+j_(nlp_1)(:1;) ifnlp—1<i+j<lpo—1+nip—1
17] -

0 else

with the known terms

(18)inp = c?f’of.

Take now its submatrix LS € My pxpnip+1:

[ . . .
cj’ffﬂf(nlpil)(:c) ifnlp—1<i+j<lIpo—1+nip—1

(LS)i; =

0 else

Here we have nlp conditions for nlp unknowns, and the linear system is
represented by an upper triangular matrix, which can be solved directly by
a recursive procedure starting from the first line (i = 0).

A way for calculating explicitly the weights d,(z) as polynomials

We are able to get an explicit formula for the polynomials d,(x) by an
iterative method. Assume the interpolation points are {xg, x1, ..., 2, }. Sup-
pose we have two polynomials: p(x) interpolates a function f at the points
X0, X1, ..y Tn—1, and g(x) interpolates at the points z1,z9,...,z,. A simple
exactness argument (Aitken-Neville method, see [1, page 56]) allows to check
that the polynomial interpolating f at the points xg, x1, ..., T, is given by

~ pla)(x — n) — q(x)(x — x0)
rle) = Ty — T
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P, (X) —_— p(l) (X)\
px)— 0 ()

1 0

P(X)

P
D 1 (X) / nlp-2

nlp—

Figure 5: Explicit construction of the polynomials Jr(;v) by recursion.

An explicit recursion procedure based on the previous formula gives us the
explicit value of d,(x). In the case of three points (n = 2) we get:

dg(l’) _ (CE—ZDi_l)(CE—IEi_Q)

T (@im1—xiq2)(Ti—2—Ti42)

_ (z—=Zito)(T—Ti2) (x—@i—2)(x—Tit2)
di(z) = — ($i71_$iiz)(wi—2_;i+2) (J»’i72_73i+?)(73i72j§7i+2):|

. (z—zip1)(@—xi42)
d2(x) - (xi_z—iﬂiii)(iﬂi—Qj;i-&-Q)

Proposition 1.1.2 (Uniqueness of the weights d,(x)). LetZ = [xr,zr] CR
be an interval, and let

rp =20< 21 < ...<ZITN_-1=ZTR

be the grid. The weights d,.(x), recursively constructed as polynomials like
in Figure 5, are unique in Prtot=tpo,

Proof. Polynomials Jr(a:) are explicitly constructed by the recursive
method shown in Figure 5, so they exist (no denominator can be zero because
i # j = x; # x;), are unique and their degree is (ntot — 1) — (Ilpo — 1) =
ntot — Ilpo. Moreover, Vz € R\ {x;}i=o,.. N1,

dy () = dp(z)
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for construction (they must verify the same property), then the weights
d.(x), constructed as polynomials in P*°!=° are unique Vz € R. O

The choice of d,(x)
Proposition 1.1.3. If the weights d.(x) satisfty

and
wr(z) — dp(x) = O(Az"),

then PWENO-ntot,lpo gives a (Ipo + n)-order reconstruction.

The proof is developed in the following section.

The choice we have made for the weights d,(z) satisfy property 1.9, but
it was also meant to approach the best order and the best accuracy. On
one hand, if f is a homogeneous regular function (which means that all
the [, are of the same order), by this choice the w,(x) approach the d,(z),
i.e. pP"WENO(2) approaches p(x) (defined in (1.6)). Even if PWENO is not
ntot-order, we force it to behave like Lagrange, which is of highest order, in
case of regular functions.

On the other hand, if the function is not regular, then the weights w; ()
are very different from the weights d,.(x), like it had to be, because we want
PWENO to behave differently from Lagrange near high-gradients.

1.1.4 The order of the method

First of all we recall a standard result about the error committed by La-
grange interpolation (see [68, page 291]):

Proposition 1.1.4. LetZ = [z, 2] C R be an interval. If f € C"xyp, 2]
and p € P" is the polynomial interpolating f in n + 1 different points
{zo, 21, ....xn} in [xp,zR|. Then, Vx € [rp,xR] there is a & €lrr,xR|
such that

xfx:;”"'l na:f:p
) =ple) = G Ve I -

In the case of a regular grid this means that
p(z) = f(z) + O(Aa™ ).

We shall now introduce a simple lemma.
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Lemma 1.1.1. If
Br = A(1 4+ O(Az™)) (1.10)

where A is a non-zero quantity independent of r, then
wr(z) — dp(x) = O(Az™).

Proof of lemma 1.1.1. By straighforward calculations,

1 1
and
- d, 1 n 1 n
wT:I@Tp:dT ﬁ—FO(AJI ) :ﬁdT—i-O(A:L' )
with
ij Dl’d + O(Az").
J
Finally,
0 Ad, + O(Az"
Wy = wr~ _ Dpl + ( X ) :dr—l—O(Alﬂ).
Zj Wi or + O(Az™)
0
Proof of proposition 1.1.3
Since
pV(x) - flz) = pW(x)—pL(w)erL(m)—f(w) =

= ZwT x)pr(z Zd +Zdrﬂfpr z) — f(x)
_ Zwr pT Zd —|—O(A.%'nt0t)

we already know that the method cannot be more than ntot-order, and we
need to calculate

nlp—1 nlp—1
I= Z wr(z)pr(T) — Z dy(2)py ()
r=0 r=0
to check which is the order. By simple manipulations
nlp—1 nlp—1
T = Z wr(7)pr(T) — Z dr(z)
r=0 r=0
nlp—1
= Y one) — dr@)] pi (o)
r=0
nlp—1

= ) [wr(@) = de(@)] [pr(x) — f(2)].

r=0
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Due to (1.9), we get

nlp—1
T = Y [w@) —de(@)] [pr(@) — f(2)]
nlp—1
= ) [welx) — dn(2)] O(A2')
r=0

and because of proposition 1.1.4 and lemma 1.10, we finally deduce

nlp—1

T = ) [wl@) - d(@)] O(AZ'")

Il
S
g

g
Z
<
B>
&N
3

Manipulation on the 3,

Our problem is now translated to the Taylor expansion of the smoothness
indicators .. Once we have been able to compute n in (1.10), then the
method will be order Ipo + n. The weights can be expressed as

lpo—1

By = Z /Ale_l [Dlpr(x)rdx
=1 ’¢
[ nlp—1 2
= ZA:UQZ_l/ D! Z ci”’;(x)fi,rﬂ dx
] € j=0
- 2
= ZAmml/ Zfi—rJerlCr,j(fE) dx
1 €1
Ipo—1
= ZAl’Qll/ > ficrsifimrsxDler () Dler g (x)da
/ € j k=0

= YA frifirns [ Dens(a)Dle o
/ .k €

lpo—1

= X fersifiorin X [ Ad Dl (@) Dlei(a)da
7.k =1

= Z Jicrtj fimr kK

Jk
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where K" is a symmetric matrix defined as

lpo—1
;,k = Z /szl lDlCmD e pde.

We can now expand f(x) around the point z;:

Z TARCOICEEDR
so that
fiors = 3 F @) (Al — 7+ — )" (1.11)
= 3 )G - Al (112)
Therefore,

ﬁr = Zk zif(n l‘z ()(l’i)(j—T)n(k—T)mAl'n+mK

:ZAx"+mf zi) [ D K G =) (=)

= Z Agntm

where D" is a symmetric matrix defined as

lpo—1

1
T — T - n m
Dn,m - nIm! Ek :OKj,k(] _T) (l{—?”) :
]’ =

Numerical computation of D" for method WENO-6,4 are given in (1.13)-
(1.15) in the appendix of this chapter. These computations show that

4
VO <r<2, D{,1:17D§,2:§
and therefore, if f' # 0 then
Br = (f'(x)Az)*(1+ O(Az))

(where A = (f'(z;)Ax)?, n =1 in (1.10)), and if f'(x;) = 0 then

B = 5 @)A1+ 0(A))
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(A = %(f”(xi)Aﬂ)z, n =1 in (1.10)), i.e. that the method is Ipo+ 1 =
4 +1 =5 order.

As for WENO-5,3, we see from (1.16)-(1.18) that if f’(x;) # 0 then
Br = (f'(2:)Az)*(1 + O(Az?))

(where A = (f'(x;)Ax)%, n = 2 in (1.10)). This implies that WENO-5,3 is
Ilpo+2=3+2=>5order. O

Numerical example

Take up(x) = exp(z) in [—1; 1], reconstruct the value at = 0 (if the number
of points is even it will never belong to the grid) by PWENO-6,4 method
and compute the difference | exp(0) — num.val.|:

points | L>° — error | L*° — order
20 6.88 x 1079
40 8.95 x 10711 | 6.263432
80 1.28 x 10712 | 6.119669
160 1.93 x 10714 | 6.059640
320 2.22 x 10716 | 6.442943

While at least 5 was expected, we see that we get 6, due to the homogeneous
regularity of the function.

Results for matrix D

For WENO-6,4 (the values are given in absolute values):

[ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 T
0.000 1.000 0.500 0.166 0.041 0.008 0.001 0.000
0.000 0.500 1.333 0.625 0.159 0.402 0.312 0.167

DO — 0.000 0.166 0.625 1.383 1.543 1.154 0.657 0.305 (1.13)
0.000 0.041 0.159 1.543 2472 2.101 1.272 0.610 |’ ’

0.000 0.008 0.402 1.154 2.101 1.847 1.134 0.548

0.000 0.001 0.312 0.657 1.272 1.134 0.700 0.339

L 0.000 0.000 0.166 0.305 0.610 0.548 0.339 0.165

[ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 7
0.000 1.000 0.500 0.166 0.041 0.008 0.001 0.000
0.000 0.500 1.333 0.625 0.381 0.139 0.048 0.013
0.000 0.166 0.625 1.383 0.729 0.340 0.114 0.033
0.000 0.041 0.381 0.729 0.393 0.181 0.061 0.018 |’
0.000 0.008 0.139 0.340 0.181 0.084 0.028 0.008
0.000 0.001 0.048 0.114 0.061 0.028 0.009 0.002

L 0.000 0.000 0.013 0.033 0.018 0.008 0.002 0.000

(1.14)
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[ 0.000
0.000
0.000
0.000
0.000
0.000
0.000

L 0.000

0.000
1.000
0.500
0.166
0.041
0.008
0.001
0.000

For WENO-5.,3:

[ 0.000
0.000
0.000
0.000
0.000
0.000
0.000

L 0.000

[ 0.000
0.000
0.000
0.000
0.000
0.000
0.000

L 0.000

[ 0.000
0.000
0.000
0.000
0.000
0.000
0.000

L 0.000

D2

0.000
1.000
0.000
0.333
0.250
0.116
0.041
0.012

0.000
1.000
0.000
0.166
0.000
0.008
0.000
0.000

0.000
1.000
0.000
0.333
0.250
0.116
0.041
0.012

0.000
0.500
1.333
0.625
0.159
0.139
0.041
0.013

0.000
0.000
1.083
1.083
0.631
0.270
0.093
0.027

0.000
0.000
1.083
0.000
0.090
0.000
0.003
0.000

0.000
0.000
1.083
1.083
0.631
0.270
0.093
0.027

0.000
0.166
0.625
1.383
0.625
0.340
0.111
0.033

0.000
0.333
1.083
1.194
0.715
0.309
0.107
0.031

0.000
0.166
0.000
0.027
0.000
0.001
0.000
0.000

0.000
0.333
1.083
1.194
0.715
0.309
0.107
0.031

0.000
0.041
0.159
0.625
0.300
0.157
0.052
0.015

0.000
0.250
0.631
0.715
0.431
0.187
0.064
0.018

0.000
0.000
0.090
0.000
0.007
0.000
0.000
0.000

0.000
0.250
0.631
0.715
0.431
0.187
0.064
0.018

0.000
0.008
0.139
0.340
0.157
0.084
0.027
0.008

0.000
0.116
0.270
0.309
0.187
0.081
0.028
0.008

0.000
0.008
0.000
0.001
0.000
0.000
0.000
0.000

0.000
0.116
0.270
0.309
0.187
0.081
0.028
0.008

0.000
0.001
0.041
0.111
0.052
0.027
0.009
0.002

0.000
0.041
0.093
0.107
0.064
0.028
0.009
0.002

0.000
0.000
0.003
0.000
0.000
0.000
0.000
0.000

0.000
0.041
0.093
0.107
0.064
0.028
0.009
0.002

0.000
0.000
0.013
0.033
0.015
0.008
0.002
0.000

0.000
0.012
0.027
0.031
0.018
0.008
0.002
0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.012
0.027
0.031
0.018
0.008
0.002
0.000

15

(1.15)

. (1.16)

. (1.17)

(1.18)

1.1.5 Explicit coefficients for some PWENO interpolations

Here, we give the explicit polynomials p,(z) and weights (3, (in the case of
regular grids) for the most used PWENO interpolations, in order to optimize

the codes.
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PWENO-4,3
(o) = T
di(z) = —%355°
Bo = firafire — B finrfire + B fifire
+ 2 firfir1 — B fifin + 3 fifi
e = Bficfinn+ X ficifim — 2fiafs
+ 8 firrfirr — S fifini + S fifi
PWENO-5,3
o) - gl
di(x) = ——(x_xi%zi(fz_xifz)
hiz) = —“—%K;;W
10 4
Bo = PR+ 5
—gfifz‘ﬂ + *fz‘fi+2 — Y fir1firo
B = 32+ 82+ 458
—Bhafi+ §fi—1fi+1 —Bfifin
Ba = P+ B+
—V i ofii+ A fiafi— S fiaf
PWENO-6.,4
((dofe) = emtgyfee
hie) = L)
tla) = Cmglerna
Bo = 2Bfh.- Mfi-l—lfi-ﬂ + B five — 22 fiafivs + A
1193fzfz+1 + 1 i figs + 407]"}2 83 f fivs + LA,
&l = % z‘+2 + S R S — S fifi = R i1 S
20 fz+1f1+2 + 30 fzfz+2 + 331 H—l 1259fzfz+1 + 331 f2
B2 - 248f2 + 4330 Jic1fiva — 2309fz 1fi+ 407 Z+1 1193fzfz+1
\ + AR fiofi = 2B fiafio + ff_g — 8 fi o fin
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FDWENO-5,3

Here, we also summarize for completeness and comparison the weights and
formulas for the case of Finite-Differences WENO methods developed by
[64]. X

Ty =womy +wipt +wyp;

g = % [fi—2 = 2fi-1 + £i° + i [fj—2 —4fj—1 +31;)°
o= g [fi—1 = 2f; + il + i [fi=1 = fia]?
;= % [f5 = 2fj1 + firal” + i [3f; — 4fjs1 + fis2]”
- % df:%, d;:%
Py = %fj—2 - gfj—l + %fj
i = —éfj—l + %fj + %fj+1
py = éfj + %fjJrl - éfj+2~
Po = % [fi+3 = 2fje2 + fjal” + i [fi+3 = Afjr2 + 3fj1]”
B = D lfise =2+ iR+ Ui — S
By = % [fi+1 =25 + fi—1)* + % Bfj41 — 45 + fi-1]
4@ = éfj+3 - gfjJrQ + %lfjﬂ
@ = *éfjm + %fj+1 + éfj
a4 = %fj-i—l + %fj - éfj—l-
1.2 Strang’s time splitting
Take the equation
o =t

where L is a linear operator generator of a Cyp-semigroup. Its formal solution
is

U(t) = exp(tL)¥(0).
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We split the operator £ into two parts:
L=L1+ Ly
and we take them as the infinitesimal generators of the Cp-semigroups
Fi(t) = exp (tL;) .

Note that £1 + L5 is also the infinitesimal generator of a Cy-semigroup be-
cause of Trotter’s product theorem. Strang’s splitting consists in taking

F(A) = R (A;) Fo (AL F (f) .

This can be proven to be a second order scheme in the sense that
F (At) = exp (AtL) + O (AF?).

Consider now two cases of Strang’s splittings, the two we are going to use.

1.2.1 Strang’s time splitting between Vlasov and Boltzmann

Given equation

0 Va4 PV =0l

where the force field F'(¢, z) and the Boltzmann operator Q| f] are known, we
advance a step in time by advancing separately in Vlasov and in Boltzmann
parts, i.e., given

f@", @i, v5)

we proceed in this way:

1. Perform a % time step in Vlasov part, i.e., solving

O v Vel +F V=0

to get
f*(tnv L, U])
2. Perform a At time step in Boltzmann part, i.e., solving

of
to get

f**(tn, Ti, Uj).
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Boltzmann At K1-dim
operator > advection At
— e
At At
At At
> A
Transport term x—dim advection

Figure 6: Time splitting schemes.

3. Perform a % time step in Vlasov part, i.e., solving

)
a—{+v-vmf+F-va:0

to get
f(tn+17 Ty, Uj)‘

like in Figure 6.
Remark. In our previous notation, we split the operator

;C:_/U'Vx_F'V'U—i_Q

into

;Cl:_U'Vx_F'V'U
Ly =Q

1.2.2 Strang’s splitting between = and v

Our purpose is now to solve

)
8—{+U-fo+F-va:O

given the force field F(¢, ). The procedure (which was originally introduced
by Cheng and Knorr [35]) is to split the Vlasov equation into either phases
x and v, in this way: given f (", x,v),

1. Consider v fixed, and take the free transport equation

of _ of _
E‘FU%—O

and perform a % time step in the z-direction to get

o) =f (t",x UA;,U)

by one of the advection algorithms previously described.
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2. Compute the force field F' (f* (t", z,v)).

3. Consider zx fixed, and take equation

OF | pOI” _

ot ov 0

and perform a At time step in the v-direction to obtain

" x,v) = (", z,0— FAL).

4. Consider v fixed, and take the free transport equation

of —i—vaf =

ot ox 0

and perform a % time step in the z-direction to obtain
At
f (t"“,x,v) = f* <t”,x — 02,v> )

This scheme is second order in time.
Remark. In our former terms, we split the operator

ﬁz_v'Vw_F'vU
into

£1:—U'Vz
Ly=—F-V,

1.3 Semi-lagrangian solvers for the linear advec-
tion

When solving a transport step, the fundamental block which we need to
solve is the linear advection

of  of
E—f—a%—O

f(to, =) = fo(z)

)

where a € R. Given f(t", ) we want to compute f(t"*1 x) = f(t" + At, z).
Three instruments will be explained, each of them presenting advantages
and disadvantages with respect to the other ones.
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1.3.1 Introduction

Before developing the solvers for the linear advection, a mathematical intro-
duction is needed about the transport equation.
The transport (or advection) equation is:

%+a(t,x}-vwf20, (t,x) € [0,T] x RN
f(O,IE) :fo(IL‘)

where a : [0,7] x RN — RV,

We want to give results about existence and uniqueness of the solutions
for such an equation. In order to do this, first of all we need to introduce
the definition of characteristics.

Proposition 1.3.1 (Uniqueness of characteristic X). If
a € CH[0,T] x RN), (1.19)
for oll T > 0, and there exists k > 0 such that
la(t, )| < k(1 + |z]), V(t,2) € Rsg x RY, (1.20)
then there exists a unique solution,
X(s;t,x) € CH([0,T] x [0,T] x RY),

for all'T > 0, of the Cauchy problem

dX

ki X (t:

Y anx5,0)
X(s;8,2) =x

The proof can be found in any standard analysis book for ODE’s systems
and in this particular case in [14].

Going back to problem (1.3.1) the following theorem can be stated:

Theorem 1.3.1 (Existence and uniqueness of strong solutions). Given the
advection field a(t, x) satisfying (1.19) and (1.20), and the initial data fo €
CY(RYN), then there exists a unique solution of the Cauchy problem (1.3.1),
given by

f(t,x) = f(s, X(s;t,2)).
so, in particular,

ft,x) = fo(X(0:,2)).
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ALV, X X .
( x ) X time=t

X

The values of f(t,x) are conserved along the
characteristics courves, in one direction
and in the other one.

Figure 7: This is why this equation is called transport equation: the values
of f(t,x) are transported along the characteristics.

Proof. By hypotheses (1.19) and (1.20) Proposition 1.3.1 applies, so
characteristics X (s;t,x) exist globally and are unique. We define

f(t,x) = fo(X(0;, 2)).

This f(¢,x) is a solution because of the semigroup property of X(s), and
uniqueness comes from proving that if f(¢,x) is a solution, then f(¢,z) is
constant over characteristics, that is,

%f(S,X(S;t,l‘)) =0

and thus, it must be of the form we have written (see [14] for details).

Linear advection

The computation of characteristics in case a(t, x) is a real constant is straigh-
forward:

diX—a
ds
X(t)=uz

gives
X(s;t,z) =x+a(s—t)

so that the solution of the initial value problem

of  of
E—l—a%—o

f(to, ) = fo(x)
is
f(t,z) = folz = alt - t))
This is the only result that we need to implement in all the routines concern-

ing advection: the different reconstructions of fy will give different proper-
ties, like mass conservation or total variation control.
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Mass conservation

It is trivial to remark that linear advection is mass-conservative:
/ f(t,z)de = / folx — at)dx = / fo(x)de = M
R R R

That is why we would like numerical methods to preserve this property.

1.3.2 Direct semi-lagrangian method

This method is based on straightforwardly following backwards the charac-
teristics.

Knowing f(t",x;), we want to compute f(¢"*1 z;). Following the char-
acteristics, we know that

f(tn—Hv xl) = f(tna T; — aAt)

which means that we have to reconstruct the values of f(t",-) (of which
we do not dispose), by some interpolation method. Of course, the choice
of which reconstruction influences the properties of the solution; Lagrange
interpolation, for instance, may induce spurious oscillations but have very
low computational cost.

This method is very easy to implement, but it has an important disad-
vantage: it is not conservative.

The o parameter

The parameter
At

a=a——

Ax

describes how close to the grid points we are interpolating: from f(t"*!, z;) =
f{t", x; — aAt),
z; — alAt = x; — alAx

which means that the nearer is a to an integer number, the better is hoped
the interpolation to be.

1.3.3 The Flux Balance Method

FBM (Flux Balance Method) is used in [42] to construct a conservative
method. We already know that

ft+ At,z) = f(t,x — alAt).
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Now, let us integrate over an interval [by, beo], to get

b2 b2

f(t+ At, §)dg f(t, & —alt)ds
bl bl

bo—alAt
- /b F(t.€)de

1—alt
b1 ba b2
= [ rwode [ s F(t,€)de,
b1 —aAt b1 bo—aAt
If we use as notation
D(t = t,€)d
(o) = [ rie.6de,
we get
b2 b2

and dividing by A = by — by

VIt ALEE [ F(4E)dE Dt by) — B(t, by)
A =7 A ° A ’

which means

f F D(t,by) — D(t,b
f(bl’bQ)(t+At):f(b17b2)(t)+ ( I)A ( 2).

This is the local description of mass conservation.
Call F(t,-) the primitive of f(t,-), the numerical method we get is the fol-
lowing:
n — P (.
gl — gy ¢ (:Ci—%) ¢ (x2+%)
K2 7

Ax ’

where

" (z;_1) =/ o F(t",§)dg = F(w;_1) — F(z;_1 — alt).

Now we need some method to reconstruct what we do not have: either
directly ®™(x,_1) or F'(,_1—aAt) (if we can compute F(x, 1)).
2 2 2

Reconstruction of F(t,-)

We can compute F(t,xi+%) by putting F(t,xi_%) = E;zof(t, x;)Az and
reconstruct the values F(¢, Ti1— aAt) and F(t, Tip1— aAt) by using some
interpolation method.

The problems we could find by using this method is that the positivity
is not guaranteed and the oscillations could be uncontrolled, especially by
using Lagrange interpolation.
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1.3.4 PFC-3 method

In order to assure the positivity and the control of the oscillations in the
reconstruction, this method has been introduced in [42, page 70-72]. It is
a third order method, and the flux ®, 1 is directly computed: if the wind
propagation velocity is positive, let j be the index of the cell which contains
Tip1— alt, let a; = x — aAt), compute slope correctors e and
€, , then

i (l“wé

1 = Az ZZ: Je + i |:fj+6§< z;> (2—%> (fi+1 = f3)

k=j+1

-2 0 2 i0)
o U a, U g Ui=dim))-
Otherwise, if the wind propagation velocity is negative, let a; = T,
— aAt), then

N

(xz‘+§

iy = Ao 5 fkw{fj 7( ) (1 12) i = 1)

k=i+1

€
- 5! A 5 A ~ Ji- 1}
Correctors € and €, are defined

min ( 1; f+{if) fiv1 > fi

min (L-2/==L) fin < f,

min ( 1; 2f°°f1f’> fi> fiz1

min ( 1; _2f¢—J}z‘—1> fi < fiz1

where fo, = supz-]\; 61 fi-

1.4 Collisions

In this section the two fundamental steps for solving the collision steps are
developed; basically we mean to integrate a two variable function

f:R? - R
(z,y) = f(z,y)

either on a semicircle, following the undergoing segment

/ Flx,VR? — 2?)dx,
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or on a circle, in the Riemann way:

2
; f[Rcos(zx), Rsin(z)] dx.

1.4.1 Integration on a segment following a semicircle

Numerical Scheme: Collision Step.- In order to solve the collision step,
we need to compute some integrals along semicircles of radius v (k), v+ (k)
and v_(k) in the (k1,kos)-space. Figure 8 explains two different ways in
which we can perform it. We may first use a direct linear interpolation
between the closest points in the cartesian grid as specified in Figure 8
left. The integration rule to compute the final approximation of (3.12) is
coherently chosen in terms of accuracy as the trapezoidal rule.

On the other hand, we can choose a WENO-4,3 interpolation along the
ki = (k1); line where the point lies as in Figure 8 right. This interpola-
tion is performed on the stencil ((k1);, (k23)i—1), .-, ((k1)j, (k23)142). If not
enough points are available (i.e. { =0 or [ > Nj,, — 2), we use Lagrange-3
on the proper stencil. Coherently with a degree-2 polynomial interpolation,
as integration rule for (3.12), we choose Simpson’s rule. A similar inter-
polation procedure was used in [93] to cope with analogous problems in a
computational fluid dynamics problem.

w2, k23
k23 m+2

Kl fitl fi ikl fie2 K1

Figure 8: The integration on the interval [—,/¥, /7). Left: the needed values
are obtained through a linear interpolation on the two closest points lying
either on the ko3 = 0 line (for the first and last point) or on the k; = [
line (for the other points). Right: the needed values are obtained through
PWENO-4,3 interpolation on the closest points lying either on the koz = 0
line (for the first and last point) or on the k; = [ line (for the other points).

1.4.2 Riemann integration along a circle

We want to compute the integrals of f (k1,k2) along the circles of radius
Ypp in the (k1, k2)-space.
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Figure 9: The computation of the angle ® starting from two points on the
circle.

The idea is the exploitation of a along-the-line interpolation each time
we cross either a k; = (kp);-line or a ky = (k2),,-line.
The angle between two points, like in Figure 1.4.2, is expressed by

V(1 —20)? + (y1 — %0)

® = 2arcsin
2p

The algorithm
StepMd writeckottatt hbealgotiithym iweasitiguing to perform for the integration of

fp(x, k1, k2) along a circle of radius p in the (k1, k2)-plane.
Step 0(i). if

p = (k1) —1

return 0.

Step 0(ii). if (look at Figure 1.4.2)
- AV

we may face four different cases:

Step O(ii)a. Ny, is odd, Ni, is odd: in this case we have

Db, 2 2

BO.0) =1, o] ]

then )
/0 [ (pcos(®), psin(P)) d® ~ 2mpf,(0,0).
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This will be called the

“first index" is wil
T s will b? called the This is the lowest line which intersects
last index’ circle between the vertical lines
k K dirst  and (kg frsten - k2
STEP 1 2
|
L |
. |
. |
L
| )
v |
A |
: \
[ ‘ e
C\ )
|
Lo |
Lo |
. |
. |
Lo |
|

We perform an iteration following the vertical lines,
from (K 1 Kirsr1 10 (K ?astand then back to (k f)gt+1

i)

rived until here.

ﬁ/

STEP 3-6

We count how many horizontal lines cross
the circle between the vertical lines

(k 1)} and(kq)_q and perform the
interpolation at these
points (in this example twa

Value of f at the first point.
Value of f at the second point.
Value of f at the third point

X
0P1 P P30
T T

|
t t }
Radial angle between the
second and the third point.
Radial angle between the first

and the second point.

Figure 10: Resumé of the algorithm for the interpolation of f along a circle
of radius p.
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Step 0(ii)b.

Step 0(ii)c.

Step 0(ii)d.

Step 1.

Step 2.

Step 3.

Step 3(i).
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Ny, is even, Ny, is odd: in this case we have

2

fp(0,0) = linear interp. between f {Nkz} and fn {N@}
Ny g [Ny ,

b1, 2 2 b, 2

then
2

[ (pcos(®), psin(®)) d® ~ 2mpf,(0,0).
0

Ni, is odd, Ny, is even: in this case we have

f»(0,0) = linear interp. between f {Nh] Ny and f {Nh] Niy

b, 2 2 b1, 2 2

then
27

[ (pcos(®), psin(®)) d® ~ 2mpf,(0,0).
0

Ni, is even, Ny, is even: in this case we evaluate

(0,0
N 4
then
2m
[ (pcos(®), psin(®)) d® ~ 2mpfr(0,0).
0

compute the first and the last index, called ;.o and lj46

we have to look for the first index m such that the line ky = (k2),, in-
tersects the circle between the lines k; = (kl)lfirst and k1 = (kl)lfmﬁl,
i.e.

Mini¢ = Min {m such that (k1)i,,,.,, < Vp? — (k2)2, < (kl)lfmﬂ} :

Now, initialize
l:lfirst+17 m = Minst-

perform the iteration:
for(;1 < ljgst; L =14+1)
compute M(l) € {0,..., Ng, — 1}, the index such that the line k1 =

(k1); intersects the circle between the lines ko = (k2) My and kg =
(k2)p()+1; remark: there are two solutions for M(l), because, for
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First case

A
\J

P

We compute tZe function at
point 1 and multiply by the
diameter.

&

Second case

We compute the value in the center by
a linear interpolation between points
1 and 2; then multiply by the diamater.
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Third case

)
Rl

N

We compute the value“in the center
by a linear interpolation between

points 1 and 2; then, multiply by the
diameter.

()

iy

Fourth case

We evaluate functiofi f in the
center by its mean between
points 1, 2, 3 and 4; then, multipl
by the diameter.

Figure 11: The particular case when the radius is very small.
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symmetry reasons, there will be two pairs of horizontal lines containing

the point
(k72 = 7).

one pair in the positive half-plane, and one in the_negative half-plane.
We shall denote by M (1) the upper index, and by M (I) the lower index.

Step 3(ii). compute the difference

Am=M()—m+1

Step 3(iii). if Am >0

3(iii)a
forGm < M(l)ym=m+1)

perform interpolation to get the value at point

VP = R (ko)) if (k)i > 0
VPP = (Rl (ko)) i (k) < 0

Step 3(iv). else if Am < 0

Step 3(iv)a.
for(m =m —1;m > M(l);m =m — 1)

perform interpolation to get the value at point

VP = R (ka)un)  if (k)i > 0
VPP = (Rl (k) ) i (k) < 0

Step 3(iv)b. set
m=m-+1

Step 3(v). perform interpolation to reconstruct the value at point
<(7€1)l, p? — (k‘1)12>

Step 4. set

Step 5. set
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Step 6. perform the iteration (like before)

for(;1 > lpjpst + 1;1=1-1)

Step 6(i). compute the index M(l)

Step 6(ii). compute
Am = M() —m+ 1.

Step 6(iii). If Am > 0 then

Step 6(iii)a.
for(G;m < M(l);m=m+1)

perform interpolation to get the value at point

VP R (k2)n) iF (k)i 2 0
VP = (R (o)) i (k)i < 0
Step 6(iv). else if Am <0

Step 6(iv)a.
for(m=m—1;m > M(l);m=m —1)

perform interpolation to get the value at point
(Vo= ()2 ) )

Step 6(iv)b.

m=m-+1

Step 6(v). interpolate to reconstruct the value at point

VP = RV (k2)un)  iF (k)i 2 0
—Vp* = (k2)in, (k2)m> if (k1)1 <0

Step 7. perform Riemann integration and return the computed value.
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1.5 1D stationary-state Schrodinger solver

In this section, we solve the eigenvalue problem to the Schrédinger equation:
given potential V' (z), find {e?, xP} such that the following problems have
solutions

1 dx?
my dz

R d
2me dz
with {x"}, C H(0,1.) orthonormal basis

]—q(VH/c)xp:epxp

where £ is the reduced Planck constant, m, is the electron mass, m.(z) is
the effective electron mass (in pure number units, i.e. its ratio with respect
to the electron mass), V, is a fixed external potential (where ”¢” stands for
"confining”): in the concrete case of the MOSFET described in Chapter
5, V. is a built-in potential drop between the Si-layer and the SiOs-layer
which confines the carriers inside the Si-layer; e?[V](z) are noted b’ (t, )
and are referred to as band-potential energies; xP[V] are noted x,(t,z, 2)
and give information on how the free electrons are distributed along the
z-dimension: band densities are a mixed quantum-classical state, where the
classical part is given by the occupation numbers p,(x) and the quantum
part by Schrédinger eigenfunctions x,(z, 2)

Np(z,2) = Pp(x)’Xp@vZ)P-

1.5.1 1D Schrodinger equation discretization via Finite Dif-
ferences

We propose a solver based on discretization via Finite Differences and the
use of a LAPACK routine called DSTEQR. Finite differences for the two
z-derivatives have to be taken in alternate direction in order to rescue the
classical three-point discretization for the Laplacian.

We solve the Schrédinger equation in the interval z € [0,1,], given a
potential V : [0,1,] — R:
cl d [ 1 dy?

e B S2V/\P — PP
2 dz |m(z) dz}—f_c VX=X

l.
xP € Hy(0,1.), P, X1 = /0 XPxldz = 0p.q, (1.21)

where we have included the confining potential into potential V', and we have
grouped all the physical constants (A, m,., ¢) into one constant per term:
when solving the concrete case of the MOSFET in Chapter 5, equations are
reduced to adimensionalized units, so dimensionless parameters appear, and
we have followed the same notations.

Meshing the z-dimension with a uniform grid

{z = jAz}j=0,..N.-1, Az =
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and discretizing the z-derivatives by alternate finite differences, (1.21) be-
comes

1.p 1 1 p 1 p
O X T (mi + m) Xj T s X-
2 Az?

1
+ C%V P = PyP.

Thanks to the boundary conditions, which fix the bottom point and the
top point, our system is (N, — 2) x (N, — 2).
If we let (for (r,s) € {0,..., Nz — 1} x{0,..., Nz — 1}))

(My),, = —2(’;12 [Wllrér,sﬂ - <ni + ij) Ors + nis(srﬂ,s]
Vi
My, = C3 V2
VN.—2
the matrix we want to diagonalise is
M = My + M,

i.e. we have to compute a certain number of eigenvalues €P of M, the lowest
ones (physically representing the most occupied energy bands) and their
relative eigenvectors (x});-

The discretized system reads

[ xi ] B
X5 X5
M| : —e | . (1.22)
P
ngfzg XZVZ—S
L XN,—2 | L XN,—2 |

1.6 “Generalized” 1D Poisson equations

We call “generalized” Poisson problem the following system

-4 [e(z)(?;(z)] +c / A= OV(Q)dC = B(2), (1.23)
plus Dirichlet, Neumann or Robin boundary conditions: for z € {0,1,}
V(z) =V(z2) Dirichlet
% =g Neumann .

4 o(2)(V(2) = V(2)) =g Robin
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Such kind of system appears in the modelling of the MOSFET in Chapter
5 when we have to compute the border potential respecting the electrical
neutrality. Here we have already grouped all the physical constant, because
in the concrete case in which we shall use this scheme, equations are reduced
to adimensionalized units. Here, £(2) is the relative dielectric permittivity
along the z-slice, C is a constant which has contributions from many phys-
ical constants, A(z,() is a kernel which includes the Gateaux-derivative of
the density N[V] which does not explicitly appear in these equations being
included in term B.

1.6.1 Discretization

We propose a solver based on discretization via alternate Finite Differences
for the two z-derivatives (in order to rescue the classical centered three-
points scheme for the Laplacian), and trapezoid rule for the integration. The
resulting matrix is solved by means of a LAPACK routine called DGESV.

1.6.2 Discretized system

z-dimension is supposed to be uniformly meshes. System (1.23) is therefore
discretized:

€j €j +5j_1 €j—1
N v R A v
N—-2

+CAz ZAJIV—F L A50% + A]N VN1

= B, for j=1,...,N -2 (1.24)

completed by boundary conditions for j =0

Vo=V Dirichlet
Vo — Vi = Azgo Neumann (1.25)
(Azag + 1)V — Vi = apAzVy + Azgy  Robin
and j =N -1
Vn-1=VN-1 Dirichlet
Vo1 — Vo2 = Azgn—1 Neumann (1.26)

(1 + OéN_lAZ)VN_l —VNn_o = aN_lAzVN_l + Azglz Robin

The integration is performed through standard trapezoids rule

[f 4 ovion]

N,—-2

1
~ Az | S AjoVio+ Z A Vi + Asz_lsz_l . (127
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Putting (1.24)-(1.27) together, we obtain a N, x N, system with extra-
diagonal terms due to the presence of (1.27) which introduces non-local
effects. The system can be solved by any suitable linear system solver: here
we have chosen a LAPACK routine called DGESV, which has proven to be
fast and robust. Other possible choices would be for instance Gauss-Siegel
iteration or Successive OverRelaxation method.

1.7 “Generalized” 2D Poisson equations

We give now the method for solving the 2D “generalized” Poisson system

divy, [e(z, 2) VeV (2, 2)] +C / A, 2, OV (3, )¢ = Blx, 2).

Dirichlet, Neumann or Robin boundary conditions

Such systems are solved many times per time step during the numerical
simulation of the MOSFET described in Chapter 5: potential is computed
through a Newton method, and the evaluation of the self-consistent electro-
static field via the solution of a ”generalized” Poisson equation is required
at each iteration. e(z, z) is the relative dielectric permittivity of the mate-
rial (in the concrete case of the MOSFET, the Si and SiOy permittivity),
C is a parameter which has the contribution of many physical constants
(and rescalings), the system being reduced to adimensionalized units. B
usually has the classical contribution of the total electron density plus an
extra term coming from the non-local effects due to the presence of the
Gateaux-derivative of the density N[V].

1.7.1 Discretization

We propose a solver based on discretization via Finite Differences of the
derivatives and trapezoid rule for the integration. The resulting matrix is
then solved via a LAPACK routine called DGESV. Meshes are assumed
regular.

The “Laplacian”

First of all we remark that the derivatives of the divergence and the deriva-
tives of the gradient must be in alternate directions, because in the case of
e = 1 we want to recover the standard centered three-points discretization
of the Laplacian.

We choose to go forward as for the gradient and backwards as for the
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divergence:
s = |(52) (G) | = (Bt Yt
z /), 0z i Ax Az
‘ Fl _ Fl_l . F2 F2'_1
dlv[(Fl,FQ)]m _ iy Aml d T Azw '
So, once we put everything together
div. (2, 2) VoV (2, 2)],,
~ Sz L 4 Gl ijtEi-15  CigtEij
® Ag it a2 2%]’1_( Az T Az >VJ
A’]2V7J+1+ Ao 2Vz+1,g (1.28)
The integral
The integration is performed through standard trapezoids rule
[ AoV c]
N.—2
1
~ Az 2A130Vzo+ Z Ai Vi + A,gNz—1VzNz—1 (1.29)
I=1

Boundary conditions

If Dirichlet condition is set, we impose

If Neumann condition is set

we discretize the normal derivative by finite differences, either forward or
backward:

@) (L..2) (z.) 0.2)
oV _ _ 9V v _ oV v = ¥ o =—5
67‘}9”,\, LB‘Z/” OV ‘a/lei—l,ja—IVwaz i| OV o ?/:LN 718_ZVL’N272 LVBHN La‘z/”
L - A ) A An Az
therefore
oV
6777, = g(xv Z)
(z,0) (Le, 2)
T = gio T JAmVNrQ L =N
~ azVio — Vi1 =gio VN1~ 35 VNe=2 =GN
~ (.C(I, lz) (O, Z)
TSt — giN AT = g0,
= Vin.—1 — 2z ViN.—2 = giN.—1 V0~ 2z V1 = 90,4
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If Robin condition

ov ~
% +Oé($,Z)(V - V) =0

is set, we discretize it the following way:

(z,0) (Ly, 2) (z,1,) (0, 2)
ov- _ oV oV _ oV oV _ oV ov- _ oV
67\/671_, Vi, *‘Z/i,l V. x_.,:—l,ja*mVNI—zj oV ZL,szfzzvi,szz 87\/872\_, VO,j?‘z/l,j
on ™~ A An ™~ Az An ™~ A An ™~ Ax
therefore
ov _
87 + Oé(.%‘, Z)(V - V) - 9(337 Z)
n
)
5 +aio(Vio = Vio) = gio

1 1

Vio— 2z Vin +aioVio —aioVio = gio
1 1 o

(A7 + o) Vio — 2z Vix = aioVio + gio

(Lz, 2)
VNeg—1,—VNg—2,j (7 _
sl a1 (V-1 — Vve—15) = 9N, -1

1 — .
AzVN.—1 — Az VN.—2,5 T OéNzl—LjVNm—Lj — N, -1,;VN,~1,j = N, —1,j
A tan, 1) VN1 — A VN2 = on, 1 VN, -1 H 9N, -1

(vaZ)
VNFI;ZVNZ*Z +ain.1(Vin.—1 —Vin.—1) = giN.—1

Q

Aiz iN.—1—~ azViN.—2t N, 1Vin.—1 — i N.—1ViN.—1 = gi,N. 1
~tain-1)Vin-1— = Vin—2=ain,1Vin.—1+ giN,—1
(0,2)

X L”Xx’j +ao,j(Vo,; — Vo.5) = 9o,
leo,j —agV1i T ag,jVo,j —a0,;V0.; = 90,4
(az T @04) Vo — 2:Vij = a0,Vo; + 90,

Still we have to decide what to do with the four corner points

(07 O)? (Lﬂﬁa 0)7 (Lam lz)v (07 lz)'

For instance we could make them be the mean between the two nearest
boundary points:

Vo + Vo

Voo = 9
Viv.—2,0 T Vv, -1,
Vin,—10) = 5
Ving—2,N.-1) + VN, —1,N.—2)
ViNg-1N.—1) = 9

Van.-1) + Vio,n.—2)
Vion.—1) = 5 .
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Remark

In order to improve the numerical results, in the code we have multiplied the
discretization of the boundary conditions by constants 3; j: analytically it is
completely uninfluent, but numerically it has improved the results, because
it makes all the terms of the same magnitude.

1.7.2 Solution

Putting together (1.28), (1.29), the boundary conditions and the corner
points condition, the resulting system is (N, x N.)? and has non-local terms
due to the presence of (1.29). The solution could be performed through
any linear system solver; we have chosen to use a LAPACK routine called
DGESV which has proven to be fast and robust. Other possible choices
would be, for instance, the Gauss-Siegel method and the SOR method.

1.8 The parameterized eigenvalue problem

When simulating the MOSFET described in Chapter 5, we need to solve
some Schrodinger-Poisson problems for the computation of the electrostatic
field and the eigenproperties. In order to do that, we have chosen to use
a Newton iteration, so that we need to compute the Gateaux (directional)
derivative of the density N[V]. Its formulation requires the derivatives,
with respect to the potential V' of the Schrédinger eigenproperties €,[V]
and x,[V]. That is why we compute the derivatives of the eigenvalues and
eigenvectors in the case of an eigenvalue matrix problem and then apply
these results to the case of the Schrodinger eigenvalue problem.

1.8.1 The matrix eigenvalue problem

Consider the parameterized eigenvalue problem
M(t)er(t) = Ar(t)ex(t),  (ex,ew) = Ok (1.30)

There exist results of regularity on the eigenvalues and the eigenfunctions
starting from the regularity of the (Hermitian = real symmetric) matrix
M(t).

Some manipulations to obtain what we need. Differentiate with respect
to parameter ¢,

M'(t)ex(t) + M(De,(t) = Ny(B)ex(t) + M(B)eh(t).  (1.31)
As the diagonalization form an orthonormal basis,

(er(®),en()) =1, (ex(t),er(t)) =0, (1.32)
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which means that e (¢) has the following form (it has any component but
the k-th):

e (t) = > agpew(t). (1.33)

K £k

Take equation (1.31) and consider its scalar product by eg(¢) (we omit the
time dependence):

(M'eg,ex) + (Mey,er) = Nclex,er) + Aple), ex)

(M'eg, ex) + (e, Mer) = N, +0
(M'e, ex) + Mpley,ex) = A,
(M'eg,er) = N

Take now equation (1.31) and consider its scalar product by ey (t) (with

K #k):

(M'eg,ers) + (Mep,enr) = Nileg,ex) + M (€), exr)
(M'eg, epr) + <Z g pep, Mey) = 0+ )\k<z k. pep, €x)
p#k p#k
(M'ey, eps) + )\k/<z Qe p€p, €k') =  ApQlp
p#k
(M'e, er) + Apagy = MpQpp

(M'eg,err) = (Mg — )iy

(M'ey., ex)

—_— = O /.

N K.k

The most important relations we have obtained are

Ne(t) = (M'(t)ex(t), ex(t)) (1.34)
ei(t) = ZWek/(t). (1.35)
k' #k

1.8.2 The Schrodinger eigenvalue problem

Our goal is now to adapt the same results as (1.34) and (1.35) for the case
of the Schrdinger eigenvalue problem

S,1
_02 diZ {16%[‘/]] + CS’2(V+ V::)Xp[v] _ Gp[V]Xp[V]

m dz
{xp[V1]}, € HL(0,1,) orthonormal basis.

In order to achieve this, we have to perform the following replacements
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inside problem (1.30):

t —- V
M(t) — Schrédinger operator
cStd [1 d 59
SVIC) = -5 [mdz] + OV + V)

A, — €

€k — Xk
(f,9) — / fgdz

d-

TR d- (V,U) = Gateaux-der. with respect to V' in direction U.

The t-derivative of the matrix M (¢) in (1.30) transforms into

S[V +tU] — S[V]
t

dS(V,U) = lim = 052,

the derivative of the eigenvalues (1.34) becomes
de,(V,U) = / S (V, U)x [V, [V]dz = 052 / Ul [V]12dz,

the o, parameters in (1.35) become

- JdS(V, U)xp[V]xp[V]dz _ C&szXp[V]Xp’ [V]dz
i ep[V] — ep[V] ep[V] — ep[V]

so that the derivative of the eigenvectors (1.33) reads

dxp(U,V)
= Z o Xp [V]

p'#p

_ (7&2;%2)qﬂvqf<ﬁﬂﬂf]j/lY(C)pr/KC)XpWVﬂ(C)dCxp4V?(Z)

Resumé

We have obtained the following relations:

d%WW:=C”/UmOWWW%WM

o) = 0523 LUED6 e Vs
2 V) — e V@)
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1.9 Newton schemes for the Schrodinger-Poisson
problem

In this section the instruments for solving the Schrédinger-Poisson system
are developed. We refer again to Chapter 5 for the notation, meaning and
discussion of this model and adimensional quantities in our application to
nanodevices. We develop the scheme with physical units and then adimen-
sionalize in order to have the correct rescaling (we cannot reverse these two
steps: dimensionless parameters would be incorrect).

Our goal is now the solution of the 1D or 2D Poisson problem under the
1D Schrédinger eigenvalue problem (which is always 1D because z just acts
as a parameter)

2
_2};6 d% [; dle’iv]} —q(V+Vo)xplV] = 6[VIxp[V]  (1.36)
—div (egVV) = _i (N[V] = Np) (1.37)

plus boundary conditions.

From (1.37) we define the Poisson functional

P[V] = —div (egVV) + % (N[V] - Np), (1.38)

which has to be minimized under the constraint of the Schrodinger equation
(1.36) for the computation of the eigenproperties.
The Newton scheme for the minimization of (1.38) is

dP(VOld, ynew _ Vold) — _P[VOld]’ (139)

where dP(V,U) means Gateaux-differentiation at point V' in direction U,
which in our case is

AP(V,U) = —div(egVU) + ng(V, U)
0
= —div(egVU) + g/A[V] (z,Q)U(¢)d¢ (1.40)
0
because the Gateaux-derivative of the density can always be written in this
form thanks to the formulae given in Section 1.8.

Plugging (1.40) into (1.39), after simplifying and separating the old and
new terms, we obtain

—div (egVV"™Y) + % / AV (2, )V () dC¢ (1.41)

= (N - Np) + 2 / AV (2, V() dc.

€0
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Adimensionalization of the scheme

Rescaling the Newton scheme (1.41) by the parameters proper of the MOS-
FET device, which can be found in Table 5.6, we obtain the adimensionalized
Newton scheme

— div (egVV")
4 oNew! / AV (@, 2, OV (2, ()d¢ = B[V (z, 2)

plus boundary conditions for V,

where we have set

oNewr _ 20X (1)°
€o
CP _ qN*(l*)Q
60V*
BV (z,2) = —CT (N[V") - Np)

+oNew! / AV (, 2, )V (2, )dC.

This is a ”generalized” Poisson problem which can be solved by the schemes
developed either in Section 1.6 or in Section 1.7.

The iteration

We summarize here the iteration for solving the Schrodinger-Poisson prob-
lem:

Step 0 Choose an initialization, i.e. a potential V.
Step 1 Perform the following loop:

Step 1.1 Diagonalize Schrodinger by the scheme exposed in Section 1.5 to

obtain its eigenvalues and eigenfunctions {e,[V ], Xp[V(’ld]}p

Step 1.2 Compute N[V (from its definition, depending on the problem
which is being solved) and A[V°?](z, ¢) by means of the formulae
given in Section 1.8.

Step 1.3 Compute
B[Vold] - _cP [N[Vold] _ ND:|

+ CNew’l/A[VOld](Z,C>VOld(C)dC.



44 CHAPTER 1. NUMERICAL INSTRUMENTS

Step 1.4 Solve the ”generalized” Poisson problem
— div[egVV "]
+ CNew,l /A[VOld](Z, C)Vnew(C)dC — B[Vold]

by the schemes developed either in Section 1.6 or in Section 1.7.

Step 1.5 Check convergence: if

HVOld _ VnewHSOme norm < Atolerance

(for instance, choose the L norm and A = 107%) then exit the
loop and set V = V" else set Vo4 = V™% and go back to
Step 1.1.



Chapter 2

Non oscillatory interpolation
methods applied to
Vlasov-based models

This chapter corresponds to a work [26] in collaboration with J.A. Car-
rillo whose reference is: ”Non oscillatory interpolation methods applied to
Vlasov-based models”, STAM Journal of Scientific Computing 29, 1179-1206,
2007.

2.1 Introduction

The Vlasov’s equation

8—f+v-vxf+5-vyf:0

ot m

is the basic kinetic model for the description of the motion of charged parti-
cles, in electronic devices and plasmas, under the effect of a force field F'(t, z).
Here, f(t,z,v) represents the particle number density in phase space (z,v)
at time ¢ > 0. In order to compute the force field

F=-V,®

it is coupled with the Poisson’s equation
b, =elolf] - Cl=c | [ favc]

for the computation of the electric potential ®(¢,x) due to both the self-
consistent electric potential and an external density C'(x), like the doping
profile in semiconductors or a background ion density in plasmas. More-
over, when collisional effects have to be taken into account, a Boltzmann’s

45
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operator appears as the right-hand side of the Vlasov’s equation

t m

One of the main problems while simulating Vlasov-like systems is the
presence of violent gradients in the distribution function, which, if not prop-
erly controlled by the numerical method, may drive to a false physical de-
scription of the phenomena due to a massive formation of spurious oscil-
lations. Several approaches in order to solve Vlasov-based equations have
been proposed in the literature, we refer to [45] for a good review and com-
parison of different Eulerian solvers. These oscillations appear naturally due
to the energy conservation of the system and its Hamiltonian character, be-
ing the phenomena of the Landau damping an example of this behaviour
[103, 45, 42]. When collisions are considered, oscillations are damped, but
the control of spurious oscillations continues to be important since high
gradients on the moments of the solution (density, mean velocity and tem-
perature) are typical in the simulations, see [30, 28, 29] for instance in the
semiconductor case.

One of the approaches to attack the numerical simulation of these models
is based on a classical time splitting method, whose theoretical bases were
given by Strang [98] and whose application for scientific computing by Cheng
and Knorr [35]. Time splitting algorithms are used to subdivide a problem
into simpler tasks being in our case the transport and the collision steps. In
device and plasma simulations, the transport (Vlasov) step in (x, v) or (z, p)-
phase space can be reduced by dimensional splitting to performing advection
steps in either dimension, see [63] for fully relativistic models in which this
cannot be done. Semi-Lagrangian methods were firstly introduced for me-
teorology problems [12] and for turbulence study [6]. The application to
the Vlasov’s equation was started by Sonnendriicker, Roche, Bertrand and
Ghizzo in [97]. This method is based on following backwards the character-
istics, and makes use of some interpolation method: Lagrange polynomials,
spline [97], Hermite and ENO [95]; see [45] for an overview. Flux balance
methods were proposed in [42] being the Positive Flux Conservative method
(PFC-3) a particular case. This method preserves mass and positivity of the
solution apart from controlling the total variation of the solution although
it is only third-order accurate. This method has been modified in [38] in
order to conserve the total energy too. Several improvements concerning
unstructured and adaptive grids and different interpolation techniques have
recently been devoloped in [61, 13].

Another successful approach in the case of collisional semiconductor and
plasma models is based on the method of lines with high-order non oscilla-
tory finite differences reconstructions of the derivatives of the distribution
function f(¢,z,v) in phase space [64, 94] while performing a TVD (total-
variation-diminishing) third order explicit Runge-Kutta method for the time
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discretization. In this case, spurious oscillations are controlled by ENO [95]
(Essentially Non Oscillatory) or WENO [64, 94] (Weighted Essentially Non
Oscillatory) reconstructions of the fluxes and thus of the derivatives.

We propose in this paper a Semi Lagrangian (SL) and a Flux Balance
Method (FBM) for Vlasov’s systems based on a Weighted Essentially Non
Oscillatory interpolations for the computation of point values (PWENO), see
[93]. We will review this numerical technique for point values reconstruction
in Section 2.

In Section 3, the Semi Lagrangian (SL) and the Flux Balance Method
(FBM) are described. Both methods are based on integrating backwards in
the characteristics, the second one being mass-conservative and the first one
being better as for the control of the total variation. The main advantage
with respect to previous semi-Lagrangian methods is the oscillation con-
trol while keeping a high-order approximation of the solution. Compared
to WENO finite-differences methods, our approach avoids the restrictive
CFL condition on the time stepping [72]. The proposed numerical method
allows the time step At to be larger and constant, and the method re-
quires much less steps (of an equivalent computational cost) than WENO
finite-differences. Finally, these numerical techniques could be extended for
multi-domain or multi-grid computations as done in [93].

In Section 4, we show the numerical simulations of four problems:

1. A 1D Vlasov-Boltzmann equation with given confining potential and
a linear relaxation operator. Its asymptotic behavior was described in
[27, 62].

2. A 1D non linear Landau damping [42], where we can observe the fila-
mentation of the phase space during the first phase (strong oscillations
in the (z,v)-space) and check whether the method is able not to add
noise.

3. A 1D symmetric two stream instability, where we want to observe
an vortex appearing after initial time, rotate and form a typical hole
structure.

4. A Silicon n™ — n — n"-structured semiconductor [33, 30], where colli-
sions are modelled through a linear Boltzmann operator: we compare
results given by time splitting methods and finite differences methods.

The simulation results demonstrate overall the main features of this numer-
ical approach: no CFL condition, good control of numerical oscillations and
high accuracy on the approximations.
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Boltzmann At v=dim
operator - advection At
—
At At
At At
2 2
Transport term x—dim advection

Figure 1: Time splitting schemes

2.2 Time splittings and linear advection

For integrating both the Vlasov-Boltzmann coupling

VoV P V= Ql
13 ~ —~—

Vlasov Boltzmann

and the Vlasov’s equation

O\ y.Nuf + F-Vof =0
ot —— S——

adv. inz adv. inwv

we use Strang’s splitting schemes shown in Figure 1, in our simulations all
reduces to solving the one-dimensional linear advection equation

{ %{4—1)%:0

whose solution is the translation with velocity v of the initial function

ft,x) = folz —vt)

and is obviously mass-conservative.

Two methods are proposed: the Semi Lagrangian (SL) and the Flux
Balance Method (FBM), the second one being mass-conservative and the
first one being better as for the control of oscillations.

2.2.1 Semi-Lagrangian method

This method is based in directly following backwards the characteristics of
the system, i.e. knowing

[t = [t i)
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we perform the step in time this way:
fi"Jr1 = f(t" M xy) = f(t", 2 — vAL) ~ p"(x; — vAL),

where p™ is any chosen interpolation from point values of f(¢",-). Here, we
will choose PWENO as interpolation method. This method is not mass-
conservative.

2.2.2 Flux Balance Method

FBM (Flux Balance Method) is used in [42] to construct a conservative
method. We already know that

ft+ At x) = f(t,z — vAR).

Now, let us integrate over an interval [by, ba], to get

ba b bo—vAt
fe+angds = [ g vands - F(t,€)de
by b1 b1 —vAt
b1 b b2
- [ rwodes [ - F(t,€)de,
b1 —vAt b1 bo—vAt
If we use as notation
\J = ' d
(ha)= [ rie.6de,
we get
b2 b2
A f(t+ At €)dE = A f(t,8)ds +W(t,b1) — W(t, ba),

and dividing by A = by — by

b f(E+ ALEAE [ F(4,8)dE Wt by) — W(t, by)
A = a 7 A ’

which means

U(t,by) — U(t,by)

fT(bl,bz)(t + At) = J[T(bl,bg)(t) + A ’

i.e., the local description of mass conservation. By denoting by F'(¢,-) the
primitive of f(t,-), the numerical method we get applying the previous ar-
gument on the interval [z, 1T 1 | is the following:

71—

) — ‘I’n($i+%)
Ax ’

1
2

fr =
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where we have approximated the mean value of the function over the interval
by its value at the center and

\Iln(xi—l) = / ii% f(tnvf)dg = F([L’@_%) - F(-’IJ,L_% — UAt)

Finally, F(x;_1 — vAt) will be approximated by a chosen interpolation
2

from the known point values of F' at x Here, we will choose PWENO

ity
as interpolation method.

2.2.3 Total variation control

The Discrete Total Variation (DTV) is defined as

N-2
o= Sl
1=0

The exact solution of the linear advection equation obviously conserves the
total variation. If the numerical method is able to respect this property,
then it is not adding spurious oscillations due to the interpolation to the
shape of the function. Take as initial datum

0 ifz<0
step _
/ (”3)_{1 if 2>0

for the linear advection equation with periodic boundary conditions on
x € [—1,1]. As we see in Figure 2, Lagrange interpolation has the worst
behaviour both in SL and in FBM, while PWENO interpolation has a very
good conservation of the DTV in SL method. In FBM PWENO behaves a
little bit worse, but in exchange this second method conserves the mass.

2.2.4 Disphasement errors

We want to focus now the attention on how important is the choice of the
substencils, and thus, of the parameters ntot and Ipo in the PWENO-ntot,lpo
interpolation. In Figure 3, we see that WENO-6,4 is more accurate than
WENO-5,3 both in semi-lagrangian method and in flux balance methods.
This difference is due to the fact that in WENO-5,3 not all the substencils
“feel” that there is a jump point. Suppose we are interpolating close to x;,
and suppose the jump point is situated between x; and z;y1. If there is a
substencil which does not contain the irregularity, WENO method will give
weights 0 to all of them but this one. This means that the jump runs with
wrong speed % with an error after time 7" with respect to the real speed of

% [ — 1] x T with o = vﬁ—i. Then, it is essential to use a WENO method
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Figure 2: The evolution of Discrete Total Variation against time for the step
as initial function.

0.6 |- SL-WENO:6,4 ——— —
0.5 SL-WENO-5,3 ~----- -
0.4 | _
0.3 | _
0.2 | T _
01 — 7171*’7/7 |
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0.15 |- -
01F -
0.05 |-, -
0 \ | \ \
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Figure 3: The evolution of L'-norm error against the time for N = 100,
z € [—m, 7], At = 0.1, timae = 30, fo(z) = f5'P(z).
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such that every substencil contains any discontinuity which may appear, like
WENO-6,4. In general, it must be

+ 1.

Ipo > [ntot + 1}

2.3 Numerical simulations
We expose and compare results concerning the simulation of four models:

e A 1D Vlasov system with a linear Boltzmann operator and a given
confining potential.

e A non collisional coupled Vlasov-Poisson system, by which we study
the non linear Landau damping.

e A non collisional coupled Vlasov-Poisson system, by which we study
the symmetric two stream instability problem.

e A collisional Vlasov-Poisson system, by which a silicon n™ —n — n™-
structured semiconductor is simulated.

2.3.1 Vlasov-Boltzmann with confining potential

We solve the 1D Vlasov-Boltzmann equation with a confining potential
®y(z) and the simplest linear collision operator:

of _ of o%0f 1.
2 " os " ow ov 5 PMi—

f(0,2) = folx).

From [27] we know that the solution tends to a global equilibrium given by

fs=M (/R exp (—Po(z)) dw>_1 exp (—Po(z)) Mi(v)

in L' norm, whenever the external potential verifies the confinement condi-
tions:

edy > 0,9y € COO(R),
o exp(—Po(z)) € L'(R),
e & is a bounded perturbation of a uniformly convex potential on R:
D) = Py° + <I>8p such that
there exists A; > 0 such thata‘%q)gc(:v) >\, Vo eR,
and

there exists a and b such that 0 < a < <I>gp(m) <b<oo, VxeR
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\H‘\ H‘\ H‘\ H‘\ H‘\/M TTT

\H‘\ H‘\ H‘\ H‘\‘Hr\‘i TTT
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Figure 4: 1D Vlasov with confining potential. Test performed with
400 x 400 points, At = 0.1, SL method with PWENO-64, f\"(z) =

2 2
. 2 e
7, sin? (%) e” 2 ,7=3.5

The decay rate was proved to be ”almost exponential” (see [27]), i.e

1f = fsll2 < H[f; £ < Cle, fo)t ™, (2.1)

for all € > 0. Global and local relative entropies are measures of how far is
f from the global equilibrium f and the local equilibrium p(¢, x)M;.

= [ [ LoEE fsmdx
£ pM] //If pM

Global and local relative entropies satisfy the ODE inequalities system (see
[27]):

(2.2)

d

_iH[f fs] > ﬁ[f;pMOQ]
2. i (2.3)
g H1fspMo] = K'H[f; fo] = C(f, )H[f; pMa, -

We show numerical results in the particular case of ®g(z) = %2 In

this case, the Vlasov part gives a rotation of the initial function fy(z,v)
while the collision part thermalizes the velocity distribution towards M (v).
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Figure 7: 1D Vlasov with confining potential. From this comparison, it is
quite clear that the oscillation rate is the same for both initial functions,
even if the behaviour is different.

Moreover, an analysis of the spectrum of operator

1
f|—>—v%+w%+;[pM1—f]
has recently been done in [62] showing the existence of an spectral gap in a
suitable L?-weighted space and thus, of the exponential convergence in that
space and as a consequence in L' towards fs.

Both the previous ODEs inequalities (2.3) and the spectral analysis sug-
gest the appearance of oscillations in the trend of solutions towards global
equilibrium. The ODEs inequalities (2.3) shows that the trend of conver-
gence towards local equilibria is compensated by the transport term that
should push the solution out of the local equilibria manifold whenever the
solution approaches a local equilibrium which is not the global one. This
fact suggests an oscillation both in the local and global relative entropy. On
the other hand, assuming the first non-zero eigenvalues in the spectrum are
given by a pair of conjugate eigenvalues A1 and Ay then, we expect oscilla-
tions of the L2-weighted norm with a slope decay given by R();) < 0 and
oscillation frequency given by the absolute value of J()\;). We refer to [62]
for details.

In the upper left graphs of Figures 4 and 5 we see, for two different
initial functions normalized to have unit mass, that the L!-convergence of
f towards f is led by the decay of H|[f; fs], like in (2.1). The convergence
is clearly exponential as the results of [62] prove for the L'-norm.

In the lower left graphs we see that L°°-convergence is also expected to
be exponential, although this result has not been proven yet. In the upper
right graphs we see that the oscillations of global and relative entropies
correspond, due to the couplings (2.3). In the lower right graphs we observe
that the mass seems pretty well conserved.

We shall now perform tests with different domain lengths and different
initial functions: the oscillation rate and the decay slope should not change,
because we are not using periodic conditions. In fact, we are solving the
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Cauchy problem by neglecting the distribution function f outside a suitable
domain chosen in such a way that the values of f near the border are almost
negligible.

In Figure 7 we compare the decay of global and relative entropies for two
different initial functions. Even if the amplitude of the oscillation is different,
it seems evident that the oscillation rate and the decay slope correspond.

The system seems to “hesitate” between states where it is close to a
local equilibrium pM; and the convergence to the global equilibrium f;.
In [43] similar oscillations have been reported in the case of the full non-
linear Boltzmann equation for rarefied gases in a box with periodic boundary
conditions. A numerical approximation of the slope v and the frequency w
of the decaying oscillations towards global equilibrium gives:

[ o) | L| w o
F0(@) [ 4 | 315 | —0.298368
9@ | 6r | 3.15 | —0.298872
£9(x) | 4r | 3.125 | —0.304400
FP(@) | 67 | 3.125 | —0.304858

A refinement study has been perfomed to check that the oscillation frequency
and the decay slope do not depend on the dimensions of the domain, nor on
the initial datum we choose: they are determined by the system itself.

2.3.2 1D Vlasov-Fokker Planck with confining potential

We solve the 1D Vlasov equation with a confining potential ®g(z) = %2 and
a Fokker Planck operator as collision operator:

af af of 10 of
m“mzw—faﬂ”+9m] (2.4)
10,2) = fola).

We show in Figures 8 and 9 that the solution tends, as well as for the case
with a relaxation time operator, to a global equilibrium given by

fo=M (/R exp (—f) dac) B exp <—x;) Me(v)

in L' norm. Global and local relative entropies are defined in (2.2) and
are measures of how far is f from the global equilibrium f; and the local
equilibrium pMg.

Equation (2.4) becomes, after an obvious manipulation,

af _of of [_<x+v>f}_@82f

ot Yar v = T2
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In this case the v-advection velocity is not constant: the term [— (m + %) f ]
depends on v. Therefore, in order to follow backwards the characteristics,
we need to solve the ODE

dv v

a7 "
which gives
(") = o (t"TYY) exp(—=At/T) + T2 [1 — exp(—At/T)] .
(with At = t"+2/4 — ¢n+1/4) j e, solving with respect to v(t"1/4),
(") = o (") exp(At/T) — T2 [exp(At/T) — 1]
So, the solution to the v-advection is given by

f(tn+2/4,l’,v) — f(tn+1/4,£6, ,UeAt/T — (eAt/T _ 1) J(J;,v)

where J(t,z,v) = exp(t/7) is the Jacobian of the change from to v(t"12/4)
to v(t"H1/4).
As for the “collision step”

of  ©of

ot T ov
it is solved through a plane Euler step, the second derivative being approx-
imated by a standard finite difference.
2.3.3 1D non linear Landau damping
The (normalized) model is:

of _ of 9vaf _

ot vf)x ox Ov

0?®
el
92 /]Rfdv

fo(:c,v) = fo(ac,v) =

L% (14 05c0s (2

Ee [ + 0.0 cos <§>} .

Landau theory has been developed in order to study the propagation of
small amplitude waves in a uniform plasma (with no magnetic field and
no collisions). It conjectures an interchange of energy between the electric
field (potential energy) and resonant particles (kinetic energy) driven by the
wave, which produces an oscillating evolution of the electric energy

L
/ﬁEm@%x
0



58 CHAPTER 2. TS WENO SCHEMES FOR 1D-VLASOV

10 = 10 = T T T T =
| R —
000‘} E 0.01 £ =
. 7 0.001 & -
0.001 3 le-04 F N
le-04 . 3 le-05 & =
le-05 ‘ ‘ - le-06 = ‘ ‘ ‘ R
O 1 2 3 4 5 6 0O 1 2 3 4 5 6

1 l 71—
01 E 0.99995 — mass —
’ E 0.9999 —
0.01 é 0.99985 - —
3 0.9998 —
0.001 3 0.99975 —

le-04 | 0.9997 ‘

L1 1]
01 2 3 4 5 6

[en}
—
o -
w
=
o
(=}

Figure 8: 1D Vlasov Fokker Planck. Test performed with 64 x 64 points,
B r2+'u2

At = 0.01, SL method with PWENO-6,4, f?(z) = Z, sin? (%) e TH
T=1,0=1

10 10 ¢
1R 1 BT
o1k 0.1 gL
oL 0.01 £
0.01 0.001 £
0.001 [ le-04 E
le-04 C ‘ le-05 E
01 2 3 4 5 6 0
L e L =11
7, 0.99995 mass —
0.1FE 0.9999 |- .
s 0.99985 |- -
- 0.9998 |- .
0.01 ¢ 0.99975 |- -
; 0.9997 |-
0.001 L 0.99965 L— 1 1 | |
01 2 3 4 5 6 01 23 45 6

Figure 9: 1D Vlasov Fokker Planck. Test performed with 64 X
64 points, At = 0.01, SL method with PWENO-64, f?(z) =

2 _ a2 402

o sin? (%) sin? (%) e 2z ,7=1,0=1.




2.3. NUMERICAL SIMULATIONS 99

Its decay is expected to be exponential in the first phase of the evolution,
then it should start oscillating around some equilibrium value.

The numerical method must properly take into account two aspects: the
filamentation of the phase space and the conservation properties.

The better results are given by FBM-PWENO-5,3: this method is able
to describe the filamentation of the phase space, it controls the strong oscil-
lations (part of the physical phenomenon), which, after some time, should
start to disappear. It has a good conservation of the total energy (oscilla-
tions about 0.03%, 0.015% for Lagrange and 0.05% for PFC-3, like we see in
Figure 10). As for FBM-Lagrange-5 and FBM-PFC-3, both give physically
non reliable results, the first one because of a violent, spurious growth of the
oscillations, and the second one because of a violent repression of them, as
we can see in Figure 11. From Figure 12 we can see that the reconstruction
given by PFC-3 is, in effect, less definite than the other ones, due to the
low order. Lagrange reconstruction is more irregular, due to the parasite
oscillations.

2.3.4 Two stream instability

The (normalized) model is:

of . of 9vaf _

ot v@x or v

0*®

2
folz,v) = Zﬁjﬂ (14 50%) [1 + < + cos(ka:))] e T
with @ = 0.01, £ = 0.5 and Z a normalizing factor to impose periodicity
boundary conditions on the electric field. This test has been studied in
[45]; there, Filbet and Sonnendriicker compare several methods for a coarse
points grid and observe which ones have good conservation properties and
which ones are able to follow thin details of the distribution function: among
their cases, a semi-Lagrangian method with a cubic spline interpolation has
given the most reliable results.

Our simulations show that even if both WENO-5,3 and WENO-6,4 are
fifth order, there may be a substancial difference in their reconstructions,
due to the problem the first method has in following shock-like situations,
which is the case of this test. Dispersion errors become too important, in
the phase space violent oscillations are produced (look at the level curves in
Figure 13) which destabilize the simulation (the variation of the L?-norm is
about 400%, as we can remark from Figure 14). As for PFC-3 method, it
has good conservation properties (Figure 14), but, compared with WENO-
6,4, observing the level curves in Figure 13 it is evident that it is lower order
and the reconstruction is less detailed.

cos(2kx) + cos(3kx)
1.2
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Figure 10: 1D non linear Landau damping. Evolution of the discrete electric
energy, the L?-norm and the total energy. Test performed with 256 x 256
points, At = 0.125 for WENO, At = 0.01 for PFC-3, = € [0, 47], v € [—6, 6].



2.3. NUMERICAL SIMULATIONS

FBM-Lagr-5 FBM-WENO-5,3 FBM-PFC-3

6 — T 6 — T — T

5 E 5

4+ E 4+

3r B 3r

2 F B 2 F

1} E 1}

0 L1 0 L1 L1

6 -4 -2 0 2 4 6 6 -4 -2 0 2 4 4 -2 0 2 4
Time 30 Time 30 Time 30

6 — T 6 — T — T

5 E 5

4+ E 4+

3r B 3r

2 F B 2 F

1} E 1}

0 L1 0 L1 L1

6 -4 -2 0 2 4 6 6 4 -2 0 2 4 4 -2 0 2 4
Time 45 Time 45 Time 45

6 — T 6 — T — T

5 E 5

4+ E 4+

3r B 3r

2 F B 2 F

1} E 1}

0 L1 0 L1 L1

6 -4 -2 0 2 4 6 6 -4 -2 0 2 4 4 -2 0 2 4
Time 60 Time 60 Time 60

6 — T 6 — T — T

5 E 5

4+ E 4+

3r B 3r

2 F B 2 F

1} E 1}

0 L1 0 L1 L1

6 -4 -2 0 2 4 6 6 -4 -2 0 2 4 4 -2 0 2 4

61

Figure 11: 1D non linear Landau damping. Evolution of the z-integrated
distribution function, for several methods. Test performed with 256 x 256
points, At = 0.125 for WENO, At = 0.01 for PFC-3, x € [0,47], v € [—6, 6].
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We have not shown level curves about semi-Lagrangian simulations, but
a little remark is worth: SL-WENO-5,3 is unstable too, even if it behaves
better than FBM-WENO-5,3. SL-WENO-6,4 as well as FBM-WENO-6,4
gives a fairly detailed reconstruction (in fact they are almost indistinguish-
able); the L2-norm and the total energy are a bit worse conserved, but in
any case acceptable.

2.3.5 Semiconductor
The model is

(9f , Of e, 0f 1

2 T P — [Meyplf] = /]

P o
GSi@:_e[P[f]_CL E=—-——

ox
fo(z,v) = Mg, (v)C(z)

T(t,z) = o i
e T+ Mo Jw0) B 2))

which describes the electron transport in a nt —n —n* diode where the in-
teraction with the semiconductor crystal is taken into account by an effective
relaxation-time operator. The lattice temperature is set Ty = 300K, and is
related to the thermal energy of the lattice by Qg = %Tg. The relaxation
time depends nonlinearly on the electric field producing a saturation on the
drift speed, see [30, 33] for more details. We consider a diode of channel
length L = 0.4pm and doping profile:

5x10° 5 0<2 <01
Clz) =< 2x10° 05 01<z<05
5x10° 15 0.5 <z < 0.6.

We apply a fixed potential drop at the drain, ®(¢,0) = 0 V, and ®(¢,L) =
%ias V.

In Figure 15, density, mean velocity, electric field, potential, energy and
the distribution function in v at a point near the end of the channel at
the stationary state are plotted. We are comparing the results of our time
splitting method based on FBM-WENO-6,4 with time step At = 0.01 and
Finite Differences WENO5 coupled with third order Runge-Kutta for time
discretization [30, 33]. Results of both simulations are almost indistinguish-
able.

In the following table, we compare the results given by Finite Differences
WENO5 method and by FBM-WENO-6,4 for several time steps. One of the
main advantages of SL or FBM-WENO schemes is that they do not have
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an a priori restriction on the time step as the CFL condition for Finite
Differences WENOb5. Results given up to At = 0.16 are acceptable in mean
L relative difference. Therefore, our scheme is much less costly from the
computational point of view, since 62 time-steps corresponding to At = 0.16
of FBM-WENO-6,4 are enough to give equivalent results to 9000 time-steps
corresponding to At ~ 0.0007 of WENObS method with comparable cost for
each time-step between the methods.

time step mean L
relative difference

0.01 0.040116%

0.10 0.061354%

0.16 0.094815%

0.17 1.128900%

0.20 3.309995%

2.4 Appendix

We summarize the physical constants used for the simulation:

constant | physical meaning magnitude

m effective electron mass 0.26 x 0.9109(10 K g)
e elementary electric charge 0.1602(10~18C)

ks Boltzmann’s constant 0.138046 x 1074(10718L)
€5i Silicon dielectric permittivity | 11.7 x 8.85418(10*18“%)
140 bulk mobility 0.1323

Vo saturation velocity 0.13.
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Figure 15: 1D n™ — n — n™ Silicon semiconductor. Evolution of sev-
eral macroscopic magnitudes, for explicit Runge Kutta-3 WENO-5 Finite
Differences method (CFL is set 0.6), WENO-6,4 Flux Balance method
(At = 0.01), and an IMEX-LRR(3,2,2) FD method (CFL set 0.6). Grids
are set 150 x 150 points.
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Chapter 3

A semi-lagrangian
deterministic solver for the
semiconductor
Boltzmann-Poisson system

This chapter corresponds to a work [25] in collaboration with J.A. Car-
rillo and A. Majorana whose reference is: ” A Semi-lagrangian deterministic
solver for the semiconductor Boltzmann-Poisson system”, Commun. Com-

put. Phys. 2, 1027-1054, 2007.

3.1 Introduction

The semi-classical Boltzmann transport equation (BTE) is a mesoscopic
description of the transport/collision of charged particles in an electronic
device and is given by

%:+;Vks-vxf—%E~ka:Q[f] (3.1)
where f(t,x,k) measures the probability density of finding an electron at
time t in position z with wave vector k. The parameter h is the Planck
constant divided by 27 and ¢ is the positive elementary charge.

The band structure of the semiconductor crystal is described by the
energy-band function which can be approximated by a parabolic function
given by
_1n?
T 2m*
where m™* is the effective electron mass. In a first step, we shall consider the
most important scattering mechanisms in Si: acoustic phonon scattering,

e(k) k[, (3.2)

69
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in its elastic approximation, and optical phonon scattering with a single
frequency w. Therefore, the structure of the collision operator [90, 100] is

QUf](t,x, k) = /Rs [S(K k) f(t, 2, k) — S(k, K) (L, 2, k)] dk’
— [ SO RSt k) A = f(t k) | S K)dR
= QR+[f] - Q7[f] ) (33)
with
Sk, k') = K [(ng + 1)6(=(K) — 2(k) + hw) + ngd(e(K) — 2(k) — hw)]
+ Kod(e(K) — 2 (k) (3.4)
where n, is the occupation number of phonons
1
exp (gl ) — 1

kp is the Boltzmann constant and 77, the lattice temperature. The kernel
K() is

(3.5)

ng =

kT E2,

Ky = ——=—ac
0 47r2hul2p0

(3.6)

where FE,. is the deformation potential, u; is the sound velocity and pg is
the crystal density. The kernel K is
Dk?
K=—7+f—, 3.7
8m2hpow (37)

where w is the frequency and Dk is the optical coupling constant.

The self-consistent electrostatic field is computed through Poisson’s equa-
tion

A% = L[p(t,x) - Np(a)] (3.8)

where p is the electron density
pltye) = | fit e k) d, (3.9)
R3

e is the Silicon dielectric permittivity (e = €,.€p with €y the vacuum dielectric
permittivity and €, the Silicon relative dielectric permittivity), Np(x) rep-
resents the doping profile, which takes into account the injected impurities
in the semiconductor lattice. The solution of the Poisson’s equation ® (¢, z)
gives the electrostatic potential, so that the electrostatic field is given by

E(t,z) = =V, ®(t, x). (3.10)
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Further information about semiconductor modelling and related mathemat-
ical issues can be found in [84].

This system has been traditionally solved by means of Direct Simula-
tion Monte Carlo (DSMC) methods due to the easy incorporation of new
physical effects by means of adding suitable scattering operators and its
efficiency in two and three-dimensional devices [100]. Nevertheless, direct
deterministic numerical methods have been recently proposed in the litera-
ture [91, 83, 28, 92, 29, 48] improving and complementing some features of
the DSMC methods: noise-free results, detailed information of the distribu-
tion functions, transient description, different materials [22, 50, 51]... We
refer to [28, 29, 8, 50, 49] for a complete discussion of these issues and to [21]
for a review of the state of the art in the deterministic numerical simulation
of the Boltzmann-Poisson system.

In this work, we propose a new deterministic numerical scheme for this
system. In contrast with the approach in [83, 28], we work in the original
coordinates (t,x, k) by using a splitting strategy decoupling transport from
collision. For the transport part, we apply a semi-lagrangian numerical
method based on a nonlinear local essentially non-oscillatory interpolation
method recently developed in [26] for transport-like kinetic equations. The
main objective of this choice is to avoid the potentially restrictive CFL
condition emanating from the use of finite-differences WENO methods in
energy and angular variables in [28, 29] but keeping a good control of possible
oscillations during the transport steps.

The collisional step is performed by interpolation from computed values
on a cartesian grid to obtain the missing values of the distribution function
on the surfaces of equal energy needed for the evaluation of the collision op-
erator Q(f). Different interpolation procedures have been tested from the
simplest and less accurate direct linear interpolation to the most advanced
nonlinear local essentially non-oscillatory interpolation method in [26] as
above. Conservation of mass in the collision steps is inforced by redefin-
ing the loss operator as in [22]. The different choices for interpolation in
the collision step and the splitting of the operators will be discussed and
compared.

This new deterministic scheme is developed in Section 2 while Section 3
is devoted to show its performance to compute steady and transient states
of 1d devices and comparisons to the numerical scheme introduced in [28].
The main advantage of this scheme being the smaller number of time steps
needed and the much better definition of the distribution function in phase
space. Moreover, more realistic collision operator for Si takes into account
the different equivalent valleys in the conduction band of Si leading to several
optical-phonon scattering operators with different frequencies hw and optical
coupling constants Dk, see for instance [82] and the references therein.
Finally, we will show a comparison of our results in this case to multi-
group WENO results as in [49]. This numerical scheme is based on the
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use of the cell average method for treating the dependence of the electron
distribution function on the three-dimensional wave vector and a fifth-order
WENO solver for dealing with the physical space variables.

3.2 Pointwise WENO time splitting scheme for
the BP equation

Let us first reduce the BP system to dimensionless cartesian coordinates.
We assume that the doping profile, the potential and thus the force field are
only xz-dependent in space and thus, our device spans over the z-direction.
Let us use the following adimensionalization of the BP system:

’ adim. \ parameter \ 400 nm device \ 50 nm device ‘
k=kk k* = Ymkdy 4.65974 x 10%m~! | 4.65974 x 105m !
=10z I* = device length | 1 um 250 nm
t=1t"t t* = typical time 1ps=10""s 1 ps=10"1%s
V(z) =V*V(x) | V* =typical Vbias | 1V 1V
E(#)=E'E(x) |E =47 100000V m ! 400000Vm "
£(k) = e*e(k) et = ERT7 4.14195¢ — 21 4.14195¢ — 21

B 3/2
5(7) = p*plz) ot = (%) 101178 x 1026 1.01178 x 102
Jj(&) = j*j(z) It = 10% 1.6 x 10%
a(z) = u*u(x) ut =L 109 250000
W(E) = W*W(z) | W* = (I*/t*)* 1012 6.25 x 1010

where tildes are written over dimensional magnitudes. Numerical values for
all the parameters and the constants involved in the computations, as well
as a resumé of all the dimensionless equations, can be found in the appendix.
The BP equation transforms into

of Oe Of of

a‘FCzaikl%—CkEzaikl— Qlf] (3.11)

where the dimensionless parameters are

o tter _ qU'E”
T T T

Cx

The electrostatic field is self-consistently computed by the rescaled Poisson’s
equation ) ,
O — e btr)~Np@)], =TT
coupled with appropriate boundary values (®(0) = 0, ®(L) = Vbias).
The advantage of conserving the cartesian structure is that, thanks to the
time splitting techniques [98, 35|, we can apply the semi-lagrangian based
Flux Balance Method [46, 26] to solve each transport step, which would be
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more involved in the energy-band adapted coordinates [28], the energy flux
resulting to be energy-dependent. On the other hand, we have to deal with
a more complicated computation of the collisional part: instead of being a
simple evaluation, like in [28] we shall need to reconstruct the values of the
probability density f along a circle in the k-dimension.

In order to integrate the collisional part, we use that f only depends on
]{?1 and kzg = ||(k32,/€3)|| = \/k% +k§, i.e. f(k‘l,kg,kg) = f(kl,k‘Qg) due to
symmetry considerations for this one-dimensional device. Using a change to
polar coordinates in the (kg, k3)-plane, after straightforward computations,
we obtain for the gain and the loss part of the collision operator Q(f) the
following expressions:

0*[f] = cm/_%f(

¥+ (k)
+ C+7T/ f (kll, Y+ (k) — k'%) dk'y

v+ (k)

v-(k)
Fxpwsoet [t <k’1, V) - k’%) ay  (312)

v-(k)

K17/ v0(k) — k/%) dk'y

with 90(k) = £(), 74 (k) = (k) + o0, 1 (k) = =(k) — =, amd

Q7 [f] = co2m /70 (k) f (k) +X{y_ (k)>01c+2m/ V= (k) f (k) +c-2m\/v4 (k) f (K),

with the dimensionless parameters

Kot*k*3 Kt*(ng + 1)k*3 Kt*n k*3
= — = s C. = ——.
6*

€o ) C+ o o

In the next subsections, we shall explain in detail both the transport
and the collision steps in this method. Let us finally comment that Poisson
equation is solved through a standard centered finite differences leading to

solving a linear system with a tridiagonal matrix.

3.2.1 Numerical scheme

Equation (3.11) is solved through a time splitting scheme dividing the sys-
tem into the solution of transport steps and collision steps being the time
stepping fixed. The computational domain is discretized into a tensor prod-
uct mesh, and a uniform mesh is taken in each direction:

x; = iAx, 1=20,...,N; —1, Ax:ﬁ
) ok
(k1); = —e(aN) + jAki, j=0,., Ny —1, Ak = %VTQP

71 a_
(kas), = kAkys, k=0,..., Ny, — 1, Akgs = %
t, = nAt,
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where « is the dimensionless energy o = hw/kgTy. Here, N is an integer
number chosen as a maximal bound for the adimensionalized energy-band
function

e(k) = (k1>2 + <k2)2 + <k3>2 = (k1)2 + (k23)2 = e[ky, kas].
More precisely, at the value Na
€ [(kl)Nklfl’ 0} = Na, e |0, (]€23)Nk2371] = Na,
a magnitude which is related to the resolution in the (k1, k23)-space.

Boltzmann k1-dim
operator advection ot

At
2
| —— —c =

At At

2
2

Transport term x—dim advection

Figure 1: Time splitting scheme, see Appendix subsection 4.2 for a fully
detailed splitting scheme.

The approximation denoted by ffj  to the point values of the solution
[ ltn, zi, (k1)4, (k23)i] are obtained through the second order time splitting
scheme [35] subdividing the BP system (3.11):

af Oe Of of N
tep 1.- Solve — 4+ c,— = — cxEp—=—— =0 f At :
e Step Solve N +c Ok, Oz Ck Ok, 0 for a S--time step
of ,
e Step 2.- Solve i Q| f] for a At-time step;
e Step 3.- Solve %{ + cxaa];gi — ckEx;i =0 for a %—time step.

The same procedure is used for solving the two transport steps

of | 0edf . Of _

ot ok 0r Tk,

by dimensional splitting. Therefore, we have subdivided the problem into
the solution of the x-transport, the k-transport and the collision:

0

af x—tlgnsp;} k—transp;;
e
LA ANy 5 Wt
ot Vo or e = QU
collisions

transport
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as sketched in Figure 1 and fully specified in the Appendix, subsection 4.2.

Remark. Time Splittings In principle, the above time splitting proce-
dure (TS) may seem unnecessary complicated due to the splitting of three
different operators. Actually, the use of a direct first-order splitting, as
reminded to the reader in subsection 4.3, would seem appropriate for sim-
plicity. In section 4 we will compare the results for both splitting algorithms,
and we will show that results given by the above splitting procedure improve
the ones given by the first-order splitting.

Numerical Scheme: Transport Step.- Each transport block is solved
by the Flux Balance Method [46, 26]: when solving the z-transport, k; and
ko3 act as parameters, as well as x and ko3 when solving the ki-transport.
This method is based on the semi-lagrangian approach of following the char-
acteristics backwards; the improvement is that we force the mass conserva-
tion, unlike the direct method, which gives no guarantee about this point.
The solution of the x-transport gives

*kk * 1
Jije=1Tijr*t s { [F(l‘i—m) — F(2;_1/2 — ca Ve Al)]
[F(x 2+1/2) F(xi412 — e VieAt)] }

/ FE (k1)js (Ros)k] d€

and, as for the solution of the kj-transport,

fi*;:k? = fd Kt Alk {[F((kl)jfl/Q) - F((kl)jf1/2 + CkEAt)]

= [F((k1)is12) = F((k1)is1j2 + cxEAL)] )

k1
F(k) = ; [ [, &, (ka3)i] d€.

More details about the FBM method can be found in [46, 26]. In order to
compute the fluxes, for instance,

F(zit172) — F(%ip1/2 — 2 Vie)

we reconstruct the values F'(z;41/2 — ¢z Vie), given the known values of the
primitive at the grid points F'(z;11/2), by the fifth order Pointwise WENO-
6,4 interpolation summarized in next subsection.

Numerical Scheme: Collision Step.- In order to solve the collision
step, we need to compute some integrals along semicircles of radius ~o(k),
~v+(k) and y_(k) in the (ki, ko3)-space. Section 1.4.1 explains the way we
perform it.

We can now explain the implemented boundary conditions:
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e at x = 0 and = = L we use the following inflow/outflow condition:

nA ,k pr—
s Np(0) ¢n
5(0) fojn *120
and
INe—1 k1 >0
n _
szfl+’L,_],k Np(L)

o(L) fNp-1gp F1 =0

in order to have the ghost points we need for the PWENO interpolation
and to preserve the correct values of the distribution function at the
drain and the source of the diode;

e at by = —e (aN) and k; = e !(aN) a Neumann type boundary
condition in used:

fimje = Fiope — and i, 1igk = fing -1k

While in the transport steps the mass conservation is guaranteed by the
Flux Balance Method being conservative, during the collision steps we nu-
merically impose the mass conservation by redefining the collision operator
by

Jrs Q7 [f)dk

_ o+ -
QU = Q) - F o

3.3 Numerical Experiments

3.3.1 Steady-state results for the diodes

We consider two test examples: Si nT —n — n* diodes of total length of
1lpum and 0.25pum, with 400nm and 50nm channels located in the middle
of the device respectively. For the 400nm device and the 50nm device the
dimensional doping is, respectively,

5% 107 em™3 nt-zone 5% 108 em™3 nt-zone
Np = 15 -3 d 15 -3
2 x 10 ecm n-zone 1 x 10" cm n-zone

The results provided by the W5FD method [28] and our PW5TS are com-
pared as for the macroscopic magnitudes (density, electrostatic potential,
electrostatic field, mean velocity, energy and current), as we can see in Fig-
ures 2, 3,4, 5,6, 7and 8. In the W5FD scheme the kinetic variable w denotes
the dimensionless electron energy and p the cosine of the angle between the
wave vector k and the x-axis.

The comparisons are set in such a way that we can infer how the choice
of the different parameters of our scheme affects the results compared to
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the W5FD results chosen as benchmarks. Five issues have been considered:
order of the time splitting procedure, the energy cut-off N, the type of
interpolation chosen for computing the collision operator, the resolution in
k and the time step At. Detailed comparisons of these parameters are shown
for the 400 nm diode, whereas certain comparisons are drawn for the 50 nm
diode.

One advantage of the proposed method is that we have no restriction for
the time stepping, thus in both cases we can reach the equilibrium (5 ps for
the 400 nm diode, 2 ps for the 50 nm diode) by largely less time-steps than
in [28], where several thousands were needed. We have empirically searched
for the largest time steppings by which no instabilities appear; for the 400
nm diode it seems to be around At = 0.07 ps (so by just about 70 steps we
reach the equilibrium), for the 50 nm diode around At = 0.04 ps. As for
the Finite Differences scheme, the adaptive time stepping situates between
1073 and 1074 ps.

The choice of shorter time steppings and better resolution in k£ due to
finer grids or larger cut-off energy N improves the quality of the results, see
Figures 4, 5, 6, 7 and 8; of course, the counterpart is that it increases the
computational cost. The loss of reliability is evident when we increase the
time stepping of the code if we look at the current and the mean velocity in
Figure 4, where the oscillations are amplified, even if the density, the electric
potential and the electric field remain very close. Thus, unfortunately the
improvement in the time stepping does not always translate into a shorter
computational time, a better resolution in the k-dimension with larger grids
and better adapted cut-off energy N being needed in order to obtain reliable
results.

All the above results have been obtained by using the direct linear inter-
polation for the collisional step and the time splitting procedure in subsec-
tion 2.1. Let us comment on this choice: we have tested and compared the
direct linear interpolation and the PWENO-4,3 interpolations as discussed
in subsection 2.1 together with the first-order splitting and the TS splitting
procedure in subsection 2.1. In Figures 2 and 3 results are compared in
terms of the current and the mean velocity at equilibrium. We first observe
that first-order splitting results are in general worse than the results with
time splitting procedure in subsection 2.1 and appendix 4.2. On the other
hand, we observe that improving the accuracy of the interpolation proce-
dure in the collision step from linear to PWENO-4,3 does not result in a
marked gain of accuracy for these quantities. Even if results are not shown
here, a simple two dimensional linear, in each variable not jointly, interpo-
lation in each quadrangle of the cartesian grid has been performed. Again,
this improvement in the interpolation accuracy does not yield a significant
gain in the accuracy of the macroscopic quantities. This collisional step will
need further improvements or alternative methods as spectral approaches
[44] before being able to cope with two dimensional devices in comparison
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to the efficiency of W5FD [29].

On the other hand, having a finer grid in the k-dimension, moreover in
cartesian coordinates, permits a better resolution of the distribution func-
tion, as we can observe in Figure 9 and 10: like in [28], the pdf outside the
channel is close to a Maxwellian distribution. Inside the channel it looks
like a shifted Maxwellian in the large diode, while in the small one it as-
sumes a very asymmetric shape. Moreover, in this small diode we observe
the formation of a narrow ballistic pick. A good resolution of this narrow
pick involves a very fine grid in k-space and a much larger computational
cost. Its underresolution is the cause of the difference and oscillations in
mean velocity and current between the W5FD method [28] and our PW5TS
observed in Figure 8. Therefore a energy-based variables solver as the one
in [28] gives better results in this case.

Finally, let us point out that previous results have been obtained looking
at the stabilization in time of the macroscopic quantities. For instance, in
the 400-nm diode case, runs have been performed till 5ps for which the
density is stabilized up to 1076. A stabilization of the other macroscopic
quantities: current, mean velocity and energy needs longer runs till 10ps
approx. Typical problems in reaching numerical steady states occur for
splitting in time numerical strategies. In our case, the main issue is that the
results stabilize numerically to states in which the current is not constant
as it should be for the stationary case. We can observe this problem in the
current comparison of Figures 6 and 8. An improvement in the numerical
approximation of the collisional step will certainly help to fix this problem.

3.3.2 Steady-state results in multifrequency phonons

With the method we have implemented it is easy to change the solver of the
collision operator. Usually, phonons do not have a single frequency; in [28]
this simplification was set in order to directly compute the collision operator
without needing to perform interpolations. In this method, we just have to
add as many interpolations as the frequencies are. In [82] they took into
account six frequencies, for a diode of total length 600 nm, with a channel
of 400 nm. The collision operator transforms into

6
Sk, k') = Z K [(ng; + 1)6(e(K') — e(k) + hw;) + ng,6(e (k') — e(k) — hw;)]
i=1
+ Kod(e(K') — e(k)) (3.13)
where ng, are the occupation numbers of phonons

1
ng. = (3.14)

7 ) ’
exp(kz":,i ) -1
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and the kernels K; are
Z;Dik?

= St (3.15)

i

where hw; and D:k; are the energy and the deformation potentials of the
corresponding phonon type.

Results are shown in Figure 11 and Figure 12. The following doping
profile is set

N — 5x 1017 em™2 nt-zone
D= 2x10% em™3 n-zone

and the quantities related to the phonon frequencies are set

’ freq. ‘ Zy ‘ hw (meV') \ DK (10%e¢V /cm) ‘

17 1 12 0.5
2] 1 18.5 0.8
3| 4 19 0.3
4| 4 474 2
5| 1 61.2 11
6| 4 59 2

where Z; is the number of equivalent valleys.

In this case, the use of the numerical scheme in [28] becomes much more
involved leading to very fine grids in energy variables and interpolations like
in our case. Moreover, we show in Figures 11 the comparison of our results to
the ones obtained with the a simple application of the MultiGroup-WENO
solver which are quite satisfactory. In [49] this technique was applied in
case of a single phonon frequency; here, we consider multifrequency phonons.
This requires only some simple modifications of the collision operator. Since
the MultiGroup scheme is based on the cell average with respect to the wave
vector, the presence of many delta distributions in the collsion operator does
not pose new difficulties. Also in this case our method allows for a good
resolution of the pdf’s in k-space as shown in Figure 12.

3.4 Appendix

3.4.1 Adimensionalization Summary
The BP system reads

% + Ve - Vof —epE-Vif = Q[f]

fo(z, k) = CinitND(l')M(k>.

where the energy-band function becomes e(k) = c.|k|?, and the Maxwellian

- —3/2 ok
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The electrostatic field is self-consistently computed through the Poisson’s
equation

Ay ® = ¢y [p(t,x) — Np(z)], E=—cV,®

where the density is given by
p(t,x)=cq | f(t, z, k)dk.
R3

The gain and loss parts of the collision operator are

QHf1= [ Ft..1) [cde) = (k) + e (elh) — el + 22 )

. oo

8*
and

hw

Q111 = ft..8) [ clelt) = (k) 4 e (el — ety ~ 22 )

R3 e*

+c_0 (a(k’) —e(k) + Zf)] dk’

The current is the first momentum in the kq direction,

ey =e; [ kr)ar,

the mean velocity is

and the energy is
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The dimensionless parameters are derived from physical constants, the prob-
lem data and the adimensionalization parameters:

’ parameter \ 400 nm diode \ 50 nm diode ‘
e = Lk 1 1
= 0.0842885 0.337154
op = 42 0.326042 1.30417
ca=E- 1 1
¢, = 7 156480 9780.02
Ce = g 10 10
Cinit = o 1 1
cp = KalET 0.265376 0.265376
ey = KD TG 507139 0.507132
o = Knt 0.0443372 0.0443372
cj =2 1.70562 x 107 | 1.06601 x 10°
= 7= 9.88362 x 1079 | 6.32552 x 107
cw = ’;;V 4.14195 x 10733 | 6.62712 x 10732

Physical constants involved in the solution of the BP problem are:

’ name \ meaning \ value
h Dirac’s constant M
— 1.05456 x 10~31 Ky
q elementary charge 1.60217646
m* effective electron mass = 0.32 x 9.10938188 x 10731 Kg
= (.32 X electron mass =2.915x 1073 Kg
kg Boltzmann’s constant 1.3806503 x 10_23%
ug sound velocity 9040
00 Si crystal density 2330%
€o vacuum dielectric permittivity | 8.85419 x 1012 £
€r Si relative permittivity 11.7
€ Si dielectric permittivity 1.0359402 x 10~1° L
F | Farad F=2A-=C

Finally, the problem data are:

w = frequency = 70'065’6‘/

Dk = optical coupling frequency = 11.4 x 1010%
Ko = keTBac® — 1 08638 x 1073

4m2hu?pg
FE,. = deformation potential =9 eV
K = 2 = 189456 x 10~

T7, = lattice temperature = 300K
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3.4.2 Time Splitting Scheme

Combining all the time splittings, we get the following scheme: given the dis-
tribution function f = f(t = t"), we update f up to f*! by the following
successive steps:

1. perform a £* step for transport

O eVae Vol — e VS =

1.1 perform a 5t step for x-transport

af" n_
En 4+ Vee -V ft=0

o+l /7 _ | X-transport k-transport | collision
At/4 0 0

1.2 perform a 3t step for k-transport

afn+1/7

vys, . n+1/7 — 0
ot CE ka 07

m +2/7 _ | X-transport k-transport | collision
At/4 At/2 0

1.3 perform a =* step for x-transport

8fn+2/7

vJS . n+2/7 _
En +c:Vaee-Vuf 0

m +3/7 _ | X-transport k-transport | collision
At/2 At/2 0

2. perform a At step for collisions

afn+3/7

n+3/7
S = QU

o +4/7 _ | X-transport k-transport | collision
At/2 At/2 At

3. perform a 5* step for transport

8fn+4/7

5 + C$V$€ i v$fn+4/7 —cp - kan+4/7 =0:
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3.1 perform a % step for x-transport

8fn+4/7

. n+4/7: .
BN 4+ Ve - Vaf 0;

fm +5/7 _ | X-transport k-transport | collision
SAL At/2 At

3.2 perform a % step for k-transport

8fn+5/7

—em Ve fT/T — .
ot &) kf 3

m +6/7 _ | X-transport k-transport | collision
SAt At At

3.3 perform a % step for x-transport

afn+6/7

. n+6/7 _
En 4+ ¢ Vaee -V f 0

ol x-transport | k-transport | collision
At At At

3.4.3 First order time Splitting Scheme

The first order time splitting scheme reads:

e Step 1.- Solve g{ + Cw(‘?]{igi — ckExgk‘:f1 = 0 for a At-time step;

e Step 2.- Solve % = Q|[f] for a At-time step,

combined with a splitting of the same order for the solution of the transport
part.
The scheme we obtain is:

1. perform a At step for transport

aaft—i_CxVx€V$fn_cEkan:O

1.1 perform a At step for x-transport

of"

o 4+ Ve - Vi f" =0;

s x-transport | k-transport | collision
At 0 0
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1.2 perform a At step for k-transport

n+1/3
(9fat — g V3 — 0
2/ x-transport | k-transport | collision
AL At 0

2. perform a At step for collisions

afn+2/3

_ n+2/3
S — gy

x-transport | k-transport | collision

fn+1 —
At At At
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Figure 2: Comparison between some macroscopic quantities of the 400 nm
diode at equilibrium (5 ps) given by splitting schemes of order 1 and 2.
Top left: density in ¢m™3; top right: energy in eV; center left: potential
in V; center right: mean velocity in ¢m s~'; bottom left: electric field in
103V m~!; bottom right: current in em™2s~!. Grids are set 150 x 40 x 16 for
(x,w, ) for the W5FD method, 150 x 71 x 71 for (x, k1, ks = ||(k2, k3)]|).
N = 11, At = 0.01 ps, linear interpolation for collisions, for the PW5TS

method.
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Figure 3: Comparison between some macroscopic quantities of the 400 nm
diode at equilibrium (5 ps) given by different integrations of the collisions,
wither by linear interpolation or by PWENO-4,3 interpolation. Top left:
density in em™3; top right: energy in eV; center left: potential in V; center
right: mean velocity in e¢m s~!; bottom left: electric field in 103V m™!;
bottom right: current in em=2s71. Grids are set 150 x 40 x 16 for (x,w, p)
for the W5FD method, 150 x 71 x 71 for (z, ky, kag = ||(k2, k3)|), N = 11,
At = 0.01 ps, 2nd order TS, for the PW5TS method.
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Figure 4: Comparison between some macroscopic quantities of the 400 nm

diode at equilibrium (5 ps) given by different time steppings.

Top left:

density in em™3; top right: energy in eV; center left: potential in V; center
right: mean velocity in ¢m s~!; bottom left: electric field in 103Vm™!;
bottom right: current in em~2s~!. Grids are set 150 x 40 x 16 for (z,w, )
for the W5FD method, 150 x 71 x 71 for (z,k1, ke = ||(k2, k3)||), N = 11,
linear interpolation for collisions, 2nd order TS, for the PW5TS method.
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Figure 5: Comparison between some macroscopic quantities of the 400 nm
diode at equilibrium (5 ps) given by different N. Top left: density in cm=3;
top right: energy in eV; center left: potential in V; center right: mean
velocity in e¢m s™1; bottom left: electric field in 103Vm™!; bottom right:
current in em~2s~1. Grids are set 150 x 40 x 16 for (x,w, ) for the W5FD
method, 150 x 64 x 64 for (x,k1,kog = ||(k2,k3)||) (when N = 10), At =
0.01 ps, linear interpolation for collisions, 2nd order TS, for the PW5TS

method.
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Figure 6: Comparison between some macroscopic quantities of the 400 nm
diode at equilibrium (5 ps) given by different resolutions of the (k1, k23)-grid.
Top left: density in ¢m™3; top right: energy in eV; center left: potential
in V; center right: mean velocity in ¢m s~'; bottom left: electric field in
103V m~!; bottom right: current in em=2s~!. Grids are set 150 x 40 x 16 for
(z,w, p) for the W5FD method, N = 11, At = 0.01 ps, linear interpolation
for collisions, 2nd order TS, for the PW5TS method.
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Comparison between some macroscopic quantities of the 50 nm
diode at equilibrium (2 ps) given by different N. Top left: density in cm=3;

)

center left: potential in V; top right: energy in eV; center right: mean
velocity in ¢m s™1; bottom left: electric field in 103V m™!; bottom right:
current in cm~2s~!. Grids are set 150 x 144 x 16 for (z,w, u) for the W5FD
method, 150 x 32 x 32 for (x, k1, kog = ||(k2,k3)||) (when N = 18), At =
0.01 ps, linear interpolation for the collisions, 2nd order TS, for the PW5TS

method.
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Figure 8: Comparison between some macroscopic quantities of the 50 nm
diode at equilibrium (2 ps) given by different resolutions of the (k1, ka3)-grid.
The grid is set 150 x 144 x 16 for (z,w, u) for the W5FD method. N = 20,
At = 0.01 ps, linear interpolation for the collisions, 2nd order TS, for the
PW5TS method.
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Figure 9: Distribution function of the 400 nm diode at time 5 ps given by
the PW5TS method at different points of the device, for a 150 x 71 x 71
grid, N = 11, At = 0.01 ps, 2nd order TS, linear interpolation for collisions.
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Figure 10: Distribution function of the 50 nm diode at time 2 ps given by
the PWE)TS method at different points of the device, for a 150 x 129 x 129
grid, N = 36, At = 0.01 ps, 2nd order TS, linear interpolation for collisions.
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Figure 11: Macroscopic magnitudes given by the PW5TS method and a
reference result obtained through a Multi-Group WENO scheme. For the
PW5TS simulation The k-resolution is set N = 27, the time stepping is set
At = 0.01 ps, 2nd order TS, linear interpolation for collisions.
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Figure 12: Snapshots given by the PW5TS method at different points of the
multifrequency device, at time 5 ps. The grid is set 120 x 64 x 64, N = 27,
At = 0.01 ps, 2nd order TS, linear interpolation for collisions.



Chapter 4

Numerical Schemes of
Diffusion Asymptotics and
Moment Closures for Kinetic
Equations

This article corresponds to a work [23] in collaboration with J.A. Carrillo,
P. Lafitte and Th. Goudon whose reference is: ”Numerical schemes for Dif-
fusion Asymptotics and Moment Closures for Kinetic Equations”, accepted
for publication in Journal of Scientific Computing.

4.1 Introduction

We are interested in numerical simulations of “intermediate” models for
kinetic equations in diffusion regimes. Such questions arise in many appli-
cation fields where we adopt a statistical description of a large set of “parti-
cles”: neutron transport in nuclear engineering, radiative transfer, rarefied
gas dynamics... The unknown is the particle distribution function that gives
the number of particles being at time ¢ and position x in a certain physical
state described by the variable v. In most of the applications, v is nothing
but the translational velocity, or the direction of flight of the particles and,
assuming that v belongs to a certain measured set (V, du), the quantities
of interest are essentially averages over v of the unknown. The evolution of
the particles obeys the following equation

O+ 00, f = ~QUL). (1)

In the right hand side, the operator () is intended to describe the interactions
that particles are subject to; the dimensionless parameter € > 0 is related
to the mean free path, that is the average distance travelled by the particles

95
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without being subject to any interaction. As & — 0 the unknown f. relaxes
to an equilibrium the dependence of which with respect to v is fixed and
the dynamics is described by the evolution of only macroscopic quantities.
As we shall see below, it turns out that under some suitable assumptions
on the collision operator @), the limit equation reduces to a mere diffusion
equation. However, for applications, one is interested in preserving more
information concerning the microscopic setting that motivates the deriva-
tion of reduced e—dependent models. Then, it is legitimate to address the
following two-fold question: Is the reduced model consistent to the diffusion
approximation? How accurate is the obtained approximation and in which
sense is it better than the solution of the limit diffusion equation?

In this paper we investigate numerically these questions, restricting to
the simplest situation. Namely, we only deal with the one-dimensional

framework (z € R, v € V C R) and the collision operator is a mere re-
laxation operator

Q) = /V fdu(w) - f. (4.2)

Throughout the paper (V, du) is required to satisfy

/V () = 1,

for any odd integrable function h: V — R, / h(v)du(v) =0, (4.3)
v
/ v?du(v) =d s positive.
v
Typical examples are therefore:

o V= (—1,+1) endowed with the normalized Lebesgue measure,

o V = {v!,...,vM} where the v'’s are well-chosen points in (—1,41),
endowed with the discrete velocity measure, du(v) = 55 Ef\i 10(v =
v?),

e V = R endowed with the Gaussian measure du(v) = (2)"1/2 e=*/2 .

Under these hypotheses, as we shall recall below, the behavior of f. for small
€’s is given by the heat equation

drp — dd%,p = 0. (4.4)

Looking at such a simple situation makes a direct computation of the solu-
tion f. affordable, including for small values of €. Therefore we have data at
hand to compare with the solutions of reduced models. However, evaluating
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fe when € is small has a high numerical cost. Thus, it does not make sense
to extend it to several dimensions for our purposes. Nevertheless, we can
take advantage of our understanding of the limit process to design a numer-
ical method that is well-suited to the asymptotic regime. The scheme we
analyze is based on a splitting strategy with a convective-like step involv-
ing O(1) speeds and an explicitly solvable ODE step containing stiff sources.
Hence, the scheme, which is naturally asymptotic preserving, is amenable to
a fully explicit treatment, free of any e—dependent restriction, and provides
accurate results for a quite cheap numerical cost. Another viewpoint con-
sists in using reduced macroscopic models which are intended to reproduce
the main features of the original equation (4.1). Usually these models are
derived either by using some truncated Chapman-Enskog expansion or by
imposing a closure to the system that is satisfied by some moments of f.. A
crucial requirement that is usually addressed to the model is to satisfy the
so-called limited-flux property. In what follows a particular attention will be
paid to the model the derivation of which relies on the Entropy Minimiza-
tion Principle. In itself the numerical simulation of the reduced models is an
issue, due to the presence of stiff terms and large speeds of propagation, that
depend on . Nevertheless, we introduce original specific schemes for these
models using relaxation techniques that we treat following the numerical
philosophy evoked above, and interpreting the relaxing system as a discrete
kinetic equation. This approach allows to compute efficiently the solutions
of the macroscopic models.

The paper is organized as follows, postponing references to the exist-
ing literature to the following Sections. In Section 4.2, we recall some basic
facts on the diffusion asymptotics and we present the reduced models we are
interested in. In Section 4.3, we detail the derivation of the asymptotically-
induced scheme for (4.1)-(4.2). We discuss the splitting strategy as well as
the numerical boundary conditions which are designed to satisfy the mass
conservation. Section 4.4 is devoted to adapting the method to the macro-
scopic models. This relies on the interpretation of the models through a re-
laxation limit. We end with the discussion of the numerical results in Section
4.5, with in particular simulations of the traditional Su-Olson benchmark.

4.2 A Brief Overview on Diffusion Asymptotics
and Moment Closures

4.2.1 Diffusion Limit

We check readily that Assumption (4.3) has the following remarkable con-
sequences.

Lemma 4.2.1 (Dissipation Properties of the Collision Operator). Assume
(4.3). Then the operator defined by (4.2) satisfies
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i) Q is a bounded operator on LP(V), 1 < p < oo spaces;

ii) Q is conservative which means that for any f € L*(V, du),
] et aue) o

ii1) Q satisfies the dissipation property

- / QU f du(v) = / 1F = ()2 du(v) >0,
174 1%

for any f € L2(V, du), where the bracket is a shortcut notation for the
average over V;

iv) The elements of the kernel of Q are independent of the microscopic
variable v: Ker(Q)) = Span(1);

v) The following Fredholm alternative holds: for any h € L*(V) satisfying
(h) = 0, there exists a unique f € L*(V) such that Q(f) = h and

(f) = 0.

The Fredholm alternative follows from a direct application of the Lax-
Milgram theorem applied to the variational formula [;, Q(f)g du(v) = [;, hg du(v)
on the closed subspace {f € L2(V), (f) = 0}.

As ¢ tends to 0, the number of interactions or “collisions” events per time
unit increases. Accordingly, we can expect for small €’s that f. resembles
an element of the kernel of the operator Q:

fe(t,z,v) = p(t, z),

and it remains to describe the evolution of the macroscopic quantity p. The
asymptotics can be readily understood by inserting the following Hilbert
expansion

f5:F0+EF1+€2F2+...

into (4.1). Identifying terms arising with the same power of ¢, we obtain
e At the leading order Q(Fp) = 0 that confirms Fy = p(t, z),

e Next, we have Q(F}) = v0,Fy. Then, we appeal to the second condi-
tion in (4.3) (applied with h(v) = v) which allows to make use of the
Fredholm alternative. Accordingly, for the simple operator (4.2), we
get Fi(t,x,v) = —vizp(t, x).
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e Then, we obtain a closed equation for p by integrating over v the
relation: Q(F») = 0¢Fp + v0,F1. We obtain

o+ 0, ([ (<00 au0)) =0

that is the diffusion equation (4.4) for p.

Remark 4.2.1 (Time Scaling). The time scaling in (4.1) is motivated by the
fact, embodied into (4.3), that the equilibrium functions, i.e. the elements
of Ker(Q), have a vanishing fluz: considering only the penalization of the
collision term, we would be led to the uninspiring equation Oip = 0.

The convergence of f¢, solution of (4.1), to p, solution of (4.4), has been
widely investigated under various and general assumptions, including non
linear situations motivated by physical applications; we refer among others
to [10, 11, 40, 59, 15, 80, 60]. Under suitable regularity assumptions, we
can make the Hilbert expansion approach rigorous, estimate the remainder
and justify the convergence with a rate. We refer to [11] for the following
statement, which is part of the folklore in kinetic theory.

Theorem 4.2.1 (Asymptotic Convergence Rate). Assume that (4.3) hold.
Let p > 0 be a constant. Let fo: R x V — R such that fo —p € L2 (R x V).

i) Then, as € goes to 0, f- and p. converge to p strongly in L (RT xR),
and p. converges to p in C([0, T); L*(R)—weak), where p is the solution
to the heat equation (4.4) with initial datum py—o = [,, fo(x,v) du(v).

it) If the initial datum is close to a smooth enough macroscopic state,

say e.g. |[fo— pollL2mxv) < €, with (po —p) € H3(R), then, for any
0 < T < o0, there exists Cp > 0 such that one has

I fe = pllL2((0,r)xrx vy < CT €. (4.5)

4.2.2 Approximate Models

We are interested in intermediate models, which are intended to be in be-
tween the full kinetic equation (4.1) and the heat equation (4.4). Such
models are expected to provide “better” approximations of f. for moderate
values of ¢, that are small, but possibly not so small. We also expect that
such a model retains more information from the microscopic modelling and
we address the question of “how close” to the original unknown f. the ap-
proximate solution is. Finally, from a practical viewpoint, one should expect
that the solution of the intermediate model can be computed with a reduced
computational cost. Of course, the solution p of (4.4) already provides an
approximation of order O(e) in L? norm, but it has the drawback of loos-
ing completely any microscopic feature since it does not depend on v. It
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could also be tempting to use as an approximation the Hilbert expansion
truncated at first order, the so-called P1 approximation

fs(taxvv) = p(t,l‘) —Eev 833p(t7x)

with p still the solution of (4.4). However, such an approximation is not
non negative for any t,z,v. Furthermore, the heat equation propagates
information at infinite speed while in (4.1) characteristic speeds are of order
O(1/¢), at least if the set of velocities is bounded. Actually, the finite speed
of propagation and preservation of non-negativeness are related; indeed,
since f. > 0, we have the following relation between the macroscopic current
and density

’/V:fed:u(v)‘ S/V’:'fgdu(v)gw /erdﬂ(v).

Therefore, we can require that a suitable approximation fulfills this so called
“limited flux condition”, which is thus guaranteed for free if the approxima-
tion is non negative.

To obtain intermediate models, a general strategy consists in writing a
system of equations defined by the evolution of moments of f.. The system
is not closed since the convection term makes the (k+ 1)-th moment appear
in the evolution equation of the kth moment. Thus, we impose a relation
between the higher moment involved in the system and the previous ones.
We expect that this closure provides a suitable approximation of the evolu-
tion of the kinetic density. For (4.1), it is enough to consider the evolution
of the zeroth and first order moments. Let us set

Pe 1
Je :/ v/e | fedu(v).
P Vo w2
We get the mass conservation
Oipe + 0z J: =0, (4.6)
completed by
€20, J. + 0, P, = —J.. (4.7)

According to [36], we are interested in two possible closure strategies:

(C1) Either we define an approximation, formally close to the P1 formula,
but which preserves non negativity. By using this approximation into
the conservation law (4.6), we obtain a possibly nonlinear equation,
that, in some sense, interpolates between transport and diffusion.

(C2) Or we close the moment system (4.6)-(4.7), so that we obtain a hy-
perbolic system that restores the finite speeds of propagation.
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We refer to [36] and the references therein for further detail. Let us introduce
the following notation

RO = [ e, 665 = 1)

and

¥ = = (6 w).

The zeroth order closure (C1) is based on the modified Hilbert expansion
f- = exp(ag +ear +*ag +...)

Truncating at first order, we get the approximation

7 o(t, ) ( 0 )
t,x,v) = e —ev — (¢, ,
fE( ’U) Z(t,l‘) Xp v 0 ( .’E)

with Z(t,z) to normalize the density to o(t,x). Plugging this expression
into the moment equation, o satisfies

0
oo~ 0,( 26 (=) 0. (4.8)
€ 0
The first order closure (C2) follows from a Entropy Minimization Prin-
ciple. This idea is due to Levermore [73, 74, 77, 75, 76], but it also appears
in various physical applications [34, 47]. It works as follows. For given g, J,
let

F=agmin [ fm(nan). [ (o) duw) = (0.0}

We obtain
JT-(U) _ e)\o-i—)\lv/a

where the Lagrange multipliers Ao 1 are defined by the constraints
0= / TN/ dp(v) = MF (A /2)
1%

J = / Lerotrv/e qu ) = LG\ Je).
v € g

Then, we use fto define the second moment that closes the system (4.6)-
(4.7). Namely, we set

)

~ F
P = | o0 dutv) = o5 (/) = evled/o),
and we are thus led to the system
{ 8tQ + 83;J = 0,

(4.9)
€20, J + (%(gzp(aJ/g)) = —J.
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The microscopic approximation is defined by

exp [v G(_l)(aJ/Q(t,a:))]
FoGY(eJ/o(t,z))

ﬁ;(t, z,v) = o(t, x) (4.10)

Of course, Equations (4.8) and (4.9) highly depend on the considered mea-
sure dp through the functions F, G and :

e For the Lebesgue measure, we have F(3) = sinh(5) /3, G(8) = coth(5)—
1/p.

e For the discrete 2-velocity measure, we have IF(3) = cosh(f). The first
order closure (4.9) is in this case completely equivalent to the original
kinetic model and there is no approximation at all.

e For the Gaussian measure, we have ¢(u) = 1 + u?. The zeroth order
closure actually leads to the heat equation, and the first order closure
gives the isothermal Euler system.

In [36], the well-posedness of (4.8) and (4.9) is justified, at least for small
and smooth initial data, but, hopefully, with an e—free smallness condition.
(We also refer to [37] for preliminary discussions on weak solutions.) Fur-
thermore it is shown that ||f; — fc|/z2 is of order O(g). This estimate is a
bit disappointing since it is not better than those evaluating the distance to
the solution of the heat equation. Our aim in this paper is to investigate nu-
merically (4.1)-(4.2) and its approximation (4.8) or (4.9)-(4.10), compared
to the heat equation and the P1 approximation. It is indeed interesting to
check numerically whether we can expect sharper estimates or not. It is also
important in view of applications to discuss how the quality of the approx-
imation is degraded as ¢ increases and to know if one of the approximation
strategies has some decisive advantages. Let us mention that there exist
a huge variety of possible closure methods, based either on mathematical
arguments or physical grounds, and we mention among others [77, 31].

4.3 Asymptotic Preserving Explicit Kinetic Scheme

On the numerical viewpoint, the computation of (4.1)-(4.2) is also a chal-
lenging question due to the presence of large, say O(1/¢), speeds of prop-
agation and stiff terms. An attempt to solve (4.1)-(4.2) by integrating the
equation along the characteristics following a splitting strategy between col-
lisions and transport through lines x 4 tv/e fails for small €. Since in general
the characteristics do not end at a point of the discrete mesh, this approach
needs to be completed by a suitable interpolation procedure. It gives rise
to semi-lagrangian numerical methods that have been used successfully for
Vlasov’s like equations [45, 46]. Proceeding naively, such a procedure can
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produce unacceptable numerical diffusion. One can repair this drawback by
using interpolation procedures based on the WENO approach. We refer to
[96, 94] for the basis of the WENO method, and to [26] for a description of
the adaptation to design an accurate interpolation method. Of course, for
small €’s these computations become unbearably time consuming with large
meshes and small time step due to the large velocities that are involved.

Asymptotic schemes working in the stiffness regime have to be developed.
We propose an alternative approach using a splitting scheme inspired by the
Hilbert expansion that treats the stiffness of (4.1). The method is well fitted
and much less costly than the previous approach to the diffusion regime
while remaining fully explicit. This numerical method, which improves the
scheme already proposed in [53], is a fully explicit variation of the methods
introduced in [69, 70], and it has successfully been used in other contexts
[53, 24, 58]. It is also relevant to compare our method to those of [65, 66],
based on odd/even flux decomposition or, concerning relaxation problems,
those of [81] for methods based on central schemes. Here, the scheme is
based on the expansion

fe = pe +€9e, ps(ta$) = /std/‘(v)’

where the dissipation properties of the operator ¢ imply that the “fluctua-
tions” g. are indeed bounded in L?(R* x R x V). We rewrite (4.1) as

1 v
Op fe +v0,9: = ?(ps - fs) - ga’bp&a

which motivates the following two step splitting scheme:

Given a uniform subdivision of step At of [0,00) and knowing f™, which is
expected to approximate f¢(nAt,z,v), n € N

Step 1.- Solve on the time interval [nAt, (n + 1)At) the stiff ODE

1
€2

0f = (o~ )~ Zvup. (4.11)

Since the average over V' of the right hand side vanishes, the macro-
scopic density is not modified during this time step, that is,

pn+1/2 _ /an—i-l/Q d,u(v) _ pn_

Moreover, (4.11) also defines the evolution of the fluctuation

1 1
g = ——=g — —=vup. 4.12
19 =~ 59— 500p (4.12)
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Step 2.- Solve on the time interval [nAt, (n + 1)At):
O f +v0,9g =0 and Otg =0, (4.13)

with initial data O = f*+1/2 and ¢° = ¢"*1/2 This defines, f**! and
pn+1 :/ fn+1 dM(U)
14

We emphasize that the index ¢ has been dropped for notational con-
venience. Note that, in the second step, the convective term involves a
characteristic speed of order O(1) only and that we will not force any up-
date on g as g"t1/2 = (f+1/2 — prt1/2) /e This update might make the
relation between f and g consistent at the end of the second step but it
leads to undesirable numerical divisions by the small parameter ¢; but, for
well-prepared initial data, this consistency can be imposed at the beginning.
Similar arguments were already given in [69, 70] to avoid this update of the
fluctuations g.
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Figure 1: L?,xm—error of the distribution function f with respect to the
solution of the heat equation with a symmetric initial data as in Section 4.5

with a mesh of 100x100 with respect to .

Before proceeding further with the analysis of this kinetic method, we
show in Figure 1 a comparison between the results of the three discussed
kinetic methods: a semi-lagrangian PWENOG,4-interpolation scheme [26]
(SL-WENO), the asymptotic preserving method without update of g pro-
posed above and the asymptotic preserving method with update of g. In all
cases, we show the Lixyv—error between the kinetic results and the solutions
of the heat equation, its € — 0 asymptotic limit, in a log-plot depending on
€. The results show that the kinetic scheme proposed in this paper works
perfectly in the ¢ — 0 regime while both the updated scheme and the SL-
WENO scheme do not describe well the asymptotic limit. It is important
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to point out that all the schemes are computed with the parabolic CFL
condition corresponding to the limiting heat equation. We also note that
for larger values of € the difference between the SL-WENO method and the
asymptotic preserving scheme becomes small which shows the ability of the
proposed scheme to capture the behavior of the kinetic equation, for mod-
erately small value of the mean free path as well, with a considerable gain
of CPU time. It is also worthy to emphasize that the results are given for a
fixed mesh 100x100, so that as € — 0, the SL-WENO method cannot work,
the velocities being of order O(1/¢). In order to get accurate results compa-
rable to those obtained with the asymptotic-induced scheme, the SL-WENO
method would require larger and larger meshes in velocity and smaller and
smaller time steps as € — 0. This leads to an unbearable computational
cost for such a simple equation.

We can simplify the first step by keeping only the leading contribution in
¢ and, by explicitly solving Equations (4.11) and (4.12) that define f**+1/2,
p"t1/2 and ¢"t1/2, leading to

G2 = A g () oA g (4.14)

and ) 2
fn+1/2 _ e—At/e Ja (1 _ e—At/5 )p”7 (4.15)

keeping in mind that p"t1/2 = pr = Ji f"du(v). The final semi-discrete
scheme is summarized as:

Step 1.- Compute

gn+1/2 — e—At/EQQn — (1 — E_At/EQ)Uaa:pna
e g (4.16)
fritZ = em BT 4 (1 — e,

Remember that p"t1/2 = pn.

Step 2.- Solve for time At the convection equation:

ékf + v@xg =0

n+1 n+1/2

to compute the values of f**! and p while ¢" Tl = ¢

Remark 4.3.1 (Asymptotic Preserving). It is worthwhile mentioning that
the scheme is “asymptotic preserving”: using (4.15) and (4.14) for the com-
pletely relaxed model, i.e., € =0, yields

n+1/2 _

fn+l/2 _ pn+l/2 n+1/2

Y _'Uazpn = —v0zp

which coincides with the first order term in the Hilbert expansion. Thus, the
first step becomes

of —v20%,p=0
Integrating over the mesh of velocities leads to the expected heat equation,
up to a suitable v-mesh definition in order to guarantee fv v2dv =d.
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Remark 4.3.2 (Spatial Derivatives Discretization). One has to take care
of the treatment of the space derivative: if one uses the same upwind dis-
cretization for evaluating both —v0yp in the first step and —vd.g in the
second one, it leads to an unstable scheme for the heat equation. The usual
3—point scheme is obtained by choosing opposite upwind discretization in
the successive time steps. Accordingly, for e = 0, the stability of the scheme
is guaranteed by the CFL condition dAt/(Ax)? < 1/2.

Remark 4.3.3 (Stability). The stability condition for the scheme used with
e > 0 is less clear, even if a CFL condition close to the parabolic one can be
reasonably expected. We refer to [71] for a discussion on a semi-implicit ver-
sion of the proposed scheme. This difficulty has motivated the development
of implicit methods, as in [56, 57].

Remark 4.3.4 (Current and Distribution Computation). Due precisely to
the separation between fluctuations and relaxation towards the homogeneous
density we impose in the scheme and taking into account the comments above
regarding asymptotic preservation, we need to compute and reconstruct J
and f to compare to other methods. In fact, since currents appear due to
fluctuations, it is intuitive to reconstruct it as

Jtt = / v g" M dpu(v).
v

Due to the Hilbert expansion approach, we will consider the reconstructed
distribution given by p"t1 4 g™t

Let us restrict from now on to the case of the normalized Lebesgue
measure du(v) on the velocity space [—1, 1]. The space interval [X,nin, Xmaz]
is uniformly discretized in N, — 1 intervals with points x; = ‘Ax from
i=0,...,N; — 1 and the velocity interval [—1,1] is discretized analogously
in N, — 1 intervals with points v; = =1 + jAv from j =0,..., N, — 1. For
further purposes, it is convenient to introduce the sets

Vi = {j € {0, N, — 2} such that v; > 0},
V_ ={j € {0, N, — 2} such that v; < 0}.

Let us specify our discrete scheme to the case of simple upwind dis-
cretization ID; of the spatial differential operator —v;0, with ID; being its
alternate direction: for a given sequence (p;)icnN, We set

sl = { Tl ) Rv T (ol = { Tt ) Ru e
i(piv1 — i) ifv; e Vo, vj(pi —@i—1) ifv; e VL.
(4.17)
More advanced non-centered non linear distinct numerical fluxes for —v;0;,
such as flux limiting ones, may be chosen. Similarly, we could use a non
uniform time mesh. However, this might complicate boundary conditions
below to preserve mass and it will certainly change the relaxed asymptotic
scheme. The fully discrete scheme summarizes as
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Step 1.- Compute

+1/2 _ 2 _ 2\ =
ng / —e At/e gffj—i-(l—e At/e )DJP?

“ , , , (4.18)
ij — e~ At/e f;?] +(1— e—At/e )p?
with
Ay 22
+1/2
P? / ZP?IT Z fz??j
§=0
since a left rectangular rule has been chosen.
Step 2.- Solve for time At the convection-like equation:
Ft = P At (4.19)

to compute the values of f"+! and p"*t! while g"t! = g"*+1/2.

Remark 4.3.5 (Maximum Principle). We point out again that the scheme
18 specifically designed for the small e regime, and there is no guarantee about
the accuracy of the results when € becomes large. In particular difficulties
might arise with the maximum principle. Indeed, in Step 1, given a mon
negative f", (4.18) returns a non negative Y2 but this property is not
naturally preserved in Step 2, see (4.19).

Finally, we need to impose boundary conditions on the advection step
ensuring the total mass conservation. With this aim, we need

Ng—2 Ny—2

> X gl =0

i=1 ;=0

which is equivalent, by summing the telescopic series appearing due to the
definition of the upwinding operators, to

n+1/2 n+1/2 n+1/2 n+1/2y
Z vi(9N, L2 — 905 )+ Z vi(gn, 1, — 91 ) =0
’L)jEV+ UjGV_

where Vi = {j € {0,...,N, — 2} such that v; > 0} and V = {j €
{0,..., Ny, — 2} such that v; < 0}. From this, we will impose as bound-
ary conditions for the fluctuations:

n41/2 -1 n+1/2
g = — v g .
0k vk #[V4] vj;/ o
for k € V. and
ntij2  —1 /2
INa—Lk = V] D UiIN, ay

1)j€V+
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for k € V_, where #[B] is the cardinal of the set B. Let us remark that
the previous boundary condition in the complete relaxed scheme, ¢ — 0,
coincides with the Neumann boundary condition for the density, i.e.,

po =p7 and Py, 1 =pN,—2-

The scheme described above gives a simple way to compute the solu-
tion of (4.1)-(4.2), and the associated macroscopic density, that has to be
compared, both in terms of accuracy and computational cost, to the direct
evaluation, see Fig. 1, and computation of the solution of the heat equation
(4.4) and the different approximations by the closure strategies.

The method adapts easily to more complicated models: gas dynamics
[69, 70, 65, 66|, radiative transfer [53, 58], fluid-particles flows [24]. It can
be also incorporated in a domain decomposition method to deal with space
varying mean free path, in the spirit of [54, 102].

4.4 Numerical Schemes for Closure Approxima-
tions

Next, the idea to treat the hyperbolic system (4.9) or the conservation equa-
tion (4.8) is two-fold:

1. We introduce additional unknowns and parameters and the equations
are seen as the relaxation limit of an extended system, in the spirit of
general methods described in [85],

2. The relaxation system is interpreted itself as a kinetic equation with
a discrete set of velocities to which we apply the splitting algorithm
described above.

4.4.1 Relaxation Method for the First-Order Closure

We will at first focus on developing a numerical scheme for the first order
closure (4.9). The nonlinear system (4.9) can be seen as the limit, as o tends
to 0, of

O+ 0, =0, (4.20)
20y + 0z = —J, (4.21)
Oz + 2X20,J = é(mﬁ(a]/p) —2). (4.22)

Let us define u := €J/p. Recall that u should be small of order O(¢), see
[36]. This system involves an additional unknown z(¢,z) and the parameters
A (convection speed) and « (relaxation parameter). Actually we relax on the
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quantity £2.J so that we consider the velocity in (4.22) rescaled by ¢ (that
fits dimensional considerations). The advantage in considering (4.20)-(4.22)
is that now we have to deal with simple convection equations, the convection
part being linear, and all nonlinearities only appear in the (zeroth order)
source terms. This idea is reminiscent to the introduction of kinetic schemes
in [17, 52, 89, 79, 78], and relaxation methods for conservation laws [67]. We
refer to [7, 88] for further details and references. This approach can be used
also to treat degenerate diffusion equations [85].

Let us find the constraints on the additional velocities +A that should be
large enough to propagate enough information to reconstruct the behavior
of (4.9). It is important to check whether the condition becomes more
constrained as e tends to 0. To this end, let us perform the Chapman-
Enskog reasoning; we expand (4.22) with respect to « considering € to be
small. We have

2 = pp(u) — a(0sz 4+ €2X20,T) = pi(u) — a9 (p(u)) 4+ e2X20,J) + O(a?),
(4.23)
by (4.22)-(4.21). Thus, (4.21) can be recast as

£20,J + 0, (ptp(u)) +J = e’ 292, J + ad?, (po(u)) + O(a?).

Let us compute the leading contribution in the last term; by using (4.20)
and (4.21), we get

Oy (b)) =~} + pul () Dy

But ()

u
) = (! () — ()] — L
Now, considering that formally J 4 0,z is of order O(e) at least, that 1 is
an even function and using the approximation t(u) = ¥(0) + O(e?), with
P(0) > 0, we get

(J + 022).

A (py(w)) +1(0)0,J = O(e),
so that

£20,J + 0, (py(w) +J = @y (€202 — 1(0))d,J) + O(a?,€).

Consequently, as soon as €|A| > 1/1(0), the parabolicity is ensured. It is
certainly natural to find that the speeds tend to infinity as € tends to 0 since
we want to approximate the heat equation. Now, we need to diagonalize
System (4.20)-(4.22). Since the quantity e\ remains bounded from below,
we denote it by u. We define

fo = wp—2 (4.24)
fr = %(z:l:euj). (4.25)
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Of course, we have

Ep I
Noting that
Jo 22
e
the new system we are interested in is
1
Oufo = —(pb(u) - 2), (4:26)
1% J+ | = 1
+ =0z = -S4+ -—=+— —2). 4.2
afetlote = —La Sa (-2 (@20)

The system shares some structures with the kinetic equation analyzed in the
previous section. This similarity will be used to design a new scheme that
will be expressed only in terms of the macroscopic quantities p and J. Since
we have two small parameters, we can use a double splitting method, i.e.,
by splitting with respect to € inside the splitting with respect to «, that is:

Step 1.- Solve

0fo = O, (4.28)
fx 2

Ofx + gamf:t = —32 Tz (4.29)

This system is again stiff as € tends to 0. Let us solve it with the splitting
method described in Section 4.3: we introduce the intermediate variables

2fL — 2 wJ

9% = 2e N i?
and rewrite (4.29) as
Oufs  pogs = == F 0,2, (4.30)
Solve
Step 1.1.- O fr = fj + é F ﬂﬁmz,
Org+ = —g—i 2'u28 2,

where the initial condition for the ODEs are the values computed in the
previous step and solve

Step 1.2.- Osf+ + dzg+ =0
atg:t = 07
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where the initial conditions are, for fi, the ones obtained by Step 1.1. For
g+, we update them in terms of the flux g4 (0) = £pJ/2 = £(f+ — f-)/2e.
Note that here the update is necessary since the goal of the scheme is actually
to compute the macroscopic flux and the microscopic quantities fi, fo and
g+ are only auxiliary devices.

Note that, during Step 1.1, 0;z = 0. Let us now specify our fully discrete
kinetic scheme. As in the previous section, let us choose Dy an upwind
discretization of the spatial differential operator Tud, and Dy its alternate
direction version, see (4.17). The fully discrete kinetic scheme in this step
reads as

Step 1.1.-(Micro)

1 -
9i+1/4 _ e_Azt/gzg:ﬁé . e—At/aQ) 3 Di(f_?_ + M),

2 2 Y4 S eDe (4 S
PRI < e sy (AL U,

n+1/4
0 = o'

At the microscopic level, after Step 1.1, giﬂ/ 4 #* —gTFl/ ’
Step 1.2.-(Micro)
1/4 1/4
gn+1/2 _ 4 z+/ —ff+/
+ 2 )
fiﬂﬂ _ fiHM " At]D)i(giHM),
n+1/2 _ n+l/4
0 - 0 )
1
(P¢)n+l/2 = E( z+1/2+f11+1/2+f61+1/2)
+1/2 +1/2
><¢< (i — )
1/2 1/2 1/2
fﬁ“’/ _|_fil+/ _‘_fg)“‘/
Note that, after Step 1.2, we have giH/Q = —gT_ZH/Q7 as it is the case in the

continuous setting. That is the reason why the macroscopic quantities can
only be expressed at the end of Step 1 as a whole, and not at the end of
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Step 1.1. The macroscopic scheme summarizes in this step as:

Step 1.-(Macro)
e(1— e‘At/€2)

I A Vi WEURS WD)
+At |:D+ <€At/82/~/62¢]n + (1 _ eAt/gQ)]D)-‘r;Zn))
+D_ (e—At/a2(_'u‘]n) + (1 - e—At/EQ)D(Zn)ﬂ )
2 2
1 o —At/52 _ _
g2 = A gy ST (D, (o)~ D_ ("))

2p _

A n D, (2™
Lot [ID)+ (e—At/g“; + (1 — e A +z )>
z

N 2

-D_ (e“/sz T | (1 = Bl

i)

At Jn D, (2"

pn+1/2 — p?’L + ? ID)+ e—At/EQNT + (1 o efAt/gz) +;Z )
_ n ]I_)), n

+D_ (6_At/82 (i) 'L;J ) +(1— e‘At/€2);z )>> :

Let us remark that the second term in 2"11/2 is of order € and thus, it will
be omitted in the computations below. Now, we can write the relaxation
step with respect to the parameter a:

Step 2.- Solve the ODE
1
Oufo = —(pvu) 7). (431)

e = H(pv(u) —2) (432

that is, since 9;J = 0 and z = 2f1 F euJ by virtue of (4.25),
1
ofo = —~(pb(u) - 2, (13)

Oufs = —fut o (pU(u) £ep) (4.34)

with as initial conditions the values computed from Step 1. In this last step,
we also note that d;p = 0, see (4.24) and (4.25), and that, consequently, u
is constant. The fully discrete kinetic scheme summarizes in this step as

Step 2.-(Micro)
n 1 — o n n
e (R (PO il
0T = S e B (S S () )
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In this last step, we do not update g, since 9;J = 0. Denoting by ¥"11/2 the
quantity 1/1(5J”+1/ 2/ Pt/ 2), we deduce the following macroscopic scheme
for the second step:

Step 2.-(Macro)

ntl — o—At/a,ntl/2 + (1 _ G_At/a)pn+1/2¢n+l/2,
Jntl — Jn+1/2
pn+1 _ pn+1/2.

Remark 4.4.1 (Splitting Order). We choose a semi-linear relazation method
to have to deal only with transport-like equations, that is, move the non-
linearities to the right-hand side, as source terms. So it is natural to take
this precise order of splitting, since o must be the first one to tend to 0, so
that we can keep a non-zero €, even if it is small.

Remark 4.4.2 (Initial Conditions). In order to prevent an initial layer from
appearing [86] in the a—splitting, we need to prescribe well-prepared initial
conditions taking into account both splittings as:

p(0,2) = p°(x),
JO,z) = J%),
2(0,2) = pa)p(e(x)/p°(x)) =: 2%(x),

corresponding to the choice of the equilibrium state for the (hyperbolic) c-
splitting, as in the classical relazation approach.

Remark 4.4.3 (Boundary Conditions). We consider, for a computation
domain [Xmin, Xmaz], Neumann conditions for p and z,
Po = P1 PN, -1 = PN,—2 and 20 =21 2N, -1 = 2N, —2-
and
Jo =—Jr Jﬁfr—l = _J}\III—Q'
These conditions guarantee the conservation of the total mass.

Let us now have a look at the limits as « tends to O :
2 1-— 6_At/52 — —
Jil = emAYE gy 2% (D4 (p"y™) = D_(p"y"™))
At Jm D (peyp™
L2 [ N <€—At/52 MQ (- e—At/52> +(P2 Y ))

” D <€—At/a2(—/~;m+(1_ —At/az)D (;W))]}

A n D n,/\n
= p”—l—/ﬂt (]D)+ <e—At/52MJ+ (1_6—At/52) +(P2 Y )>

N = L))
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We thus obtain a pure transport-projection scheme [7]. Note that, since

Ate=At/2 = O(£2) and

(0. (D+<p;w<o>>> D <®_<p;¢<o>>>> _op)

the scheme is still reasonable for small €. The convergence in « of the
schemes has been checked numerically. In Figure 2, we show the Lax-error in
densities of the macroscopic method for o > 0 with respect to the completely
relaxed method above o = 0 for a fixed valued of ¢ = 0.01.

Caonvargancs of rtho
0o

error p

19-05W 3

fodf Lo
0.001 ool g O 1

Figure 2: L7 -error of the densities p for the v > 0 method with respect to
the completely relaxed scheme oo = 0 for € = 0.01.

Remark 4.4.4 (Well-Balanced Scheme). Note that the obtained scheme is
well-balanced which means that the stationary states are preserved, if we
choose linear discretizations D: if we take some initial conditions p° and J°
that satisfy

0, J° =0,
0z (0" (e°/p%)) = = J°,
so that, in particular, 02,(p%P(eJ°/p°) = 0, a direct induction implies that
the discrete solution (p",J"), is stationary, since Di(J°) = 0 = ... =

D (J") and Da(Da(pX9(eI0/0%) = 0 = ... = Du(Du(p"b(eI" /™), for
all n € N; see (4.36).

In turn, the limit € — 0 gives

P = i; (]D)+ <D+(P’;¢(O))) LD (D—(P;Lw(o)))) .
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Let us detail the upwind case: since we have, for any sequence (v;);cz
and for j € Z,

Di (D4 (v); = i/; ((Z;(Uk—i-l - Uk)k)j - <Z;(Uk+1 = Uk)k)j_1> :

2
= W(vj—H — 21}j + Uj_l), (4.35)
D_(B-(v)); = DBy, (4:36)

we get the standard classical 3-point finite difference scheme for the heat
equation with conduction 1(0):

P = p" +(0) (A2 Pt = 205+ 4)-

Remark 4.4.5 (Comparison to existing literature). We point out that the
strategy differs from the one used in [18, 20] where the adopted method, based
on well-balanced schemes as introduced in [56, 57], is implicit (see also [41]).
The main advantage in the latter is the control on the stability condition.
Note however that our method works under the parabolic CFL condition (this
has to be compared to the stability analysis in [66]). This could be seen as
too restrictive when the kinetic equation or the reduced model is coupled to
hydrodynamics, like in applications in radiative transfer [19, 20, 41, 53],
but, it is possible in such a context to appeal to a sub-cycling method where
several “parabolic” time steps are performed within a “hyperbolic” time step,
see [58].

Besides, the scope of this scheme differs from that of the method described
in [85] in the sense that we are interested in computations for a positive value
of the parameter e, not only for the fully relaxed situation.

4.4.2 Relaxation Method for the Zeroth-Order Closure

Here, we use again analogous ideas to propose a relaxation numerical scheme
to solve the zeroth-order closure in (4.8). The nonlinear equation (4.8) can
be seen as the limit, as « tends to 0, of

2 1 ar
0T + 0,0 = —— [J +2c (spﬂ : (4.38)
€ o € P
Defining now
p  eJ
- r4 = 4.39
fe=35 20 (4.39)
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we have
p=Fit S and J=L(f [ ).

The new system we are interested in is

1 Oy
Oufe+ 20,10 = = ['0 ¥ LG (6’0” : (4.40)
€ a |2 2u P

The relaxation scheme follows the same ideas as above. We define the

fluctuations as )

1
g+ =—f+—0p
€ 2e

and then, the equation rewrites as

1 0
Ofetpdpge == |2 — fo 7 LG (eZ2) | 5 Lo,
o |2 2u p 2e
The steps of the method are:

Step 1.- Solve the ODE

1 Oy
Oif+ = — [/2) —f+F i@v <6pp>} F ﬂamp. (4.41)

« 2¢e

Step 2.- Solve the transport equation

Opfs + gaxfi =0, (4.42)
Org+ = 0. (4.43)

Here the initial value for the fluctuations for the second step are com-
puted from the values of the first step by:

1

1
g+(0) = gfi — 5P

The first step of the scheme results into the fully discrete scheme
n+1/2 —  At/agn ﬁ 1 — —At/a 1 l@ E]Dipn
I+ e fi+ 5 (1—e ) |1 F p ¥ P
1

+ ol - e*At/a)EDip”.

The completely relaxed scheme, o — 0 is

n 1 m n
z+1/2:p[1+G <€ID>¢P )]
2 poo\popt
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where the odd character of G was used. Taking into account the initialization
of the fluctuations above, we get

gn+1/2:£G EDiP"
* 2us - \p p"

where a term of order Az? was neglected. Now, the values of the solutions
in the second step are

P = g A g

respectively. The use of alternate approximations of the spatial derivatives
Fud, is again needed since for all A € R

The complete relaxed scheme in terms of the macroscopic variable p reads
as

n ]D n n D_ n
o= oeseoe oo G e Gl
2ep \p p" 2ep \p p"

(4.44)

Due to the diffusive character of the approximation, a parabolic CFL condi-
tion for small e-values, dAt/(Ax)? < 1/2, has to be imposed. In this case,
following a Chapman-Enskog approach there is no restriction in principle
on the value of > 0 but being of order 1 with respect to €. The boundary
conditions are standard discrete Neumann conditions for p.

4.5 Numerical Results

4.5.1 Comparisons between Closures

To start with, we compare the solution of the kinetic equation (4.1)-(4.2),
computed with the method described in Section 4.3, and the solutions of the
heat equation (4.4), the zeroth order closure (4.8), and the first order closure
(4.9); the two last models are evaluated by using the method described in
Section 4.4. Figure 3 shows the error in a log-log plot with respect to ¢, for
the symmetric initial data

2. for —05<zx<05and —05<v<0.5
fo(l‘,l}) =

1. otherwise

with mesh N, = N, = 100 and up to time 5. We used the completely
a—relaxed version (o = 0) of the schemes in Section 4.4.
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Figure 3: Top left: L%,a: density error, top right: L%z current error, bot-
tom: L%@’U distribution function error between the kinetic result and the
corresponding approximations with respect to € for the symmetric initial
data.

As expected the convergence rates are of order O(¢) for all models, con-
firming the results in [36]. Note however that the macroscopic density p is
better reproduced by the first order closure and the behavior of the current
J is even better captured by this model. For very small values of ¢, the
density error becomes constant: it is actually dominated by the consistency
error, with an error of order O((Ax)?) (confirmed by changing the mesh
size). This is not surprising when thinking of the 3—point scheme and is
due to the splitting method.

Next, we consider a data which is not symmetric with respect to velocity.
Figure 4 shows the error in a log-log plot with respect to €, for the initial
data

2. for —05<zx<05and —0.75<v<0.25

1. otherwise

fb(a% U) = {

with mesh N, = N, = 100 and up to time 5. We still use the completely
relaxed framework o = 0 The previous conclusions are amplified and the
advantage of the first order closure appears more strongly, in agreement
with conclusions already given in [41].

This is confirmed again by looking at the time evolution of the density
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Figure 4: Top left: L%x density error, top right: L%x current error, bot-
tom: L?}x’v distribution function error between the kinetic result and the
corresponding approximations with respect to e for the asymmetric initial

data.

and current computed by the different models. Figure 5 corresponds to the
evolution of the macroscopic density for the asymmetric initial data with a
mesh of N, = N, = 100 with € = 0.1 and completely relaxed o = 0 and
up to time 5. In Figure 6 we show the corresponding evolution for the first
moment J. These results favor on the one hand the kinetic and the first
order simulation which remain very close, even in this situation where ¢ is
not particularly small, and on the other hand the zeroth order model which
behaves like the heat equation, far from the profiles obtained by the kinetic
computations.

4.5.2 The Su-Olson Test

This test is a standard benchmark for radiative transfer problems [87, 99,
19, 20, 18]. In such problems, the unknown f is the specific intensity of
radiations, which interact with the matter through energy exchanges, see
e.g. [19, 53]. Therefore, the complete models couples a kinetic equation
with the Euler system describing the evolution of the matter. In the Su-
Olson test, the coupling with hydrodynamics is replaced by a simple ODE
describing the evolution of the material temperature. More precisely, we
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Figure 5: Evolution of the density for the different methods with the asym-
metric initial data: top left: initial data, top right: 1.25 time units, bottom
left: 2.5 time units, bottom right: 3.75 time units.

have the kinetic equation

Oufe + L0ufe = Q) +0a(© —p) + S (4.45)

coupled with

80 = a4(p — ) (4.46)

where © = T4 with T > 0 the temperature of matter and S = S(t,z) a
given source. We propose to solve this stiff coupled problem (4.45)-(4.46)
with the same approach as in the previous Subsections. We shall also adapt
the scheme for replacing the kinetic equation by the zeroth or first order
closures.

We solve the temperature equation at the steps in which the density p
is constant to have an explicit formula for its solution. We start with the
kinetic scheme and we follow the same notation as in Subsection 2.1 skipping
some detail. The semi-discrete numerical scheme will summarize as follows:
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Figure 6: Evolution of the current for the different methods with the asym-
metric initial data: top left: initial data, top right: 1.25 time units, bottom
left: 2.5 time units, bottom right: 3.75 time units.

Step 1.- Compute
gn+1/2 = G_At/€2gn — (]_ - G_At/62>vaa:pn7
Frt2 = oA g (1 m At o (4.47)
@n+1/2 — e—aaAt@n + O'a(l _ e—oaAt)pn

Remember that p"t1/2 = pn.

Step 2.- Solve on a time interval of length At the convection equation:
O f + 00,9 =040 —p)+ S
to compute the values of "1 and p"*! while ¢"t! = ¢"t1/2 and

Ot = @ *t1/2, The right-hand side uses the final value provided by
Step 1.

Similar schemes have to be written for the zeroth and first order closures
of the Su-Olson test. We start with the first order closure in Subsection 2.2,
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keeping the notation used therein. The system to solve reads

E)tg + 8x<] = Ua(@ — p) + S,
e20pJ + 05 (0Y(eJ/0)) = —J (4.48)
0,0 = o,(p — O).

The nonlinear system (4.48) can be seen as the limit, as a tends to 0, of

Op+ 0pd = 04(0 — p) + S,

e20,J + Oz = —J,
(4.49)
Oz 4+ 2020, J =

810 = o4(p — O).

(pv(eJ/p) — 2)

1
«o
The kinetic scheme will be summarized as

Step 1.- Solve

dfo = 12 (0a(©~p)+5),

P Jr | 2
+ =0: —— T o
Ohf+ 56 fx 2 52
0,0 oa(p—©),
that can be computed as
Step 1.1.- 8th = 0,

f+ =z %
) T L)
tfi 62 + 252 + 2% 2,

g+ 2
Ohg+ = 2 + 27628902’
00 = g.(p— ©),

where the initial condition for the ODEs are the values computed in the
previous step and

Step 1.2.-  difo = p? (0a(© — p) + S)
Oif+ £ pozgs =0,
g+ =0,
90 =0

where the initial conditions are, for fi, the ones obtained in Step 1.1. For
g+, we update them in terms of the flux g+ (0) = £pJ/2 = £(fL — f-)/2e.
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Step 2.- Solve the ODE

Ofo = —=(pb(u) - 2),

dfe = —(pv(u) =),
00 = 0.

This kinetic scheme in macroscopic variables is

1— —At/e? B _
Znt1/2 2" + el 62 ) (D4 (2™) + D_(2"))
+At {ID)_F <6At/52’u“2] +(1- e*At/EQ)D"’éz )>
+D_ (G_At/€2 (7:“‘]”) + (1 . e—At/€2)D(Zn)>:| :
2 2
LAy
Jnt1/2 e—At/82Jn + l—e (]D)+(Zn) _ ]D),(Zn))
+§ []D)+ (em/aﬂm +(1- eAt/g2)D+(Zn)>
N 2 2
-D_ <6_At/62(_an) +(1- e_At/‘EQ)D(Zn))} )
2 2
@n+1/2 e~ TaAtQn +o (1 e_U“At)pn,

2
s (™ 2 D_ (o
vp_ (e-ave ER) g ) ¢ (1= e-aveyB=l2 )>>

2
+At (Ua(@nJrl/Q _ pn) + Sn) )

g2 =y i; <]D)+ <6At/52 M;n . e,At/E2)D+(zn)

while the second step will coincide with Step 2 of Subsection 2.2 together

with @1 = ©"+1/2 From here, we can write the completely relaxed
scheme

2 1-— E_At/52 — —
FE o sy (B ("™ ~ B_(p"")

el 2 2
-D <6At/52 (7'LLJn) + (1 o efAt/EQ)H_D* (Pn@bn))]
— 5 ,

_’_g |:D+ <6At/521u"]n + (1 o eAt/sz)H_)-i-(pnwn))

2
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®n+1 — e—aaAt@n + O’a(l _ e_U“At)pn,
At agje " ~arje D (p"")
ntl _  n At/e? At +\P
1% = p+/ﬂ<D+<e /ET—F(l—e /E)#
+D_ <6—At/52 (_:uz‘]n) + (1 N 6—At/e2)D(p2n¢n))>

+At (0,(0"F — p") + S™).

Concerning the zeroth order closure for the Su-Olson test, we have the
system

B
00— 0:(ZG(=77)) = oa(®—p) +5,

00 = g,(p — ©),

that can be seen as the relaxation, when « tends to 0, of

(4.50)

Op + 0zJ = 04(© — p) + S,
2
0] + 0,0 = 1 [J+ e <eaxp>] ,
€ a € p
00 =0,(p— 0).

Proceeding similarly to Subsection 2.4 and as above for the first order clo-
sure, we conclude the completely relaxed scheme for the density and tem-
perature is

®n+1 :e—oaAt@n + Ua(l _ e_U“At)pn.

o[£ (2D [£6 (52
2ep \p p" 2ep \p p"

+ At (00" = p") + S7) (4.51)

For intermediate values of the parameter ¢, it is worth comparing the
results obtained with the models described above to the simulations based
on the semi-lagrangian SL-WENO scheme already discussed in Section 4.3.
Indeed, remind that the asymptotic kinetic scheme was developed for the
asymptotic limit € — 0. Similarly, the range of validity of the macroscopic
models is also restricted to small €’s; furthermore, the theoretical results in
[36] prove the validity of these models for density values close to constant
and far from vacuum. Hence, it is worthy to compare its results to those of
the previous scheme particularly for moderate values of €. The SL-WENO
scheme for the Su-Olson test summarizes as follows:

Step 1.- Relax f

1

0uf = Q) +0u(® — p) + 5
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Step 2.- Compute advection and relax the temperature
v
o f + g@x f=0

0O = g,(p — 9)
which gives the following numerical method:

Step 1.- Relax f
fn+1/2 _ efAt/z;an + (1 - e*At/g-:Q) [pn + 62 (Ua(@n _ pn) + Sn)]

(_)n+1/2 — "

Step 2.- Compute advection by an interpolation method and relax
the temperature

i i) = £ (2 - A2,
g
@n+1 _ efaaAt@TH»l + O'a(l _ efaaAt)anrl.

For the simulations, the source term S(x) has been chosen as the char-
acteristic function of the interval [0,1] inside the total interval [0, 30] with
e =0.01 and e = 0.26 respectively. We refer to the results in [87, 99, 18, 20]
for comparison. The solutions of the macroscopic models are computed with
the complete relaxed methods a@ = 0 with mesh N, = 256 and N, = 256.
The traditional test considers as initial data the constant equilibrium value
10719 for fo = pg = ©g. The smallness of this value makes the simu-
lation particularly tough; hence, we also perform the computations with
fo = po = ©g = 1. We make different runs, with € varying from 0.026 to
0.26. The numerical results are displayed in Figures 7 to 12.

A first conclusion is that the SL-WENO code is highly sensitive to the
changes of ¢, see Figure 7-(i) and(j), as already seen above, see Figure 1;
we believe that the results become relevant only for the largest values of
(e = 0.26, ¢ = 1), see Figures 10, 11, 12. The result in the case ¢ = 0.26
is surprisingly close to the solution of the heat equation. This is a bit mis-
leading since in this regime there is no reason why the heat equation can
describe the dynamics of the kinetic equation well. Other tests with direct
finite-differences WENO schemes as the ones used in [30] may be interesting
to clarify this point, although not directly linked to the asymptotic discus-
sion in this paper, and thus it will be treated elsewhere.

We observe that the results given by the heat equation, the two closure
models and the kinetic scheme are almost undistinguishable from each other
up to final time 10, for small €’s, see Figures 8, 9. Differences appear as e
grows and correspond to the results in [18, 20]. There are discrepancies
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between the diffusion model, the other macroscopic models and the kinetic
equation, especially for earlier times. These discrepancies reduce as time
grows. It is also worth pointing out that, as in [18, 20] and contrarily to
[87, 99], the results are oscillation free for the first order closure, both for
the density p and the reduced flux €J/p, which remains bounded by 1, as
expected.

The kinetic scheme is also sensitive to the variations of &, particularly
for the almost vanishing initial data, see Figure 7-(g) and (h). We observe
that the results differ from the ones given by SL-WENO for ¢ = 0.26 and
almost vanishing initial data: the main errors appear in the regions of large
gradient of the density, see Figure 10. Clearly the kinetic scheme is not
well adapted for this regime for such a small initial data. However, the
performances are better considering a larger initial data, since in such a
case the slopes are less steep see Figures 11 and 12. Note that this test
also shows the limitation of the asymptotic-induced method since when ¢
grows we are faced with difficulties related to the maximum principle, see
Remark 4.3.5. In particular, the scheme for the first order closure is not
positive in the sense of [20], the computed £.J/p can violate the limited flux
condition and we are in trouble to evaluate the flux (again, increasing the
initial data makes things easier). Finally, it is remarkable to observe that
the first order closure results are satisfactory in all regimes. This makes
this closure model really valuable. More figures are available on the URL
http://diffnum.gforge.inria.fr/SU-OLSON/.

4.6 Conclusion

We have proposed new numerical schemes based on splitting techniques
specifically adapted to diffusion regimes. The main idea behind this strat-
egy is the separation between the hydrodynamic quantities and the fluc-
tuations. Hence, the method we design is explicit, asymptotic preserving,
well balanced and mass preserving thanks to a suitable treatment of the
numerical boundary conditions. This approach applies equally well to the
original kinetic equation and to the macroscopic models coming from closure
approximations.

The numerical experiments demonstrate the abilities of the scheme to
give accurate quantitative estimates of the errors made by the approxima-
tions to the kinetic equation. The first order closure is shown to be the most
accurate approximation, among those we chose, for the kinetic equation in
the diffusive limit. This confirms that the choice of the closure by entropy
minimization principle is certainly appropriate for applications where the
kinetic equation is coupled with more complex systems.
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different models as ¢ varies at time ¢ = 1 (continued).
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Figure 8: Su-Olson test: Left column: comparison of densities p; middle
column: comparison of temperatures © ; right column : comparison of
reduced fluxes £.J/p in log-log scales for the solutions after time 1, 3 and 10
time units respectively (from top to bottom) computed with the kinetic, the
heat equation, the first and the zeroth order closure methods for ¢ = 0.026.
The initial data is fo = py = O¢ = 10710,
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Figure 9: Su-Olson test: Left column: comparison of densities p; middle
column: comparison of temperatures © ; right column : comparison of
reduced fluxes £.J/p in log-log scales for the solutions after time 1, 3 and 10
time units respectively (from top to bottom) computed with the kinetic, the
heat equation, the first and the zeroth order closure methods for ¢ = 0.1.
The initial data is fo = pg = ©9 = 10710,
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Figure 10: Su-Olson test: Left column: comparison of densities p; middle
column: comparison of temperatures © ; right column : comparison of
reduced fluxes £J/p in log-log scales for the solutions after time 1, 3 and
10 time units respectively (from top to bottom) computed with the kinetic,
the heat equation, the first and the zeroth order closure methods for ¢ =
0.26.The initial data is fo = pg = ©g = 10719,
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Figure 11: Su-Olson test: Left column: comparison of densities p; middle
column: comparison of temperatures © ; right column : comparison of
reduced fluxes £.J/p in log-log scales for the solutions after time 1, 3 and 10
time units respectively (from top to bottom) of with the kinetic, the heat

equation, the first and the zeroth order closure methods for € = 0.26. The
initial data is fo = pg = ©g = 1.
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Figure 12: Su-Olson test: Left column: comparison of densities p; middle
column: comparison of temperatures © ; right column : comparison of
reduced fluxes £J/p in log-log scales for the solutions after time 1, 3 and
10 time units respectively (from top to bottom) computed with the kinetic,
the heat equation, the first and the zeroth order closure methods for ¢ = 1.
The initial data is fo = pg = ©g = 1.
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Chapter 5

A Semi-lagrangian
deterministic solver for a

hybrid quantum-classical
nanoMOSFET

This Chapter refers to a work with Naoufel Ben Abdallah from Toulouse and
José Antonio Carrillo from Barcelona. It is still in progress, and no paper
has been submitted yet, but the first results we have got are encouraging
for going on on this path.

5.1 Introduction

The deterministic simulation of double gate MOSFETS is an important sci-
entific computing problem in electrical engineering. The typical size of
current MOSFETSs in nowadays research has decreased dramatically and
quantum effects can no longer be neglected. Very Large Scaled Integrated
(VLSI) chips are designed using these basic MOSFETS as bricks of circuits
with complicated topologies.

Here, we follow an extended approach in the electrical engineering com-
munity in this kind of devices consisting in a different description depending
on the dimension. A typical MOSFET geometry can be seen in Figure 1.
Usually, the transport in the longer dimension, z-space variable, is consid-
ered as classical while the confinement in the shorter dimension, z-space
variable, is quantum-mechanically modeled.

Therefore, the PDE models considered in each dimension are different,
see Figure 2. In the x-dimension, the electrons behave like particles, so a
classical description is satisfactory. In the z-dimension, as its length is com-
parable with the Abbye length, the energy levels become quantized and the

135
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GATE
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Figure 1: A typical double gate MOSFET.

electrons behave like waves, so a quantum description via a wave-function is
adopted. Since electrons in different energy levels or bands have to be con-
sidered as independent populations, we have to use a structured population
model in energy-bands, i.e., an equation for each of these single energy-
band populations. We refer to [3, 4, 5, 101] for a detailed description of
these models and some properties of these models in case a drift-diffusion
approximation is chosen for the classical transport.

DIMENSIONAL COUPLING

z-dimension (quantum) ‘

In this dimensiop
as it is very thin
the electrons
behave like waves,
their energy levels
become quantized ‘
and a quantum description via In this dimension the electrons
Schroedinger equation is behave like particles, so a
appropriate. classical kinetic description via

Vlasov—-Boltzmann equation

is appropriate.

x—dimension (classical)

Figure 2: The coupling strategy is dimensional. We shall describe the elec-
trons in the x-dimension as particles, and in the z-dimension as waves. The
different descriptions are coupled in Poisson’s equation through the total
density number.

The coupling comes through the computation of the self-consistent elec-
tric field which depends on the total number of electrons in each of the
energy bands. Also, the collision operator may couple the sub-bands, i.e.,
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describe the electron jumps between energy levels or bands.

Then, the problem mainly divides into two blocks. On one hand, the
solution of the Boltzmann Transport Equation (BTE) for each of the sub-
bands p gives the evolution of the distribution f,(t,x,k) in phase space
((z,k) = (x, k1, ko) € [0, L] x R?) of the p-electron population

0 1
8{?—1— Ve km “Vafp— prot Vifp = Qplfyl (5.1)

plus boundary cond1t1ons

where £/ is the reduced Planck constant. On the other hand, the solution of
the Schrédinger-Poisson (SP) system allows to compute the potential V(z, 2)

the sub-band potential energies €5 (), given the occupation numbers
b= [, foik
R2
from the equations
d 1 dxp
_a AP o (V+V = ePot 5.2
] - a4 =g (5.2

{Xp}p g H;7 <Xp7 Xq> = /XqudZ = 5]),(]

—divy.. [er(z, 2) Ve V] = —Ei [N — Np] (5.3)
0

plus boundary conditions,

Here, m.(z) is the effective electron mass, ¢ the positive elementary charge
and V. the confining potential, i.e. the build-in potential drop near the Si0-
layer which confines the carriers along the z-dimension, £g is the vacuum
dielectric permittivity, eg the possibly spatial-dependent relative dielectric
permittivity, N the total density, which is a mixed quantum-classical state,
sum of the densities of all the subbands

N(t,z,2) ZNt:Uz Z/fptxkdk|xp(txz)]

and Np is the doping profile which takes into account the injected impurities
in the semiconductor lattice. The time ¢ and the position x just act as
parameters in this second block and were omitted. Also, we follow shortcuts
H} for the Sobolev space H}(0,1,) and the integral symbol for the integral
on the interval z € (0,1,).

The collisions are described in the low-density approximation

Q1] = 3 [ o Dy ) = by () 106
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where M (k) is the Maxwellian

V(L — ( ﬁ"“’) .

- 27rm*k:BTL _2m*k:BTL

For the scope of this work, we shall use a relaxation time operator

Qylfs] = ~ M (E)oy — (k).

where the relaxation time 7 is chosen from the relation with the mobility

Ty
T = .

q

The band structure of the semiconductor crystal is described by the band
energy function €, (¢, z, k), which has contribution of a kinetic part

EI;m(k‘) _ hQ’kP

2m*kBTL
and a potential part which results from the solution of a Schrodinger equa-
tion along the z-dimension (5.2). We simplify in the following the notation
for the potential energy for the p* band in the rest: €h” = ¢,. Then, the
velocities are

1

. hik
vp(k) hvke’; (k) = — =

e

v(k), (5.4)

and they do not depend on the subband; this is strictly related to the
parabolic band approximation. If we were using the Kane dispersion, then
the velocities would be band-dependent and the problem would become more
delicate to treat.

The total system (5.2)-(5.3) has to be completed by adding suitable
initial and boundary conditions for this problem.

Initial condition.

As initial condition, we impose a thermodynamical equilibrium for the sys-
tem when no drain-source voltage is applied, that is

fp' (@, k) = M(k)p™().

In order to give the initial occupation numbers, we have to find the so-called
Fermi levels ei?. If we have the same configuration at the source and the
drain and no voltage is applied then the Fermi levels are constant in the
device. Initial occupation numbers are assumed to be given by Boltzmann

statistics
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where the constraint of electrical neutrality [ N°!(z,z)dz = [ Np(z,z)dz
at contacts © = 0 and x = L has to be imposed, which provides the final
expression of the Fermi levels

h2 [ Npdz
mikpT _ <
BLL zq . k'BqTL

In order to compute the energy levels ;! we still need to compute the set
of solutions

(5.5)

e = (kgTy)log

(Ver eV, xp [V}, )

of the Schrédinger-Poisson system (5.2)-(5.3) (at thermal equilibrium), where
the density reads

J Np(0, 2)d= plV(=)
N (z,2) = *—— i D e "B [V (x, 2)l?
e kBTL p

and V; is the solution of the Schrédinger equation (5.2) coupled with a
1D Poisson problem at the contact for computing the potential and the
eigenproperties which respect the electrical neutrality

4 [ER«) 2 iﬂ =~ L[N [V3] = Np(0,2)

Homogeneous Neumann at z =0 and z = [,

Np(0, z)dz cp[Vp]
Ny = L2002 S il o
e kBTL

q

Boundary conditions for the BTE

We need to properly set up border conditions for the incoming particles at
the contacts of the device since no flux boundary condition is imposed on the
rest of the boundary. The proceeding is almost the same as for setting the
initial condition, the only difference being that we look at the situation on
either sides of the device. We force the system to fulfill electrical neutrality
at contact by pushing the border carrier populations to stay close to f,7,
the equilibrium distribution: therefore we impose for entering particles

n pp()n
fy(x € {0, L}, k) = (e )f(wk)

so that we obtain

[ 3 e L) Rk = (o),
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while the outgoing particles are determined by the system itself, so we simply
impose homogeneous Neumann boundary conditions.

The kj-dimension is taken large enough in order to make f(z, k1, k2)
vanish at the borders, so that any boundary conditions would fit, because no
population can be found there. Therefore we impose homogeneous Neumann
conditions.

Refer to Figure 3 for an overview.

Boundary conditions for the Schrodinger-Poisson block

As for the diagonalization (5.2), we impose the wave function to be in
H(0,1.).

We impose on the Poisson equation the typical Neumann boundary con-
ditions on the whole boundary of the device except at the gates, in which
Dirichlet boundary conditions are assumed, and at contacts, where the phys-
ically meaningful conditions are Dirichlet conditions

V(t,O) = %(Z>
V(t, L) = Vi(2)+ Vps(t).

Here Vpg(t) is the applied drain-source potential at time ¢: the potential
cannot be applied all of a sudden, because it would be physically meaningless
and it would produce numerical strong instabilities.

Ideally we want to have both Dirichlet (for the applied drain-source drop)
and Neumann (for the electrical neutrality) conditions at contacts, therefore
we impose Robin conditions, which mix either constraints:

av

— +a(V-V)=0.

o, Tl b)
For a = 0 we have homogeneous Neumann, while for o« — +o00 we recover
Dirichlet. By a proper choice of this parameter we achieve acceptable po-
tential drop and electrical neutrality. Conditions are resumed in Figure 3.

Remark 5.1.1 (The three valleys question). There are six possible config-
uration for the particles in the Si. This phenomenon is strictly related with
the quantum description of the Si atom. Consider the Block wave E, (k) and
develop it in series

]{52
Ey(k) = Ep(0) + E,(0)k + EI’D/(O)? -
If we are developing near a minimum,

Ey(k) ~ Ey(0) + E, (0) -
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Figure 3: Boundary conditions for the Boltzmann Transport Equation and
the Poisson-like equations.

The Hessian matriz Eg (0) (also called “effective mass” in physics literature)
18 symmetric, so in fact, three degrees of freedom are allowed. This is where
the six configurations (three multiplied by two for symmetry arguments) come
from. For each band, sixz configurations must be taken into account and
treated separately.

Z | Jra(@ Rdk.

This is a further improvement in the modelling of Si-based devices, but for
the scope of this work we shall focus on the single-valley case.

5.2 Numerical schemes
Let us first reduce the complete system to dimensionless cartesian coordi-

nates. We assume invariance along the y-dimension, therefore the device
spans over the (z, z)-plane. We use the following adimensionalization:

’ adim. \ parameter \ value ‘
="'z, z2=0"2|1*=1L, 20x 1079 m
k=k"k f* = V2mehoTL 5.824664 x 10°
t = t*t t* = “typical time” | 107 1* s
V=VV V* = typical Vbias | 1 V : (5.6)
E=c'e e = Lk 4.141951 x 102!
p=rp* Pt = k*2 3.392672 x 1017
IXI? = x*[x]? X =5 2.000000 x 107
N=N*N N* = p*x* 6.785343 x 1024
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The BTE reduces to

pr v fp _ V€£Ot 8fp 1
o +2CY ky o C 07 Ok 7 —[Mpp — fp), (5.7)

where the dimensionless parameter is

Rl*k*’
7 is now the dimensionless relaxation time 7 = t—* and the adimensionalized
Maxwellian reads
1 2
M(k) = —e IFI,
(k) = -

The Schrodinger-Poisson block reads now

d 1 dx
—Cot ZAP | S2 _
“ dz [m*(z) dz] CO7 IV + Vel xp = epxp (5.8)
~diva: [er(@,2) VasV] = =C7 [N = No], (5.9)

where the dimensionless parameters are

h2 CS,2 _ qv* CP _ eN*l*Q

CS71 = — .
e*l”‘zfm*7 e* V*eq

Numerical values for all the involved dimensionless parameters, derived
from the physical constants, the problem data and the rescaling are given
in the following table:

dimensionless constant | value

cV = 1.348615 x 1072
_ _hw

o= g 2.436946

CH = A 2.358024 x 10~°

C52 = 47 3.868169 x 10!

CF = eN'I” 1.534770 x 1077

Q

5.2.1 Discretization

The computational domain is discretized into a tensor product mesh, and a
uniform mesh is taken in each direction:

r;, = Az
(k1) = ekm( aN) + 1Ak
(k2)m = —e€ 0 (aN)+mAks,
ﬁw

where « is the dimensionless energy o = T and w is the phonon frequency.
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We essentially need two main building blocks for the numerical algo-
rithm: one for transport along the z-dimension and one for the computation
of the self-consistent potential and all the eigenproperties (band potential
energies, Schrodinger eigenfunctions and the electron density itself) through
the Schrodinger-Poisson equation, whose solver is the object of the next
section.

5.2.2 Newton schemes for the SP block

The Schrédinger-Poisson block (5.8)-(5.9) cannot be decoupled: the poten-
tial is needed for the computation on the energy levels (Schrodinger eigen-
values) and Schrodinger eigenfunctions, and the density (which is an eigen-
property itself, requiring the energy levels for its computation) is needed for
the self-consistent computation of the electric potential (through Poisson
equation).

In [101] the author implemented a Gummel iteration to deal with this
block; we have preferred the use of a Newton schemes, even if it requires the
evaluation of some Gateaux derivatives which are not straightforward. We
try to minimize the following functional:

P[V] = —div[erVV] + % [N[V] - Np] (5.10)

whose minimum is, in this case, a zero. The Newton iteration reads
—dP(VOld, yrew _ Vold) — _P[Vold]’ (511)

where dP(V,U) denotes the Gateaux derivative of functional P, at point V'
in direction U.

We remind that the Gateaux derivative has the following definition:
given F': X — Y, being X and Y Banach spaces (in fact, only locally con-
vex topological vector spaces is required), U C X an open set, the Gateaux
derivative of F' at point u € U in direction ¢ € X is

AP () = tiy Flu+ su;) — Fu)

In order to be able to compute the Gateaux derivative of the functional
(5.10), we have to know how to differentiate eigenvalues and eigenvectors in
the generalized eigenvalue problem, whose details were given in Chapter 1,
Section 1.8. We recall formulae (1.36) and (1.36):

dep(V.U) = —q{Uxp[V], xp[V])
- _ (UxpV], xp [V])
PolVU) = 2 ST ]

p/
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where (-,-) just means integration. The Gateaux derivative of (5.10) is
therefore calculated:

dP(V,U) = —div[cRVU] + de(V, v),
0

from which we can see that the central point is how the density is defined. All
the different Schrodinger-Poisson problems come from the various definitions
of the meaningful densities, whose derivative has, at any rate, form

NV, U) /A ¢)dc¢,

where the kernel A[V] may have one or more contribution, each one needing
to be positive definite.

Scheme (5.11) gives rise to a Poisson-like equation in which an extra
term appears:

-@MmWW%+/AMKWW%M<

= — LI nperd) ND / AVIQVA(¢)d.
0

Numerical solution. The divergence and gradient operators are ap-
proximated by alternate finite differences, in order to recover the classical
three-points centered scheme for the Laplacian, and the integrals are com-
puted through trapezoids approximation. Once the equation has been de-
scretized, it is solved by means of a Lapack routine called DGESV, which
has proven to be robust and fast. For more detail refer to Section 1.6 for
the 1D case and Section 1.7 for the 2D case.

Three are the problems which we need to solve by Newton schemes (each
one corresponding to a different definition of the density N and by conse-
quence of the kernel A[V]). For each problem we have to choose different
boundary conditions.

Problem 1: boundary potential.

This is a 1D problem; we need to compute at * = 0 and x = L the
potential V;, and the density respecting the electrical neutrality condition
fz L N(z,¢)d¢ = fz L Np(z,¢)d¢. The density is defined (written with
phys1cal dimensions)

JZ307 Np(0,0)d¢ o~ — 2]
N[W| = g 1V] Z e *BTL[xp VoI,
PO e FBTL I3

and homogeneous Neumann boundary conditions are taken at z = 0 and
z=1,.
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Problem 2: thermodynamical equilibrium.

Once we have computed the boundary potential, we must compute the ther-
modynamical equilibrium for the system when no drain-source voltage is
applied:

l
J2Z)7 Np(0,¢)d¢ plVeq)
N[Veq] = A Ze EBTL | Xp[Vegl |,

where we impose Dirichlet conditions at gates, Dirichlet (Vg = V3)) at
contacts (but if homogeneous Neumann or Robin were imposed there would
be no difference, as shown by numerical tests), and Homogeneous Neumann
elsewhere.

Problem 3: potential.

While making the code progress in time, we need to be able to update
the potential during all the transition states. Two versions are possible: an
explicit computation and a semi-implicit scheme, which shows less numerical
stability and much longer convergence times (even if it should push the
eigenproperties towards the equilibrium).

Z Py xlV] ? explicit
N[V] - ’ 1 5 9 p[V]
3 prteRsTE [x,[V][%e R semi-implicit

As for the boundary conditions, at contacts we would like to have both the
electrical neutrality (i.e. homogeneous Neumann conditions) and the correct
potential drop which we impose (i.e. Dirichlet conditions); we accomodate
it by the use of Robin conditions

& bV W)=
dn
so that we can mix them: we do not achieve the desired potential drop but
the electrical neutrality is satisfied enough. By imposing Dirichlet condi-
tions, we loose too much of the electrical neutrality. To give an idea of how
these schemes work, we give the Gateaux derivative of the potential relative
to this problem (in the explicit case):

AN(V,U) = 3 pp2dxp(V, U lV]

[V ou©ic
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once we have defined the kernel A[V] as

AWV = =203 oV IOx VIOV V1)
=0 e e IO VIOV VI

The positive definiteness can be easily checked noticing that

pp/ B pp > 0
V] —ep[V] —

because the energies are taken in increasing order, which makes the occu-
pation factors be decreasing (physically it is obvious that the lowest energy
levels are the most occupied).

5.2.3 Numerical schemes for the direction of transport

We have several possibilities as for the integration of the BTE (5.7): first of
all we have the choice of integrating the original pdf f,(¢,z, k) or defining a
slotboom variable g,(t, z, k) by

Folt, @, k) = gy(t, @, k)e~etm) Ik

and integrating this last one instead. As for the time discretization, it can be
achieved by a third order TVD (Total Variation Diminishing) Runge-Kutta
scheme [28], or by splitting techniques [35]. The advantage of integration the
slotboom variable is that if we are in an equilibrium state, then g,(t,z, k)
is constant and the equilibrium is numerically well preserved. The BTE in
the slotboom variable has one additional term:

vt dg, 0! 1 [ 1

/ gp(K)e FF = g, (k) | .
R2

s

agp vy 9p -
ot T2 Mg T v ot T

We resume now the available schemes for the solution of the transport.

WENO second order time splitting schemes in the original variable

The approximation denoted by f;?i 1.m to the point values of the solution

fp(t™, xi, (k1)1, (k2)m) is made evolve in time through the second order time
splitting scheme subdividing the BTE (5.7):

e Step 1. Solve

ofn n pot nan
£+2cvk1f7p_cv (861’> A—O

ot ox ox ok,
for a %—time step; call f;ﬂ/?’ the solution.



5.2. NUMERICAL SCHEMES 147

e Step 2. Solve
ot

- % [Mpg+1/3 _ f£+1/3}

for a At-time step; call f;”/g(x, k) the solution.
e Step 3. Solve

n+2/3 n+2/3 ot\ "12/3 | nt2/3
8fp+/ +2Cvk p+/ —CV 86£t 8fp+/
ot Yo o Ok,

=0

for a %—time step; its solution is the desired f"*!(x, k) pdf.

The same procedure is recursively adopted inside the transport part to sub-
divide this block into the solution of one-dimensional advection problems.
Refer to Section 1.2 for details about splitting schemes.

Numerical Scheme: 1D Advection Step.- Each transport block is
solved by the Flux Balance Method [46, 26]: when solving the z-transport,
k1 and ko act as parameters, as well as x and ko when solving the k-
transport. This method is based on the semi-lagrangian approach of follow-
ing the characteristics backwards; the improvement is that we force the mass
conservation, unlike the direct method, which gives no guarantee about this
point. The solution of the z-transport gives

foitm = Toitm T ﬁ {[F(2i_1/2) — Fxi_12 — 20V k1 At)]
—  [F(xit1/2) — F(@ig12 — 20 k1 AL)] }
I A ISP

and, as for the solution of the ki-transport,

f;;,l,m = f;,i,l,m
L U r F VO (oAt
+ N ((k1)j—1/2) — (k1)j—1/2 + D7 ()
Vaegot
— | F((k)iy1y2) = F | (k1)ig12 +C D (zi)At
k1
F(ki) = ; fp [z, &, (k2)m] d€.

More details about the FBM method can be found in [46, 26]. In order to
compute the fluxes, for instance,

F(i1)2) = F(xi12 — 2CV k)
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we reconstruct the values F(x; /2~ 20V k1), given the known values of the
primitive at the grid points F'(z;1,/2), by the fifth order Pointwise WENO-
6,4 interpolation summarized in next subsection.

Solution via Finite Differences in the original variable.

The approximations to the point values of the solution f;}’i’l’m are obtained
with a dimension-by-dimension (not dimension splitting, in this case) ap-
proximation to the spatial derivatives using fifth order WENO method in
[64]. The BTE (5.7) is rewritten (in conservation form)

Ofp 0 0

— ) =L(f,t)  —— k — t 5.12

G20 = LU0 ~ — (@) fy) + 5-(aa(t)fu) + Qlf) (5.12)

with

ay(k) = 2CVky, as(t,x) = 5 (t,x).

When approximating %(al(k:) fp), for instance, the other variables (k1, k2)
are fixed and the approximation is performed along the z-line:

0 " 1 . .
E (a1 (k)i (k2)m) fpigm) = g hitije = hicay),

where the numerical flux iziH /2 1s obtained with the fifth order, once com-
puted the "wind direction”, i.e. the sign of the coefficient a1 ((k1);, (k2)m):
as this sign is independent of ¢, when [ and m are fixed, the wind direction
is fixed. Suppose that ai((k1);, (k2)m) > 0 (otherwise the procedure would
just be a mirror symmetry with respect to i + 1/2 when computing iLZ +1/2-
We denote

hi = al((kl)lv (kQ)m)f;)l(xw (kl)l’ (k;2)m)7
i =—Ngh, ..., No + Ngp, — 1, (n,p,l,m) fixed,
where Ny, is the number of ghost points needed for imposing the boundary

conditions (with fifth order WENO for flux reconstruction, Ny, = 3). The
numerical flux is

s 5 (0 ~(1 5 (2
hivr/2 = W0h5+)1/2 + wlhz(-i-)l/Z + w2hz(+)1/2’

(k)

where le 4172 are the third order fluxes on three different stencils given by
£ (0) 1 7 11
hi+1/2 - ghi—Q - 6hi—1 + 6
o Ly 5, 1
h”l/Q N 6hz_1 + 6h2 + 3it1
o L 5, 1
hicip = 3hl + 6thl 62’
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the non-linear weights are given by

oy = Wi o = Yk
P (e + Br)?’
the linear weights are
_1 _3 _3
’YO_]_O) 71_57 72_10)
the smoothness indicators are
13 1
Bo = D (hi—o — 2hi 1 + i) + 1 (hi_g — 4hi_1 + 3h;)?
13 , 1 )
B = 2 (hic1 —2hi + hit1)” + 1 (hi—1 — hit1)
13 1
P = 55 (hi — 2hig1 + hiz2)® + 1 (3hi — Ahit1 + hisa)?

and ¢ = 107% is a numerical parameters which avoids the denominator to
become zero.

The approximation to % is performed in the same fashion. Again,
once (p,n,i,m) are fixed, the wind direction is fixed.

For the time discretization a third order TVD (Total variation Dimin-

ishing) RUnge-Kutta method [95]:

U= AL(f )

3 1 1
@ — 2m_ ey 2 n (1)
| LI D+ AL + At FO + At)
1 2 2 At
ntl oy SO L S (v =, fP A
5 I+ 3l +3t(t+2,f —l—t),

where L(t, f) is defined at (5.12). The time stepping is restricted by the
CFL condition due to the explicit character of the time evolution solver (see
[94] for a discussion):

AthFL( Az Ak )

_l’_
max |a1|  max|ag|

Integration in the slotboom variable. If we integration the BTE in
the slotboom variable we can use the previously defined schemes; as for the
Finite Differences Runge-Kutta scheme, the adaptation is straighforward.
The use of the time splitting scheme is a bit more tricky due to the presence

pot
of the extra term 6;‘; . That is why a first order time splitting is more
suitable: it reduces to solving for a At-time step every single part of the
kinetic equation.
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Boundary conditions

We have implemented the following boundary conditions:

e at z =0 and x = L we use the following inflow /outflow condition:

;;I,O,Z,m k1 <0
p,—ut,m pZQ(O) n k>0
,02(0) p70’l7m 1=
and
n
fp7N1717l7m kl > O
n —
fp,szlJri,l,m - eq
Pp (L) n k'l S 0

pp(L) Jp.Ne—10m

in order to have the ghost points we need for the PWENO interpolation
and to preserve the correct values of the distribution function at the
drain and the source of the MOSFET;

e at k1 = —¢, . (aN) and k; = ¢, (aN) a Neumann type boundary
condition in used:

n . n n _ n
pi—tm = fpiom  ad filn im = fing —1me

WENO schemes are the object of investigation in section 1.1.

5.3 Numerical experiments

We take into account the single-valley model, i.e. electrons are only al-
lowed to have one configuration, without distinguishing between longitudi-
nal effective mass and transverse effective mass. In [101] the author used
a Gummel iteration instead of a Newton iteration in order to solve the
Schrodinger-Poisson problems and a stationary-state Drift-Diffusion model
for the transport part. Our scheme is made for transient-state computation
at a microscopic level, so it cannot compete with a macroscopic steady-state
code in terms of times of calculation. We have chosen a very restrictive CFL
conditions for the Runge-Kutta discretization, and the potential is applied
very softly, due to the preconditional character of Newton schemes used for
computing the potential: for the sake of convergence they cannot be initial-
ized too far from the equilibrium, so we cannot impose a shock as potential.
In our tests, the potential V' (x, z) increases linearly from 0V to the desired
drop in 1ps time.

In the tests which we show here, the CFL condition is set 0.01. It might
be improved, but extensive tests on the stability of the scheme with less
restrictive conditions have not been performed yet. Anyway, we expect we
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cannot make it much larger, because the time stepping should stay below
0.0001ps at any rate, even if the CFL condition does not constraint it that
much: the self-consistent electrostatic field needs be computed very often,
not to introduce instabilities (oscillations of the band-energies and potential
energy, in this case) due to growing overcorrections to the electrostatic field
computed at the previous stage.

In our test, we have used as effective Silicon mass

my = 0.5mg;.

Other tests with other effective masses need to be performed, but for the
purpose of this work, i.e. setting the basis for a deeply detailed description
of the nanoMOSFET in Figure 1, it is already meaningful to observe that
the model is properly simulated in this test case.

Our tests have been performed with a structure of six subbands. The
more subband we introduce, the more detailed the description is. In [101]
the author used twelve subbands; anyway, over the third band the carrier
polulation is very low, almost uninfluent.

5.3.1 Border potential

In Figure 4 we show the border potential computed via the scheme in Sec-
tion 5.2.2. Results coincide with [101], where they have been obtained via
Gummel iteration. As a remark, Newton is initialized by a constant null
potential and its convergence is very fast, usually achieved in about four
steps.

5.3.2 Thermodynamical equilibrium

In Figures 5 and 6, we show the results of thermodynamical equilibrium
resulting from the solution of the SP-block discussed in problem 2 above
in section 5.2.2. In [101] the author obtained equivalent results by means
of a Gummel iteration. In our tests, Newton converges very fast, usually
no more than ten steps, depending on the meshing and on the number of
subbands taken into account.

5.3.3 Long-time behavior

We have used a 64 x 32 x 16 x 16-grid in the (z, z, k1, k2)-space with a Runge-
Kutta-3 solver for the original variable f,. The CFL condition is set 0.01,
a very restrictive value used in order to avoid oscillations due to Poisson
overcorrections for it has not been solved frequently enough. We take 1 ps
time to apply the potential, because at any step Newton iterations cannot
be initialized too far from the equilibrium. As for the potential at contacts,
we can use either Robin or Dirichlet conditions; in fact, no difference is os-
berved: this last one works properly too, the electrical neutrality already
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Border potential
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Figure 4: Border potential. The grid is 64 points along the z-dimension.
Top: the potential energy at contacts. Center: the free electron density
at contacts. Bottom: the Schrodinger eigenfunctions corresponding to the
three first energy levels.
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Figure 5: Thermodynamical equilibrium. The grid is 64 x 64 in the (z, 2)-
dimensions. Top: the potential energy. Center: the free electron density.
Bottom: the occupation factor of the first three energy bands.
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Figure 6: Thermodynamical equilibrium. The grid is 64 x 64 in the (z, 2)-
dimensions. Top: the Schrodinger eigenfunctions for the first three bands.
Center: the band densities of the free electrons. Bottom: the band potential
energies of the first three bands.



5.3. NUMERICAL EXPERIMENTS 155

being imposed in the transport equation for the entering particles.

We present results concerning the long-time behavior: we expect the macro-
scopic magnitudes to stabilize after the potential has been completely ap-
plied. In Figure 9 and 10 we plot the long-time behavior for a potential drop
of Vps = 0.2V, and in Figure 7 and 8 the long-time behavior for a potential
drop of Vpg = 0.5V.

Results are satisfactory and close the reference results in [101]. Anyway,
this should be the beginning for some improvements needed for a more de-
tailed description of the MOSFET devices: first of all a complete scattering
operator, not just a relaxation time operator; then the three valleys case,
to distinguish between transversal and longitudinal effective masses; also
achieving a 3D geometry would be very useful.
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Figure 7: The single-valley case (the effective mass is set m, = 0.5) when
the drain-source potential is Vpg = 0.5V, the mesh is 64 x 32 x 16 x 16 in
the (x, z, k1, ka)-space, Poisson boundary conditions are Robin (with @ = 5),
the solver for the BTE is Runge-Kutta-3 (FDWENO-5,3 for interpolation)
with CFL = 0.01, the potential grows from 0 to Vpg in 1ps-time. Top: the
potential energy. Center: the total free electrons density. Bottom: the band
potential energies.
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Figure 8: The single-valley case (the effective mass is set m, = 0.5) when
the drain-source potential is Vpg = 0.5V, the mesh is 64 x 32 x 16 x 16 in the
(x, z, k1, ka)-space, Poisson boundary conditions are Robin (with o = 5), the
solver for the BTE is Runge-Kutta-3 (FDWENO-5,3 for interpolation) with
CFL = 0.01, the potential grows from 0 to Vpg in 1ps-time. Top: the band
density and band first moment along the classical dimension. Center: The
occupation factors. Bottom: The drift velocity along the classical dimension.
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Figure 9: The single-valley case (the effective mass is set m, = 0.5) when
the drain-source potential is Vpg = 0.2V, the mesh is 64 x 32 x 16 x 16 in
the (x, z, k1, ka)-space, Poisson boundary conditions are Robin (with @ = 5),
the solver for the BTE is Runge-Kutta-3 (FDWENO-5,3 for interpolation)
with CFL = 0.01, the potential grows from 0 to Vpg in 1ps-time. Top: the
potential energy. Center: the total free electrons density. Bottom: the band
potential energies.
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Figure 10: The single-valley case

(the effective mass is set m, = 0.5) when

the drain-source potential is Vpg = 0.2V, the mesh is 64 x 32 x 16 x 16 in the
(x, z, k1, ka)-space, Poisson boundary conditions are Robin (with o« = 5), the
solver for the BTE is Runge-Kutta-3 (FDWENO-5,3 for interpolation) with
CFL = 0.01, the potential grows from 0 to Vpg in 1ps-time. Top: the band
density and band first moment along the classical dimension. Center: The
occupation factors. Bottom: The drift velocity along the classical dimension.
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Appendix A

Appendix

A.1 Definition of Gateaux-derivative

Let X and Y be two locally convex topological spaces (take for instance
Banach spaces), and let U C X be an open set, and

F:X—Y

The Gateaux (directional) derivative of F' at point u € U in the direction
is

A (1, ) :%LI% F(u—i—tzi) —F(u)

Remind that the Gateaux derivative is unique (if it exists), that it is homo-
geneous, i.e.

ueU, dF(u,"): X — Y
dF(u,at)) = adF(u,)

but it is not always linear.

A.2 The Gauss-Siegel and the Successive OverRe-
laxation methods for solving the linear system

Suppose we have to solve the linear system
AX =0,

with
Ae MR,N x N),X e RV, b e RV,

The Gauss-Siegel iteration starts from an initial guess, say
0) _ (v (0 (0)
x© — (XO X! ,...,XN_l) .
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Then we update the i-th entry from the i-th row of the linear system A,
starting from the first row:

0
bo — >0 AO,jX](' :

(1)
x
0 Ao o
o - Ao X§" = o0 A X}
! A
1 0
xO bi = 2jci AM'XJ(‘ - 2j>i Ai7jX]( )
! Ay

)

So, the iteration is: from guess
k k k
x® = (xP,xM, . x{)
perform

(k+1) (k)
for i =0 N1 X@ﬂ) _ b — Zj<i Ai,ij - 2j>i Ai,ij
MRS ) 7 All

until convergece is fulfilled, i.e.
”X(k+1) - X(k)H < )\tolerancea

for some tolerance (e.g. Aolerance = 107%) and some appropriate norm (use
L? or L™ for instance).

The SOR method is a generalization of the Gauss-Siegel iteration. Given
a parameter 0 < w < 2, the update transforms into

k+1 k
bi =3 < Azijj( )~ > j>i Az‘,jXJ( )
A '

Xi(k—H) =(1-— w)Xi(k) +w

For w = 1 we recover the Gauss-Siegel iteration.
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