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Outflow Boundary Conditions for the Fourier
Transformed One-Dimensional
Vlasov—Poisson System
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In order to facilitate numerical simulations of plasma phenomena where kinetic
processes are important, we have studied the technique of Fourier transforming
the Vlasov equation analytically in the velocity space, and solving the resulting
equation numerically. Special attention has been paid to the boundary condi-
tions of the Fourier transformed system. By using outgoing wave boundary
conditions in the Fourier transformed space, small-scale information in velocity
space is carried outside the computational domain and is lost. Thereby the
so-called recurrence phenomenon is reduced. This method is an alternative to
using numerical dissipation or smoothing operators in velocity space. Different
high-order methods are used for computing derivatives as well as for the time-
stepping, leading to an over-all fourth-order method.
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1. INTRODUCTION

Methods of solving numerically the Vlasov equation have been developed
for many decades, including methods based on Hermite and Fourier
expansions [1,3] and methods based on the convective structure of the
Vlasov equation [2]. Convective schemes have also been developed for the

collisional Boltzmann equation [4].

A problem with the Vlasov equation is its tendency of structuring in
velocity space (due to free streaming terms), in which steep gradients are
created and problems of calculating the v (velocity) derivative of the

function accurately increase with time [1].
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Due to the sampling (Nyqvist) theorem, the tendency of structuring
of the Vlasov equation makes it impossible to represent all pats of the
solution of a uniform grid after a finite time. If not treated carefully, this
problem may eventually lead to the so-called recurrence phenomenon where
parts of the initial condition artificially re-appear on the numerical grid [2].

In applications, the recurrence phenomenon may in some cases be
unimportant if other processes dominate [ 7], but can be important if, for
example, the long-time behaviour of a single wave is studied [8].

One method of minimising effects due to the recurrence phenomenon
is to have a dense enough grid, so that the interesting physical results have
the time to develop, and then to stop the simulation before the recurrence
phenomenon takes place [8]. Another method is to apply smoothing
operators to the numerical solution so that the finest structures never
appear on the numerical grid [2].

The method used in the present paper is related to the second of the
above two methods, but instead of direct damping of small-scale informa-
tion, the small-scale information in velocity space is removed through an
outgoing wave boundary condition in the Fourier transformed velocity
space. The position of the boundary in the Fourier transformed variable
determines the amount of small-scale information saved in velocity space.
The objective of the method is thus not to resolve the solution fully but
only to a certain degree, and to remove the finest structures of the solution.
How much of the small-scale information one needs to save strongly
depends on the physical problem.

In Section 2.1 the three-dimensional Vlasov—Maxwell system is dis-
cussed, together with the Fourier transform technique in velocity space. In
Sections 2.2-2.5 the one-dimensional Vlasov—Poisson system is discussed,
and well-posed boundary conditions are derived in preparation for the
numerical simulation of the Fourier-transformed system. In Section 3 the
numerical schemes used to approximate the time-dependent solution of the
Vlasov—Poisson system are described. In Section 4 numerical experiments
are presented and compared with known theory and with simulations with
other methods. In Section 5 some conclusions are drawn regarding the use-
fulness of the method.

2. THE VLASOV-MAXWELL SYSTEM

2.1. The Three-Dimensional System

The Vlasov equation

P 4 _
al+v-foa+ma(E+va)~vaa—0 (1)
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describes the action of the electromagnetic field on charged particles of type
o (e.g., “electrons” or “singly ionised oxygen ions”), each particle having
the electric charge ¢, and mass m,. One equation is needed for each species
of particles.

The charge and current densities act as sources of self-consistent electro-
magnetic fields according to the Maxwell equations

1
V'E:*anna (2)
&o oc
V-B=0 (3)
0B
= 4
VxE= -2 (4)
JE
VXB::uozqocnocvocdl_eO:uE (5)

where the particle number densities 7, and mean velocities v, are obtained
as moments of the distribution function, as

nx ) =[" fuxv.0d% (6)
and
% 0= |7 vhxovndt (7)

respectively. The Vlasov equations together with the Maxwell equations
form a closed system.
By using the Fourier transform pair

faxovw =" fxm ey (®)
fxn == [ fovn én )
a\ X5 77, (27[)3 e al s Vs n

the velocity variable v is transformed into a new variable # and the
unknown function f(x, v, t) is changed to a new, complex valued, function

A

f(x,n,t), which obeys the transformed Vlasov equation

Py

0 A A \
Lo 9,V fo i L B, 4V, [Bx) A1) =0 (10)
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The nabla operators V. and V, denote differentiation with respect to x and 7,
respectively.

Equation (10) is again solved together with the Maxwell equations,
where the particle number densities and mean velocities are obtained as

n(x, 1) = (27)° fi(x, 0, 1) (1)
and
. (2n)? p
(0= I [V, k0o (12

respectively. One can note that the integrals over infinite v space have been
converted to evaluations at a single point in # space. The factor (27)* in
Egs. (9), (11), and (12) is valid for three velocity dimensions. For two
velocity dimensions the factor is (27)? and in one dimension the factor
is 27

2.2. The One-Dimensional Vlasov—Poisson System

In order to explore advantages and disadvantages of the Fourier
transformation technique just described, we have chosen to study numeri-
cally a simpler case, the one-dimensional Vlasov—Poisson system consisting
of electrons and ions, with the ions assumed fixed uniformly in space. These
assumptions lead to the system

of of eEaf_
8t+vax_m 81)_0

. (13)
t o0
(s, )=e[n0—j fix, v, t)dv}
Ox & o
where n, is the neutralising heavy ion density background.
By using the Fourier transform pair
S =] femnemdy (14)
A 1 peo .
Joom == fix,v,0emdo (15)
2 _ o
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Eq. (13) is transformed into

of . of

ot 8(3‘

+1 nf=0

16
OE(x, t) (16)

ox

== [ny—2nf(x,0,1)]

Equation (16) has been studied analytically, by means of a similar
Fourier transform technique as the one we use here, by H. Neunzert
[9, 10].

The systems (13) and (16) can be cast into dimensionless form by a
scaling of variables: the time ¢ is scaled to the inverse of the plasma fre-
quency w_ ' =./eom/(nye?), the velocity v is scaled to the thermal velocity
v the new variable # is then scaled to the inverse of the thermal velocity,
and the spatial variable x is scaled to the Debye length rp=v4w
Finally, the function f is scaled to the background density n,, the functlon
fis scaled to ny/vy, and the electric field E is scaled to the quantity
U A/ MoM/ey. By this scaling of variables, the systems (13) and (16) attain
the dimensionless form

o o o
2 Ve £ 0 (17)
E 0
g (X’Z)=1—f f(x v, 1) do (18)
ox e
and
of .o . .,
a—laxan—FmEf—O (19)
E .
OB 1) | onfix.0. 1) (20)
ox
respectively.

2.3. The Problem of Structuring in Velocity Space

This section contains a justification or motivation for solving numeri-
cally the Fourier transformed Vlasov—Poisson system in (x,#, t) space
instead of the original system in (x, v, f) space.
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Due to the property of conservation of phase memory, the Vlasov—
Poisson system in phase (x, v, ) space may develop fine structures in
velocity space, since no smearing of the solution occurs. This can be
illustrated by a simple example:

Assume that the electric field is weak so that the Vlasov equation can
be approximated by
o, o

8t+vax 0 (21)

with the special choice of initial condition
f(x,0,0)= fo(x,v)=[1+ A4 cos(k,x)] e (22)
The solution to the initial value problem is
f(x,v,t)=fo(x—vt,v)=[14+ A cos(k,x —k,vt)] e v (23)

This solution becomes more and more structured in the velocity direc-
tion with increasing time; it will in fact be impossible to store the solution
after a finite time due to the Nyqvist theorem, that states that one needs
at least two grid points per wavelength in order to represent a solution on
an equidistant grid.

For this simple example it is possible to calculate the time after which
the solution will be impossible to store: Assume that the grid size in v
direction is Av, and that function values are stored for v=0, 4 Av,
+24v,..., + N, dv. The “wave-length” of the function cos(k,x —k,vt) is
A, =2m/k .t in the velocity direction. The Nyqvist theorem states the condi-
tion A,/4v>2 for storing the solution, which for the problem gives the
condition 2n/k, .t Av>2. This condition only holds for times ¢ <n/k, Av.
After this time it is impossible to represent the solution on the grid.

The recurrence effect [2] occurs at the time 7, =2n/k, Av, which is
the time for the values of the initial condition to re-appear on the numerical
grid because of the Nyqvist theorem just described.

2.4. Some Properties of the Fourier Transformed System

In general f(x, v, t) decreases as a Gaussian function ~ exp( —av?) for
large values of v. This behaviour guarantees that the inverse Fourier trans-
formed function f(x, #, 1) is a smooth function in #; it is an analytic func-
tion for all complex # and therefore all n-derivatives are well-defined. This
is favourable when the # derivative in Eq.(19) is approximated by a
numerical difference approximation.
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The difference in behaviour for the Fourier transformed system com-
pared to the original system can be illustrated by the example in the pre-
vious section; taking the Fourier transform of the solution (23) in the
velocity space yields

A

1 A
g t)=—= {e_m +5 Leos(kx)(e™ (02 4o rkeal)

N

1 sin(k x) (e =R e—<n+er>2/2)]} (24)

This function does not become structured for large times. The
exp[ —(n—1)%/2] and exp[ —(y +1)?/2] terms represent smooth wave
packets moving away from the origin # = 0. Instead of becoming structured,
the Fourier transformed solution becomes wider with increasing time.

Since the original distribution function f(x,v,t) is real-valued the
Fourier transformed function f(x, #, ) fulfils the relation

~ ~

S =n, ) =[flx,n, 0)]* (25)

where * denotes complex conjugation. Therefore it is only necessary to

solve the problem for positive # to obtain the solution for all #. For the

derivatives one can easily show that the relation

anf(x, -1, t) n anf‘(x’ 1, Z) *

— =D [ } (26)
" on

holds. Thus for even numbers of derivatives of the function f with respect
to 7, the real part is even and the imaginary part is odd with respect to #.
For odd numbers of derivatives of f, the opposite holds.

2.5. Invariants of the Vlasov—Poisson System

The one-dimensional system (17) with periodic boundary conditions
describes a closed, undamped system and has several invariants with
respect to time, such as

S:f: jio 2(x, v, 1) dv dx (27)

sz:fw f(x, v, 1) do dx (28)

— 00
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L
szo j vf(x, v, t)dvdx (29)
W:jL“m 2 o1y do+ 5 D] gy (30)
0 2 s Us 2

which describe the conservation of the energy norm (), the total number
of electrons (N ), total momentum (P) and total energy (W), respectively.

The corresponding invariants for the Fourier-transformed system
(19)—(20) are:

j f x 1, 1)|* dyy dx (31)
N= fL 27f(x, 0, 1) dx (32)
it [ n
P_jo —i2n { o L_de (33)
W= L{—n{azﬂx’f’ [)} JE 0 [)}dx (34)
0 677 n=0 2

In the absence of an analytical “calibration” solution, it is important to
check how well a numerical scheme conserves these invariants.

2.6. The Well-Posedness of the Continuous Problem

The equation system (19)—(20) is valid for all # on the real axis. In
order to simulate numerically the system on an equidistant grid, one must
however truncate the solution domain in the # direction, so that, for example,
—Nmax <1 < max- Using the symmetry (25), this gives rise to boundaries at
n=0and 7 ="max-

The boundary # = 5,,,,, must be treated with care so that it does not give
rise to reflection of waves or to instabilities. One strategy is to let outgoing
waves travel out over the boundary and to give a boundary condition
equal to zero for incoming waves. This gives a mathematically well-posed
problem.
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In order to explore this idea one can study the initial value problem,

of . &
o Ox 677 (35)
S(x,1,0) = folx, ) (36)

at the boundary # = #y,,. Fourier-transforming Eq. (35) in the x direction
gives a new differential equation for the unknown function f(k, 7, 1),

7, T_

or T on
Flkyon,0) = folkyun) (38)

0 (37)

The general solution to this equation is

Sk, )= Joln — k1) (39)

for some arbitrary function f,. It describes outgoing waves at 7 =1#,,., for
k,>0 and incoming waves for k, <O0.

Assuming the initial condition to be zero at the boundary # =7, at
the time ¢ =0, a well-posed boundary condition is

a{+ kx af 0’ kx > 0’ ’7 = ﬂmax
oF (40)
2. k,< 5 = Hmax
5= «<0, =1
which can be expressed in terms of the Heaviside step function as
0 0
Ttk L0, p= o (41)
ot on
where the Heaviside step function is defined as
1, k,.>0
S (42)

The Heaviside function is commonly defined to take the value 1/2 for
k., =0, but the function value at that point will not make any difference
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in what follows. The boundary condition (40)—(41) allows outgoing waves
to pass over the boundary and to be lost, while incoming waves are set to
zero; the loss of the outgoing waves corresponds to the loss of the finest
structures in velocity space.

Inverse Fourier transforming Eq. (41) then gives the boundary condi-
tion for the original problem (35) as
o .,

Py +F 'H(k,) F <

o’f
axa

> 0, 7=l (43)

where the spatial Fourier transform and inverse spatial Fourier transform
is defined as

Fo=[ ¢(x)e s dx (44)
and
F—l(Z:lfw k) e die (45)
o . x x

respectively. The projection operator F~'H(k,) F projects a function onto
the space of functions with only positive Fourier components in the x
direction.

Problem (19) is treated according to the same idea,

i o7
ot Ox On

+F'H(k,)F < - +i;7Ef>=0, = (46)

which prevents the inEf term from producing spurious waves at the boundary.
The continuous problem is well-posed if the energy norm

=" ["ipaa=]" [ fraa @)

n=0 n=0

of the solution is bounded for all times. In the following, we prove that this
norm is monotonically decreasing with time. Taking the time derivative of
the norm gives

d | fII? LL 0 jﬂmax <f* 5f+f8f*> e 48)

dr n=0
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and then replacing the time derivatives with the differential equation (19)
gives

dUfIZ_ e e *< o > < N *>
dr _L:OL:O ! ' ox o nEf |+ f laxaﬂerEf dy dx
L max ~ 24 R 274 A
() Hf* s >—iff*77(E—E*)}dndx
x=0Y7p=0 axaﬂ axaiy N
=0, (E real)

L e [ D [ A, Of or*

= R k 2

1L—0L—0[577 <f 6X> 6x< n ﬂd dx

L N afA Mmax Mimax f*}L

=1 fox| Ay d 49
L_o{f 8xL=O X L_O{f o | (49)

where the second term vanishes due to periodic boundary conditions in the
x direction, giving

d\lsz_. L « Of e
" _1L_O[f } C
L . a‘
=i SH(X Naaxs 1) l(x, Nmax» 1) dX

x=0 ox
L . 3

i 0.0 Y (k0,0 dx (50)
x=0 ax

The second term in (50) vanishes because, due to the symmetry (25),
the imaginary part of the function is zero along the boundary # =0. This
yields

SR of o, of
- * - = — (%) g
1L:0f (x,0,1) x (x,0,1)dx 1L:0f (x,0,t) = (x,0,7) dx
1 . L
2 x=0
What remains is
dIfIP b of
dr _lszof (X, N max> t) ox (X, N max > t) dx (52)
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Along the boundary # =#,,,«x, the boundary condition (46) is applied.
This equation can formally be integrated with respect to time, which gives

f(x’ ”maxa t)

N )F[iazf< )~ inEx, 1) f )} dr
- /o x 5x577 X, nmax’ }7 X, X, nmax’

t 2 ~
—F U F [ 50 (6 e )= EC8 €) F s 0]
=0

=F~'H(k,)Fg(x, t) (53)

¢ 9%f A
g0 0= [ [120L (5 s 0V =BG, 1) (5 e )] 00 (54
r=0| Oxan

The expression (53) inserted into (52) gives

L1 Rtk ot 01° 2 [P~ Hk,) e 0] dx - (55)
x=0 X

Due to periodic boundary conditions in the x direction, the function
g can be expanded into a Fourier series,

(o]

glx, )= g,(1) e h) (56)

W= —00

Taking the Fourier transform of this expression gives

Fg(x, t) =J o ~ikyx Z 8.,(1) ei2no(x/L)

—®© W= —o

s s}
_ Z gw(t)f P(@ro/L)— k) x {y

— 00

2w

= 3 gn2m (k) (57)

where J, is the Dirac delta measure.
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Multiplying this expression by the Heaviside function truncates the
infinite sum as

HU) Fexo )= % 8u(0) 2nHU) o (52 -k,

= 3 gul0 200 (2, (58)
w=1 L
since w < 0 gives zero contribution to the sum.
Inverse Fourier transforming expression 58 gives
1 )
F'H(k) Fglx,0)=o_ | [Hik,) Felx, )] e dk,
TJ_
=Y &) [" o MO ) ek di
- 2 8w Cw 0 L x x
— Z gAw(t) ei(an/L)x (59)

which, inserted into (55), gives

dHfHZ (L - i(27ew/L) * 0 .- i(2new/L)
— " 6 (t) ¢i(3rew/L) x _ 5 (t) el?re/L) x| 4
a iy X gl x| L i x
L O . o0 2 .
:lf { y gf‘;k)(t)e—l(an/L)x:H: ¥ gAw(t)imel(an/L)x] dx
x=0] =1 w=1 L
2n (L 2 «©
=Y g0 gl edi=—-21 ¥ 18,0 0<0  (60)
L x=0 4,1 w=1

Thus we have proved that the energy norm is non-increasing with time,
and therefore the continuous problem wit the given boundary conditions is
well-posed.

3. THE NUMERICAL APPROACH

3.1. Storage of the Solution

This section discusses the number of grid points and the amount of
data needed for storing the solution.
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When storing the distribution function f(x, v, ¢) on a grid there are
two problems to keep in mind.

1. The function is defined for all velocities, but numerically one has
to truncate the solution domain at some “high” velocity vy,
where the function values have become small enough.

2. The function may contain fine structures in the v direction,
and one has to have a fine enough grid to represent these fine
structures.

These two problems have their counterparts in the inverse Fourier trans-
formed variables; a less localised function in v space leads to finer structures
in the # space, and finer structures in v space leads to a less localised func-
tion in # space. To be precise, the two problems are converted to

1. Assuming that the maximum velocity for particles is v =wv,,,,, then
after Fourier transforming the function f(x, v, ?), the quantity
k. max = Umax Will be the maximum wave number in the # direction,
and the minimum “wavelength” will then be 4, wmin = 27/k, max =
27 /0,max - According to the Nyqvist sampling theorem one needs at
least two grid points per wavelength to represent the solution, so
the condition on the grid size becomes 4y < 4, win/2 =7/v

max*

2. Assuming that the shortest “wavelength” to be resolved in the v
direction is A, i, the highest wave number in the v direction
becomes K, max =27/, min- After Fourier transformation, this
gives a condition on the domain size in the # direction as #,,, =
k =2n/2

v, max v, min *

The number of grid points needed to store the function f(x, #, ) on the
interval 0 <# <#,,., [ for negative # one can use symmetry relation (25)] is
then

N :nmax>2 v

max 1
T Ay A (61)

v, min

For storing the original function f(x, v, t) one needs to store the function
one the domain — v, < U< Vp,,, With the grid size 4v <A, /2 accord-
ing to the sampling theorem. This gives the number of grid points in the
v direction as

2v v
N — max 4
v Av A

max (62)

v, min
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Thus one needs twice as many grid points to store the original function
f(x, v, 1) compared to storing the Fourier transformed function f(x, 7, t).
However, the function f(x, #, ¢) is complex valued so the amount of data to
store is the same for f(x, 7, t) as for f(x, v, t).

3.2. Discretization

We discretize the problem on a rectangular, equidistant grid with peri-
odic boundary conditions in the x direction. In the # direction the grid
starts at # =0 and ends at some positive # = 7oy

The approximate function values at the grid points are enumerated
such that

S ) = T (63)
with
x;=idx,  i=01,.,N.,—1 (64)
n;=Jj4an, j=0,1..,N, (65)
th=kdAt, k=0,1,.,N, (66)
where
L
Ax:N—x (67)
An:”;:" (68)
Ap = Len (69)
N,

3.3. Numerical Approximations

The Vlasov—Poisson system (19, 20) together with the boundary con-
dition (46) at # =7, 1S approximated by a semi-discretization in x and #
space. After that, time steps are taken with the fourth-order Runge-Kutta
method.

In order to see the semi-discretization, the equations are rewritten on
the form
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of_. o7
aE(Xy Z) =1 —2nf(x, (), [) (71)
ox
0 82" )
f_F 'H(k,) F < ! _i77Ef>, =N, 0<x<L (72)
ot ox oy
J(L,n, )= F(0,n, 1) )

Equation (71) is solved numerically to obtain E, which is then used to
calculate the right-hand sides in Egs. (70) and (72); one can see E as a
function of f. The n and x derivatives in Egs. (70) and (72) are calculated
numerically, as well as the operator F ~'H(k,) F in Eq. (72); the methods
will be described below. By these approximations and after discretizations
in x and # directions according to the previous section, the equation is
approximated by the semi-discretization

;:P(f‘)i,j (74)

where P is a grid function representing the numerical approximation of the
rAight-hand sides ofAEqs. (70) and (72); the function P is a function of all
/i ;- The unknown f; ; is then discretized also in time, and the time-stepping
is done with the well-known Runge—Kutta algorithm:
FO) e P(f%), Vi, j
F@ — P(f*+F"41)2), Vi, j
F® « P(f*+ F®41)2), Vi, j
F® « P(f*+ F®a1), Vi, j

k“ <—f + (A1) (F O +2F 2+ 2F P+ F*), Vi, j

f
f

MR .

The steps needed for obtaining the approximation P, ; are

1. Calculate the electric field numerically from Eq. (71).

2. Calculate a numerical approximation of Eq.(70), for all points
including the points along the boundary 1 =9y

3. Apply numerically the boundary condition (72) for the points
along the boundary # =7,,,,.
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The periodic boundary condition (73) eliminates in practice the
boundary at x=L. There is no need to store the function value corre-
sponding to x=L, and, when needed, one uses the rule f (x,7,t)=
f(x—L,n,t)for x> L, and the rule f(x, 7, 1) = f(x+L n, t) for x <0. The
corresponding rules for the discrete case are f = £, _n,.;fori=N, and f
= fi+n,. ; for i <0, respectively.

Due to the periodicity in the x direction, a pseudo-spectral method
can be used to calculate the x derivatives in the Egs. (70)—(72) accurately.
The Fourier transform and its inverse in approximated by the discrete
Fourier transform and inverse discrete Fourier transform, respectively. The
discrete transforms are efficiently calculated by using the fast Fourier trans-
form (FFT) and inverse fast Fourier transform (IFFT') algorithms. Symboli-
cally the notations F ~ FFT and F~! ~ IFFT are used.

By using the well-known relation for the Fourier transform

0 0
—d):F F—¢—F ik, F¢ (75)
Ox Ox
the corresponding approximation of the x derivative, used in the dis-
cretized case, is

@zIFFT[ikx FFT(¢4)] (76)
ox

The integration of E is approximated by

1 .
EXIFFT | o~ FFT(1 —2nft,) (77)

X
except for k,=0. The component corresponding to k, =0 is set equal to
Zero.

The numerical approximation of the x derivatives in Eqgs. (70) and
(72) with

o} o (of
ox an‘an<ax> 78)

is performed as

U IFFT[ik, FFT(/* )] (79)
0x i
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In the # direction, the derivative v = 370y is calculated using the classi-
cal fourth order Padé scheme [5,6]. For the inner points, the implicit
approximation

3 . "
Ui,jfl+4Ui,j+vi,j+1:7(f;',j+1_f.i,jfl)» j:1»29~~-»N;,_1 (80)
An

is used. A family of similar schemes exists [6].

At the boundary # =0, the symmetry (25) and (26) is used to apply
the same approximation of the derivative at the boundary as for the inner
points. The relations f, 1 =f2‘1 and v; _; = —vf, give

3 R
_Ufl+4Ui,o+vi,1=ZT}7(fi,1_ffl) (81)

or, for the real and imaginary parts,

v =0 (82)
26 4+ ol = > VA (83)
i, 0 i, 1 Aﬂ i, 1

respectively.
At the boundary # =#,,,«, a one-sided approximation,

1 p A A
U;, Nn+20i,Nv—l = _m ( _Sfi, Nﬂ+4fi,N”—1 +fi,N,7—2) (84)

is used, which gives a truncation error of order 47> at the boundary.

The Eqgs. (80), (81) and (84) form one tridiagonal equation system
for each subscript i=0, 1,.., N,, each system having N, complex-valued
unknowns. In practice the equation system can be divided into systems for
the real and imaginary parts separately.

At the boundary # = .« the boundary condition (72) is applied, with
the help of the approximation

FUH (k) FG(X, fmaxs 1) R TFFT[H(k ) FFT(¢] 5 )] (85)

with ¢(x, #max»> ) being the right-hand side of (70) along the boundary
N =N max and d)ff N, its discrete approximation.
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In order to reduce aliasing effects in the x direction, a sixth-order dis-
sipative term is added to Eq. (19), which changes into

o7
+inEf—8(Ax)* 27/: =0 (86)

o, o7
ot  0Ox0ony

where the real constant J is chosen to some small positive number. The
sixth derivative is approximated with a centred second-order approximation.

3.4. Stability Analysis

When solving the reduced problem

of .
Y = 87
ot oxan (87
with an explicit scheme, the stability region is
At <L (88)

K.K,
where p = \/g for the explicit Runge-Kutta scheme, and K, and K, are the
maximum values of the approximations of wave numbers produced by the
numerical scheme in x and # direction, respectively.

In the x direction the spectral method gives a maximum value of the
approximated wave number equal to

K= (89)

In the # direction the Padé scheme, applied to a continuous function,
is

3, .
v(n —An) +4v(n) +v(n + An) = I LS+ dn)—f(n—dn)]  (90)

which, with v(y) =¥ exp(ik,#) and f(n) =]~"exp(ik,,71), gives

ii sin(k, 4n)
An [2+cos(k, 4n)]

f (91)

5:
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Hence, the maximum value of the approximated wavenumber in the 7
direction is

© - 3 sin(k, 4n) J3
= X —_ =—-—
" o<kyan<a | A [2+cos(k, An)]|  An

(92)

where the maximum is obtained for k, 4y =2n/3.
Inserting the expressions for p, K, and K, into (88) then gives the
choice of A4t as

8
s« 8 4 Ay ~0.524x An (93)

N

for stability at the inner points. Introducing the so-called CFL number, the
condition (93) can be expressed as

8
At = CFL /8 Ax An (94)

Jin

where the positive number
CFL<1 (95)

for stability.

The nonlinearity and boundary conditions are not treated in this
analysis. Some numerical tests have shown that CFL=0.8 gives stability
while CFL =0.9 gives instability; see also Section 4.

3.5. The Conservation of Particles

It is easily shown that the numerical scheme conserves exactly the
total number of particles (32), approximated by the formula
N,—

N=2n Z

i=0

1
e ax (96)

The sum only picks up the zeroth Fourier component of f ﬁo, correspond-
ing to k, =0, and that component is left unchanged since it vanishes in the
term containing the x derivative in Eq. (19) with the approximation (79).
Along the boundary # =0 the last term in (19) also vanishes. This result
has been verified in the numerical experiments where the number of par-
ticles are conserved by the numerical scheme up to the precision of the
computer.
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4. NUMERICAL RESULTS

4.1. Reflections Off Boundaries

In order to verify that waves are absorbed by the boundary at # =
Nmax»> and that thereby the recurrence phenomenon is reduces, a numerical
experiment was carried out. The simulation domain was chosen to be
0<x<4n, 0<#5<20. The number of grid points in the x direction was
N,.=100. The initial condition was chosen according to Eq. (102) below
with the amplitude 4 =0.0002 and the wavenumber k,=0.5; this choice
assured that the wave was linearly damped according to known theory
[11]. Three numerical experiments can be seen in Fig. 1, which shows the
time development of the first spatial harmonic of the electric field. Curve
(a) shows a simulation with the outgoing wave boundary condition and
with the grid size 4y =2/15, and in curve (b) the grid has been made coar-
ser, An =2/10. As a reference, curve (¢) shows a simulation with the com-
monly used [ 1, 3] Dirichlet-type of boundary condition f(x, 7.y, ) =0 on
the finer grid 4y =2/15.

As can be seen in Fig. 1, the solutions are initially exponentially damped,
and at about =50 one can see some smaller reflections from the boundary,

T T T T T T

—2
10 [

103

1074

107% ¢

107 | ' i

i

10—8 1 !
0 20 40 60 80 100 120 wpt

Fig. 1. Reflections of waves against the boundary # =7,
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followed by a much stronger reflection at z = 100. The solution on the finest
grid (a) with outgoing wave boundary conditions shows a reflected wave
with the amplitude about 1/1000 of the amplitude of the initial condition
at ¢t =0, while the solution on the somewhat coarser grid (b) shows a reflected
wave with the amplitude somewhat more than 1/100 of the initial amplitude.
With the Dirichlet-type boundary condition (c), the reflected wave is of the
same order in amplitude as the initial amplitude.

It is apparent from this numerical investigation that the outgoing wave
boundary condition prevents, to a large extent, waves from returning back
and ruining the calculations, while the simple Dirichlet-type boundary con-
dition leads to an almost total reflection of waves. These reflected waves
lead to a similar detrimental effect as the recurrence phenomenon in real
velocity space.

4.2. Nonlinear Landau Damping

In order to ascertain that the numerical scheme reproduces some
known non-linear effects, tests with larger initial amplitudes of the waves
were carried out.

A simulation was performed with the initial condition according to, in
terms of the original (x, v) variables,

f(x,0,0)=(1+ A4 cos(k,x)) fo(x,v) (97)
where f,, was chosen as
12 1 w g
Sfo(x,v)=(2m) " exp {—2 {v—kA cos(kxx)} } (98)

This is an approximation of a sinusoidal wave moving in the rightward
direction. The approximate dispersion relation for Langmuir waves yields
w=./1+3k2. In the inverse Fourier transformed variables, the initial
condition is converted into

S, 0)=[1+ 4 cos(kyx)] folx. 7) (99)
where
A 1 . 1
fo(x,n)zﬂ exp 1%A cos(kxx)n} exp<—2172> (100)

which is the initial condition used in the simulation.
The wave number k, =0.25 and amplitude 4 =0.15 were chosen. The
simulation domain was set to 0 < x <24, 0 <# <30 with N, =300, N, =150
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Fig. 2. The development of an electrostatic wave in phase space (x, v) at four different times.
One can see particles getting trapped in the potential wells of the wave.
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and A4tr=0.00875 (CFL=0.33). The numerical dissipation was set to
0=0.002. In order to visualise the solution, it was Fourier transformed
back to the real-valued function f(x, v, #) and plotted in Fig. 2. One can sce
the process of electrons getting trapped and starting to oscillate in the
potential wells of the wave. As expected, the solution becomes more and
more structured due to the ballistic terms.

Another numerical experiment on nonlinear Landau damping was
carried out, with the initial condition chosen to

f(x,0,0)=[14+ A cos(k,x)] fo(v) (101)

where 4=0.5, k. =0.5 and f,(v) = (27) ~"? exp( —v?/2); this is identical to
one of the experiments carried out by Cheng and Knorr [2].

In the inverse Fourier transformed variables the initial condition
becomes

Fx,m,0)=[1+4 cos(k,x)] fo(n) (102)

with fy(y7) = (2n) ' exp(—#?/2). The simulation domain was chosen as
O<x<47r and 0<#n<30 with N.=N,=100, and the time domain was
chosen as 0<¢<70 with N,=5000 (CFL~0.71). The numerical dissipa-
tion was set to 0 =0.001. The amplitudes of the first three spatial com-
ponents of the electric field were plotted against time in Fig. 3. One can

10° 107!
107! 1072
1072 1073

El [ ] E2
1073 F : 10~4
1074 k= 3 1073
oS 1 111 6
0 10 20 30 40 50 60 70
Wpt pt
1071
1072
103
E, 107¢
1073
10:3
- .

0 10 20 30 40 50 60 70
wpt

Fig. 3. The first three spatial harmonics of the electric field.



Outflow Boundary Conditions 25

note a strong exponential damping of the amplitudes from =0 to ¢~ 10,
in agreement with linear Landau theory. From 7~ 20 to ¢t~ 40 the modes
grow exponentially, whereafter they oscillate around equilibria as the Lan-
dau damping enters the nonlinear regime [ 11]. These results are in excellent
agreement with those obtained by Cheng and Knorr. These authors have
made a deeper analysis of the results [2].

In order to test the long-term properties of our numerical method,
a longer simulation was performed where the time domain was changed
to 0<¢r<7000 and N,=500,000, and the other parameters were kept
unchanged.

No numerical instability could be detected in the simulation. The
squared energy norm (47) was numerically approximated by using a sum
representation of the double integral and its value, relative to its initial
value, was plotted against the time in Fig. 4. Initially it decreases from
unity down to an equilibrium state at about 0.8130 after which it exhibits
very small fluctuations.

The time development of the total energy (34) is shown in Fig. 5.
As can be see, the energy is almost entirely conserved. In order to calculate
the second derivative in the formula for the energy, a centred sixth-order
scheme was used together with the symmetry (25).

The behaviour of the first spatial mode of the electric field is shown in
Fig. 6. The electric field is initially damped from the value 0.5 down to
somewhat below 0.05 where the damping almost stops. In a numerical

0 I ! ! 1 I 1
0 1000 2000 3000 4000 5000 6000 7000
Wpt

Fig. 4. The relative change for the squared norm.
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Fig. 5. The relative change of the total energy.
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Fig. 6. The long-term behaviour of the amplitude of the first spatial mode of the electric field

(Function value below 0.04 have been removed).
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long-time experiment carried out by Manfredi [ 8], this general behavior of
the solution could also be observed, for an almost similar problem.

5. CONCLUSIONS

A high-order method for solving numerically the Fourier transformed
Vlasov—Poisson system in the velocity space has been studied, with a special
attention paid to the outflow boundary condition in the Fourier transformed
space. It was shown numerically that it is possible to reduce the recurrence
phenomenon by this method.

The boundary condition designed for the transformed system has been
proved to be well-posed in the continuous case. The numerical scheme did
not exhibit any instabilities in the numerical experiments.

Our numerical scheme conserves the total number of particles of the
system exactly and it conserves the total energy of the system to a very
high degree.

Whether or not the method described in this article is better than
existing methods will probably depend on the physical problem. Numerical
tests are needed to determine in which cases our method may be a good
alternative to existing methods.
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