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CONVERGENCE OF SPECTRAL DISCRETIZATIONS OF THE
VLASOV-POISSON SYSTEM

G. MANZINI *, D. FUNARO f, AND G. L. DELZANNO #

Abstract. We prove the convergence of a spectral discretization of the Vlasov-Poisson system.
The velocity term of the Vlasov equation is discretized using either Hermite functions on the infinite
domain or Legendre polynomials on a bounded domain. The spatial term of the Vlasov and Poisson
equations is discretized using periodic Fourier expansions. Boundary conditions are treated in weak
form through a penalty type term, that can be applied also in the Hermite case. As a matter of
fact, stability properties of the approximated scheme descend from this added term. The convergence
analysis is carried out in details for the 1D-1V case, but results can be generalized to multidimensional
domains, obtained as Cartesian product, in both space and velocity. The error estimates show the
spectral convergence, under suitable regularity assumptions on the exact solution.

Key words. Hermite spectral method, Legendre spectral method, Vlasov equation, Vlasov-
Poisson system

1. Introduction. The Vlasov-Maxwell equations, or their electrostatic equiva-
lent Vlasov-Poisson, describe the microscopic dynamics of a collisionless, magnetized
plasma combined with Maxwell’s equation for the electromagnetic field ﬂﬂ, @] These
equations are strongly coupled: the plasma provides the sources (density and currents)
for the Maxwell equations, while the electromagnetic field moves the plasma particles
via the Lorentz force. These equations have an intrinsic complexity, due to the fact
that they are defined in a space of six dimensions. They are also extremely multiscale:
plasma phenomena span a multitude of spatial and temporal scales, with several or-
ders of magnitude of scale separation between microscopic and system scales. Indeed,
the development of methods that can describe the large-scale dynamics of magne-
tized plasmas while retaining the necessary microscopic physics is the holy grail of
computational plasma physics.

There are three major classes of numerical methods for the solution of the Vlasov-
Maxwell equations, which differ by how the plasma distribution function (i.e. phase-
space density) is treated. In the Particle-In-Cell (PIC) technique the plasma is de-
scribed by macroparticles that move through a computational mesh ﬂa, @] The
Eulerian-Vlasov approach introduces a six-dimensional mesh in space and velocity
coordinates and defines the distribution function on the mesh B, ﬁ] Finally, trans-
form (spectral) methods expand the velocity part of the distribution function in basis
functions to obtain a system of differential equations for the coefficients of the expan-
sion ﬂ] These moment equations are defined in configuration space.

PIC is the method of choice in the plasma physics community because of its
relative simplicity, robustness and efficient parallelization on modern computer archi-
tectures. It is however a low-order method: reducing the well-known statistical noise
associated with the macroparticles can require a prohibitive amount of computational
resources. Spectral methods, on the other hand, can be very accurate as one can take
advantage of the very high rate of convergence of the method, in presence of regular
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solutions. These techniques were popular in the early days of computational plasma
physics, where the Hermite or Fourier basis functions where used @], but have not
led to the development of a set of widely used numerical codes for the plasma physics
community. Nevertheless, in recent years there has been a renewed interest for spec-
tral methods for Vlasov-based models E, @, @, ﬂ, @, @, |ﬂ] This is in part driven
by the fact that with a suitable choice of the spectral basis, the low-order moments of
the expansion are related to the typical fluid moments (density, momentum, energy,
...) of the plasma. Thus one can describe the plasma macroscopically with a few
moments, while the microscopic physics can be retained by adding more moments to
the expansion HE] This can be done only in some parts of the computational domain,
as necessary. Thus, from a computational point of view, spectral methods might offer
an optimal way to perform large-scale simulations including microscopic physics ﬂﬁ]

With this premise, this paper deals with the numerical analysis of spectral meth-
ods for the Vlasov-Poisson equations, proving for the first time the convergence and
stability properties of the method when the spectral basis in velocity space consists
of either Symmetrically-Weighted (SW) Hermite functions or Legendre polynomials,
combined with a Fourier discretization in space. To this end, we consider the Viasov-
Poisson system of equations for the electron distribution function f(x,v,t) (with
charge ¢ and mass m), and the electric field E(x, t):

of q B .
E—FV-fo—FEE-va—O, inQ, te0,T], (1.1)
Vx-E=p where p=mn;+ i/ fdv in Q,, te[0,7T]. (1.2)
€0 Qo

Equations (ILI)-(T2]) are defined on the siz dimensional phase space and in the time
range ¢ € [0, 7], for a given T.

In equation (2) the ions are a static neutralizing background of density n; and
€ is the vacuum electric permettivity. We normalize these equations without loss of
generality by setting n;, = 1, ¢¢ = 1, m = 1, ¢ = —1. We assume that the phase
space domain is periodic in space, and that the distribution function is zero at the
velocity boundary or is a rapidly decreasing function that tends asymptotically to zero
as e~ IVI’/2 for |v| = +o00. To complete the mathematical formulation of the Vlasov-
Poisson model we specify the initial distribution function fy(x,v), and we compute
the initial electric field E(x,0) by solving equation (L2]) at time ¢ = 0.

For exposition’s sake we present the formulation and the convergence analysis
of the spectral methods in one-dimension in space and velocity, i.e., the 1D-1V set-
ting. It should be clear at the end of our exposition that the type of discretizations
adopted here can be extended to multidimensional problems with minor modifica-
tions. We are basically thinking of situations where the variable x is periodic in all
directions, and the variable v is defined on a parallelepiped. It is a matter of redefin-
ing appropriately the way to treat boundary conditions and use splitting properties
of orthogonal projections, but the 1D-1V derivation carries over 3D-3V lenghtly but
quite straightforwardly.

In section [2] we introduce the spectral discretizations using Fourier expansion
for the spatial term and either Hermite functions or Legendre polynomials for the
velocity term. Boundary conditions are handled through a suitable penalty approach
in the velocity space. This technique is also applied in the Hermite context. Indeed,
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in alternative to the standard decay properties of Hermite functions, zero conditions
for v may be enforced in weak form at the boundaries of a bounded subset €2, of the
whole space. The integration of the Hermite spectral method on a finite sized velocity
domain is required by the convergence analysis as the constants of the error estimates
contain the size of the phase space domain, which would blow up if the size of the
velocity domain goes to infinity. In section [3] we reformulate the Vlasov equation
and its truncated approximation as a convection equation in a two-dimensional phase
space and we prove that both formulations are L? stable, thanks also to the role
played by the special treatment of boundary conditions. In section ] we analyze
the approximation of the electric field and show that its error is controlled by the
approximation error of the distribution function. In section [0l we finally provide a
convergence analysis in the L? norm.
Further discussion and conclusions are given in section

2. Spectral discretization of the 1D-1V Vlasov-Poisson system.

2.1. The 1D-1V Vlasov-Poisson system. We consider the 1D-1V phase space
domain = Q, x ,, where the spatial subdomain is 2, = [0, 27[ and the velocity
subdomain is either €, =]vmin, Umax| or Q, = R. Equations (LI)-(L2) become

of aof of .

E'FU%—E%—O m Q,tE[O,T[, (21)
oK =p where p=1-— fdv inQ,, tel0,T] (2.2)
8:17 Qa

Equations 2I)-(22]) are defined in the time range ¢t € [0,7] for some finite time
T € R. We assume that the phase space domain is periodic, which implies, in par-
ticular, that f(0,v,t) = f(2m, v,t) and E(0,t) = E(2m,t) for any t > 0. When
0y =]Umin, Umax|, we assume that f(z,vmin,t) = f(Z, Umax,t) = 0 for every z € Q,
and t € [0,T[, while when Q, = R we assume that f is a rapidly decreasing function
in the sense that f(x,v,t) — 0 asymptotically like e="/2 for v — do0. To complete
the mathematical formulation of the Vlasov-Poisson model we specify the initial dis-
tribution function fo(z,v), and we compute the initial electric field E(z,0) by solving
equation ([22)) at time t = 0.

2.2. Notation and technicalities. Let us introduce the following notation:

A =As x Ap = 7T x 7Z is the infinite index range of velocity and spatial modes.
Here, “S” is a generic label that may refer to either “H” (Hermite) or “L”
(Legendre), while “F” stands for Fourier (periodic type). Throughout the
paper, we will specialize when necessary the subindex “S” to refer specifically
to the Hermite or the Legendre velocity representation. Indeed, Ay or Ap
will be respectively the infinite index range of the spectral decompositions
using Hermite functions or Legendre polynomials;

e N = (Ng,Np) € Nt x NT is the number of modes taken into account in the

approximation of velocity and space, respectively;

o AN =AY x A¥ =1[0,Ng — 1] x [-Np, Np| is the finite index range for the velocity
and spatial modes of the truncated distribution function. As a consequence,
the notation (n, k) € AN means 0 <n < Ng—1 and —Np < k < Np.

[Qu] = 27, || = Umax — Umin and || = |||, | denote the measures of the sets
Q., Q, and §, respectively.



We denote the infinite set of basis functions that are going to be used for the
velocity representation by {¢,(v)}neas. These can be either Hermite functions [13]
or Legendre polynomials [20]. Both of them satisfy the orthogonality property:

/g ©n (V) (V)dv = 0y - (2.3)
Hermite functions are obtained as the product of Hermite polynomials by the exponen-
tial e=v"/2. A suitable normalization factor is then introduced in order to have (Z3).
This system is generally referred to as Symmetrically Weighted Hermite, to distinguish
it from the Asymmetrically Weighted Hermite system. In the latter, two distinct sets
of basis functions are considered in a duality relationships through (23) and the ex-
ponential e v’ is, asymmetrically, a multiplier of Hermite polynomials in only one
of these sets. We shall work with the symmetric system only, although some of the

results of this paper could be adapted to cover the asymmetric case.

The situation regarding Legendre polynomials is more classical. They are usu-
ally defined in the interval [—1,1]. Via a suitable affine transformation we map them
onto the interval [Umin, Umax], Where they are successively normalized in order to re-

cover (2.3]).

For the spatial representation we use the Fourier basis functions that are defined
and satisfy an orthogonal property as follows:

2m
ezkz7 / ’I]k(I)n,k/ (x)dx == 5k,k/- (24)
0

When not strictly necessary, throughout the paper we ease the notation by dropping
out the arguments v and z from ¢, (v) and 7 (x).

Using the orthogonal system introduced in ([Z3]) and (24), we define the finite
dimensional spaces SV = span({cpn(v)}neAg); FN = span({nk(:v)}keAzby); N =
span({nk(ac)cpn(v)}keAg)neAg). Whenever needed, we specify the symbol S to £V

(Legendre) or HY (Hermite). Afterwords, we introduce the orthogonal projection
operator PL : L%(2,) — SV such that:

Vo€ 130,) ¢ [ (6= PEu)endo =0, Wne A, (2.5)

and the orthogonal projection operator PY : L?(Q,) — F» such that
Vo € L3(Q,) : /(¢ — PNo)Yndr =0, VEk € AY. (2.6)
Q

Their extension to functions on L?(2) = L?(Q, x ,) is obvious (it is just the matter
of freezing one of the two variables), so that we can combine them in order to obtain
the orthogonal projection PV : L2(Q) — XV which comes from the composition of
operators PV := Pl o PN =PNo PL.

2.3. Spectral approximation. For any ¢ € [0, T, the Galerkin formulation for
the Vlasov-Poisson system becomes:

of 0 of B
/Q(pnnk <E + L E%) dvdz =0 Y(n, k) €A, (2.7)
8_E77k dr = / Py dx Vk € Ap, (2.8)
Qo 8(17 Qu
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with the initial condition f(-,-,0) = fo. The function p(z,t) in ([2J)) is the right-hand
side of (2:2)) and represents the total charge density of ions and electrons. The spectral
approximation of Z7)-(Z.8) reads as: Find f~¥ € XN, EYN € FN such that

oy ofN NON N N
., - B dvdz = | opmeRY dvd k) e AN, (2,
/an 77k< 5 +v 5 5 vdx /an R dvdx V(n,k) € (2.9)

OEN N N
e dr = P dx Vk € Ay, (2.10)
o, Oz Qp

with the initial condition fV(-,-,0) = PNf,. Here, RV is a kind of penalty term used
to impose weakly boundary conditions in the discrete space. The well-posedness of
problem (ZA)-(@I0), i.e., existence and uniqueness of the numerical solutions f €
XN and EN € FN can be proved in ]0,T] (for any finite final time 7) as discussed
at the end of appendix C. The term p (z,t) in equation ([Z.I0) is given by:

oMz, t) =1 —/ N (x,v,t)dv, (2.11)
Q,

and is an approximation of p(x,t) in ([Z2). Note that p” does not coincide with the
projection PRp. In the right-hand side of ([ZJ), the term R allows us to set the
boundary conditions at vy, and vnax in weak form. This approach is similar to the
penalty strategy proposed in @] Term RY is designed by suitably modifying the
boundary term that naturally originates from the integration by parts of the velocity
derivative on the finite domain Q, =]Umin, Umax[. As it will be clear in Section [ the
special design of RN ensures the stability of the Legendre-Fourier method. It also
guarantees that the Hermite-Fourier method, which is stable on the infinite domain,
remains stable when the integration of (23 is restricted to the finite domain €2, =
|Vmin, Umax| (see also Remark [B.1). Term RY is given by the formula:

RY(@,0,0) = =3 PYEY @) | @ tmans ) 3 onltmac)on(0)

neAl

_fN(xavminat) Z @n(Umin)ﬁpn(U) . (212)

neAg

This way of handling the boundary conditions is valid for both the Legendre and
Hermite spectral approximations and makes it possible to develop a full stability and
convergence analysis. In the specific case of the Legendre approximation the boundary
conditions can be accounted for in several other ways. For instance, one can impose
these constraints in strong form. Like in the so-called tau method ﬂa] this can be
done by projecting the equation to be approximated in a subspace of lower dimension
(Ns—2 in place of Ng) and close the system with two additional equations relative
to the enforcement of the boundary conditions. An alternative is to encapsulate the
boundary constraints directly in the basis functions, but in this fashion one cannot
rely on orthogonality properties. Both of these approaches are valid. Nevertheless,
their theoretical analysis looks harder, while we do not expect the general performance
to improve in comparison to the approach that we are considering in this paper.

For the Hermite discretization, on the other hand, we could choose RY = 0 since
the method is defined on €2, = R and resorts to the rapid decay of the Hermite func-
tions to fulfill the zero boundary conditions at infinity. Nevertheless, the convergence
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theory for the Hermite method is developed as for the Legendre approximation in
Section [3] by assuming that the velocity domain is finite and weakly imposing that f
is zero at the velocity boundary through [212]).

Throughout the paper we will also refer to equations (Z9) and (ZI0) as the
truncated Vlasov-Poisson system in the equivalent form: Find fN ¢ XN, EN ¢ FN

such that
ofN ofN ofN
pN N N
< at oz E v B (2.13)
OEN
pN N\ _
F( Ox ) ’ (2.14)

where we recall that PV and PI{Y are the projection operators introduced at the end
of subsection Actually, in the first equation the action of P can be restricted
to the second and third terms since PN(0fY /0t) = 8 fN /ot. Also, Py in the second
equation can be removed since in the Fourier approximation the differential operator
0/0x commutes with the projector. As this is not true in other approximation systems
and in view of possible generalizations we prefer to keep it. The formulation (ZI3)-
[214) is equivalent to a system of ordinary differential equations whose coefficients
are provided in Appendix C.

LEMMA 2.1. Let RN be given by @IZ). Let fN and EN be the solution of
problem [ZI3)-@ZId). Let gV be a function of XN. Then, it holds that:

/ g™ (z,v) RN (z,v,t) dvdx = ! / EN(x,t) {fN(x,vmax, g™ (2, Vmax)
Q 2 Qo
— 1™ (@, Vinin, D™ (@, vin) | (2.15)

Proof. Since gV € X, for any = € €, we can write:
gV (z,v) = (PYg™)(x,v) = Z (gpn(v)/ gN(a:,v/)<pn(v’)dv’) . (2.16)
neAl &
Thus, from (ZI6) we can derive the following relation:

/Q gN(a:, v)EN(x,t)fN(:zr, Umax, 1) Z ©n (Vmax ) n (v)dvdz

neAl

:/ EN (2,0 fN (2, vmax, ) Z (Sﬁn(vmax) /Qv QN(w,v)sﬁn(v)dv) .

e neAY
= / EN (2, 6) N (2, Umass )" (2, Vmax) . (2.17)
Qg

A similar formula for the integral of E™(x,t)f™ (2, Vmin,t)g" (T, Umin) is obtained
with the same argument. The assertion of the lemma follows by combining these two
relations and the definition of R provided in (ZI2)). O

In particular, if we take g™ = fN(-,-,t) for a given ¢ > 0 we find that:
/fN(x,v,t)RN(:E, v,t) dvde = —1 [ EN (2, 1)[f (2, Vmax, t)*— f (€, Umin, t)]dz. (2.18)
Q x
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REMARK 2.1. Finally, it is worth mentioning that an alternative approach (not
considered in this work) would be possible byﬁlowing the dual Petrov-Galerkin for-
l23)

mulation for odd-order problems proposed in

3. Stability. We reformulate the Vlasov equation ([21I) as follows:

%—FF-V]”:O where F = (_”E>, (3.1)
and the truncated Vlasov equation (ZI3)) as follows:
afr N(pN NY _ pN N_|[ Y
W—i_?) (FY.VfY) =R where F" = v ) (3.2)

where V = (0/9z,0/0v). The advective fields F and FY are both divergence-free,
ie., divF = divF™ = 0, since v is an independent variable while £ and EV do not
depend on v. This property implies that

FF-Vf=div <Ff;) - (cqu)%2 = div (Ff;> . (3.3)

We now integrate both sides of (33)) on Q = Q,, %, and we apply the Divergence The-
orem. Furthermore, we recall that f(-, vmax, ) = f(*; Vmin, ) = 0 if Q, = [Umin, Vmax)
or that f(-,v,) = 0 for v — +oo if ©, = R. We use these boundary conditions and
the periodicity along the direction = to obtain:

f? f?
/ fF-Vfdxdv = / div (F—) dxdv = / nyo - F—dS
Q Q 2 2Q 2

f? f?
= / nygo - F—dv +/ nyo - F—dr =0, (3.4)
Oy Xy 2 Q. XNy, 2

where ngq is the outward unit vector field normal to 9. Using B.1]) and B4) it is
easy to arrive at a stability result in the L?(£2) norm for the continuous Vlasov-Poisson
system. As a matter of fact, we have:

d s [ Of _

We formally state this result as follows.

THEOREM 3.1. Let f be the exact solution of BI) on the domain Q. Then, it
holds that:

d 2
S Oy = O, (3.6)
or, equivalently, that | f(-.-)|1x(@) = [folzz(q) for every t € [0, 7]

A similar result also holds regarding the truncated problem. In this case a crucial
role is played by term RY.

LEMMA 3.2. Let gV be a function in XV, FN the advective field defined in (3.2),
I the solution of problem [2I3)-@I4) with RN given by [Z12)). Then, it holds that:

/gNFN~Vdevd3:+/fNFN-VgNdvd3::2/gNRNd:17dv. (3.7)
Q Q Q
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Proof. Since F is a zero-divergence field, using Lemma [Z.I] and repeating the
same calculations as above yields:

/gNFN-VdevdI+/fNFN~VgNdvdx:/ diV(FNngN)dvd:r
Q Q Q

/ naQ-FNngNdv—i—/ noqo - FY N gNdx
00, X, Q. x99,

= - / EN((E,t) (fN(xavmaxut)gN(xuvmax) - fN(xavminut)gN(xavmin)>dx
Qp

= 2/ gV RN dxdv,
Q

where we have used (2I5). This concludes the proof. O
In particular, by taking ¢~ = fV(-,-,t) in @) we have that:

/ NFEN VN dude = / N RN dxdv. (3.8)
Q Q

By putting together (B:2) and ([B.8]) we easily arrive at:

d | eN 2 NN N (BN(N N N
Q Q

==2[ fN(EFY -V - RN)dadv =0, (3.9)
Q

which implies the L?(£2) stability of the discrete solution. We formally state this result
as follows.

THEOREM 3.3. Let fV be the exact solution of the truncated Vlasov-Poisson
system (ZI3)-ZI4) on the domain Q. Then, it holds that:

d

or, equivalently, that | f™ (-, t)|r2) = P folr2() for every t € [0,T].

REMARK 3.1 (Stability of Hermite-Fourier method). The term R™ can also be
used in the framework of Hermite-Fourier approzimations. Actually, it is strongly
suggested since it provides excellent stabilization properties. In the standard approach
it is usually assumed that RN = 0 and the homogeneous boundary conditions in the
infinite domain Q, = R are imposed by taking advantage of the natural decay of the
Hermite functions. Nonetheless, once the Hermite-Fourier method has been set up
according to (213)-2I4), we can restrict the domain to Q, =]Vmin, Umax| as in the
Legendre-Fourier method and introduce the stabilizing term RN as a penalty, with the
aim of enforcing zero conditions at Umin and Umax (in a weak sense, at least). Of
course, this procedure is going to be effective if the size of Q, is large enough. Further
comments are reported in the concluding section.



4. Approximation of the electric field. The main result of this section is
that the error on the approximation of the electric field is controlled by that on the
distribution function.

THEOREM 4.1. Let f, E be the exact solution of the Viasov-Poisson prob-
lem @D)-CJ) and f~, EN be the approzimations solving Vlasov-Poisson prob-

lem (ZI3)-@ZI4). It holds that:
1
IEC 1) = BN, 02 (0,) < ClQ|2 1 = fNr2(0)- (4.1)

The proof of this theorem is postponed after a few technical developments that we
are going to present right away. In the case of the Hermite-Fourier discretization, the
estimate holds by taking a finite velocity domain Q, =]vmin, Umax| according to the
observation in Remark Bl The path that we shall follow here allows us to generalize
the analysis to the multi-dimensional case as we mentioned in the introduction. In-
deed, in the 1D-1V case a sharper estimate of error E(-,t) — EV(-,¢) can be obtained
by taking the difference between (Z2) and (ZI4) and noting that PX commutes with
the differential operator:

|1E(-t) — EN('vt)”Hl(Qx) <C Hf - fN”L?(Q) ’

where C' is proportional to |QU|% and indipendent of N. Such a simpler approach
is not allowed if we consider the divergence operator acting on the electric field as

in (T2).
The Fourier decomposition of F(z,t) on the spatial domain 2, reads as:

Bat)= 3 Eu(tmla). (42)

keAr
Using (£2) in ([2]) we reformulate the k-th Fourier mode of the electric field as
follows:

Ey(t) =0, Ex(t) = — /Q \ flzyv,t)n_p(z)dxdv  for k # 0. (4.3)

A similar definition holds for E}Y (just substitute f with f~ above). The condition
that Eo(t) = Eg' (t) = 0 is equivalent to [, E(z,t)dz = [, EN(x,t)dr =0 and has
a physical motivation. Indeed, it plays the role of a normalizing condition for the
electric field that indicates that the plasma is neutral at the macroscopic level @]
The electric field and its approximation can be expressed in integral form by:

E(x,t) = ., F@' W K (z, 2 )dv' da’ (4.4)

EN(x,t) :/fN(a:',v',t)KN(x,x/)dv'd:r', (4.5)
Q
where K (x, ') is the Poisson kernel, with the following expression:

K(z,2')=-K(2',2) =1 Z %nk(:ﬂ)n_k(m'). (4.6)
keAr\{0}



In the same way, KV (x,2') is the truncated version given by the formula:
1
EN(w,2') = KM@, 2) =i ) Enk(x)n,k(x’). (4.7)
keAF\{0}
Indeed, one has
7

E@t) =3 ByOm@) = > (E /Q y f(x’m/,t)n_k(x’)du’dx’)nk(x)

kEAFR keAr\{0}

/wamf(xl’vlvt)(i Z %nk(xl)nk(x))dv’dx’

keAr\{0}
= /Q . f@' v K (x, 2" )dv' dz’. (4.8)
x X8y

A similar relation holds for EV (just substitute Ey with EY and f with f).

In more dimensions we may introduce the electrostatic potential u and write
E = Vxu, so that Au = p. By expressing u as a function of p through the Green’s
function of the Dirichlet problem (typical references are for instance HE, @]), the
appropriate expression for the kernel follows from taking the gradient of w.

Moreover, both kernels K (z,2') and K (x,2') are real-valued functions. Indeed,
since the complex conjugate of the Fourier basis function is n(z), = n-x(z), by
swapping the summation index from k to —k, we note that the complex conjugate of

K(x,2') is given by

K== Y pra@me)=—i 3 Zman ) = Koo),

keAr\{0} keAr\{0}

and the same holds for KN (z, #'). These properties imply that |K (z,2')|* = (K (z, :v'))2

and |KN (z,2/) |2 = (KN (z, x’))Z. We are now ready to prove the following estimates.

LEMMA 4.2.
2
7T
"K”%%szxxszx) =30 (4.9)
1
K = K720, x0.) < 2N—F' (4.10)

Proof. Since K is a real-valued function, by swapping index [ to —I, the first
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inequality of the lemma is proven through the following development:

2
||K||%2(Qz><ﬂz) :/ (K(a:,g;’)) dxdx’
Q. xQ

- / Z %nk (@)n—k (2" )m (z)n—i (2" )dxdz’

G X p1enr\{0}

- Z %—l)/ﬂ 0 e (2)n—k (2" \n_1(z)m (2" )dxdz’

kleAr\{0}
1 /
= Y L @@ [ [ @ md
k€A \{0} ki e, Qe
B F
1
= > = Mk (@)n—i(x)dx | O,
Kl | Ja.
k,eAr\{0} @
1 =1 2 2
S MR- ) - U (4.11)
keAr\{0} k=1

As far as the second inequality is concerned, noting that also K — KV is a real-
valued function and swapping index [ to —[, one has:

|K - KN”i?(szQz) :/ (K(z,2') — KN(x,x’))Qda:dI/

Qo XQy
1 2
pu— N - B / d d/
/QXQ <Z > e ()7 k(x)) wd
2 Y EgAN\{0}
1 / , ,
= / Enk(x)nfk($)m(x)nfl(x)dxdx
mklszN\{O}
1 , / /
- / mnk(m)”—k@ In—i(x)m (2 )dzda
mklgAN\{O}
1
. Z ﬁ AN (4.12)
N
F

The very last inequality comes from estimating the remainder of a convergent series.
d

Additional estimates are reported below.

LEMMA 4.3.
’KN(I,I/)’ <ClnNp Vo, 2’ € Q,, (4.13)
N2 L 1
(s ”L?(szﬂz) = 3(1 +Ng), (4.14)

where C' in the first inequality is independent of Np.
11



Proof. The first part is proven by noting that:

1
S%Z

keAy

1

|KN (2,2)| = E‘ < Cln Np, (4.15)

> o k@)

keAF\{0}

where the final inequality follows from bounding the partial sum of the harmonic
series. The second inequality follows by using @3] and (EI0):

2 2
1B 2 0, oy < VL2 w00y + 1B = K 0, 0,

2 2

?+2N;1 < ?(14—]\[}?1). (4.16)

IN

|

We are now capable of proving theorem [Z.1}

Proof of Theorem [{.1} Consider the approximation E™ of the electric field as sug-
gested in ([@H). The evaluation of the L?(Q,) norm of the error requires a further
integration:

IEC,t) = BV (022,

:/g,

Since f is orthogonal to the difference K (z,-) — K™ (x,-) it holds that

2

(f(a' v K (z,2") — fN(2/ 0 ) KN (2,2))da’ dv'| da. (4.17)
Q

/ Y@ ) (K (2,2)) — KN (z,2"))da’dv" = 0, (4.18)
Q
and we transform the inner integral of ([LI7)) according to the following algebra:
/ (f@' V) K (z,2") — N KN (2, 27))da’ dv'
Q
= / (f(xlu U/ut) (K(JJ,J;/) - KN(LL',{I:/)) + (f(!E/, ’U/vt) - fN(xlavlat))KN(xu ,’E/)) d,’E/d’U/
Q
= / (f(a' 0 t) — fN(2/ 0, 1) (K (2, 2") — KN(2,2"))da’ dv
Qe Xy
+/ (f(a' 0 t) — fN (@0 1) KN (2,2 )da' dv'. (4.19)
Q

Therefore, by using (EI9) in (EI7) and the standard inequality |a + b|* < 2a? + 22,
we obtain:

|EC.t) = BN 6)|22q,)

<2
Qy
+2/
Q

2
dx

/Q (f(a' 0 t) = N0 0) (K (2, 2") — KN(2,2"))da’ dv

2
dx. (4.20)

/ (f(a', 0 t) = fN(2/ 0 1) KN (2,2 )da' dv’
Q

x

12



At this point, we further bound the error with the help of the Cauchy-Schwarz in-
equality:

”E(a t) - EN('vt)Hiz(Qm) <2 Hf - fN”iz(Q) |Qv| /Q HK(Ia ) - KN(‘Tv )Hiz(ﬂx) dx
2 2
27 = gy 10 [ 1KY @),

2 2 2
<2|f- fNHLz(Q) S, (HK - KNHL2(Qm)><L2(Qm) + HKN”L2(Qm)><L2(Qm)) (4.21)

(we recall that for the Hermite-Fourier method we consider the finite domain Q =
JUmins Umax[)- Using the estimates of Lemma 2] we finally get:

1
IEC.8) = EY ()2, < Cll? [f = 120, (4.22)

where C' = 27(1/6/3). O

We end this section with a technical lemma that provides an estimate of the
L?(2) norm of the electric fields E and E”. This result follows immediately from the
estimate of the kernels K and K and the stability of f and f*¥. Such bounds will
be used in the convergence analysis of the next section.

LEMMA 4.4.
1
IEC, D)2 < C" Q0|2 1ol (4.23)
1 _ 1
IEN ()2 < O 10]2 (14 Ng") 2 PV foll r2q), (4.24)

where C' = /37 /3.

Proof. In order to get inequality [@23]) we use (4], the definition of K given in
([&5), and we apply the Cauchy-Schwarz inequality:

2
dx

/ f@' v K (z,2")dv'da’
Q

B O = [
Q

@

<UD 1] / K (2, )220, o

2
< Vol 101 1K gy < Vol 0] ()

Note that |f(-,-,t)|z2(0) = [folr2(q) follows from the stability of f, while the es-

timate of the quantity |K|r2(q,xq,) has been proven in Lemma (£2)). The proof

of inequality ([@24]) follows a similar pattern. In fact, we use ([@I), the defini-

tion of KV given in @), we apply the Cauchy-Schwarz inequality, we note that

AN G )z = [PNfol L2y from the stability of fV and we use the estimate for

13



|KN] 120, x62.,) Proven in Lemma E3):

2

N@ O OKEN (x, 2 )do'da! | dx

Q

BV = |

U )y 1] /Q 1N (@, 2,
<IPNfolZ20y 1] 1KV 1720, x0)

7T2 _
< PNl 1] () (14 N7,

This concludes the proof of the lemma. O

An immediate consequence of the previous lemma is an L?(Q) estimate of the
convective fields F and FV, as stated by the following result.

LEMMA 4.5.

2
™
||F||i2(sz) < V29| + C”?, (4.25)

2
HFNH2L2(Q) = V2|Q|+C”%(1—|—N;1), (4.26)

with C" = |( | "fO“%?(Q)'
Proof. Inequality ([@.25]) follows as a consequence of (23] and by noting that |v|
can be bounded by V := max{|Umin|, |Umax|}. Likewise, we derive inequality (.26l

by using (@24). O

5. Convergence analysis. In this section, we derive a general convergence re-
sult valid for both Hermite-Fourier and Legendre-Fourier approximations.

THEOREM 5.1. Let f be the solution of the Galerkin formulation (Z1)-28) of
the Vlasov-Poisson system on the domain Q = Q, x Q, (where Q, may be either
[Vmin, Vmax[ or R ). Let f belong to the Sobolev space H™F (Q,) x H™s(Q,,) for some
positive numbers mp and ms. Moreover, let fN be the solution of the truncated
Viasov-Poisson system (Z13)-ZI4) on the domain QuX]Umin, Umax[- Then, for any
€ > 0, we have the error estimates:

- for the Legendre-Fourier method with mp, mg > 2 + €:
Gt = ¥ (o Dllze@) < (Np+ NEYCINE ™4+ GNP (5.0)
- for the Hermite-Fourier method with mp, mg > 2 + €:
LGt = NG D)2 < (NF 4+ V/Na)(CLNE ™4 4 CoNG TsT9/2) 1 (5.2)

In both cases, constants Cy and Cy are independent of N (N = (N, Nr) for Legendre-
Fourier and N = (Ny, Ng) for Hermite-Fourier), but may depend on T, vmin and
Umax- According to the projection estimates in Appendix B, C1 and Co are proportional
to the Sobolev norms of f.

14



Proof. In view of the stability of f and fV and using [31) and (32)) we find that:
d N2 d 2 N2 N
E"f =) = P 122 + 1 122) — 2 ; J[f dvdz
N N 8f o
= —2— ff dvdx = —2 f d dx f 5 dvdx
Q

= 2/QfN(F -V f)dvda: + 2/Qf(73N(FN - VIN) = BN )dvda. (5.3)

Noting that RN belongs to X"V and using the result of Lemma with ¢V =
PNf(.,-,t), we can transform the last integral in (53] as follows:

[ 5PN ) - R )dude = [ (P (879 R )avda
Q Q

1

Now, with little algebraic manipulation we can get the identity:
NE-V) + %((PNf)FN VN = PNEY - V(PVY))
1
= ((PYf = 1)BY Vs + PNEN (1 - PY))

+ (N - (F-FN).Vf+ %div((F —FY) 2 EN V) (55)

We substitute (54) in (&3] and use (B3). Since the integral of the divergence
term is zero because of the boundary conditions on f, we reformulate ([.3]) as follows:

d 2
dt Hf - fN”L2(Q) = Eproj(t) + Eappr(t) < | Eproj(t )|+ |5appr( ) (5.6)

where

Eproj(t) = / ((PNf NEY -V (NEY Y (f - PNf))dvd:z;, (5.7)
Q
Eappr(t) = 2/Q (fN = f)(F=F") . Vfdvda. (5.8)

Term Eproj(t) depends on the projection error PVf — f and its gradient; term
Eappr(t) depends on the approzimation errors f~ — f and EN — E. 1In the next
subsections, we will prove that:

[Eproj(t)] < a(t; N), (5.9)
|Eappr ()] < B(2 Hf fN”Lz(Q (5.10)

where a(t; N) — 0 for |[N| — oo and 5(¢) > 0 is independent of N. The specific form
of these functions depends on the choice of the spectral discretization and is detailed

15



in the following subsections for the Legendre-Fourier method and the Hermite-Fourier
method. Substituting (57) and (5.8]) in (&.0) yields

”f J('N“L2 Q) < Oé(t N —|— ﬂ Hf fN||L2(Q (511)

The assertion of the theorem follows by applying the Gronwall inequality and the
estimates established in the next subsections.
a

5.1. Estimates of the projection error. To estimate the first term of the
projection error (1), we first extract the supremum of "PN f—1r ‘ from the integral,
we apply the Cauchy-Schwarz inequality and we note that |FV| £2(q) can be bounded
by a positive constant that is independent of N but depends on [Q,| in view of ([.20]).
We obtain:

/ (PNf — (YFNV N dvda
Q

<O sup [PV f]) IEN s IV ey
(z,v)eQ

< Colf = PNflure) VN 20 (5.12)

where both constants Cy and Cy are strictly positive and independent of N (they may
however depend on fo and [Q,], cf. Lemma EH). Note that H1T¢(Q) with € > 0 is
included in L>°(Q), in order to justify the last inequality.

To estimate the second term of the projection error (51) we argue in a similar
way, obtaining:

fNENY(PNf — f) dvda
Q

< ( sue, VPN = DI IFY et 1 2o

z,0)EQ
Y PNf||H2+€(Q)a (5.13)

where the L?(2)-norm of F¥ is absorbed by constant C3, which is independent of N,
but may still depend on fy and |2,|. Putting together (512) and (BI3)) yields:

[Eproj (1)] < Ca (IV [N 2@ If = PV flaseay + 1f = PNflazee(e)) (5.14)

where C; absorbs the previous constants and does not depend on N. Using standard
inverse inequalities of spectral approximations, see section [A]lin appendix, and recall-
ing that ”fN(a K t)||L2(Q) = "fN(a K O)”L2(Q) = ”PNfO”L2(Q)7 vt e [0’ T[? we obtain:

IV r2) < ENIPNfolr2c, (5.15)
where we introduced the auxiliary coefficient:

N Np + N3 (Legendre-Fourier method), (5.16)
Nr + /Ny (Hermite-Fourier method).

Using (E18) in (BI4) yields
|Eproj(t)| < Cs (§N||f 7DNf"HHe(Q + | f = PN gz @) (5.17)
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where the constant Cs absorbs the L2?(2)-norm of PV, and the previous constants.

The estimation of the bound of £,,; is concluded by applying the estimates for the
projection error onto the functional spaces FV, LV, H™ (see section Blin appendix).
From these estimates we may note that the error in H17¢(2) decays faster than that in
H?%¢(Q), however the last one is multiplied by £V, so that the terms on the right-hand
side of ([L.I7) are well balanced. The two estimates can be merged to obtain:

(CsNpmrte 4 06N2/2_m5+26) (Legendre-Fourier),

[Eproj ()] < €V x (5.18)

(CsNpmrte 4 C'gNg_ms+e)/2) (Hermite-Fourier),

where the positive constants C5 and Cg are independent of N, but depend on the
regularity of f through its higher-order Sobolev norms. To this regard, let us note that
in the Hermite-Fourier case we have Q = [0, 27[X|Vmin, Umax| in (B2). Nevertheless,
the norms of f on the right-hand side are evaluated in 2 = [0, 27[xR.

REMARK 5.1. These estimates are, perhaps, not optimal due to the use of the
inverse inequality in (BI5). We recall that the boundary conditions are imposed in
the discrete space through the penalty term RN and are only satisfied in weak form.
Thus, whenever one tries to modify the integrals with an integration by parts, some
boundary terms are produced that are difficult to estimate in optimal way. This is
indeed the case of Eprej in ) if we try to transform the gradient operator of f&¥
into the divergence of (PNf— f)FN, in order to avoid the inverse inequality in (5.15)).

5.2. Estimate of the approximation error. As far as the approximation
error E,ppr is concerned, we first note that:

F(z,0,6) — FN (2,0, 1) = <_(E(m) 0 EN(:v,t))> . (5.19)

We plug this relation into the definition of the approximation error (B.8]). Afterwords,
we proceed with a few standard inequalities and we apply the result of Theorem [T}

of
el <2 [ |7 = £ |- B ‘6_ duds

<2 sup
(z,0)eN

of
SN = Pl 1B = B luacoy < CoA™ = Sy, 6:20)

where the positive constant C7 is independent of N, but may depend on the regularity
of f and |Q,|. If C7 were dependent on N we would be in trouble as 5(¢) in (BI0)
could grow with N. In fact, after applying the Gronwall inequality to (GII), we

get an estimate containing the term exp( fOT B(t)dt) in the right-hand side. This

expression might become huge, thus providing a meaningless final error estimate if g
were unbounded with respect to V.

5.3. Further remarks on Hermite-Fourier approximations. The Hermite-
Fourier method deserves some further comments. Although Hermite-based approx-
imations are usually stated on €, = R, the estimate of Theorem [E.1] is derived in
L2(Q, xQ,) with Q, = [0, 27[, Q, =]Vmin, Umax|, and assuming that [Q,| = Vmax —VUmin
is finite and hopefully not too big. In fact, the constants of this estimate depend on
the size of Q and blow up for |Q,| tending to infinity. There are some critical issues
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here that we want to point it out. First, Hermite functions are substantially different
from zero on a support that grows as v/Np. Second, even if the exact solution f has
compact support, its approximation by the Hermite functions may require a larger
support as Ny grows. Assuming that the size of €, depends on Ny may lead us to
serious drawbacks for the reasons detailed at the end of the previous section.

Note that Reference @], where a similar analysis was carried out for RN = 0 in
the 2D-2V case, did not address these issues. There, estimates were given on a finite
domain (only depending on time t) without imposing artificial conditions and assum-
ing (with too much optimism, maybe) that the discretized solutions were remaining
with good approximation within the support of the exact solution independently of
Nyr. The above considerations teach us that domain §2,, must be chosen “wisely” de-
pending on the behavior manifested by the exact solution. In particular, 2, should be
large enough so that imposing zero boundary constraints weakly is not too stringent;
at the same time, €2, must not be too large to avoid the negative influence mentioned
above on the error estimates.

6. Conclusions. In this paper we provided a convergence theory for the approx-
imation of the Vlasov-Poisson system by the symmetrically-weighted Hermite-Fourier
spectral method (restricted to a finite sized velocity domain) and the Legendre-Fourier
spectral method.

A modified weak form of the boundary conditions at the extrema of the velocity
domain made it possible to prove the stability of both approximations. It is well-
known that the symmetrically-weighted Hermite-based approximation is stable when
the integration is on the infinite velocity domain. Therefore, what we proved here is
that the stability remains preserved in our formulation also when the Hermite-Fourier
method integrates the Vlasov-Poisson system on a finite velocity domain.

Finally, we note that the error estimates are weak, since they are obtained in
the L?(Q) norm. For first-order nonlinear problems such as the one we are dealing
with, developing a better convergence theory could be hard. Note that the situation
in the Hermite case with RN = 0 (usually employed in many applications) is even
worse, since the subset consisting of rapidly decaying functions is not closed in the
L?(R) metric. Nevertheless, this paper provides a solid theoretical foundation to
spectral methods applied to Vlasov-Poisson systems. In addition, the penalty term
RN offers a promising strategy of handling joining conditions in multi-domain spectral
approximations, which will be the topic of further research.
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Appendix A. Inverse inequalities.

In this appendix and the next one, we list a series of well-known results, limiting
the exposition to the simplest case where the indices m and r are integer numbers.
More general results that cover the case where m and r are non integer numbers are
available from the literature. These results could be used to obtain sharper estimates
but would also increase the technicality of the exposition.

Let Q, = [0,27], Q» =|Vmin, Vmax|- Let £V := SY in the Legendre case and
HY := SV in the Hermite case. Moreover, let us denote by H™((2,) the standard
Sobolev space of L2-integrable functions whose derivatives are also L2-integrable up
to order m. Similarly, we have that H]'(Q,) = H}"(0,27) is the corresponding
Sobolev space in the case of periodic functions. As usual: HY(€,) = L?(€,) and
H)(0,2m) = L*(0,27). We also consider the space L7, (R) of functions that are square

integrable with respect to the positive weight function w(v) = e’ Of course, the
corresponding norm is:

, 1/2
0l2 0 = ( [ e dv) | (A1)

Sobolev type functional spaces for a non integer m > 0 are obtained through standard
interpolation techniques. Then, in the finite dimensional spaces, one has the following
inverse inequalities.

e Periodic Fourier: for all numbers m and r such that 0 < r < m it holds that
161y .y < ONp " 6lup @,y Vo€ FNF, (A2)

where C is independent of Np; see ﬂa, Section 5.8.1]
e Legendre polynomials: for all » > 1 it holds that

0"
ov”

< ON{ P2, Vo e LN, (A.3)
£2(0,)

where the constant C' is independent of Np but depends on |Q,[; see ﬂa,
Section 9.4.1]
e Hermite polynomials:

< CVNuldlrz w®) (A.4)

L3, (R)

9¢
ov

for all polynomials of degree at most Ng, where the constant C' is independent
of Ng. A similar result holds in the case of Hermite functions (¢ € HN#).

In this case the weight function is w(v) = ¢¥". One can pass from a case to
the other by virtue of [12, Lemma 6.7.4].

Appendix B. Orthogonal projections.
e Periodic Fourier: consider the operator PI{YF, which projects L?(0,27) onto
span{ni} ey . We have the following estimate for the projection error:

oy

ox™

, (B.1)

I — Pi?vonH;(o,zw) <CNp ™ H
£2(0,27)

which holds for every 0 < r < m. More details are found in ﬂa, Section 5.1.2].
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e Legendre polynomials: consider the operator Piv L which projects L?(£2,)
onto the space of polynomials of degree at most N;. We have the following
estimate:

[ — PreY] L2y < CNE™ [ mm (), (B.2)

where m > 0 and the constant C' is independent of Ny, but depends on |€,].
An extension, where at the left-hand side we find higher Sobolev norms is
available:

[ = PNl r sy < ON7T 27 ] (20 (B.3)

where m > r > 1. More details are found in ﬂa, Section 5.4.2].
e Hermite polynomials: we have the following estimate for the projection error
in the space of polynomials of degree at most Np:

oy

[ = P vloy m) < ONg™2 | 5=

: (B4)
L3(R)
which holds for any ¢ € H'(R), m > 0; see [12, Theorem 6.2.6]. This can

be also generalized when higher-order norms are present on the left-hand side
(sce [24], Theorem 7.13, p.270):

"y

[ = PRl < OV |52

: (B.5)
L% (R)

Similar re2su1ts hold in the case of Hermite functions where the weight is
w(v) =e”".
We are ready to provide an estimate to the projection operator for functions of
both variables x and v. We begin by observing that for f € L?(Q) one has:

(I =PN)f = ~Pp")f+Pp*(I-PF)f, (B.6)
By virtue of this equality we get:
1f = PNflez) <1 = PR™ flezi) + ||P§VF||L(L2(Q)7L2(Q)) 1f =P flrzo)
<1f = PR* flezoy +1f = PE* flrxo) (B.7)

since the norm of the projector Pf;vF in 2 (L*(2), L*(2)) is less than one.

The bound of the last term can be specialized according to the method adopted.
This gives the final estimates:

CiNZ.™" 4+ CoN; ™ mp,mg >0 (Leg.-Fou.),
1 =Pl <§ - F ’ (B:3)

CiNp™" + CZN}_IWS/2 mp,mg >0 (Her.-Fou.).

In the Hermite case one has 0, = IR. As before, the constants C; and Cs do not
depend on the discretization parameters. They depend however on Sobolev type
norms type norms of the given function f € H™F (Q,) x H™3(§,). When the Sobolev
space on the left-hand side is H" (), with » > 1, we have:

N CiN ™" 4+ CgNiTﬁl/Q*mL mp,myp > 1 (Leg.-Fou.),
If =P flar@) < B (r—mu)/2
CiN ™" 4+ CoNy mp,my >1r (Her.-Fou.).
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A way to prove the above result is to differentiate the equality in (B.G) and note
that the Fourier projector commutes with derivatives. Successively, one makes use
of (B3) and (BA). Regarding these techniques, we refer to the original paper [] for
more insight.

Appendix C. Implementation.

C.1. Spectral decomposition of the Vlasov equation. The spectral decom-
position of f(x,v,t) on the space-velocity domain (z,v) € Q, xQ, and ¢ € [0,T] reads
as:

flaot)= Y Cus(t)pn(v)m(z). (C.1)

(n,k)eA

By substituting (C)) in ([2.7) we obtain the following infinite non-linear system of
ordinary differential equations for the coefficients C), (1):

dCy, 1,
—t + Z A(n,k),(n’,k/)cn’,k’

d
(n’,k")EA

+ Z B(n,k),(n’,k’),(n”,k”)cn/,k’Cn”,k“ = O V(n, k) 6 A, (02)
(n’,k’),(n”,k”)e[\

with the initial conditions C,, x(0) = C?,, V(n,k) € A, which are obtained from the
spectral expansion of the initial solution fo(z,v). This writing is not used in the
theoretical analysis; it is important however for the implementation of the algorithm,
since the coefficients A, 1) (n/ 1y and By k), (n’,k'),(n”,k77) are the same as those of the
numerical approximation. We are now going to show how to compute them. The
linear term in (C2)) is such that:

0
D Al Cn e = / Pl va—f dvdz (C.3)
(n',k")EA Q .
with
0
Ay, k) = [ ©nt Ua_x (gon/nk/) dvdz. (CA4)
Q

Note that A, i) (k) does not depend on ¢ because such a dependence is clearly
expressed through the coefficient C), x/(t). The coefficient in (C4) can be recov-
ered using the orthogonality properties of Hermite or Legendre polynomials, and in
particular by the respective three-term recursion formulas B, , &]

In a similar manner, the non-linear term in (C.2) is such that:

of
Z B(n,k),(n’,k’),(n“,k”)On’,k’On”,k” = —/ (pn’[]k E% d’de (05)
(n',k"),(n"" k")EA a2

This time, to derive the expression of the coefficients B, r), (n’ x'),(n7 k) We first need
to write the electric field F in terms of the coefficients C), ;. in (C.H)). For this purpose,
we consider the decomposition:

B(x,t)= Y Enu(z) Coklt), (C.6)
(n,k)eA
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basically corresponding to the Fourier expansion of E and that will be discussed in
the next subsection (in particular, E, j is given by formula (CI1])). Combining (C1))

and ([C6), from (CH) we find that:

~ 7]
B(n,k),(n’,k’),(n”,k”) = — /Q spn’l’]k En/7k/%(90n//’l’]k//)d’l)d$, (C?)

As already noted for A, i) (n.x), also the coefficient B, 1) (n/ k), (n k) does not
depend on time.

C.2. Spectral decomposition of the Poisson equation. Consider the Fourier
decomposition of E(x,t) on the spatial domain €, given by [@2). By substitut-

ing (CJ)) and @2) in [2J) we obtain:
> (ik)Exne = V2o — > On,knk/ Pndv. (C.8)

keAr (n,k)eA 2o

We multiply (C8)) by n_x, integrate on €2, and use the orthogonality property (2.4))
to obtain (changing the summation index back to k):

Ee(t) = Y ymiCui(t) Vk € Ap, (C.9)

nelg
where for all n € Ag we take:
1

Yoo =0 and Tk = E/ on(v)dv k € Ap\{0}. (C.10)
Q,

From the orthogonality properties of the Symmetrically Weighted Hermite functions
it holds that 7, = 0 for every k and odd n. Instead, for Legendre polynomials it
holds that v, = 0 for every n > 0. From 7, ¢ = 0 for all n it follows that Ey(t) = 0,
which is equivalent to [, FE(z,t)dz = 0.

Using the definition of Ej, in (C9)), by comparing (£2]) and (C.6) we immediately
find that:

Enk(x) = Y,k () = %</§ gon(v)dv> ne(z) ke Ap\{0}. (C.11)

C.3. Global discretization. Consider the approximated distribution function:

v t)= Y ClOeaw)m(@), (C.12)

(n,k)eAN

which approximates the function f(z,v,t) in XV, as well as the approzimated electric
field:

EN(2,t) = Z Yk C () (), (C.13)
(n,k)EAN

which approximates E(z,t) in FV. Clearly, fI¥ does not coincide with projection PV f
and EV with projection PYE. The coefficients Cfx . are determined by imposing that
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N and EV are the solution of the truncated Vlasov-Poisson system given by ([ZI13)-
@I4). From ZI3)-@I4), a straightforward calculation yields that the coefficients
Cfx 1 (t) are the solution of a system of ordinary differential equations, namely:

dCN,
n, N
T + Z A(n,k),(n/,k')cn’,k’ + Z (B(n,k),(n',k/),(n”,k”)
(n',k')EAN (n/ k'), (0 k") EAN
- E(nvk)y(n’,k’%(n”,k”))Cg,k’cﬁ’,k” =0 VY(nk)eA¥, (C.14)

and at ¢t = 0 we set O, (0) = C7 ., V(n, k) € AV using the same initial conditions

of problem (C2). The coefficients A and B are the same as in (CA4) and (CI)),
respectively. Instead, the coefficients denoted by B are obtained from integration of
term RY and using the result of Lemma 2] to derive their explicit formula. In fact,
with the special choice gV (z,t) = n(2)@, (v) in ZI5) we find that:

/an(x)gon(v)RN(x, v, t)dvdr = —% EN(x, t)n(x) [fN(:E, Umax; t)©n (Vmax)

Qo
- fN (:Eu Umin t)@n(vmin)} dx.

Using the expansions of fV (2, Vmax,t) and f~ (2, Vmin, t), cf. (C)), and the expression
of the electric field shown in (C.6)), one gets:

/an(x)gan(v)RN(x,v,t)dvd:E = Z Cr]L\i,k’ (t)Cr]L\Z/,k” (t) [@n(vmaX)<ﬂn’ (Vmax)
(n/7k/))(n//7k://)

— Pn (’Umin)(pn’ (’Umin)} /Q E(n”,k”) (510)7% (55)771:’ (,’E)d!E

_ N N 53
= Y CN wCN i Blgoy ) ()
(n' k), (" k")

from which one finally recovers:
E(n,k),(n/,k/),(n”,k”) = [‘pn(vmax)(pn’ (Umax) - @n(vmin)(pn’ (Umin)} /Q E(n”,k“)nknk’dx-

Since coefficients A(n,k),(n/,k’)a B(n,k),(n/,k’),(n”,k”)a and B(n,k),(n’,k/),(n”,k”) do not
depend on t, the well-posedness of the present system of ordinary differential equations
follows from classical results. Indeed, the forcing term is the sum of a linear and a
quadratic part. Such a term is locally Lipschitz, so that existence and uniqueness in a
suitable interval [0,¢x[C [0,T[ may be recovered through a contraction theorem. By
the way, this result can be extended to the whole interval [0, T[ (and, possibly, to the
entire semi-axis [0, +00[). It is enough to recall equality B.0)), from which we deduce
that the quantity Z(n,k)GAN |C’fl\fk|2 is bounded by a constant x” that is independent
of t. This prevents the blow up of the solution in a finite time. More in detail, we put
equation (C.I4)) in vector form:

doN
AL W CY Bl (Y. CY) =0 Yk eAY  (C15)
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where Af\fl k) Tepresents the linear part, Bg\fl k) the quadratic one (including the penalty

term By, k), (n’ k'), (n k7)), and vector oV = {C,r]xk}(n7k)eAN collects all the spectral
modes. We also define the closed subspace Y of XN consisting of all functions
bounded in L?(Q) by a given constant £, independent of ¢. For two vectors C} and
Qév, it holds that, for any (n,k) € AN, Bgz,k) is Lipschitz in YV x YN by virtue of
the following inequalities:

B 1 (CF,C) = B, 1, (C5', C3)|
< B gy (CY = CF,C)| + 1B (€5, 1 — C3)| < AV Cy = CYlw,

where ||- ||y denotes the classical norm in finite dimension and AN > 0 is the Lipschitz
constant. To obtain the above estimate, we used the Schwarz inequality and the
boundedness in YV, i.e., |CV||x < kN for i = 1,2. By observing that the coefficients
of Bg\fl ) do not depend on time we obtain that the Lipschitz constant AV also does

not depend on time. We can actually fix A" in such a way that it does not depend
on the indices (n, k). These last remarks allow for the prolongation of the discrete
solution to the additional interval [tx, 2t 5|, which is of the same size of the initial one.
Such a procedure can be repeated as many times is necessary to cover the interval
[0,T[ (and beyond).

The solution of the system of ordinary differential equations is infinitely times dif-
ferentiable in space and time. However the existence proof provided above is naturally
posed in the space C°(0,T; L?(£2)), which is where we prove the error estimates.
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