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Abstract. We present a numerical method to solve the Vlasov-Poisson-Fokker-Planck
(VPFP) system using the NRxx method proposed in [4,7,9]. A globally hyperbolic
moment system similar to that in [23] is derived. In this system, the Fokker-Planck
(FP) operator term is reduced into the linear combination of the moment coefficients,
which can be solved analytically under proper truncation. The non-splitting method,
which can keep mass conservation and the balance law of the total momentum, is used
to solve the whole system. A numerical problem for the VPFP system with an analytic
solution is presented to indicate the spectral convergence with the moment number
and the linear convergence with the grid size. Two more numerical experiments are
tested to demonstrate the stability and accuracy of the NRxx method when applied to
the VPFP system.
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1 Introduction

The Vlasov-Poisson-Fokker-Planck (VPFP) system describes the dynamics of the charged
particles which are subject to the electrostatic force coming from their Coulomb inter-
action. It is obtained by adding a diffusion term (FP operator term) onto the Vlasov-
Poisson (VP) equations. Though the stochastic modification is simple, the FP operator
term greatly changes the properties of the VP equations.

The existence and uniqueness of the weak and classical solutions to the VPFP and
related systems have been well studied. In [26], the uniqueness and stability of the weak
solution to the VFP equation were proved by R. Rautmann. H. Neunzert in [24] gen-
eralized the results concerned with the existence and uniqueness of the solutions from
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the ordinary Vlasov equation to the VFP system using a probabilistic method. The fully
deterministic proof of the existence of the global solutions to the VFP system in one and
two space dimensions were proposed in [14], which also proved that the solutions to the
VPFP system converged to those to the VP equations, when the coefficients in the FP op-
erator term went to zero. The global existence of the solution to the VPFP system with
small initial data was raised in [30]. Later on, FE. Bouchut in [2,3] proved the existence and
uniqueness of the smooth solution to the VPFP system in three dimensions. For the prop-
erty of VPFP system, some other models are derived based on it. The high-field model of
the VPFP system was studied in [17]. Moreover, the parabolic limit model of the VPFP
system was discussed in [25].

Due to the complex phenomena in the plasma, the numerical simulation plays an im-
portant role in the study of the VPFP and related equations. For the stochastic properties
of the FP operator, the random particle method is one of the most effective methods. An
analysis of the method was raised in [18] and a computational study of it was carried
out in [1,27]. The finite difference scheme was also proposed for the periodic 1D VPFP
system in [13,28]. The deterministic methods, which approximated the solution along
the characteristic curves associated with the transport part of the VPFP system were also
proposed, eg. [19,27,28]. Further more, S. Wollman in [31,32] combined the deterministic
particle type computation with a process of periodically reconstructing the distribution
function on a fixed grid. This method was extended to the two dimension case and the
Vlasov-Maxwell-Fokker-Planck system as well. In recent years, some asymptotic pre-
serving schemes were proposed to solve the VPFP system under different field regions.
For example, in the high-field regime, the forcing term containing the electric potential is
stiff, and an explicit method would require At ~min(Ax,eAv), where 1/¢€ is the stiff coef-
ficient of the forcing term. Moreover, the diffusive nature of the Fokker-Planck operator
poses the constrain At ~ O(eAv?). When € is small, the numerical computation becomes
quite expensive. Shu in [12] performed some numerical simulations on the high-field
model. And the numerical method proposed in [22] could capture the high-field limit of
the VPFP system using large time steps and coarse meshes. Besides, the spectral method
was also used to solve the Fokker-Planck-Landau system in [15]. Recently, an approach
based on the moment method was proposed in [29], and therein the distribution function
was expanded using the Hermite polynomials with a prescribed macroscopic velocity
chosen as the expansion center and a prescribed temperature of the particles as the scal-
ing factor.

In the past years, a regularized moment method (the NRxx method) was developed
in [4,7,9] to numerically solve the Boltzmann equation. The NRxx method adopts the
Hermite polynomial expansion to approximate the distribution functions, with the basis
function shifted by the local macroscopic velocity and scaled by the square root of the
local temperature. The new regularized model proposed in [4, 5] guaranteed the global
hyperbolicity of the regularized moment system. Due to the local well-posedness pro-
vided by the global hyperbolicity, it was eventually accessible that approximating the
distribution functions far away from the equilibrium distribution by the stable simula-
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tion using large number of moments. Numerical experiments using the NRxx method to
solve the large moment system were tested in [7,8,10]. And it has also been applied to
solve the VP equations [11] and the Wigner equations [21,23], where the convergence of
the NRxx method was certified.

Inspired by the efficiency of the NRxx method, we in this paper apply it to the VPFP
system, which is similar to the Vlasov equation in the convection term, while the source
term is more complicated. Under the framework of the NRxx method, the forcing term
with electric potential and the source term can be changed into the linear combination
of the moment coefficients, and then can be solved analytically. This will eliminate the
constrain on At even when the forcing term and the source term are stiff. According to
the numerical resolution studyj, it is exhibited that our method is numerically converged
with the comparison to the reference solution. With the increasing of the grid number,
the numerical solutions are converging to the reference solution linearly. The spectral
convergence is also derived with the variation of the number of moments. Two other
examples are tested. One is the high-field model of the VPFP system, in which a Riemann
problem is solved. The other is the approach to the steady state of the VPFP system. The
electric energy and the kinetic energy are tested with different parameters. It shows that
the parameters greatly impact the converging velocity to the steady state.

The layout of this paper is as follows: first, we give a short description and some
properties of the VPFP system. In Section 3, the dimensionless case of the VPFP system
is presented and the moment system derived by NRxx method is proposed. The detailed
method to solve the source term brought by the FP operator is also raised in this sec-
tion. Moreover, the conservation properties of the scheme are also discussed in this part.
In the forth section, the numerical convergence based on the grid size and the moment
number is discussed. Then, two numerical simulations are given. Related comparison
and analysis are put forward too. Some concluding remarks are given in the last section.

2 Vlasov-Poisson-Fokker-Planck equations

The VPFP system is widely used to describe the Brownian motion of the particles. Let
f(t,x,v) be the distribution function of the particles at time ¢, velocity v and position x.
The VPFP system can be written as

df+0-Vy —mievx¢-vvf:%£}-p, 2.1)
—Bap= T (p—h(x)), (2.2)
0

where €y is the vacuum permittivity, g and m, are elementary charge and mass of the
particles, and 7, is the relaxation time due to the collision of the particles with the sur-
rounding bath [22]. The function h(x) is a given positive background charge and satisfies
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the global neutrality relation:

ASXR3f(x,v)dxdv:/3h(x)dx. (2.3)

R

p(t,x) in Eq. (2.1) is the density of the particles given by

p(t,x)= / 3f(t,x,v)dv, (2.4)
R
and L rp is the FP operator term, which reads

Lrp=Vo-(vf +1Vof), (2.5)

where | /st,=+/(kgTy,) / m. is the thermal velocity, kp is the Planck constant, and Ty, is the
temperature of the bath.
We introduce some more macroscopic variables of the VPFP system:

pu:/vadU' 3p9(t,x):/]R3]v—u!zf(t,x,v)dv, (2.6)

q:%/]m]v—u!z(vi—ui)(f,x,v)dv, Pz‘j:/]R3(Ui_ui)(vj_”j)f(trx/v)dv/ (2.7)

here u and 6(t,x) are the macroscopic velocity and the temperature of the particles re-
spectively. g is the heat flux and P;; is the pressure tensor.

The mass conservation and the balance law of momentum and energy of the VPFP
system are as follows: i=1,2,3

d

5 ]RBX]Rgf(t,x,v)dxdvzo, teRT, (2.8)
% IR3X]R3vl-f(t,x,v)dxdv—k/]Rs (%%ﬁ)pdx:_/mspuidx' (2.9)
%% </]R3X]R3]v|2f(t,x,v)dxdv+/]R3]E(t,x)|2dx>

_ /R [~ (plu*+300)+3p.p] dx. (2.10)

3 Numerical method

3.1 The moment system

For the similar form of the VPFP system and the Wigner equation, we extend the mo-
ment method derived in [6] to the VPFP system. In this section, we introduce briefly the
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derivation of the moment systems. Without loss of generality, we consider the 1D form
of the VPFP system as below:

of | Of 9pdf _,(3uf) , f

o Uax axan 5( 30 ”W) 3-1)
2

—ngzp—h, (3.2)

where B and <y are two positive parameters decided by the bath [37]. In this case, the
pressure tensor and the heat flux change into

P:/]R(v—u)zf(t,x,v)dv:pﬁ, q:%/IR(v—uffdv. (3.3)

The distribution function f(t,x,v) is expanded to a series of Hermite functions

f(t,x,0)= Zfatx}[gﬂ(M), (3.4)

aeN G(t/x)

where 6(t,x) is the local temperature and u(t,x) is the local macroscopic velocity of the
particles. Here Hg,(s) is defined by a multiplication of exp(—s?/2) and the Hermite
polynomial of order «, i.e.

Hg,a(s):\/?G = exp( s2/2)He,(s)
1 a+1 d

=R T G

For any particular number u/(t,x) and €’ (t,x), if the distribution function is expanded as

(—s%/2). (3.5)

ftx,o)=Y_ filt,x)He . <%>, (3.6)

aeN

then the following relations hold

o= fo, (3.7)
pu=pu'+f1, (3.8)
plul*+p0=2pun’ —p|u' P +6' fo+2f;. (3.9)

In the case of u'=u and 6’ =0, the following relations between the coefficients f, can be
verified:

fo=p(t,x), f1=0, f2=0. (3.10)
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Using the recursion relation and differential relation of the Hermite polynomial

He, ;1(s)=sHe,(s)—nHe,_1(s); (3.11)
Hel,(s)=nHe,_1(s); (3.12)
to simplify the FP operator term and let
g vz ulbx) (3.13)
0(t,x)

From Eq. (3.4), we can derive that
e Zfoc H()a ) - Zfac [_HG,DC+1(C)] = Z _fa—lHO,ac(é)/ (3-14)
a=0 a=0 a=1

2 =] 00
g’(?{ Zfﬂéa ZIHQIX ): thx [HG,DH-Z(C)] = Zfoz—2%9,¢x((?)' (3.15)
a= «=0 a=2

Thus the FP operator term can be simplified as

v 2 )
5<a(az{) g;;) 5Zfa%9a+/32 (a+1) fuHon

AL (- 2)0Hau Y. —feriHos
a=1
+Bv| ), facZ/HG,a] , (3.16)
a=2
and the force term can be simplified as
opof o
_£a£ a(ﬁ Zfoc 17'[904 ) (3'17)
Assuming that the FP operator term and the force term can be written in the form below:
9¢ of (vf) &f
dx v +‘B< v 'Ya 2 ag\]AaHGa C) (318)

from Eq. (3.16) and Eq. (3.17), we can deduce that
Ao=0,

A= <—g—i —,13”) fo—Bf,
Aa=—pO-o— (E-+pu) 285
A =—B6=) o2 (5E+Bu) frr—spfi, a2

(3.19)
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Taking the temporal and spatial derivatives directly on the basis functions Hg ,, with
the expansion (3.4), the term

af  of
ETREE (3.20)

is expanded as

{( 2012

aceN
<ea§“; +u%+(a+1)af““>

+ ox ox

+Z—Z(9fa2+ufa—l+(“+1)fa)
12 (efa_3+ufa_z+(a+1>fa1>] }’Haa () e

Substituting Eq. (3.19) and Eq. (3.21) back into Eq. (3.1), and collecting coefficients for
the same basis function, we get the following general moment equations with a slight
rearrangement:

Per (Gruge )ty (Grruds ) A

Jdu 1 a0
+ | S 2t (b Df)+ 5 32 Ofuat @ Dfocn)|
a1 afa afa+1 _
+ <9 py +(a+1) sl Ay (3.22)
Following the method in [36], we deduce the mass conservation in case of « =0 as
d d
aj;o < %o, fo > (3.23)

If we set a =1, Eq. (3.22) reduces into
au ou\ dP o¢p
fo< ax>+£ - (a—h@u) fo. (3.24)
Let « =2 in Eq. (3.22), then we get

0\ _afs 9
_fo< 8x> +3a—J;3+P£:—[3P+,87f0. (3.25)

Together with Eq. (3.23), we can derive

10P 1 0P 3 du  _3fs

2at+§ $+§Pa+3 :—ﬁp"f‘,g’)’fo (326)
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Substituting Eq. (3.24) and Eq. (3.25) into Eq. (3.22), we eliminate the temporal deriva-
tives of # and 6. Then the quasi-linear form of the moment system reads:

9f, 10P 1/3f . du
W_]Togfa—l_%<$+f3a>f“2
du 0 1 106 0 1
e Oat D)+ 5 50 Oficat (8 Dfecr)
+<eafg";+u%>+(o¢+1)af;"—;lzm, Va>2. (3.27)

We collect Eq. (3.23), Eq. (3.24), Eq. (3.26) and Eq. (3.27) together to obtain a moment
system with infinite number of equations.

Truncating the expansion of the distribution function f(t,x,v) at order M, and then
adopting the regularization obtained in [4], we finally get the moment system as follows:

%—T+M(w)a—w =Gw, (3.28)

where w=(p,u,P/2,f3, - ,fM)T and M is an (M+1) x (M+1) matrix which is defined as

. ow ow

where M is also an (M+1) x (M+1) matrix, whose entries are given as the coefficients
of the terms in Eq. (3.23), Eq. (3.24), Eq. (3.26) and Eq. (3.27) with derivatives of w, and
R Iy is the regularization term [6], with Iy as the last column of the (M+1) x (M+1)
identity matrix and R »( defined as

96(t,x)
ox |

Rm=(M+1) {fMS_Z‘i‘%fMl (3.30)

Moreover, the entries of G arise from the external forcing term and the FP operator;
its explicit formula is

Gi; j=i—2 =i—1 j=i otherwise
— ;
i=2 X —<$+ﬁu> /p 0 0
j=3 By 0 28 0
i=4 0 0 Y 0
i=5 0 - g—fﬂw —4p 0
. ¢ .
otherwise | —B(P/u—vy) — a—kﬁu —(i—1)B 0
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We list the detailed moment system of Eq. (3.28) when M =5 as an example:

ot d d

o100

ot  dx pox

dP/2 oP/2 3 du _dfs

ot TUg Talar 3oy T P24 ke
9 P2dp . ou PAP, ofs 8f4

ot 2ox TGy T g oy T ax They T 3PS

ot 5?35 ox poJdx p ox 0

dfs fidP 3fs0fs P3fs | ofs

5 _Fﬁ_fﬁ—kﬁﬁﬁlﬁ:_'B(P/”_wf?’_ (g*‘ﬁ”) fa—=5Bfs.

s 5P 9 o0 f3aP+P8f3+ af4+5%:_<8¢+ﬁu>f3_4ﬁf4l

3.2 The numerical method

The non-splitting method is used here to numerically solve the whole system. The nu-
merical scheme adopted in the x-direction is the standard finite volume discretization.
Suppose I'; to be a uniform mesh in IR, and each cell is identified by an index j. For a
fixed xg €R and Ax >0,

Ty, ={Tj=x0+(jAx,(j+1)Ax):j€Z}. (3.31)

The approximation of the coefficients of the Hermite expansion of the distribution func-
tion f at t =t, is denoted as

fe(x)=fy;, x€Tj (3.32)
where f'. is the approximation over the cell Tj at the r-th time step and then the discrete
distribution function has the following Hermite expansion form

v—u
fi (x,0) = fj'(v) = ZMf;,jHGf,oz (\/97’) : (3.33)
g i

From the derivation in [6], the term M(w) results in the conservation part in the Grad-
type moment system, while the term R r(Ij; only revises fy1. Therefore, the flux has two
parts here: the first part is the convection part and the second part is the regularization
part:

Qf =Ki;(0)+K3,(v), (3.34)
where KY . jis the contribution of the term M(w) in Eq. (3.29) and Kg is the contribution
of the term R y( Iy in Eq. (3.30). Here K{ jis discretized in the conservatlve formation as

Kij(0) =5 [PJ@Z() F L (0)], (3.35)
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where F].’jrl is the numerical flux between cell T; and T;,; at ¢". We use the HLL scheme
2

in our numerical experiments following [9], which reads:

vff (v), 0<AL 1,
i AL off (0)=Ar o (@) +A0 AL [ (0) = £(0)] X
Fli(0)= iR —/\L ;AL <0<AR
j+1 0 its
vffiq(v), 02/\;1%'

(3.36)

As for the regularization part, the DLM theory [34,35] is employed to define its weak

solution. Since the regularization term R ¢ Iy only revises the coefficient f;, we have to

calculate K3 ; only when a = M. Following the method in [8], K3 is chosen as the form
below

Wi — W

KZJ':_A (Wi

/ (3.37)

1) Horm \/97 ,
j

where W” "1/, is defined by

0, O<A]+1/2’
. AL
Wi — Al <O0<AR ., 3.38
j+1/2 = Py ]+1/2g]+1/2 i+1/2 j+1/2 (3.38)
n
8j+1/2/ 0=AR 1,2/
and
n
_gf+1{22’ 0<A]+1/2’
A A
Wi — 2 on AL <O0<AR 3.39
j+1/2— Afﬂ/z )\]H/zgﬁl/z j+1/2 j+1/2 ( )
0 O>/\]+1/2'
where

n n T ut oy
1 nfM,jJrl o, nfM,j NIl (3.40)
ifol,jJrl ifol,j 9]+1 9]'

The /\]-L+1 and )\ﬁ , above are the fastest signal speeds of M (see [4]) as
2

2
A.L g =min{uf —Cpr1, [07,u] 1 —Chis1, /07,1 ), )

)\Jrl—max{u +Chmr14/07, Ui +Cm14/ ]+1}

where Cy1 is the greatest zero of Hepy41(x), u is the macroscopic velocity of the par-
ticles, and 6 is the local temperature. The formula of the signal speed is also used to

1
812 = E(M‘H)
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determine the time step At" by the CFL condition

At
Bmax{|/\]+1/2’ ’)\]_,’_1/2’} < CFL (342)

Then, we derive the whole scheme of the VPFP system. Substituting Eq. (3.33) into
Eq. (3.34), then the numerical flux of cell j at time t=1t" can be written as

v—u
ZQM () : (3.43)
\/97

If we expand the distribution function f; as

THora —i 3.44

the FP operator term and the force term at cell j are expanded as

f dvf  f\ ; v—uf
(), 2o (a5 ) = T A 69

1Y n |’

where A7 . o has the same form as that in Eq. (3.18) with u = u and 0= 9” At time t=1",
we discrete Eq. (3.28) as

9 d ufi & f;
f] rQ= < >8J2+5<§_ZJ)’J+7W§>- (3.46)

Remark 3.1. Since uj and ;' are the local velocity and temperature of f;" instead of f;
here, f1; and f, ; in Eq. (3.44) are not necessarily zero.

Collecting the coefficients of the same basis function, we get

d@;  an_ G'w; 3.47
dt+Q Gjwj, (3.47)

where ;= ( foirfijfojn fM’]-), and the entries of CA%;1 is

Gij j=i—2 j= j=i otherwise
i=2 X — a¢7 +pu’ —B 0
0x J
o’
i=3 | B -7 —| 5= +pu —2p 0
o’
otherwise | —p(6/—7) — a—;—kﬁu;} —(-1)p 0
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The detailed form of (3.47) is

dfo,
“ar Foh=0

dfij el

@ = <_W_ﬁ“7 foj =Bt

i, ; (3.48)

¢!
F+QZ2: —B(0} —7)fo,— (8—35 +,3”]r‘l> f1j=2Bf2,

dfzx,j n a(P]n n
dr +Qj,a:—5(9}l—7)fa—2,j— <W+l3“]‘ fo-rj—aBfuj, a>2.

Remark 3.2. In Eq. (3.48), the matrix CA;]” is constant, and it can be analytically solved
recursively. We can just analytically solve Eq. (3.48) from =0 to t = At", using f]” as the

initial data. At" is only decided by Eq. (3.42) and there is no restriction of the time step
length, for the stiff term can be solved analytically.

Remark 3.3. After analytically solving Eq. (3.48), we can get the expansion of distribution

function f]“l at the expansion center ' and the scaling factor 6. We have to rewrite f]-”+l

as
_ g n+l
f?/lJrl (Z)) = Z fnJ.rngy,_H ‘ uj ’ (349)
] Py B A /9;1+1
where u]’-““l and 9]7’“ are the local macroscopic velocity and temperature of f]-”Jrl decided

by Eq. (2.6). And ff]*l = ;]“ =0in Eq. (3.49). The techniques on the rewriting method
have been clarified in detail in [9].

3.3 Outline of the algorithm

Suppose the coefficients w]r-l, j=1,---,N of f]” have been obtained, we summarize the over-
all numerical scheme for one time step as follows:

1. Calculate At" according to the CFL condition Eq. (3.42);
2. Obtain the numerical flux Q]*-Z according to Eq. (3.34);

3. Obtain ¢;' using pi';

4. Obtain the matrix G]” using uj, 9;1;

5. Obtain 7?0}”1’* by solving Eq. (3.48);

6. Update the velocity and temperature in each cell, and then obtain w}‘“.
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Remark 3.4. Since the accuracy of the numerical flux is first order, the accuracy of the
whole numerical algorithm is only first order, even if Eq. (3.48) is solved analytically.
Moreover, due to the complex form of the equation system, solving analytically is quite
expensive. Therefore, high order Runge-Kutta scheme is always adopted to enlarge the
time step and reduce the numerical complexity as well. The specific scheme of solving
Eq. (3.48) using the first order explicit Euler method is:

g A o—uj
n _ n n n
f=f+—7= aZOM nj) Her \/97 (3.50)
]
And the time step At"* in this case is
Atn *
P max{|/\]+1/2] M]+1/2’ MG;’} <CFL, (3.51)

where |Ag,] i G”. Since the
i )

matrix G7 is constant in Eq. (3.48), its eigenvalue can be precomputed.

3.4 The conservative properties of the scheme

In this subsection, we will study the properties of the scheme. Let us denote the dis-
cretized mass as

ZAx / £ (v)do, (3.52)
veER
the discretized momentum of the partlcles as
ZAx / fido, (3.53)
UGIR
the total impulse due to the potential at the n-th time step as
N a(P n
ty)=) AxAt"| == i o4
Pt =L (32) 659

and the total impulse due to the FP operator term as

N
Fin(ty) = ZAxAt”u?p;?. (3.55)
j=1

Direct calculation gives us the following conclusion.

Theorem 3.1. The numerical solution f'(x,v) given by the scheme satisfies that:
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1. Conservation of total mass: Dy (t,) =Dy (to);

n—1 n—1
2. Balance law of total momentum: My, (ty) =My (to)+ Y_ Pu(te)+ Y Fultr),
k=0 k=0

in the case of the periodic boundary condition.
Proof. We check these two items one by one.

1. Conservation of mass:

Noticing that the mass on each cell is not modified when we apply the regulariza-
tion term and the FP source term, the conservation of the mass is straight forward
based on results in [9].

2. Balance law of momentum:

For the balance law of momentum, we need only verify

Here, we take the first order explicit Euler method as an example. From Eq. (3.50),
let ¢j' = (0—uj)/ /67, we can derive

My (tns)

=JiAx /. <] Ay A L (AL~ Q) R (57)>dv
:éAx/ dv+/velRZvAt”aZ:.A ’H,gn ( ) v
_[)ER;UAtO;)QZ’jHQ}ga (C?) do

=M, (tn)+Fn1+Fnp.

Then we have to verify that F, 1+ Fj, » equals to the total impulse. From the specific
form of the numerical flux Q” and the similar proof in [23], we have

Fno=0. (3.57)

As to Fp1, thanks to Eq. (3.50), Eq. (3.19) and the orthogonality of the Hermite
polynomial, we can derive that

N N p) n
Fui= ZAt”/ v A} Hoa (C]n) do=—) AxAt" <— <£> - u]”> pj.  (3.58)
j

veER

=1 =
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With Eq. (3.57) and Eq. (3.58), we can conclude the balance law of the total momen-
tum consequently

Mi(tui1) = My (tn) +Pu(tn) + Fitn). (3.59)

The proof is completed. U

Remark 3.5. The above property of the scheme is kept to any time discretization method,
and the explicit Euler method is only taken as an example in the proof.

4 Numerical results

In this section, the computational result of the VPFP system is presented to demonstrate
the effectiveness of the NRxx method.

The computational examples are from [16,22,31]. The POSIX multi-threaded tech-
nique is used in our simulation, and at most 22 CPU cores are used.

4.1 Numerical resolution study

First, we examine the numerical convergence on different spatial grid size of the NRxx
method. We will apply the numerical method to the simplified VPFP system as below:

of of o(vf) &Pf
°r __.° °f _
ot Uax+ 5 +802, x| <1, |v|<oo. (4.1)

The main reason for choosing the above test example is that its analytic solution can
be found and this enables us to test the numerical convergence of the scheme applied to
the simplified VPFP system. One of the exact solutions of Eq. (4.1) is

—0

f(t,x,0)= % <2—|—cos (;[x— (1—e’t)v]q(t)> ) exp (Tz> , (4.2)

where

q(t) =exp <—%2 <t+2€t—%e2t—§>>. (4.3)

We refer the readers to [16] for more properties of this example.

First, we fix the number of moments to be 40. In Figs. 1, 2 and 3, the density p,
macroscopic velocity u, the local temperature 0 and heat flux g at t=1, 2 and 5 are plotted.
The number of spatial grids we used are N =160, 320, 640, 1280, 2560. It is clear that with
the increasing of the grid number, p, 1, 6 and g are converging to the analytic solution. In
Fig. 4, the L? errors of p, u, 0 and g at t =1, 2 and 5 between the numerical solution and
the analytic solution are plotted, respectively. All errors are about linearly converging
to zero with the increasing of the spatial grid number. In Fig. 5, the point-wise error
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Figure 1: The density p, macroscopic velocity u, the temperature 6 and the heatflux g of the particles of
Eq. (4.1) on different spatial grids at t=1. The reference solution in the black line is the analytic solution of
Eq. (4.1).
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-0.04
-0.06|

-0.08]
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(c) Patt=2 (d) gatt=2

Figure 2: The density p, macroscopic velocity u, the temperature 6 and the heatflux g of the particles of
Eq. (4.1) on different spatial grids at t =2. The reference solution in the black line is the analytic solution of
Eq. (4.1).
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2.5067,

N =160

(c) Batt=>5 (d) gatt=5

Figure 3: The density p, macroscopic velocity u, the temperature 6 and the heatflux g of the particles of
Eq. (4.1) on different spatial grids at t=>5. The reference solution in the black line is the analytic solution of
Eq. (4.1).
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Figure 4: The L? error of the density ©, macroscopic velocity u, the local temperature 6 and the heatflux g
between the moment method using different spatial grid sizes and the analytic solution of Eq. (4.1) at t=1,2
and 5. The x-axis is log(Ax), where Ax is the spatial grid size and the y-axis is [0g(E]2), where &2 is the L?
error between the numerical solution and the analytic solution.

of the distribution function between the numerical solution and the analytic solution
at t =5 with grid number N = 2560 and moment number M =40 is plotted. From it,
we can see that the absolute point-wise error between the moment method and analytic
solution is quite small. Further more, the L2 errors of the distribution function between
the numerical solution and the analytic solution at t =1, 2 and 5 are also plotted in Fig. 5.
We can find that the numerical solutions obtained using the NRxx method are linearly
converging to the analytic solution with the grid size going to zero.
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Figure 5. The error of the distribution function between the moment method and the analytic solution of
Eq. (4.1). The left one is (dish, —dis", ;) at =5 with N=2560 and M=40. The right one is | dish—disyefll 12
using different spatial grid size at t=1,2 and 5. In the left pic, the x-axis and the y-axis are the spatial space
and the microscopic space respectively, and the z-axis is the error (dis%—disi’ef). In the right pic, the x-axis

is log(Ax), where Ax is the spatial grid size and the y-axis is l0g(E}2), where &}2 is the L? error between the
numerical solution and the analytic solution.

Then, let us turn to the study of the numerical convergence in terms of the number
of moments. Again Eq. (4.1) is numerically solved. The results using different number
of moment ranging from 3 to 8 are collected in Fig. 6 with the fixed number of spatial
grids N =10240. We find that the numerical solutions are converging to the analytic
solutions with the number of moments increasing. The exponential convergence rate
with the number of moments is expected since the Hermite spectral expansion is used in
the velocity space.

In Fig. 7, the L2 errors of the distribution function between the numerical solutions
and the analytic solutions with different moment number at =1, 2, 5 with fixed number
of spatial grids N =20480, which is the largest number we can afford, are plotted. From
it, we can find that when the moment number is small, the numerical solutions are ex-
ponentially converging to the analytical solution. However, with the moment number
increasing, the spatial error is the dominate error and we can no longer see the spectral
convergence. Moreover, we have checked the variation of the coefficient in front of v in
(4.2) with time increasing. From Fig. 8, we can find that the coefficient has reached the
maximum at around =1, and then is approximating to zero. And the distribution func-
tion is approximating to the equilibrium distribution with time increasing. This may be
the reason why the convergence results are less satisfactory when ¢t =1.

4.2 A Riemann problem

In this section, we apply our method to a Riemann problem with periodic boundary
condition in the spatial space. The initial example is from [22,33].

https://doi.org/10.4208/cicp.220415.080816a Published online by Cambridge University Press


https://doi.org/10.4208/cicp.220415.080816a

800 Y. Wang and S. Zhang / Commun. Comput. Phys., 21 (2017), pp. 782-807

M=3
- M=4
--M=5
M=6
- M=7
--M=8
—reference
1 15 2
1
[ 025
2 02
115 0.15]
0.1
11
0.0
1.05 0
1 -0.0¢
M=3 M=3
05 - M=4 -0.1f{ - - M=4
-M=5 -M=5
M=6 0151 M=6
09 - - M=7 —o2f - - M=7
---M=8 ---M=8
0.85| ——reference 0257 —reference
-2 -15 -1 -05 o 05 1 15 2 -2 -15 -1 -05 o 05 1 15 2
(c) fatt=1 (d) gatt=1

Figure 6: The density p, macroscopic velocity u, the temperature 6 and the heatflux g of the particles of
Eq. (4.1) with different number of moments at f =1. The reference solution in the black line is the analytic
solution of Eq. (4.1). The number of grid is N=10240 and the number of moment is ranged from 3 to 8.

10°

i i i i
4 5 6 7 8 9

(a) Log(||disly; —dis}, || )

Figure 7: The moment error between the numerical solution using different number of moments and the analytic
solution of the distribution function at t=1,2,5. The number of moment is varied from M =3 to M=10. The

x-axis is the number of moments M and the y-axis is log(Hdis’}w—dis’:efHLz).

First, we will introduce the high-field model of the VPFP system. If the mean free path
le=/JeT, of the particles is much smaller than the Debye length A= \/(eokgTy,) / (12N,
where N is the typical value for the concentration of the particles, then system Eq. (2.1)

https://doi.org/10.4208/cicp.220415.080816a Published online by Cambridge University Press


https://doi.org/10.4208/cicp.220415.080816a

Y. Wang and S. Zhang / Commun. Comput. Phys., 21 (2017), pp. 782-807 801

0.45

——coe_vV ||

varivation of coe_v

o o o
o L o N © w ©°
I o N a w a N

o
=]
a

o
o
N
N
w
IS
(&l

(a) the variation of the coefficient of v

Figure 8: The variation of the coefficient in front of v in (4.2) with time increasing.
changes into

1 1
atf+v-fo—ng<,b-Vz,f: Eﬁ[—‘P(f), (44)
—Axp=p—h, (4.5)
where € = (%)2 is the ratio between the mean free path [, and the Debye length A, and
the Fokker-Planck operator form £ zp is deduced as:

Lrp :Vv-(vf—l—vvf). (4.6)

Under this scaling, let e—0, thus the so-call high-field limit of the VPFP system is derived.
Then we can define the local Maxwellian as:

__p(tx) —lo—u(tx)]?
feq— (27.[)1\[/2 exp > ’ 4.7)
where u(t,x) is the macroscopic velocity of the particles, and satisfies
p(t,x)u(t,x) :/Nvf(t,x,v)dv. (4.8)
R

Remark 4.1. When pushing € in Eq. (4.4) to 0, the distribution f formally goes to Eq. (4.7)
if we define

usteady = _vx(,b. (49)
Just as that in [22,33], we are also interested in the 1D case of the high-field model:
of | df 1dpaf 1[3(vf) 0%f
ot +Uax €0xdv €\ dv * 002 )’ (4.10)
92
_a_xf:p_h' (4.11)
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From the expansion Eq. (3.4) and the high-field model Eq. (4.4), the local Maxwellian
Eq. (4.7) in the 1D case can be extended as

feq=foHe0 <v\;§u > , (4.12)

where
fo=p(t,x), u=—oxp, 0=1, (4.13)

is the density, macroscopic velocity and temperature of the particles respectively.
Here, the initial condition is as follows:

(or,h)=(1/8,1/2), 0<x<1/4,
(om/hm)=(1/2,1/8), 1/4<x<3/4, (4.14)
(or,hy)=(1/8,1/2), 3/4<x<1,

and the € in Eq. (4.10) is fixed to be 1073. The initial distribution is

x v—u(x,0))?
f(x,v,O):p\(/%) exp <—%>, (4.15)

where u(x,0) = —d,¢ and ¢ satisfies

—0dxxp=p(x,0)—h(x,0). (4.16)

To validate the effect of the NRxx method, we compare the numerical results using
the NRxx method with that in [20]. In Fig. 9, the density p, and the momentum pu at
t=0.2 are plotted. Here, the grid size is N =500 and the number of moment M =10. The
time step is almost At =2¢(—4). From it, we can find that the numerical solutions match
well with the reference solutions [22]. In Fig. 10, the temperature 6 at t =0.2 is plotted.

05 T T T T 0.04
0.451 0.031
0.4 0.021
0.351 0.011

0.31
0.251 -0.01f

0.2r -0.02f

015 —reference 003 r
151 ] -0.031 —reference|
---NRxx
- --NRxx
01 . . . . 004 . . . .
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
(@ p (b) pu

Figure 9: The density p, and momentum pu of the particles with the initial condition Eq. (4.14) at t=0.2. The
reference solution in the black line is the reference solution in [22].
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Figure 10: The temperature 6 of the particles with the initial condition Eq. (4.14) at t=0.2.

4.3 Parameter study of the VPFP system

It is known that the solution to the VPFP system converges to a time independent steady
solution as t — co [3]. In this section, we will demonstrate this property under the dimen-
sionless form of the VPFP system Eq. (3.1) using the NRxx method. The effects of the
two parameters B and 7 are also discussed. The following initial distribution function
from [31] is adopted

K 27X —?
0)=—=— (142 — — ], 0<x<IL, 4.17
o) = (1020008 () oo (57, ) 0 17

where Ty,,€,L,K are constants and /i(x) =K in Eq. (3.1). It is known that if =7 =0 in
Eq. (3.1), the VPFP system reduces into VP equations, the solution of which represents
classical Landau damping [11]. The physical mechanism of Landau damping is a transfer
of energy from the wave to plasma particles that are moving with a velocity close to the
phase velocity of the wave. However, if B,y # 0, the solution of Eq. (3.1) approaches a
steady state as below when t — co:

K —0?
f(x,0)= mexp <W> . (4.18)

This is for the reason that the diffusion in velocity space become dominant as time in-
creases and finally the solution reaches the steady state. The electric energy and the
kinetic energy are tested to observe the approach to the steady state. The electric energy
is defined as:

L
() = % /0 (3:6)2dx. 4.19)
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At the steady state, i(x) =K and p—h(x) =0, thus £(t) — 0, when t — co. The kinetic
energy is defined as

K(t)= %/OL/o:ovzf(t,x,v) dvdx:%(pu2+p9). (4.20)

From Eq. (4.18), we can derive that 2XC — yKL, when t — co.

To demonstrate the time asymptotic behavior, we compute the solution to Eq. (3.1)
with the initial function Eq. (4.17) for varying  and +y. First, we will consider the variance
of B. Lete=0.01, L=4, /T;,=0.3/7m, K=1/4, y=0.05, and then take $=0.01,0.02 and
0.05. The variations of the £(t) and KC(t) for different p are plotted in Fig. 11. For these
computations, the grid size is N = 1600 and the number of moment is M =80. From
Fig. 11, we can find that the electric energies are all converging to zero with different
velocities for different § and the problem with larger B is converging at a higher speed.
The same conclusion can also be derived from the variations of K(¢) for different f: the
kinetic energy K(t) are converging to the steady state 2/Cseqa, =YKL =0.05. Secondly, we
test the approach to the steady state with different . Let e=0.01, L=1, K=3.5, =0.01
and y =0.015, 0.02, 0.025. Then the steady states of the kinetic energy to those different
7Y is Ksteady = 0.525, 0.07, 0.0875. The variations of £(t) and K(t) are plotted in Fig. 12.
For these computations, the grid size is N =1600 and the number of moment is M =40.
In Fig. 12, £(t) and K(t) are both converging to the steady state with different velocities
and the problem with larger -y is converging at higher speed.
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Figure 11: The variation of £ and K with different B as t — 0. The parameters in Eq. (4.17) is €e=0.01, L=4,

K=1/4, /T;;,=0.3/m, y=0.05 and =0.01, 0.025, 0.1. The x-axis is time T and the y-axis are 2€ and 2K
respectively.
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Figure 12: The variation of £ and K with different 7y as t— 0. The parameters in Eq. (4.17) is e=0.01, L=1,
K=3.5, \/T;;;=0.3/m, p=0.1 and v=0.015, 0.02, 0.025. The x-axis is time T and the y-axis are 2€ and 2K
respectively.

5 Conclusion

We extend the moment system derived from the Boltzmann transport equation to the
VPEFP system using the NRxx method, and then obtain a series of the high-order moment
equations as an extension of the model in [11]. The conservation properties of the scheme
are also discussed in this paper.

The numerical convergence with respect to the grid-size and the order of moments
are studied. The linear convergence in grid-size and the exponential convergence in the
number of moments are derived. A Riemann problem of the high-field model of the
VPEP system is also tested. We have compared the numerical results obtained using
NRxx method with that in [22]. The numerical results of our high-order moment meth-
ods agree well with that in [22]. Moreover, the approaches to the steady state with differ-
ent parameters are observed using the NRxx method. The variations of the converging
velocity with different 8 and vy are also obtained.

Itis illustrated that the high-order moment system is a promising alternative to model
the VPFP system. More complex form of the Fokker-Planck operator has to be considered
to predict the movement of particles in plasma, and we are now investigating to the initial
form of the Fokker-Planck operator by using the NRxx method.
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