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Abstract

In this paper, a bracket structure is proposed for the laser-plasma interac-
tion model introduced in [19], and it is proved by direct calculations that
the bracket is Poisson which satisfies the Jacobi identity. Then splitting
methods in time are proposed based on the Poisson structure. For the quasi-
relativistic case, the Hamiltonian splitting leads to three subsystems which
can be solved exactly. The conservative splitting is proposed for the fully
relativistic case, and three one-dimensional conservative subsystems are ob-
tained. Combined with the splittings in time, in phase space discretization
we use the Fourier spectral and finite volume methods. It is proved that the
discrete charge and discrete Poisson equation are conserved by our numerical
schemes. Numerically, some numerical experiments are conducted to verify
good conservations for the charge, energy and Poisson equation.

Keywords: Laser-plasma interaction, Vlasov—Maxwell system, Poisson
bracket, Hamiltonian splitting, Conservative splitting.

1. Introduction

The system of Vlasov—Maxwell (VM) equations is an important model to
describe the interactive dynamics of charged particles with electromagnetic
field. In this paper, we focus on a reduced VM system which is introduced
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in [19, 24] to describe the laser-plasma interaction. This laser-plasma (LP)
model describes the action of a laser wave, called pump, penetrating into
a plasma and heating it. During this process, the electrons will be accel-
erated by plasma waves generated from laser-plasma interaction, or more
precisely, from stimulated Raman scattering (SRS). A good understanding
of this model will help to realize many new applications arising in high-field
science including the fast ignition concept, and plasma based electron accel-
erator schemes.

The numerical computation of the VM system is known to be difficult
because of its high dimension in phase space and the multi-scale nature.
Particle in Cell (PIC) method has been a widely used method, the idea of
which is based on approximating the distribution function of particles by a
finite number of super particles [1, 4, 7, 15]. The main advantage of the
PIC methods is its low computational cost. However, its numerical noise
only decreases in O(1/v/N) w.r.t particle number N. In comparison, grid-
based methods offer a good alternative to overcome this lack of precision,
for instance the semi-Lagrangian methods [18, 13, 35], energy-conserving
discontinuous Galerkin methods [10, 11], and so on. As for the LP model
and its variants, there have been some research works [3, 5, 6, 8, 14, 20,
22, 24, 2, 3, 21, 36], in which mathematical analyses of the LP model, some
numerical methods and one convergence analysis have been studied.

The physical models such as the Vlasov—-Maxwell equations which de-
scribe the complex physical phenomena, usually have conservative properties.
Hence, numerical methods with good conservation properties, high accuracy,
and good long time behaviors are required. Geometric numerical methods
proposed in [17, 23, 32] are designed for the purpose of preserving the un-
derlying geometric structures of dynamical systems. By preserving the geo-
metric properties inherited by the concerned system, geometric integration
methods usually provide superior long time behavior in comparison with tra-
ditional numerical methods, and are thus more suitable for large-scale, long-
term simulations. In the context of VM system, several structure preserving
methods have recently emerged, such as grid based methods [12, 26], PIC
methods [25, 30, 38|, in which Hamiltonian splitting methods [16, 31, 37|
play an important role.

In this paper, for the LP system we present the bracket structure to re-
formulate it. The bracket is then proved by direct calculations to satisfy the
Jacobi identity which means that it is Poisson. Our Poisson bracket is also
related to one Poisson bracket in [28] by a coordinate transformation. There
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are some other references about the Hamiltonian structures of reduced mod-
els for laser plasma interaction [33, 34, 9]. However, the models (expressed
with moments) considered are different from the LP model (kinetic) in this
work, although similar techniques are used in the derivation of Poisson brack-
ets. Moreover, the Casimir functions of the LP system and corresponding
conservative properties are analyzed based on the Poisson bracket.

In this work, we consider the LP model in three cases with different
Lorentz factors: non-relativistic, quasi-relativistic and fully relativistic. In
physics, these three cases are used to describe different physical problems.
For the the particles with high energy, their behaviors can be well described
by the fully relativistic LP model. When the effects of ultra-relativistic elec-
trons (velocity close to light velocity) are ignored, and the pump intensity
is moderate, the motion of charged particles can be simulated by the quasi-
relativistic LP model. If the plasma temperature and the intensity of pump
wave are small enough, the non-relativistic LP model without considering
relativistic effects can be used to describe the laser-plasma interaction. For
the non-relativistic and quasi-relativistic cases, implementing Hamiltonian
splitting leads to three subsystems which can be solved exactly. Composing
the exact solution of each subsystem provides the temporal discretizations
enjoying the following properties: (i) they are poisson, i.e., they can preserve
the poisson structure of the LP model; (ii) they can be generalized to have
arbitrary high order by various composition methods; (7i7) they can be com-
bined with any approximations in phase space. In the fully relativistic case,
however, there is more difficulties: second order spatial derivatives and non-
linear source terms appears in the electromagnetic field equations, and the
Lorentz factor depends on the momentum and space at the same time. This
relativistic factor makes some subsystems derived by Hamiltonian splitting
can not be solved exactly and two dimensional reconstruction is need in nu-
merical computation. By rewriting the Vlasov equation in the conservative
formulation, we propose a new splitting which gives three one dimensional
conservative subsystems. One important property of the two splittings pro-
posed in this paper is that the discrete charge and Poisson equation are
conserved.

The paper is organized as follows. In section 2 we introduce the LP system
and its Poisson structure. In section 3, phase space discretizations of the LP
system are described. In section 4, two splitting methods are proposed for
the LP system in order to derive the temporal discretizations. In section 5,
several numerical experiments are given to validate the long term behaviors



of our schemes. Finally, we conclude this paper.

2. The Hamiltonian structure of laser-plasma model

The starting point of the derivation of the LP model is a VM system with
one dimension in space (called x) and three dimensions in momentum. To
describe the laser-plasma interaction, we can assume the motions of charged
particles are faster along the propagation direction of laser than in the associ-
ated transversal direction. An important property is p; +A | (z,t) =const (L
means the transversal direction of the laser). Therefore, the four-dimensional
VM system can be reduced to a two-dimensional LP model considered in this
paper. Refer to [3, 19, 24] for more details.

The main goal of this section is to introduce the LP model and its Hamil-
tonian structure. The LP model is described by the following reduced VM
equations

B m, @)
= [ Liwpnap ) )
Do TR AL i, 8
= [ repna -1 o)

where f(z,p,t) is the particle distribution function with x € Q C R the
spatial variable, p € R the momentum variable, and ¢ > 0 time. Denote
the electric field and vector potential by E = (E,,E;) and A = (0,A ),
where E, = E,(x,t) is the longitudinal component of electric field at the x
direction, E; = (E,, E,) and A, = (A,, A,) are the transverse components
of electric field and vector potential (pump wave). ~; and 7, denote two
relativistic parameters: 7; = v, = 1 in the nonrelativistic case; v; = /1 + p?,
72 = 1 in the quasi-relativistic case; and 73 = 72 = /1 +p>+|AL]? in
the fully relativistic case. Here - represents the scalar product in R?, and
J(t) = ‘51' Joxr %f(x,p, t)dxdp guarantees the zero average property of E,,




ie.,

/ E.(x,t)dz =0, Vt>0. (6)
0

Denote by M the infinite-dimensional manifold with coordinate (f, E,,
E,, A,). For arbitrary two functionals F, G defined on M, we present the
following Poisson bracket for the LP system

- §F §G OF 0f0G  0G Of 0F

+/(5Q_5]—"_6J-“‘5Q)dx
o \GA, 'SE, A, oE, )"

(7)
where [-,-];, is the Lie bracket defined by |h, 9],y = 0,h0,g — 0,h0,g for
any two smooth functions h(x,p) and g(z,p). In the above bracket (7),

% denotes the Fréchet derivative or functional derivative! of F about g,
g = f7 Eﬂm EL; OIAL'

Proposition 2.1 The bracket defined in (7) is a Poisson bracket.

PRrOOF. It is easy to prove that the bracket is bilinear, skew symmetric, and
satisfies Leibniz identity. As follows, we prove that the bracket defined in (7)
satisfies the Jacobi identity for arbitrary functionals F,G, H defined on M,
i.e.,

HF. G L HY+ {6, H}, FY+ {({H, F}.G} =0. (8)
The bracket (7) can be denoted as

{Fv g} = {‘F7 g}zp + {fv g}AE‘ + {‘F7 g}sz <9>

[9F 2 oF 8
with {7, GYap = Jor f157: 57 londodp, {F. Grap = fy (ml i T AL B
SF 0f §G _ 3G Bf 6
and {F,G}re, = [our <5EFZ 8;; 5 sE a;]; 5?) dzdp. Then, the terms on the

I'Note that the for the Fréchet derivative with respect to E,, we need consider the zero
average property of of E, (6).



left side of (8) can be written as

{{F,G},H} + cyc
={{F. Gtop, H} + ({7, Gap. H} + {{F. G}y, H} + cye
= {{Fvgifpv%}xg"{'{{*r’g}goaH}AE +i{F’g}ff’H}fE5

1 2 3 10
+ {{fﬁ}AE,’H}xg-F{{f,g}AE7H}A@+i{f, g}AEﬂ"l}ng3 (10
1 5 ks
+ {F . Glroe, Hyaop + H{F Gl ppos HYap + {F, G pp. s HYpp, +oye,
7 e g

where ’cyc’ denotes the cyclic permutation. By the bracket theorem pre-
sented in [29], we only need to consider the functional derivatives of {F,G}
modulo the second derivative terms, which, with abuse of notations, gives

5{~F7 g}:r:p o 5‘_F @ 6{‘F7 g}xp _ 0 5{‘F7 g}xp _ 0 5{‘7’ g}fp _ O
of | 8f6f zp’ B, SA, 5B,
(11)
5{‘Fa g}AE o 5{~F7 g}AE o 6{fa g}AE o 5{‘77 g}AE o
) T Ve B /- R
SFGle, __OF 00G 3G 0 5F (13)
5f  0E,0pof OE,opof’
—5El =0, —5AL =0, —5Ex =0. (14)

With the above equalities, the following assertions are the immediate conse-
quences:

e Term 1 + cyc vanishes because {F,G},, is the Lie Poisson bracket of
the Vlasov—Poisson system (see [27]).

e Term 2 vanishes due to the second and third equations in Eq. (11).
e Terms 4,5,6 vanish when Eq. (12) is used.
e Term 8 vanishes because of the first and second equations in Eq. (14).

The remaining terms in (10) labelled as 3, 7, and 9 are proven to be cancelled
out in Appendix A. This completes the proof of this proposition. U
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With this Poisson bracket, the LP system (1-4) can be reformulated as a
Poisson system

Z={ZM"} (15)
with the corresponding Hamiltonian
1 1 [|0A
=K+ [ [EPdz+= | |=| da. 1
H +2/Q||x+2/98x x (16)

In (16), K denotes the kinetic energy whichis K =1 [, - (p* + |[AL[*) fdadp
in non-relativistic case, K = [, o(1n —1+ %) fdxdp in quasi-relativistic
case, and K = [, (v — 1) fdzdp in fully relativistic case.

Let M; be an infinite-dimensional manifold with coordinate (fy;, A, Y).
Here, fy is a function of (z, P,t) defined by fu(z, P t) := f(z, P — A, 1), Y
is a function of z by Y (x) := —E(z). Then we have the following proposition.

Proposition 2.2 The Poisson bracket on M defined in (7) can be connected
to the Poisson bracket on My by
- 5F 0G
HF, G}, AY) = fu(z, Pt) {—, —] dzdP
QxR ofw 0fml,p

N / 0F 0G _6G OFY
o \6A '5Y " 6A oY)
for functionals F and G of fu, A, Y.
PROOF. Given a functional F(f, E,, A, E,), define F(fu, A,Y) by

(17)

]:—(fMa Aa Y) = ]:(f7 _}/Iu AL; _YL>
By the chain rules of functional derivative, we obtain

OF _OF OF _O0FOf  OF _ 6F OF _ OF (18)
Sfi  Of O0A, ofdp’ OSAL A, oY  OE

Substituting the above equalities into the right side of (17), gives

URaN A = [ s Ann [%f;—ﬂ

+/ OF 0f6G  8G df OF dd+/ 6G OF _6F G\,
oz \oE, apof  oE,apof ) TP T J \GA. SE, A, oE, )"

(19)




Comparing (19) with (7) implies
{Fa g}(fa Ex7 AJ_7 EJ_) = {{ﬁ7 G}}(fl\/h A> Y)
This completes the proof of this proposition. U

The above proposition can be generalized to four-dimensional LP model [2,
21] by one similar coordinate transformation.

Definition 2.1 [27] A smooth functional C defined on M is called a Casimir
functional for a given Poisson bracket {-,-} if

{Cv g} =0
holds for arbitrary smooth functional G.

Proposition 2.3 The functional

= aExé(x — xg)dx — fo(x —xo)dadp, xo € (20)
o Ox QxR

Cxo (Z)

is a Casimir functional of the Poisson bracket (7).

PRrROOF. From (20), it is known that

B _Oé(z —1x9)  0Cy, _ 0Cy,

5Cay
of

where § is the generalized function. Inserting the above equality into (7)
gives

8Cay
SE,

(2) =0,

(2) = —d(z—0),

B 0d(x — ) 00G 0fdG
(.00 = || S (<S55~ Gyr) = o
+/QXR ;Ei g—ié(x — xo)dxdp.

By using the integration by parts, it is clear that the first integral on the right

side of Eq. (21) vanishes. As f is compactly supported along p direction and
5% is independent of p, the second integral on the right side of Eq. (21) is

also 0. This implies that C,, is Casimir according to definition 2.1. ([l



Proposition 2.4 [27] Denote F(M) the set of smooth functionals on M.
For a given function ® : R — R, the functional C : F(M) — R defined as

e(f) = /Q (fap)dady, (22)

is a Casimir functional of the Poisson bracket (7).

Based on the Poisson structure (7), in the following sections splitting
methods are constructed for the LP system.

3. Phase space discretization

In this section, we present the phase space discretizations for the LP
system. With the assumption that the LP system is periodic in x direction
with period L, we can take the computational domain in phase space as
QxQ,=10,L] x [-Pp, Pg] with P, Pg large enough to guarantee that f is
sufficiently small at  x 0€2,. In the following sections, periodic boundary
conditions are imposed at the boundary of € x €2,. Choosing the uniform
grids gives

rj=(—-1Az, j=1,...,M, Ax=L/M,
peo1p=WC—-1)Ap—P, ¢(=1,...,N, Ap=(Pr+ FP)/N.

Firstly, we present the spatial discretizations for £, E,, A . Let us give the
detail for approximating F,, the same strategy can be used for discretizing
E, and A,. Denote the discrete value of E, at (z;,t) by E,;(t). We use
the spectral Fourier expansion to approximate E, due to the periodicity of
FE,. It reads
M2
E.j(t)= Y Euu(t)e™ M, (23)

k=—M/2+1

where j = 1,..., M and i = v/—1. To discretize the distribution function f
in phase space, we use a spectral representation in x direction while a finite-
volume discretization is used for the momentum p direction. Use fy(z,t) to
denote the average of f(x,p,t) over a cell Py = [pi_1/2, pey1/2], it is

fo(z,t) == Aip ; f(z,p,t)dp.
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Combining it with the Fourier expansion in x-variable gives the approxima-
tion solution of f at (z;, p¢) with p, = (¢ — 3)Ap — P;, that

M/2

Fe®) = > fre()em M. (24)

k=—M/2+1

To evaluate the off-grid value of f in p direction, here we use the so-called
parabolic spline method (PSM) introduced in [39] to reconstruct a continuous
function by using f;, and periodic boundary condition. It has been pointed
out in [13, 39] that using PSM for reconstructing f is equivalent to applying
the cubic spline interpolation for the primitive function of f. Specifically, for
a simple advection problem (independent variable x is omitted),

of = of
at+aap—0, a>0
we have
1 ler% 1 pe+%—at
=5 [ o =5 fo(p)dp, 25
O=gp ), Stw=g [ A0 (25)

where fo(p) is the initial condition which is a piecewise polynomial recon-
structed from the values fy(0), £ =1,..., N by using PSM. The last equality
of (25) holds as the solution f of this advection system is f(p,t) = fo(p—at).
The reconstruction of f can be obtained by other approaches. The advantage
of using parabolic spline method is that it can preserve the charge, that is

Pr N

, Jp0)dp = > £(0)Ap. (26)

4. Numerical discretizations

In this section, splitting methods are constructed for the LP system based
on the Poisson bracket derived above. As there is no intrinsic difference be-
tween non-relativistic case and quasi-relativistic case, we here concentrate on
quasi-relativistic, and fully relativistic cases. Combined with the phase space
discretizations presented in the previous section, fully numerical discretiza-
tions are obtained.
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4.1. Quasi-relativistic case

In the quasi-relativistic case y; = /1 + p? and v, = 1, from (16) we know
that the Hamiltonian has a form of

1
MU BB AL = [ (B2 4+ BLPde+ [ (VIF7 = 1) ey
xR

1 [|0A,]?
+—/ =
2 Jq

Ox
By investigation, the Hamiltonian (27) can be decomposed as

) (27)

dx+—/ |A | |? fdadp.
2 OxR

H=Hg+Ha+Hy,

where Hp = L [ (B2 + |EL?)de, Ha = 3 [y |A L fdadp+ 1L [ |284)% A,
and H, = foR ( 1 +p? — 1) fdzdp, and three subsystem can be obtained,

Z={2 Mg}, Z={ZHa}, Z={2H,} (28)

For (28) it is known that each subsystem can be solved exactly, so that
Poisson-structure-preserving temporal semi-discrete methods can be con-
structed by composing the solutions of subsystems [23]. Moreover, we have
the following proposition.

Proposition 4.1 For the Hamiltonian splitting (28) applied to the quasi-
relativistic LP system, the charge fQXRf({L',p, t)dzdp and Poisson equation
(5) (if satisfied initially) are conserved by the semi-discretization based on
Hamiltonian splitting.

PROOF. [t is easy to know that the charge and Poisson equation are the two
Casimir functionals corresponding to the Poisson bracket. By propositions
2.3 and 2.4 with ® being an identity map, the two conservative quantities
can be conserved by the Hamiltonian splitting methods. ([l

The subsystem corresponding to Hg is

of of  0E, _ OE, OA |
o TP =Y e T =0

=—-E,. (29)
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For a given initial value (fo(z,p), Ero(z), E1o(z), A1o(z)) at time t = 0, the
solution of this subsystem at ¢ can be written as

f(l',p,t) :fO(x7p_tEx0(x))7 Ex(xvt) :Ez0($)7

EL<CL’,t) = ELO(ZL’), AL(JI,t) = ALO(JI) — tELO(I). (30>

From (30), it can be seen that £, and E ;| stay unchanged along time, and the
distribution f is advected with constant velocity. In numerical computation,
the distribution function f can be advanced in time by reconstruction using
the PSM method. Applying the Fourier expansion to the fourth equality of
(30) gives the equality satisfied by the Fourier coefficients

AL (t) = AL 4(0) — tEL 4(0).

It is clear from (30) that E, ,(t) = E, x(0). For this subsystem, we know that
Zévzl fre(t) = Eévzl fre(0), as PSM is charge-conserving. Assume initially
the discrete Poisson equation is satisfied, i.e.

27ki - N .
7; Eo(0) =" fre(0)Ap, k # 0, and B, 0(0) = 0. (31)

(=1

then the discrete Poisson equation is satisfied at time ¢

. N
2rki - P -
T Eoi(t) = ) fra(®)Ap, k #0,and Eyo(t) = 0. (32)

(=1

The subsystem corresponding to H 4 is

of OALOf  OF,
oM T w (33
8EL . 82AL aAL _

e —i—AL/Rf(:c,p,t)dp, ) (34)

With the initial value (fo(x,p), Ero(x), Eio(x), Alg(x)) at time t = 0 the
solution at time ¢ can be derived explicitly as

Fapt) = o (wp+ thsofe)- 20 E(a,t) = Buolo),
A y(r)

E =E —
L(m, t) J_[)(x) t ax2

+tA y(2) /Rfo(x,p)dp, Al (z,t) = Ao(x).

12



The distribution function is advected with constant velocity tA | (x;,0) -

a%l (7,0) in p direction, which can be advanced in time by using PSM.

By Fourier expansion, the Fourier coefficients of E; are advanced as

EL7k(t):EL,k(O)—t<27rlk> AL (0 +tz S ApALL(0)fie(0).

L
f=1 Fk1.ka€Zk1+ko=k,
—M/2+1<kq ,kog<M/2
Similar to the proof of subsystem Hpg, the discrete Poisson equation (32) is
satisfied by the solution at ¢ of this subsystem if it is satisfied initially.
The subsystem corresponding to H, is

— 4+ —===0, / = f(z,p,t)dp + J(1), 5 =0 — =0
(35)

With initial values (fo(z,p), Ezo(x), E 1 q(x), A g(x)) at time ¢ = 0, the so-
lution is as follows,

fpt) = fi (x—t%,p), B, (0,1) = Bvo(a), AL(e,1) = ALo(a),
(36)

Ey(2,1) = Eole) - / [ 2 i, ryapar + / J(r)dr. (37)

To compute the distribution function, we apply the spectral expansion to the
first equation of (36). Notice 73 = /1 + p?, then

A A 27k e
fk;’g(t) = fk’[(O) exXp <—1TtTp?> y (38)
where k = —M/2+1,--- ,M/2,{=1,...,N. For E,, when k = 0 we have
A 1
Bao(t) = © / Ey(z, t)dz = 0. (39)
L Jq

When k # 0, using equation of (37) gives

Eon(t) = Epp(0) — Ap / 3" fralr) .
0 =



Substituting (38) into the above equality, provides

t N
. . A 27k De De
E,1(t) = Ey (0 —Ap/ E fre(0)exp [ —i T dr
k() k( ) 0 4 ke( ) L \/1—|—p§ \/1+p3
N
- L A 7Tk: De
=F, Ap—— E it —1].
k(O) ' pZﬂ-ik /=1 fk’e(O) [exp ( 1 L 1 —I—p?) ]

(40)

If initially the discrete Poisson equation 27 Eu(0) = Ap 2N | f.0(0) holds
for k # 0. Then, inserting the relation into (40) gives

N
. 2w De
Ew ex —i—kt—
k: z::fu [ p < I 1 +p§>
N

which is the discrete version of Poisson equation (32) at time t.

Based on the above Hamiltonian splitting methods in time, Fourier spec-
tral method and finite volume methods in space, fully discrete schemes can
be obtained by using composition methods [23].

Proposition 4.2 For the quasi-relativistic LP system, the solution of the
above derived fully discrete scheme preserves the discrete charge

M N M N
SN ftaeap =33 [ AzAp.

j=1 ¢=1 j=1 ¢=1

PROOF. Due to the charge-conserving property of PSM, it can be seen from
the construction of numerical methods that the discrete charge is conserved
by the fully discrete solution of subsystems Hg and H 4. As for subsystem
H,, by the definition of fast Fourier transform, we have fgvg = Z]]Vil fie- In
order to prove the discrete charge conservation, we only need to prove that

S foe(t) = S0, fo.e(0), which is true from Eq. (38) when k = 0. O

14



Proposition 4.3 For the quasi-relativistic LP system, it can be proved that
the fully discrete schemes constructed above preserves the discrete Poisson
equation

2kl N
Bl = > frAp, when k #0,
/=1

(41)
E;k =0, when k = 0.

Proor. This can be proved by analyzing the fully discrete solution of each
subsystem. O

4.2. Fully relativistic case

For the fully relativistic case, some subsystems obtained by Hamilto-
nian splitting methods are no longer solvable. Thus constructing numeri-
cal solutions to preserve the good conservative properties inherited by the
original system becomes more important. In this subsection, we study the
fully relativistic system by a conservative splitting [13, 24], which gives three
one-dimensional conservative subsystems for Vlasov equation. By solving a
succession of one dimensional problems, the approximate solution of distri-
bution can be derived which is more efficient and easier to be implemented.
The other advantages of the conservative splitting is that the discrete charge
and the discrete Poisson equation are conserved.

Let F'= (£, By — % : %)T be the 2D advective field of Vlasov equation
Eq. (1). It is easy to check that V- F = 0 with V = (2, -2)7. So the Vlasov

dz dp
equation can be written in a conservative form

8f 8 P 6 AL 8Al .
a*%[ﬂ a—pKEf? ax)f]—o'

Then, one conservative splitting for the evolutionary field of LP system (1-4)

15



is given by

o) o) A 0A
[ - sl(m -2 ) ) e
_aa;AQL +AJ_ fR %f<x7p7 t>dp — 0
“E, -E;
— J & f(x,p,t)dp + J(t) ‘ 0 ,
RE
(42)
o . 0A 0
(3 Lf) ~# (&)
| G AL e (@ )dp | 4 g
0 _
0 . — Jg Zf(z,p,t)dp + J(t) .
Ra Ry

It is noticed that the subsystem corresponding to Rg is the same as the one
in the quasi-relativistic case. Thus, we concentrate on other two subsystems
in this subsection.

Remark 4.1 The charge [, 5 f(z,p,t)dpdz and Poisson equation (5) can
be conserved by the solution of each subsystem when using the above conser-
vative splitting.

The subsystem corresponding to R, is

of 0 (1, O0AL)\ . O0AL
OB,  *A, 1 OE, _
815 - = (91’2 +AL R%f(xapﬂ»dpv at _07 (44>

where 72 = /1 +p? + |A||2. The characteristic equation of the first equa-
tion is

VT PO AP0 Oz ()

To solve (43) numerically, the numerical unknown f; () is obtained from the
value of f;¢(0) thanks to the volume conservation property,

1 pu%(o)
fult) =5 [ w0,
D p,_1(0)
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where pg11/2(0) is numerical solution of (45) solved by the fourth order
Runge-Kutta method or other numerical methods in [13], and f;(p,0) is
reconstructed from the integral average values f;,(0) by using PSM. We ap-

proximate E | by applying a trapezoidal integration to the first equation of
(44),

2 N ' '
E““>:E*“m‘i%ﬁﬁmﬁm+¢ALxmAp§;%;(hdwgfwwn

where v;, = /1 +p2 +|A 1 ;(0)]2. Due to the conservative method, we know
that S°0 , fro(t) = 20, fre(0). Notice E,(t) = E,x(0), then the discrete
Poisson equation (32) is satisfied at time ¢ if it is satisfied initially.

The subsystem corresponding to R, is:

of o (p.\ . OB,

EJF%(?”) =0, - =0, (46)
(9Ex_ P - 0AL_

= [ Lrarob+an. G =0 (47)

Apply the Fourier spectral method in x direction and finite volume method
in p direction, we obtain the following equation in Fourier space,

—

Ofre(t)  2mik (e
- — fo(t =0 48
o T\ ) =0 (48)
where k = —% +1,--- ,%, ¢ =1,---,N. The second term of the above

equality can be calculated further as

—

DPe De 7
Phe) - o)
<71 k kl,kze;Jer:k, \/1 + p? + ‘AJ_|2 Ky ’

—M/241<kq ko <M/2

For each /, it is known that Eq. (48) is a M-dimensional linear ordinary
system about f, with f, = (f_%ﬂ’e, e f%’Z)T, which can be solved exactly.
When k£ = 0, it is clear that

E,o(t) = T /Q E(z,t)dr = 0, (49)



If £ # 0, we express the first equation of Eq. (47) in Fourier space, and
integrate it w.r.t time. Then, by using Eq. (48) we have

EALk(t = / Z (pgfé ) Apd'r
0

(=1

~ (9sz
B 27rlk / Z

kaqu VAp + Ey (0 27r1sz“

This implies that

=z

N
N L « . L A

E — Ap=F — A
2 k(t) ik ;21 fre(t)Ap 2k (0) ik ;Zl Jr,e(0)Ap,

which states the preservation of discrete Poisson equation if it is satisfied
initially.

Based on the above conservative splitting methods in time, Fourier spec-
tral method and finite volume methods in space, fully discrete schemes can
be obtained by using composition methods [23].

Proposition 4.4 For the fully relativistic LP system, the above derived fully
discrete schemes preserve the discrete charge

M N

Z ”+1AmAp = Z Z JTATAp.

=1 ¢=1 j=1 ¢=1

PROOF. As subsystem R is the same as subsystem H g, the discrete charge
is conserved by the fully discrete solution of this subsystem. Discrete charge
is also conserved by the fully discrete solution of subsystem R4 due to the
implementation of conservative splitting. For subsystem R,, we needs to
prove that Zévzl foult) = Zé\f:l fo.0(0), which is true from Eq. (48) when
kE=0. O
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Proposition 4.5 For the fully relativistic LP system, it can be proved that
the solutions of the fully discrete schemes constructed above satisfy the dis-
crete Poisson equation, forn > 1

2mki al
3 E;:l,k = Zfl?,éApa when k 7é 07
=1

Y

(50)
EA:’Z,C =0, when k = 0.

PROOF. As mentioned above, the discrete Poisson equation (32) is satisfied
by the fully discrete solution of each subsystem R4, R,, and Ry (the same as
Hg), discrete Poisson equation (32) is satisfied by the fully discrete schemes.

O

5. Numerical experiments

In this section, we conduct the numerical simulations for the LP system
both in quasi-relativistic and fully relativistic cases by using the numerical
methods presented above. Moreover, comparisons with standard methods
from references are presented.

5.1. Quasi-relativistic case

Our first numerical experiment is to simulate the parametric instability
phenomena during wave interaction. This phenomena happens, for instance,
when electromagnetic waves propagate through a plasma layer (see [3, 24]).
As a consequences of energy and momentum conservation, the waves allow
the frequency and wavenumber matching.

In this numerical test, we take the initial distribution function as a ho-
mogeneous Maxwellian with a small perturbation which is expressed as

1 p?
folz,p) = 57 exp (_ﬁ) (1 + acos(kx)),

where T' = 3/511 denotes the temperature, a = 0.001 is the perturbation
amplitude, £ = 1/ V2 is the wave number. The initial longitudinal electric
field is taken as a

Eo(z) = % sin(kx),
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and the transverse circularly polarized electromagnetic field is

Ey(x) = Eycos(kx), E.,(x)= Eysin(kx),
Ayo(x) = —Epsin(kx), A.o(x) = Eycos(kx)

with a quiver momentum FEy = \/g
Using the Lie (first order) and Strang (second order) splitting for Hamil-
tonian splitting gives

Zint1)at = Py At © PHp At © P AtZnAts
Zinr1)at = Pr,At/2 © OHpAt)2 © P a At © PHp AL/2 © PH,yAL/220At)

where ¢, 0, and ¢y, are the solution mappings of the subsystems
corresponding to Hg, Ha, and H,,.

We take the results from [6] as a comparison, in which a semi-Lagrangian
method of second order in time is considered combined with the two-dimensional
interpolation by cubic splines. The numerical parameters are chosen as
At = 0.02, Q x Q, = [0,27/k] x [-7/k,7n/k],and M = N = 128. First,
we compare in Figs. 1-3 the results from [6] with those obtained by the Lie
Hamiltonian splitting. From Fig. 1, it is investigated that the contour plots
of distribution function f by the two methods are similar. It shows that as
time goes on there appear two vortices, which then separate.

We also compute the relative error of the total energy (16) and charge.
The error of Poisson equation is measured by

LN ) o ’
Z((axi) -2 féApH)
4

J

1/2

j=1
These results are displayed in Figs. 2 and 3. It is observed that using the
semi-Lagrangian method [6] leads to a significant drift of errors after the
instability starts (¢ ~ 22). In comparison, the Lie Hamiltonian splitting
method gives better results: the relative charge is preserved in the level of
1071%; the relative energy error oscillates in the level of 1073 over long time
which is typical for geometric numerical integrations; the error of Poisson
equation is about 1071 which verifies that the discrete Poisson equation is
satisfied by our numerical schemes. In Figs. 4 and 5, the results obtained by
the Strang Hamiltonian splitting are displayed. In Figs 4, it shows that the
Strang Hamiltonian splitting method gives the similar contour plots for the
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w

Figure 1: Quasi-relativistic case: time evolution of distribution function at ¢ = 10, 24.
Left: Lie Hamiltonian splitting method. Right: Semi-Lagrangian method.

distribution function as in Fig. 1. In Fig. 5, compared with the Lie Hamil-
tonian splitting, the error of total energy by Strang Hamiltonian splitting
is smaller because of its second order of accuracy, which makes this method
very attractive in numerical simulations.

5.2. Fully relativistic case

For the relativistic case, we simulate the vortices generated by an ultra-
intense pump wave in a periodic box due to the relativistic parametric in-
stability. In this numerical experiment, we use the same initial values as
the ones in quasi-relativistic case except that the perturbation coefficient a
is taken as 0. The phase space domain is taken as [0,27/k] x [—7/k, 7/k],
the numbers of grids in phase space is M = N = 128, and At is taken as
0.01. We split the fully relativistic LP system by conservative and advective

21



x10™"

N oW A a

Relative charge error
o

S b b D

o

10

20 40 60 80 100
time

Relative charge error

20 40 60 80 100

Relative energy error
o

9

Relative energy error
- N w » o =] ~ ©

o

<103

0 20 40 60 80 100
time
%103
0 20 40 60 80 100
time

()

Figure 2: Quasi-relativistic case: time evolution of relative errors for charge, and energy
computed by Lie Hamiltonian splitting method (a)-(b), and method in [6] (c)-(d).
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Figure 4: Quasi-relativistic case: time evolution of distribution function computed by
Strang Hamiltonian splitting method at t = 10 and 24.

splittings, the resulting numerical discretizations in time are derived with
Strang splitting method.

Similar behaviors of distribution function by the conservative and advec-
tive splittings are presented in Fig. 6. There appear two vertices firstly, then
their structure becomes very complicated. This is in a very good agreement
with the results obtained in [6]. We also compare the conservative splitting
with the advective splitting by computing the relative errors for the charge,
energy (given by (16)) and Poisson equation error, and the numerical results
are shown in Figs. 7 and 8. From these figures, it can be seen that the con-
servative splitting gives better conservations of charge, energy and Poisson
equation. Finally, the time evolutions for the second mode of £, and E,
are displayed in Fig. 9 and 10. The dispersion analysis (see [19]) provides a
growth rate of v = 0.409 for the second mode of E, and a growth rate of
v = 0.32 for the second mode of E,. Comparing Fig. 9 with Fig. 10, it is
clear that the second modes of E, and F, by conservative splitting are in a
better agreement with analytic results.

6. Conclusions

In this work, the Poisson structure of the LP system is investigated. Based
on this structure, a Hamiltonian splitting method is given to numerically
solve this system in the quasi-relativistic case. Fourier spectral and finite
volume methods are used in phase space discretization. The scheme is applied
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in parametric instability, in which our scheme shows very good long term
conservations of charge, energy and Poisson equation. The splitting method
is extended into relativistic case by one conservative splitting.

There are several perspectives of this work that can be envisaged. First,
application of this method to more complex laser-plasma numerical exper-
iments can be conducted as in [3]. Second, more careful phase space dis-
cretizations can be considered to construct fully discrete energy preserving
and Poisson-structure-preserving methods.
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Appendix A. Proof of the Jacobi identity

The proof of Proposition 2.1.
As follows, we prove that the sum of terms 3, 7 and 9 vanishes.
For term 9, using the first and last equations in Eq. (14) leads to

OH Of (0F 096G 060G 0 OF
Term9+cyC—/QXRE8—p (5Exa_pﬁ_5_&a_pﬁ> dxdp—i—cyc
_/ ((5?2&_592&_}—)%57—[
 Joxe \OE. OpSf OE.0pdf ) OpdE,
9a 9%
+/ <(5gg5_7'l_57{2§>ﬁ5}"

axr \OE, Op of  0E,Opdf /) OpoE,
9¢ 9d
[ (BLoor oz oy
axg \OE; Opof OE,0pof /) Opdk,

~
9e 9f

dxdp

dxdp

xdp.

It vanishes as the terms 9a and 9d, 9b and 9e, 9c and 9f, are cancelled out.
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Term 7 can be expanded as

MH{F,G}e 57—[}
T 7T+c c:/ [—I,— dzdp + cyc
o Y QXRf 5f 5f Tp Y !

_/ p O (09 00F 090G 00FN DU,
= Joun 02 \OE,0pof  SE,0pof ) apof T

_/ fg 6G 9 0F 0F 900G\ 9 oH, .
o’ Op \OE,dpof OE,dpof) dxof LT

0G 0 0F 0F 990G\ (O0f 0 0K 0f 00K ) . . + cyc
SE,0p8f ~ 6E.0pof ) \opawaf ~awdpor) T
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OpOx 0f Oxdpof

Ta

Opof OB, 0pdf
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(A.1)
Using the integrations by parts and the fact that the sum of Terms 7a, 7b,
7c is zero, provides

Term 7 + cyc = /

OxR

((59 0 0F 5]—"859)8f867—[

SE.opof B, opof) apoxof T
(A.2)

Concerning Term 3, by using the first and fourth equations in Eq. (11) we
have

Term 3 + cyc = —/ OH Of [5}— %9
Q

— | —,—| dzdp+ cyc. A3
w0, 0p | of 6pr e (4-3)
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Taking the sum of Term 3 (A.3) and Term 7 (A.1) leads to

Term 3 + cyc + Term 7 + cyc
= Joua \Opoforof Ozofopdof) apok, P T
+/ (69 0 0F 5F8§Q>8f857{

QxR

SE,opof 8B, opof) opoof rap T e
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9p 8] 0us] Ox3f 9o/ OpOF:

dxdp

b a
006G 06 060G 06 of 6F
+/ < G 0 oH g ’H)f dzdp
QxR

________ Op 6E,

d c
0 O0H 0 O0F 0 6H O OF

o Grarsr - grarapor) apin
f :
o Gapor gmnas ) o o7
e d
e (GEonas ~gmeapor ) apaw o7
o Gapar ~ smapor ) oporir

c b

The above terms vanish because of that the terms labelled by the same letter

cancelled out.
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Figure 6: Fully relativistic case: time evolution of distribution function computed by
Strang splitting for conservative splitting at ¢ = 136,150 (a)-(b) and advective splitting
at t = 125,140 (c)-(d).
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Strang splitting for conservative splitting (a) and advective splitting (b).
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Figure 9: Fully relativistic case: time evolution of second mode of (a) E, and (b) E,
computed by Strang splitting for conservative splitting.
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