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Abstract

A numerical dynamical low-rank approximation (DLRA) scheme for the solution of
the Vlasov—Poisson equation is presented. Based on the formulation of the DLRA
equations as Friedrichs’ systems in a continuous setting, it combines recently pro-
posed conservative DLRA methods with a discontinuous Galerkin discretization. The
resulting scheme is shown to ensure mass and momentum conservation at the dis-
crete level. In addition, a new formulation of the conservative integrator is proposed
based on its interpretation as a tangent space projector splitting scheme. Numerical
experiments validate our approach in one- and two-dimensional simulations of Lan-
dau damping. As a demonstration of feasibility, it is also shown that the rank-adaptive
unconventional integrator can be combined with mesh adaptivity.

Keywords Dynamical low-rank approximation - Discontinuous Galerkin method -
Friedrichs’ system - Mass and momentum conservation

Mathematics Subject Classification 15A69 - 65M60 - 82D10

1 Introduction

The Vlasov—Poisson equation is one of the most important equations in plasma kinet-
ics. It models the time evolution of an electron density function f = f(¢,x,v) of a
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collisionless plasma in d < 3 spatial dimensions. It reads
Wf+v-Vif —E@t,x)-Vof =0 inQ=Q% x QW e, 7), (1)

where E is the electric field dependent on the density f via the Poisson equation:

E({t,x) = -V, ®P(t,x), —ADd=1-— f(t,x,v)dv. 2)
Q@

The initial condition is

fO,x,v) = folx,v).

In this work we consider only spatial periodic domains Q&) ¢ R¢ and Q™ =
R?. Otherwise the equation has to be accompanied by additional inflow boundary
conditions, but this case is not considered here.

For d = 2, 3 the numerical solution of the Vlasov—Poisson equation is challenging,
since a dynamical problem in 2d dimensions needs to be discretized. To tackle the
problem, methods such as particle methods [24], adaptive multiscale methods [7], and
sparse grids [17] have been used.

Recently, dynamical low-rank approximation (DLRA) [20] has been proposed in
the seminal paper [12] for reducing the dimensionality based on a separation of the
space and velocity variables. In DLRA the density f is represented as

Frx,0) =" X1, ) (1)1, v) 3)

i=1 j=1

and its time evolution is applied to the spatial and velocity components separately. The
general idea of low-rank approximation has been demonstrated to be highly effective
for the Vlasov—Poisson equation in several works [2, 15, 16, 18]. A comprehensive
literature survey can be found in [10].

As for DLRA methods, a recent research focus has been on the development of
conservative methods, which is somewhat non-trivial to achieve. The ideas developed
in [9] allowed for significant progress in this direction. By combining them with
the rank-adaptive unconventional integrator from [5], also called basis update and
Galerkin (BUG) integrator [3], in [13] a robust numerical time stepping scheme for
the factors X;, S;; and V; in the DLRA representation (3) has been presented, which
is mass and momentum conservative and allows the rank r to be chosen adaptively.
Further improvements have been achieved recently in [11], where it is shown that
augmentation of the spatial basis with gradients is not required for ensuring local
conservation properties, hence leading to a more efficient algorithm.

The goal of the present work is to combine the conservative DLRA integrator from
[11] with a discontinuous Galerkin (DG) discretization. This is motivated by the fact
that the governing equations for the DLRA factors in the continuous setting take the
form of Friedrichs’ systems, as worked out in [23]. DG methods possess favorable
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numerical properties for solving such systems, and, in addition, offer the possibility
for adaptive mesh refinement. A (non-adaptive) DG based DLRA algorithm for one
spatial dimension has been worked out in [4]. With this work we make two main
contributions. First, for a fixed discretization, we obtain a rank-adaptive and con-
servative DG-based DLRA approximation scheme for the Vlasov—Poisson equation.
Second, we demonstrate how our approach of first formulating the DLRA scheme in a
continuous setting and then discretizing the subproblems allows us to exploit the capa-
bilities of DG solvers regarding mesh adaptivity. Compared to, e.g., [18], where the
DLRA approach is applied to a full DG discretization of a linear kinetic equation, this
approach offers much more flexibility. While the mesh adaptive version of our solver
in its current form does not yet yield a conservative scheme due to the coarsening
steps, we believe this approach to be a promising route for further development.

In more detail, the outline and contributions of the paper can be summarized as
follows. In Section 2 we derive the equations of motion for the DLRA approach. We
review the standard DLRA integrators in Section 2.1 and the required modifications
for the conservative integrator as proposed in [9, 13] in Section 2.2. We pay special
attention to formulating the equations in a continuous setting as Friedrichs’ systems
in weak form, which makes it easier to enable spatially adaptive DG discretizations
later. Our derivation of the equations for the conservative integrator in Section 2.3 is
based on a slightly different tangent space decomposition compared to [9, 11, 13]. In
particular, we present a new version of the modified L-step using a suitable block QR
decomposition of the DLRA representation, which avoids forming normal equations.
This L-step is then included in the rank-adaptive unconventional integrator, which is
introduced in Section 2.4.

As a side result, our special QR representation also suggests a robust projector-
splitting integrator allowing for fixed velocity basis functions which has not been
featured in the original works. We present this alternative integrator briefly at the
end of Section 2.3. While it is not clear that this scheme is conservative by itself, it
performs well in experiments and could be of some conceptual interest for further
developments.

Section 3 presents the main theoretical contribution. We introduce the DG dis-
cretization for the DLRA equations in Sections 3.1 and 3.2. Special attention is paid
to the approximation of derivatives and numerical fluxes at the element interfaces.
As explained in [9, 11, 13], the conservation properties of time integrators can be
ensured by enforcing discrete counterparts of certain continuity equations arising in
the Vlasov—Poisson system. In Section 3.3, we adopt the continuous approach from
[11] to rigorously prove these discrete continuity equations for mass and momentum
conservation in our setting under the assumption that central fluxes are used in the DG
discretization and the explicit Euler method is applied for time-stepping. The proof
holds for arbitrary spatial dimensions. In Section 3.4, we discuss spatial adaptivity in
the DG discretization, though currently in a simplified form.

Finally, in Section 4 we present numerical simulations that illustrate the feasibility
and advantages of our approach, and confirm the theoretical findings. As a main
contribution, we present simulations for Landau damping in two spatial dimensions
with conservation of mass and momentum in Section 4.2. We also demonstrate the use
of spatial adaptivity for a 2d transport problem in 4.3. While these experiments are still
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conducted in a simplified setting of periodic boundaries, they serve as an important
proof of concept that DG methods can be successfully used for the DLRA simulation
of Vlasov—Poisson equations.

For brevity, we will frequently use indices without indicating the limits. The fol-

lowing indices will be used: i, j take valuesin {1, ...,r},a,bin{l,..., m}, p,q in
{m+1,...,r},andsin {1, ..., d}. The values of other indices will be clear from the
context.

2 Conservative DLRA integrator

In this Section, we recall the conservative DLRA integrator as first presented in [9]
and further developed in [13]. With the goal of an adaptive DG discretization in mind,
we will, however, derive the governing equations from a weak formulation of the

Vlasov—Poisson equation as given in [8, Sec. 76.3]. Denoting the L, inner product on
Q= Q™ x QW with

(u,w)”:/ / ulx,v) wlx,v)d(x, v),
QW JQW

the weak formulation of (1) reads: find f € C 1[0, T1, W) such that for every t €
(0, T) it holds

O f(),w)xp +alt, f(t),w) =0 forallw e W, 4)

where W is an appropriate closed subspace of L,(€2) (e.g. W C H L(Q) is sufficient),
and

a(t,u,w):/ v-Veuw — E(t,x) - Vyuwdxdv.
Q

Since we aim to separate the space and velocity variables, we will assume that the
space W has a tensor product structure

W =W W c [,(QY)® L,(Q™).

We also introduce the notation
Gﬂﬁx=/1iﬂﬂY@ﬂh, (Vﬂmu=/ V() W) du
Q&) QW)

for L, inner products on Q) and Q).
In the DLRA ansatz, one ultimately seeks a solution f = f, of the form (3). It
admits several equivalent representations, such as

fr(tx,0) =) Xi(1,%)8;()V; (2, ) (5a)

ij
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= > K;(t.x)V;(t.v) (5b)
j

=ZX,-(t,x)L,-(t,v), (5¢)

where the functions X (), ..., X,(), K1), ..., K,@) € W and V| (1), ...,
V. (1), L1(t), ..., L.(t) € W® are related through

Ki(t) =) Xi®)Sij(0),  Li(t)=Y_ Sij0)V;(®).
i J

Clearly, K;(t) € span{Xi(?),..., X,(¢)} and L;(t) € span{Vi(¢),..., V,(¢)} for
every i and j. The X(¢), ..., X,-(¢) and Vi(¢), ..., V,(¢) are usually assumed to be
orthonormal systems in W) and W® for all + without loss of generality, whereas
this is not the case for the combined functions K (¢), ..., K,(¢)and L{(¢), ..., L,(t),
respectively.

2.1 Standard DLRA integrators

We first review the basic ideas of DLRA integrators before presenting the modifications
proposed in [9, 11, 13] for obtaining conservative integrators in the following subsec-
tions. Using the representations (5a), (5b) or (5¢) at an initial time 7y one can derive
equations of motion separately for the matrix S, the functions Ki(¢), ..., K, (¢) €
W@ and the functions L;(¢), ..., L,(t) € W, respectively.

For example, given an initial function f,(f) of the considered form, equations for
the time evolution of K{(¢), ..., K,(¢) in (5b) on a time interval [fy, f1] are obtained by
fixing the current V; (#o) for j = 1, ..., r and then restricting the weak formulation (4)
to the linear subspace

Tv =W @ span{Vi(to), ..., V(1)) = 1 D" @ Vj (o) : ;" e W

J

(6)

This means that for ¢ € [#g, t;] one seeks f(t) = Zj K;i(t) ® Vi(to) € Ty such
that

0 f (), w)yy +alt, f(),w) =0 forallw € Ty .

This is called a K-step. By collecting the sought functions K(¢), ..., K. (¢) as well

as the appearing test functions wfx), -, ¥ into vectors

Ko =[K;0], ¥* =[],

@ Springer



43 Page60f38 BIT Numerical Mathematics (2025) 65:43

in (W®), the K-step can be written in the form of a Friedrichs’ system (a coupled
system of hyperbolic PDEs in weak form) as follows:

(O K@)+ ) A9 K@) — E0B™ - K@), ¥™) g gy
S
=0 forally™ e W), @)

with initial condition

K1) = [Z Xi(t0)Sij (m)]
! J
and suitable matrices A®*) and B™*); cf. [23]. We present these matrices for the
conservative integrator in Section 2.3.
Equations for the velocity functions Li(?), ..., L,(¢) in the representation (5¢) on
a time interval [#g, #1] are obtained in an analogous way by fixing X (#y), ..., X, (t)
instead, and restricting the weak formulation (4) to the linear space

Tx(p:=span{X1(t0). . ... X, (1)} @ W) = {Z Xi(to) @ 9" sy e W
i

®)

instead. This is called the L-step and also results in a Friedrichs’ system, but this time
for the vector function

L(t) = [Li(1)], € (Lo(2™))

and with test functions of the same form. The system will be presented for the con-
servative integrator in Section 2.3.

Finally, in the S-step one only considers the time evolution of the coefficient matrix
S(t) = [8;;(¢)] in (5a) with the basis functions X; (tp) and V (#o) being fixed. One can
do so by restricting the weak formulation (4) to the finite-dimensional space

TX (10).V (10):= span{X1 (1), . . ., X, (f0)} ® span{ V1 (tp), . .., V;-(10)}. 9

This gives an ODE of the form

AS+ [B(”’S)S(z)(A(’“’S))T + A("’S)S(t)(B(x*"))T] =0 (10)

for the matrix S(¢) with initial condition S(79) and suitable matrices A®/v-5)  B(X/v.5)

Based on the above restriction of the time evolution to particular subspaces, the
so-called projector splitting integrator [12, 21] can be derived. It combines the three
steps for updating the factors from a time point 7y to a time point # in the order “KSL”
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as outlined below. The name projector splitting stems from the fact that the integrator
realizes in first order a time step on the subspace Ty () + Tx(y) C W™ @ W®),
which is the tangent space to the manifold of functions of the form (5a) at the current
point f;(#p) (under the mild technical assumption that S(#y) has full rank r). Since the
spaces Ty ;) and Tx () used for the K-step and L-step intersect precisely in the space
Tx (1y),v (1p) defined in (9), this intersection space would be considered “twice”, both
in the K- and the L-step. Therefore, it is necessary to perform the S-step in Tx (1), v (1)
“backwards” to compensate for this. The individual steps in the following KSL scheme,
however, also always account for the updated basis functions from the previous step.
We refer to [21] for why the S-step is best executed between the K- and L-step.

Projector splitting integrator: KSL scheme

In detail, the KSL scheme for a time step from 7 to #; proceeds as follows.

1. Perform a K-step on Ty, by solving the Friedrichs’ systems (7) on [f9, #1]
for new functions Ki(#1), ..., K,-(t;) € WW. Choose an orthonormal basis
Xi(t1), ..., X,(t1) for a subspace containing Ki(#1), ..., K,(¢1) together with
coefficients S'ij such that K (1)) = ) ; S‘,-in ().

2. Take S(tp) = S as start point for a “backward” S-step on Tx (), v (), that is, solve
the ODE (10) with dS(#) —. .. instead of .S(¢) +. .. and using the already updated
X1(t1), ..., X,(t1) instead of X (¢p), . . ., X, (t9). This gives a new matrix S attime
1.

3. Perform an L-step on Tx(,) by solving the corresponding Friedrichs’ system
for new functions L{(1), ..., L,(t}) € W with recomputed initial conditions
L;(ty) = Zj 3',-]- V(to). Choose an orthonormal basis Vi (1), ..., V, (1) for a sub-
space containing of L1(t1), ..., L,(#1), and obtain coefficients S;; (1) such that
Li(t) =_; Sijt)Vj(t).

The result at time ¢ is the function

fr,x,0) =Y Xi(0, )8 (1) Vi, ).

ij

The projector splitting integrator has a clear geometric interpretation and favorable
numerical properties but has the practical disadvantage that the target rank r needs to
be selected beforehand and remains fixed over time. Since the rank at any time should
be large enough to ensure sufficient accuracy while remaining small enough to keep
the computations feasible, an adaptive procedure is more desirable. The rank-adaptive
unconventional DLRA integrator proposed in [5] addresses this issue using a different
ordering of steps and basis augmentation. It will be discussed in Section 2.4.

2.2 Conservative DLRA integrator

The exact solution to the Vlasov-Poisson equation conserves several physically
relevant quantities such as mass, momentum and energy. Ensuring this in DLRA
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simulations requires nontrivial modifications and has been addressed only recently by
Einkemmer and Joseph in [9]. Consider for example the mass

m(t) = / ft, x,v)d(x, v).
Q&) JQw)

Employing a DLRA model (3) for f would require a space W) C Ly(RY)N L1 (RY)
for the velocity dependence to ensure that the mass is well-defined. (For the space
W C Ly(QW) there is no problem since the periodic spatial domain Q) is
assumed to be bounded.) On the other hand, since we are considering weak formu-
lations, quantities of interest can only be assessed by testing with suitable functions.
For mass, this would be the constant function (x, v) + 1 since m(¢t) = (f(t), D)xy.
For momentum and kinetic energy, this would be the functions (x, v) +— v, and
(x,v) — |v ||2, respectively. All these functions are clearly not in Lz(Rd) N Ly (Rd)
either. As explained in [9], choosing W as a space of functions with bounded support
is not recommended to address this problem since it implicitly restricts the velocity
variable to a bounded domain which is not the desired physical model.

To resolve the conflict, Einkemmer and Joseph propose the following modifications.
First, the space of velocity functions is enlarged to actually accommodate for the
desired test functions. Specifically, one assumes

Vie WY € Ly QY w),

where L>(Q®); w) is a Hilbert space of weighted L, functions equipped with inner
product and norm

(V, W)y wi= / L V@W@o@de, IV ie=(V, V),
Qu
with a strictly positive and sufficiently fast decaying weight function w ensuring that
L>($2Y); ) contains the functions 1, vy, . . ., vz, and |[v||2. A somewhat natural choice
is the Gaussian weight function

»(v) = exp(—|v]?/2). (11

Second, in order to be able to test with Lg(Q(”); ) functions in the ordinary L,
inner product, the low-rank model for f is modified to explicitly carry the weight
function w, that is, instead of (3) one now seeks f = f, of the form

fx,0) =0®) ) X, 0)8;()V(1, v) (12)
ij

where X (1), ..., X,(t) € WW as before, but now Vi (), ..., V,(t) € W(E)v) are
allowed.

Third, since ultimately only test spaces of the form Ty, Tx«) or Txu),vq)
(cf. (6), (8) and (9)) will be used in the numerical integrator, it will turn out necessary to
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ensure that at every time the space spanned by the velocity functions Vi (¢), ..., V,.(?)
in the weighted DLRA representation (12) contains the functions v — 1, v — v, and
v — ||v|%. This is achieved by simply fixing some of the factors V; explicitly and not
allowing them to vary. Following the notation in [9], the first m functions V; will be
kept fixed and denoted as

U,=V,, a=1,...,m,

such that span{Uy, ..., U,} C Wé)”) contains the desired functions. In particular,
m > 1 for mass, m > 1 + d for mass and momentum conservation, respectively. The
remaining V; are still variable and will be denoted by W, instead:

Wpy=V,, p=m+1,...,r.

The DLRA model set for f; then ultimately is

Mr,a) = {fr :wZSiHXi ®Ua +wZSipXi ® Wp :
ia ip
SER™ X; e W(x), Wy e Wc(,)v) and (Uq, Wp)v,o =0 }

13)
The orthogonality relations (U,, W)y, = 0 in L(Uv) should hold for all pairs a, p
and ensure that the W), are linearly independent from the U, to avoid trivial cases.
When working with functions from M, ,, we will, without loss of generality, addi-
tionally assume that the X1, ... X, are pairwise orthonormal in L,(™)) and the
Win+1, - .., W, are pairwise orthonormal in Ly (QW; w). We also assume that the
fixed functions Uy, ..., U, are pairwise orthonormal in LQ(Q(U); w).
As a fourth and final modification, Einkemmer and Joseph propose to consider the
time-dependent variational principle for the time evolution on M, ,, in the form of a
Petrov—Galerkin formulation as

1 1
(9 f- (@), ;w)xv +al(t, £ (), - w) =0forallw € Ty, (y M, 0, (14)

where Ty, ()M, ., denotes the tangent space to the “manifold” M, ,,. We will not
rigorously investigate manifold properties of this set, but it is clear from the multi-
linearity of the representation in (13) that the tangent space at f, € M, ,, takes the
form

Tr M= {a)Z (XiSij + XiSij) ®V; +wZSipXi ® Wp :
ij ip
SR, Xie WD, W, e W and U, Wyl = 0.
(15)
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As one can see, the weight function w introduced for f, in (12) carries over to the
tangent space at f;., which would result in a squared weight when testing with f;. itself.
Dividing by w in (14) hence removes @ from the tangent space and, in particular,
ensures that the functions (x, v) — U, (v) are actually available as test functions as
desired (by choosing S =0, Wp = Oforall p,and Xi = ;1 suchthat ) ; o; Sij =36ja
in (15), which is possible if S has full rank 7).

As in the standard DLRA integrators, the formulation (14) will next be further
restricted to linear subspaces within the tangent space. However, since some of the
V., = U, are fixed fora = 1, ..., m, the corresponding K-, L- and S-steps require a
more careful definition. We discuss the corresponding tangent space decomposition
in the next section.

2.3 Tangent space decomposition and modified projector splitting

In [9] the equations of motion for X;, § and V; factors have been derived, but an
inversion of S was required for the updates of V;. As an extension of their ideas,
we derive a decomposition of the tangent space 7', M, ,, into orthogonal subspaces
which allows to avoid the inversion of S, in the same spirit as in the original projector
splitting integrator [21]. For that, consider a particular low-rank representation of a
given f, € M, , tailored to the fact that the first m velocity basis functions are fixed.
We can assume that f, is initially given in the form f, = w ;i Kj®Vj. We we can

then apply a suitable orthogonal transformation to the functions K1, ..., K, using a
variant of (block) QR decomposition, to obtain a new set of pairwise orthonormal
functions X1, ..., X, € W% such that K; = Zi X;S;j as usual, but now with a
block triangular matrix S of the form
[Sab] Omx(r—m)
S = . 16
([Spb] [Spa] (10)

Hence, without loss of generality, we can write f; as

frZwZSabXa®Ub+wZSprp®Ub+wZSqup®Wq (17)
ab pb prq

where we introduced the notation

Zy=Xp, p=m+1,...,r.

Taking this representation of f,., and additionally assuming that the matrix $ has full
rank r, it is easy to deduce from (15) that the tangent space at f, can be decomposed
into

Tv.o= {wzw;X)®Vj Y eWm}

J

@ Springer



BIT Numerical Mathematics (2025) 65:43 Page 110f38 43

and (using that S, = 0 in the second sum of (15))
TZ,w = {U)Z Zp & {”\](;v) : {b\[(yv) € WCE)U)» (Uas {Ez(;v))v,w =0 },
p

such that
Tf,-Mr,w = TV,a) + TZ,w'

However, this sum is not direct, as the spaces intersect in

T2v0=T200Tv0 =0 EZ,@W,: Ty cR}.
pPq

(18)

(19)

(20)

Based on the tangent space decomposition (19)—(20), we design a projector splitting
integrator as well as a variant of the unconventional integrator. For this, we next
derive the corresponding equations of motion as Friedrichs’ systems on subspaces
Ty ., (modified K-step), 77 ,, (modified L-step) and 7z v ., (modified S-step). Note

that these spaces are defined solely by the basis sets X, ..., X, and W41, ...

and hence can be defined even if S is not invertible.

Modified K-step

The time dependent solution of (14) restricted to Ty ,, is a function

[ =) KOV
J
The test functions take the form
w = wzwi(x) RV,
i
where wl(x), e wr(x) € WW are arbitrary. Substituting this into (14) gives
(@Y akwev. Yy v ev),
j i
+ 3 (00 (03K (0@ V) = Esdy (0 K ® V),
$ J J

Z 17”i(x) ® Vi)xv —0.

1

,Wr

Using the orthogonality relations (wV;, V;), = §;; in the first term and rearranging,

it follows that
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5 i, 4), + [ (X onet 1), K50 07),

i s b

+ Z (Z _Es(avs (@V)), Vi)ij(t)’ 1’01'(X))/“‘:| =
J

L

2y
As in the standard DLRA integrator, we write this equation in terms of the vector-

valued functions K (1) = [K; (t)]j and ¢ = [w;x)]j in W®™)” . Specifically,
defining the matrices

A(X>S) = [(vs Vj’ Vi)v,w]"’

8 = [(@u@Vp. V), . @
ij Y

eq. (21) can be rewritten as
(K0, ¥y™) + Z (A“Yo, K(t) — E;()B™YK (1), ¥)
=0 forall W) e Wy, (23)

which is the weak form of a Friedrichs’ system.

Modified L-step

For a modified L-step, we first write the initial function f. = f,(fp) € M, , based
on (17) in the form

frt) =0 SipX; ® Up+ Y Zp ® Lo p(t0)
ib p

where we have incorporated the weight function w into Zw, p as follows:

Ly p(to) = 0Ly(t)) = Y SpgWy € W,
q

We remark that due to our particular representation (17), this formula slightly differs
from the corresponding formula in [13, Eq. (6)], where products of S and its transpose
are required for forming the new L, factors Recall that (U,, Lw »(t0))y = 0 for all
a and p. The goal is the time evolutlon of Lw p(t) under this orthogonality constraint
which will yield

[ =0 SpXi®Up+ Y Zp® Ly p(1)
i P
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i.e. with the same “fixed” first part. The second sum in the above expression is a
function in the subspace Tz ., of T, (1M, as defined in (18). Hence, equations for
the time evolution of Lw p(t) are obtained by requiring the weak formulation (14)
only for test functions from 7z ,,, that is, test functions of the form

=0 7,07
P

with 1}\;,”) € W(U) and (U,, w(v))vgw = 0. Since for such test functions one has
@ fr @), sw) =@, Z pLo,p(1), 2wy, this leads to the formulation

~ 1 1
(3 2,,: ZpLop(®), —w),, +a(t, f(), —w) =0

for all w of the given form.
In detail, using orthogonality relations this means

> (0Lop®. ¥3),

p

+y° [Z (—EsZp, Zg)xBo, Lop,p(t) + (02, Zpp, Zg)xVs Loy p(0), %”))U}
s q

=-> [Z (—EsXi. Zg)x Siadu, (@Uq) + (35, Xi. Zg)x SiavswUa, ) }

N iaq

Using the vector-valued function
L) = (Lo, ¥ =[],

in (W(E,v))’ ~ this can be rewritten as

(L), $) + Z (A9, L) + BV L, 0), 3,

- Z (AV959,, (wU) + 1,8 50U, $),
for all " € W@y, 24)

with § = [Sjqlia» U = [Uala. and

AW _ [A%S)]pq’ AW — [AS}!S)]I,]-’ B — [B‘g’véS)]pq’

B0 =[] (25)
pJ] pj
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where

AV = [(= EX;. X)), ]
L

B = [0, X Xi), | (26)
ij
Hence, (24) is an inhomogeneous Friedrichs’ system for r — m functions Z\w, p(t) in

Wé,v) to be solved over the time interval [7g, ¢1]. By construction, these will satisfy
(Lo, p(1), Ug)y = Oforall £ € [1g, 11]. Eventually, we obtain L, (1) = o~ ' L,(1)).
We highlight that (24) represents an orthogonal projection of the system onto the space
T7.,, and therefore differs from the formulation of the modified L-step in [9, Eq. (11)]
which requires the inversion of the matrix S.

Modified S-step

The formulation of the modified S-step also starts out from the particular representa-
tion (17), this time written as

[@) =0 SiaXi ®Us+ 0y Spgto)Z, ® Wy 27)

ia pq

The goal is to evolve only §,,(#) by restricting the weak formulation (14) to the
finite-dimensional subspace 7z v, in (20), which is orthogonal to the first part of the
representation (27). Similar to the modified L-step, this leads to an inhomogeneous
system. Specifically, writing the test functions as

w= a)ZEp/q/Zp' ® Wy,
r'e

where p’, ¢/ run fromm + 1, ..., r, testing with w first gives

Xv

(0D 080 (7, @ Wy Y- Sy Zyy @ W,y)
Pq r'q

+3 (usaxs (0 S OXi ® V)) = Esdy, (0 Y S (0X; ® V),
s ij

ij

Z g Zy ® qu) =0.
p/q/

Xv

Using the orthogonality relations (Zp, Z,/)y = &, and (Wy, Wy1)y,» = 844 this
reduces to

D 0Sp O+ D3 [B S AL + RS S,0 108Y |2
rd o
qq’'
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-y Z [BU: S (OAL + AL Sip 0B |2

S

bq

where we used the splitting (27). Now, since ¥ is an arbitrary matrix, this gives

a8 + 3 [BUS(A)” + A5 E) ]
s

--y [B‘”»”S(z)(/i(“))T + Z\“s”S(r)(BW))T] (28)

for S(t) = [Spq(t)]pq and S(t) = [Sia(1)],,. where the matrices are submatrices
of (22):

ANCLs) | alx,s)
A X,S _[Apxqs ]

INEF N NE) Rx,s) _| px,s) R(x,s) _| px,8)
e L R R R LT IR

prq rq

This is hence an inhomogenous ODE for the submatrix §(t).

A modified projector splitting integrator

As already mentioned, the tangent space decomposition (19)—(20) suggests a projector
splitting integrator based on the modified K-, S- and L-steps, which we present here
for completeness. Although numerical experiments show that this scheme technically
works (see Section 4.1), keeping the functions U, in the bases by itself might not
yet ensure the desired conservation properties. To guarantee this, the rank-adaptive
unconventional integrator presented further below is necessary.

Starting from a time point 7y and a current representation of fr (to) in the form (17)
we denote V]Q = V;(t). In particular, U, = V(? fora=1,...,mand W0 VO for
p =m+1, ..., r.The numerical computation of f,(¢1) at a next time step t1 = t0+ At
consists of three steps:

1. (Modified K-step) Denoting V0 = [VO] j=1,..r and K® = [K;(t0)]=1,..,, solve
the system (14) restricted to the subspace TV", » on the time interval [to, 1] by

solving the Friedrichs’ system (23) with initial condition K°. Attime 71, one obtains

f=0) Kj®V]eT.
j

Restore the form (17) by finding an orthonormal system X! = [X!, ..., X 1 such
that

= ZX}SU
i

and S is of the block triangular form (16). Let Z 11, =X },.
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2. (Modified S-step) Solve the system (14) restricted to the subspace Ty yo, “back-
ward” on the time mterval [to, t1] with 1n1t1a1 condition f This is achieved by
solving (28) with B,S — ... (instead of BZS + ...) on [fg, t;] with initial value S
from step 1 and correspondlng matrices A®+S) A(x $), B&9) B+5) constructed from
X! and V. At time t1 one obtains

f=0) SuX)@Us+w Y SpZy@Us+w Y SpZ,®@ W,
ab pb Prq

3. (Modified L-step) Solve the system (14) restricted to the subspace 71 , on the

time interval [fg, 1] with initiall condition f by solving the modified L-step (24)
with the data computed from f. At time #; one obtains

f=o) X/®Ll+0) zZ)L)
i P

which is also taken as the final solution at time ¢ after recomputing it into the
form (17).

2.4 Rank-adaptive unconventional integrator

The rank r in the DLRA model needs to be large enough to ensure accuracy of the solu-
tion, but still (if possible) small enough to keep the model efficient. Since determining
a suitable value of r is necessary, the missing rank-adaptivity of the projector splitting
integrator poses a practical disadvantage. The rank-adaptive integrator proposed in
[5] addresses this issue by first computing the K- and L-step independently, and then
using basis augmentation in the S-step. It has been adopted to the conservative setup
with fixed velocity functions in [11, 13]. The procedure is as follows.

1. (K- and L-steps) Starting from f,o0(#p) with rank 0 and current basis functions
X% and V? perform (modified) K- and L-steps independently to obtain new basis
functions K! and L!.

2. (Basis augmentation) Let r’ = 2r, {f(l, R f(rl,} be an orthonormal basis (in
L (™)) for the augmented set [ X 0 K! ], and {‘711, R Vrl,} an orthonormal basis
(in L2(2®); w)) for [V?, L']. Then we can represent f (ty) as

r/
H =0 ) S5.X, 0V,
w,v=1

with a new coefficient matrix §0 = [SO] € R™" In this way the DLRA repre-

sentation rank of f; 1s~1ncreased from r to r’ = 2r. With a suitable choice of basis,
we can also achieve Vu1 = U, fora = 1,...,m and a block triangular structure
like (16)—(17).

@ Springer



BIT Numerical Mathematics (2025) 65:43 Page170f38 43

3. (S-step) Perform an S-step for the matrix S. However, instead of the “affine” modi-
fied S-step from (28), where only the part S'is evolved, here we need a “full” S-step
as in the usual unconventional integrator. Also note that in contrast to the projector
splitting integrator, the S-step in the unconventional integrator is performed “for-
ward”, that is, using the formulation as in (10) with “+” and test functions of the
form

r/

w=w Z EWXL ® VV1
w,v=1
with an arbitrary matrix X € R,

The idea of basis augmentation is actually quite general. Instead of K' and L'
one could use other or even more functions for basis enrichment. The above proce-
dure would increase the rank in every time step and needs to be combined with rank
truncation. Following [13] this is achieved as follows.

4. (Rank truncation) Assume the new solution has been computed and is of the form

pn=o T (S8 )ovro 3 (THisk)o v
aT=m+1

_wZK1®U +o Z Klew!,
m=m+1

where the (U,, W;)U,w =0, and ' > m is the current representation rank. Since
the first part contains the fixed functions U, the rank truncation is performed on
the second part only by computing a low-rank approximation

/
r

1
,
Y KieWix Y K W, (29)

T=m+1 p=m+1

with r1 < #/ using singular value decomposition (SVD). Since this will imply
W1 € span{W m+l’ e, er/} forallm+1<p < rl, the orthogonality relations
(Ua, Wp)v,w = 0 are preserved and one proceeds with

1

f,l(t1)<—a)ZK QU, + Z K,®W,
p=m+1

(with K ; =K J ). Using QR decomposition of K 11 LK rl , the result can be easily
transformed back into one of the other formats such as (12).

Note that the low-rank approximation (29) can either be based on a fixed target
rank or a fixed accuracy, which results in different schemes.
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3 Adaptive discontinuous Galerkin discretization

We now outline our approach to the solution of the Friedrichs’ systems (23) and (24)
for the K- and L-step via a DG discretization. We start by presenting the DG method
for a general class of Friedrichs’ systems, before specifying the discretization steps
needed in our particular setting. We then analyze the conservation properties of the
scheme and introduce a strategy for mesh adaptivity.

3.1 Discontinuous Galerkin discretization for Friedrichs’ systems

We first recall the discretization of Friedrichs’ systems using the DG approach. Our
formulation closely follows [6, Chapter 8]. Other references include [19] and [14]. In
this work, we restrict ourselves to the case of periodic domains or to problems without
boundary (i.e. on Rd). In the latter case, however, we assume that the computational
domain can be taken sufficiently large to fully include the support of the solution in its
interior (up to machine precision) and hence can also be treated as a periodic domain
numerically. We note that in principle, DG discretizations also work for domains with
boundary, but this would require some more careful considerations, which will be left
for future work.
Consider a Friedrichs’ system

UM+ Y [AV 3, U0) +¢,(»BYUM] =0

on an unbounded or periodic domain Q) ¢ R¢, where A®) € R"*" is symmetric,
B® e R and ¢5 : QO — R.Let U(r) : Q) — R’ be a (continuous) exact
solution. Note that the systems (23) and (24) for the K- and L-step are both of this
form and the following considerations will be applied to both of them, essentially by
replacing y with x or v.

Let ’];fy )bea (not necessarily conforming) periodic triangulation of Q) and define
the DG discretization space

V,g’yz ={U € LQ(Q(y)): Ulr € Pp(T), T € Th(y)},

where P, (T) is the space of all polynomials of degree less than or equal to p on T.

Testing the exact solution U (f) with ¥ € (V;ly 1),)’ and integrating by parts gives

aU(r) - Wdy — AU (1) - 9, W d
Z[/Tt(t) y /TZ (1) - 8, ¥ dy

)
TeT,

+/ Z(n§T>A<S>.U(z))-~I:dS+/ Z(cs(y)B(“)U(t))'\Ildy] =0. (30)
aT T
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Here n™ = (n{");, is the outer normal vector of element T. Special attention in
the DG discretization is given to the numerical computation of the boundary integrals
over T, as will be shown next.

Let f}(ly ) be the set of all (d — 1)-dimensional faces of elements in ’Z;l(y ), Since
we assume that the domain is periodic, all faces are in fact internal faces. For each

e € .7-',5” we define a fixed unit normal vector r(® (the direction can be arbitrary).

Taking into account that the domain is periodic, every boundary 97 of an element
essentially decomposes into shared faces with its neighboring elements. For every

face e € F, there exist two elements T+ and T~ such that e ¢ T+ N T~. We use
the convention that T lies in the direction of (). Given a vector field U on Q)
one then defines the average and jump of U,

L - - +
{U}e=§(Ue +U,), [Ul.=U,-U,
across the face e € f,Ey ), where
UX(y) = lim U(y £en'?).
e—>0t
Now, again taking periodicity into account, every face e with neighboring elements

T+ and T~ appears in precisely two boundary integrals in (30) (for T+ and T ™). Using
T = Tn'®, the overall contribution of ¢ in the boundary integrals is therefore

e

fZ(ngT*) AVD) W+ T ADY) W ds = /FE(U) - [¥].dS,
¢ 5

where

F,(U)=A,-U with A:=) n®A®
S

is the so-called flux over the edge e.

For a discontinuous U}, € (V(y )

M’ p)r, the flux has to be approximated by a numerical
flux, that is,

F.(Up) ~ F:((U),, UH.

Common choices are based on the spectral decomposition A, = QAQ~!, where
A is diagonal. We define its positive and negative part as AjE = QA*Q7!, where
AT =+ max(£A, 0). For 0 < ¢ < 1 we introduce the numerical flux

1—
Fi((WUw),, WUn)) =Ae{Uh}e+Ta|Ae|'[Uh]67 €1y

where |A.| = A} — A, . Choosing @ = 0 recovers the so-called upwind flux, while
o = 1 corresponds to the central flux.
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The resulting semi-discrete Friedrichs’ system can finally be written as

3 /8tUh(t)-\Il+Z[— ADUL0) - 8y, Wi + (1) BOULD) - ¥, | dy
T r s

+ > /Fj((Uh(t));,(Uh(:))j) [¥;ledS =0 forall ¥, € (v,ﬁfl),)’.
eeféy) ¢

For the time integration, we employ an explicit Euler step with step size 7 for
computing a new discrete solution U Z‘H from a given one U}, leading to the fully
discrete system

I
Yo ) LW U w3 [ AOUR o+ (e () BOU]) W |y
TE/];(Y) s
+ > fFj((UZ);,(UZ)j) [WyledS =0 forall ¥, € (V). (32)
e ‘

Before proceeding, we need to discuss an important aspect regarding the particular
system matrices in the Friedrichs’ systems (23) and (24) of the K- and L-step. By (22)
and (26), they arise as Galerkin-type matrices involving derivatives such as

(avx(wvj),v,-)v, (axxxj,x,-)x.

However, in the DG setting, these terms are not defined since we are differentiating
possibly discontinuous functions (e.g. dy, X ;) and integrate with another discontinuous
function (e.g. X;). Hence, a reasonable approximation is needed which we will do as

follows. For Uy, V), € V,(Ly ; ands =1, ..., d, we define discrete partial derivatives as
linear forms

(aysUh,Vh)y: > /Tany,, Vidy — Y fn§e> [Unle {Va}edS. (33)

s . e
Te’Z;l(’) eef,ﬁ”

This definition is a generalization of the distributional derivative of a function Uj, €
V) tested with a smooth and compactly supported function ¢ € CSO(Q(V)):

h,p
/ Oy Unpdy =) / dyUppdy — Y /n?)[Uh]e ¢ds.
Qe Te?}l(y) ’ ee]—',ﬁ"') ¢
Now, if ¢ itself is discontinuous along the edges e, the evaluation of ¢ at an edge is not
well-defined. Hence for ¢ € V,(ly 1)7 we take the average value {¢}, on the edge, which

gives (33).
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The discrete partial derivatives satisfy a discrete version of an integration by parts
formula, which will be important for proving conservation properties in section 3.3.

Lemma3.1 Let Uy, V) € Vf(t,yz)a on a periodic domain. Then

(&),SUh,Vh)y == Y | UndyVady
TE:];l(y)
+ > f n{{Un}e [Vae dS.
66.7:15” ¢

Proof Inserting the definition (33) and applying integration by parts on each element
T yields

(dyUns Vi), == Y | UndyVady
Ter];l(}')
UM S UAGRTED Sl FCIUANIART
eef,(ly) ¢ ee]-',sy) ¢

due to the periodicity of the triangulation. Noting that

(Un Vile — [Unle {Vh}e

1
= Un); (V) — WUng (V)] — z((Uh); —U7) - ((Vi)g +Vi)F)

1

= (WU, Vi; — WUn; VT + WUnF Vi, — WUnF Vil
2

= {Un}e [Vnle

completes the proof. O

3.2 Application of DG discretization to DLRA

We now apply the DG method to discretize the equations arising in the K- and L-
steps (23) and (24). We assume the basis functions X; and V; are represented in

possibly different DG spaces V,(lx; and V;(llf;. For notational simplicity we drop the
index £ for all discretized functions in the following.

The procedure for one time step consists of the following parts: computing the elec-
tric field, assembling the system matrices in the Friedrichs’ formulation, and solving
them. Finally, following the unconventional integrator, the resulting basis functions
are augmented, and an S-step is performed, followed by possible rank truncation as
explained in section 2.4. We do not present the details for the fixed-rank projector split-
ting version as they are very similar and even simpler because no basis augmentation
and truncation are required.
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The electric field is calculated via equation (2). The charge density generated by
fr 1s given by

Pt = 3 Xi(0)S; fm Vi@ av

and is in V( *) Hence, the Poisson equation can be solved exactly on the same mesh
with contmuous functions of degree p + 2.

We first focus on the K-step (23) using the explicit Euler method (32). We assume
that the DLRA representation is in the block QR format (16)-(17). As discussed at
the end of the previous subsection, the system matrices B*-*) are not well-defined and
need to be approximated. In particular, we define

=g,

; B(x 5) [(du (a)V") Vn) ] ’

ij

using the discrete partial derivatives (Aiyx , defined in (33), instead of 9y, in B™). Hence,
the discretized equations for the K-step read

. KnH S LI / —(A®S K)oy — EF B KT -y dx]
T(x) N
+ Z /FZ(K;’KZ_)'[W]edS=O forallwe(v("))r
ee]—',f") ¢
(34)

The Friedrichs’ system (24) for the velocity components is formulated for weighted
functions of the form iw = wL, where the individual components L, belong to
L>(R¥; w). This needs to be reflected in the discrete equations. Keeping the notation
from the previous subsection, assume we are given a discrete function L € V(v)

(representing a component L ). We then need a discrete representation Zw € V(v) of
p g p p p

the L, function wL. For this, we compute the L, projection of wL onto V,(lvl),, which
defines a linear operator

Po(L) =L, suchthat (Ly, ¥)y = (0L, ), forally e V;(,vz,

On V(v; the operator P, is invertible. The inverse operator is hence used as a substitute
for the multiplication by 1/w.
As aresult, for computing the L-step we first project

ZZ),[, =P, (Z s, W,?) L = [Zg)’p]p,

q
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and then perform an explicit Euler step of the DG discretization

_(Ln+1_zw"/,)v+ Z Zf _Aws) T ) 9 '/,_’_vv("(v ,5) L) ¥ dv

Te’T(v) §
+ Y [ FUE @) heds
ee]:}?) ¢

= =3 (— A5, (@U) + v,B 30U, ).,

where

A<v»s>=[(—EsX7,X;?)x]l_j, B = [(d X7, X7), ]lj

and its parts are defined as in (25). The L-step is completed by applying the inverse
of the projector to calculate

Ly =P (L)

Finally, for the S-step we use the unconventional integrator with an augmented
. = 1 ~ 1
basis. We define orthonormal bases X" ¢ (V,(ZX[)))Z’ and V' e (V,(IU;)ZF_’" for the
augmented matrices [X”, K"*!] and [V", L"*!], respectively. Here, L"*! contains

the new basis functions LZ“ from the L-step. The orthonormal basis V"H is always
chosen with respect to the (-, -),,, inner product and such that the first m functions
remain the fixed U,.

For expressing functions with respect to these new bases we let

My = (X[ XD)e, Nej = (VT V0,0

with k running from 1, ..., 2r and £ from 1, ..., 2r — m. It follows that the state at
the previous (n-th) step can be expressed in the new basis as

Yosixpevi=Y SXT e vt St =Y MuSiNyg.  (35)
ij ke ij

To update S for the function

[ =) SoX e v,
ke

we consider the ODE as in (10) but on the subspace Tj,n+1 e of the augmented
bases. Applying the explicit Euler method for the time discretization and using (35)
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then gives
Sert =8t — o 2 [ @ X R, S (T 0V
+ X —E XD ST (A @V, Vgl*‘)v], (36)

where as in the K- and L-step above the system matrices employ the discrete deriva-
tives. Once a new S"*! has been computed, the rank truncation procedure is applied
as explained in Section 2.4.

3.3 Conservation of mass and momentum

In this section, we establish the mass and momentum conservation properties of the
unconventional integrator applied to the DG discretization when using central fluxes.
Specifically, following [11, 13], we prove that the numerical scheme satisfies discrete
continuity relations consistent with the analytic continuity equations. As a weight
function w (v), we use the Gaussian weight (11), although generalizations are possible.

For a density function f the mass density (or charge density) and the momentum
density (or current density) are defined as

p(t,x) = f f(t,x,v)dv, Jjit,x)= / v f(t,x,v)dv.
QW QW

For the continuous solution of the Vlasov—Poisson equation (1), these functions satisfy
the continuity equations

dp() + Vy-j)=0 (37)

and, fors =1,...,d,

0 js(t) + Vy -05(t) = —Es()p(t), 051, x)= [/Q( | Usvs’ [, x,v) dv]y—l
(38)
These equations, in particular, imply mass and momentum conservation over time.
In the numerical scheme from Section 3.2, instead of p and jy, discrete quantities
p" and j' are computed for n = 0, 1,2..., from the discrete bases X", V" and

coefficient matrices S”. The goal is to establish local continuity relations for the
discrete quantities. For this we adapt the approach recently presented in [11].

Lemma3.2 For f" =w} ;; S X[ ® V] define
F(f" =) —vedy f" + E dy, 1.
N
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Then, using the central flux, i.e., « = 1 in (31), the K-step (34) can be written as
(K;'H_l’ W)XZ(Knv W)X_'_T(ﬁ(fn)vw@‘/;l)xva j=1""ar’ (39)

forall y € V,(fl)). We also have

Spt =8+t (FUm. X e vt (40)

v
for the S-step (36).

Proof For the first equation, recall that /" = w > i K 7 ® Vj", which gives

(FU™. v @ V),
= Z Z ( - 'U_YCL)V;I, an)v ’ (ax.vK;l’ w)x + (avx (wvjn)’ V]?)v ’ (E?K;l’ I'&))c
s

=20 A" @K w), — B (EVKS. ),
s

Now, Lemma 3.1 implies
(d"x K}l’ 1’b))c
=- ¥ [&pvar+ ¥ [aokp.mias
TG'Z;'(X) ee}}f)‘) ¢

Plugging this into the previous equation yields shows that (39) is just (34) in component
form for central fluxes with @ = 1.
The second equation is immediate from (36) and the representation of f”. O

Next note that both the discrete density and momentum density can be written in
the form o7, = ( fmu )U for appropriate functions U': for the density p wetake U = 1
whereas for j; we take U = v;. By construction, all these functions are elements of
the subspace span(U,) spanned by the fixed velocity functions, see Section 2.2. We
now derive a discrete equation of motion for g7, which eventually will eventually lead
to discrete versions of the continuity equations (37) and (38).

Lemma 3.3 Let U € span(U,) and define
— (x)
oy = (f", U)v € Vh’p.
Then, these quantities satisfy the update equation
(i w), = (ol v), + r((ﬁ(fn), v),, I/I)x forally € V) @1)
when the algorithm described in Section 3.2 is applied with central fluxes.
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Proof Let P denote the orthogonal projection of (ﬁ (f™",U), onto V(x) We first
show that P € span(f( nH). Recall that

U= Z v w J (42)

since, by construction, U belongs to span(V") and in the algorithm it is always ensured
that the V' form an orthonormal system in the weighted (-, -), , inner product. There-
fore, it holds that

(P vv).
( F(f ) vn) (an’ U)v,w’ w)x - Z (ﬁ(fn)’ w ® V]n)xv (V]n’ U)v,w

J

( K K (V] U), 00,

forall ¥ € ;lx;, where we used (39). This shows

P = Z K"Jrl ] (V;‘, U)v’w € span(f("“)

ontl . -
since K, K”Jrl e span(X"" ). As aresult, since the X?H

by COHStI'UCthI‘I we can write

are an orthonormal system

P=Y (X (Fym.0),) X

and hence it holds that

(Fam.oww) = (X (K (Fgm.v),) Xy) @)

i
for all Y € V,Ef;. We can now prove (41). Using (40), we have

" 9= (XS K e v v),y),
ij
= (X (@[3 +e(Fum. T o v, | 0 v U) v,
L
= (¢l ), + (X (P X e v K e Vi U) Ly

ij
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Due to (42) the last expression equals

(65t 9), = 0, + o S EI (U X 9U) 0 0)

which in light of (43) shows (41). Finally, this relation is preserved if the conservative
rank truncation (29) from [13] is applied.

]
Based on Lemma 3.3 we now establish the discrete continuity equations.

Theorem 3.4 Ifm > 1, the computed discrete mass densities p" fulfill (in exact arith-
metic) foralln =0, 1,2, ... the relations

—" =0 e = Y /j"-vwdx+ > /(n<€>~{j"}e)[w]ed5=o
Te’];l(’C> g ee]—',fx) ¢
(44)

for all ¥ € V}(lxl), This corresponds to a DG discretization of the continuity equa-
tion (37) using central fluxes and explicit Euler time stepping as in (32). Hence,

the discrete local continuity equation holds for the mass density, and the total mass
Jow p" dx is conserved.

Proof Letting U = 1, so that p = ¢y, and applying Lemma 3.3, we obtain

(), = (0" ), + T (FU™. 1))

with

(FU )0 v) =D =(An e f)yo¥) + (B ™ Duvr).

forall ¢ € V}(lx; Lemma 3.1 implies

(dv, ™, 1), =0.

Applying the same lemma to the first term gives

(Fam),.w) =3 2 /T Joda ¥ dx = ) / n sk [¥e dS.

e
S ore™ ceF™

thereby showing (44). Letting ¢ = 1 €

V,Ex; in (44) demonstrates conservation of
total mass.

O
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Theorem 3.5 Assume a central flux, i.e. « = 1in(31), for computing the K-steps (34).

Ifm > 1+d, then the computed discrete mass densities j' fulfill (in exact arithmetics)
foralln =0,1,2,... the relations

1 .
;(J!’“ TR /T —0" -V 4+ E"p"y dx
Te’Th(")

+ Z /(n(e) : {o'?}e) [Vl ds=0

(45)
ee]-—;x) ¢

for all € V}(l)f;. This corresponds to a DG discretization of the continuity equa-
tions (38) using central fluxes and explicit Euler time stepping as in (32). Hence,

the discrete local continuity equation holds for the momentum density and the total
momentum fQ(X) J" dx is conserved.

Proof Letting U = vy, so that j; = ¢y, and applying Lemma 3.3, we obtain

( -n+1

i), = G+ e (B w),v)

with
((ﬁ(fn)s Us)vv I/f)x = Z _(Us’ axs/ (Us, f)va W)x + (ng(avs/fns Us)v, Ilf)x
forall ¥ € V,(lxl), In this case Lemma 3.1 yields

(avg I Us)v =8y 50"

Applying the same lemma also to the first term hence gives

(Fomw),w) =3 3 /Tzas,s/axswdx

N TE«];I(X) s/

- Z /n§e){ Zos,s’}e [¥]edS + (E?,On, W)X ,

e
66.7:}(1)()

thereby showing (45). For the conservation of momentum, we note that in the contin-
uous setting one has [13]

1
E(1-p)=V- (E®E—§I|E||2>,
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and hence
[ E(1l—-p)dx =0.
Q)

This also holds for the discrete version, since the computed E" is the exact electric
field corresponding to the (discrete) density p”; see Section 3.2. Setting = 1 € V}(,x[)7

in (45), and using the fact that fsz(ﬂ E dx = 0, we conclude that the total momentum
is conserved. O

We remark that the key observation for deriving the local continuity equations—
and thus the associated conservation properties—is that the updates for K and S can be
expressed using F (Lemma 3.2). However, this property holds only for the central flux.
For the upwind flux additional jump terms appear and the local continuity equations
in the presented form are hence not satisfied when using the upwind flux. Depending

on the basis X n+l, physical quantities may still be conserved globally. It remains to be
investigated whether the algorithm can be modified to also conserve these quantities
when employing the upwind flux.

3.4 Spatial adaptivity

In this section, we explore the use of adaptive mesh strategies within the DG frame-
work for DLRA. As a demonstration of feasibility, we present a rather simple adaptive
scheme and present numerical tests in Section 4.3 to illustrate its behavior. The devel-
opment of more sophisticated schemes and error estimators, like in [25], is left for
future work.

We consider the general setup of Section 3 (which applies to both the K- and L-step)
and employ an elementwise error indicator based on the projection of a DG solution.

Specifically, given a DG function U € (Vh(,ylz)r of polynomial order p, we project it
onto a DG space of order p — 1 within each element 7" € ’];L(y ), resulting in a function
U e Vh(’y[i_ | that satisfies

U.0),00n = WU, 9, forallp e V}(,?Y;,_y

The local error indicator is then defined as the maximum of the component wise
L%-norm of the difference between the original and the projected function, that is,

e — miax ||U, — UillLy(r)-

This approach provides a measure of local discretization error and can serve as the
basis for the adaptive refinement strategy.

Now in order to solve the discretized Friedrichs’ system (32) we first compute the
next step U"+! on the current grid and evaluate the error indicators for U"+! as above.
We mark an element T for refinement if the error e(7) exceeds a predefined threshold €.
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Once the marked elements are identified, they are refined accordingly. This refinement
process may lead to nonconforming meshes with hanging nodes. However, due to the
local nature of the DG method, these nonconformities do not pose a problem, as
continuity across element interfaces is not enforced.

After refinement, the current solution U” is interpolated onto the new mesh. The
time-stepping procedure is then repeated on the refined mesh to obtain a new U™+,
incorporating the newly adapted elements. This process is repeated until no further
refinement is triggered.

In order to remove unnecessary refinements and maintain computational efficiency,
a coarsening procedure is applied. The same error indicator is used to assess whether
refinement is still required. Specifically, all children of a parent element are removed
if the sum of their error indicators falls below c €, where 0 < ¢ < 1 is a safety factor.

4 Numerical simulations

We present numerical experiments to validate our theoretical findings and evalu-
ate the performance of the proposed methods. We first simulate classical Landau
damping in one spatial dimension, verifying the conservation properties and accuracy
of the DG discretization. Additionally, we examine our modified projector splitting
integrator in this setting. Next, we apply the conservative unconventional integra-
tor to Landau damping in two spatial dimensions, demonstrating its applicability to
higher-dimensional problems. Finally, we simulate the free motion of a Maxwellian
distribution in two spatial dimensions governed by a linear kinetic equation with a
vanishing electric field. This simplified setup enables us to study the impact of both
rank and spatial adaptivity within our framework, serving as an initial step toward
adaptive low-rank DG methods for kinetic equations.

The implementation is based on the finite element library MFEM [1]. All computa-
tions were performed on a workstation equipped with dual-socket AMD EPYC 7543
processors and 1 TB RAM.

4.1 Landau damping in one spatial dimension

We consider classical Landau damping in one spatial and one velocity dimension over
the time interval [0, 40]. We use periodic domains Q%) = [0, 47] and Q) = [—6, 6]
with the initial condition

1 1
£00,x,v) = Ee—vz/z (1 +acoskn), a=107 k= .

The same setup was investigated in [13]. In this case, linear analysis predicts that
the electric field decays with a rate of y ~ 0.153. For the discretization, we use a
uniform grid with n, = 32 elements in the spatial domain and n, = 64 elements in
the velocity domain. Quadratic finite elements (p = 2) are employed, along with a
step size T = 1074
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Fig. 1 Simulation results of 1+1-dimensional linear Landau damping using the unconventional integrator
with a maximum rank of 10, central flux, and different number of fixed velocity basis functions m; electric
energy including the theoretical decay rate (upper right), relative error of the mass (upper right) and total
energy (bottom right), absolute error of the momentum (bottom left)

The results for the conservative unconventional integrator with truncation to a fixed
rank of 10, shown in Fig. 1, closely resemble those in [13, Fig. 1]. While all config-
urations (m = 0, 1, 2, 3) exhibit the expected decay in electric energy, their behavior
with respect to physical invariants differs significantly. Including the constant func-
tion v — 1 for m = 1, 2, 3 reduces the relative error in mass from approximately
1072 to 5- 10!, The absolute error of the momentum decreases from approximately
10~7 to 10~!! when the function v > v is included (m = 2, 3). Consequently, both
quantities can be considered numerically conserved for m > 2. As argued in [13] the
total energy is not expected to be conserved; however, including v — v reduces the
error by approximately two orders of magnitude for m = 3.

We repeat the experiment using the projector splitting integrator to assess its ability
to conserve physical invariants. The results, shown in Fig. 2, confirm that the integrator
correctly reproduces the expected decay of electric energy according to the theoreti-
cal prediction. However, the conservation of physical invariants yields mixed results.
Notably, including the constant function increases the error in mass, whereas incorpo-
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Fig.2 Simulation results of 1+1-dimensional linear Landau damping using the modified projector splitting
integrator with rank 10, central flux, and different number of fixed velocity basis functions m; electric
energy including the theoretical decay rate (upper right), relative error of the mass (upper right) and total
energy (bottom right), absolute error of the momentum (bottom left)

rating the linear function systematically improves the accuracy of the momentum. The
total energy error remains small but exhibits an inconsistent behavior across different
configurations.

Finally, we also apply the unconventional integrator in its rank-adaptive version,
employing an SVD truncation with a Frobenius norm error threshold of € = 10~7. The
results, presented in Fig. 3, closely resemble those obtained with a fixed rank in Fig. 1.
This similarity is expected, as the maximum selected rank throughout the simulation
remained below 10. However, a notable difference is observed in the momentum error:
the best results are achieved when no velocity function is fixed (m = 0).

4.2 Landau damping in two spatial dimensions
We now extend our simulation of Landau damping to two spatial dimensions,
demonstrating that the DG-based approach generalizes well to higher dimensions.

Specifically, we solve the problem on periodic domains Q%) = [0,4x]* and
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Fig. 3 Simulation results of 1+1-dimensional linear Landau damping using the rank-adaptive unconven-
tional integrator with a truncation tolerance of € = 10*7, central flux, and different number of fixed velocity
basis functions m; electric energy including the theoretical decay rate (upper right), relative error of the
mass (upper right) and total energy (bottom right), absolute error of the momentum (bottom left)

Q™ = [—6, 6], using the initial condition
1 1
O, x,v) = 2—e_"’|2/2 (1 +acos(kx)) +acos(kxz)), a=10"2 k= 5
T

We use a uniform triangulation with n, = 2 - 322 and n, = 2 - 642 elements,
quadratic finite elements (p = 2), and a step size T = 10, Results for the rank-
adaptive unconventional integrator are shown in Fig. 4. Note that in this figure m =
3 corresponds to momentum conservation, since in the two-dimensional setup two
additional velocity functions v — vy (s = 1, 2) must be included. Additionally, we
present the norm of the momentum error.

The results are quite similar to the corresponding one-dimensional case in Figure 3.
The only notable difference appears in the momentum conservation. Even form = 1,
the results are nearly as accurate as when including the two additional basis functions.
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Fig. 4 Simulation results of 2+2-dimensional linear Landau damping using the rank-adaptive unconven-
tional integrator with a truncation tolerance of € = 10*7, central flux, and different number of fixed velocity
basis functions m; electric energy including the theoretical decay rate (upper right), relative error of the
mass (upper right) and total energy (bottom right), absolute error of the momentum (bottom left)

4.3 Mesh- and rank-adaptive transport problem

As a final experiment, we conduct a first test combining spatial adaptivity with a rank-
adaptive scheme. Mesh coarsening poses additional challenges regarding conservation
properties, which are beyond the scope of this work. Hence, we do not take conser-
vation into account in this experiment. Consequently, we are not fixing any velocity
basis functions (m = 0) and do not use a weight function.

As amodel problem, we consider the Vlasov—Poisson equation (1) with the electric
field E(t,x) = 0 set to zero at all times on the periodic domain Q = [0, 471? x
[—6, 6]2. The initial condition is chosen as a Maxwellian distribution with a nonzero
mean velocity in the x-direction:

F0.x.v) = e-v-nOP/ead) L —xp/eo)
o 2 27
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Fig.5 Spatial density at r = 0 (left), r = 1 (middle), and = 2 (right) of the free motion of a Maxwellian
distribution along with the dynamically adaptive mesh

with

oy =172, W =[n,271", o, =174, uV =[x, 0.

This corresponds to the free motion of the distribution. We simulate the time interval
[0, 2].

The initial discretization is based on a regular triangulation with n, = 2 - 16> and
n, = 2 - 322 elements and a time step of T = 5 - 1073, We estimate the error by
projecting onto discontinuous linear finite elements, as described in Section 3.4. An
element is refined if the error exceeds 1073 and all children of a parent element are
coarsened if the sum of their error indicators falls below 0.15- 1073, The rank adaptive
integrator is applied with a truncation tolerance of 10™*. The time step 7 itself was
fixed to a small enough value to fulfill CFL conditions at all times and for all meshes.
In principle the time step could be adapted to the grid or substepping could be applied,
but this was not implemented.

Fig. 5 displays the spatial density distribution p(z, x) at different times, along with
the corresponding adaptive mesh. At¢ = 0, the initially coarse, regular mesh (left plot)
is refined around the center of the initial state to accurately represent the function with
an error below the given tolerance. As the distribution evolves under the rank-adaptive
scheme, its center shifts to the right, and it broadens in the spatial domain. The mesh
adapts to the changing distribution, refining at the new location while coarsening in
regions where the distribution becomes negligible (middle plot # = 1 and right plot
t = 2). These results demonstrate that the spatial adaptivity is effective in this setting,
even with a simple error indicator and refinement strategy.

We also display the number of mesh elements as well as the rank over time in
Fig. 6. The number of elements in the spatial domain increases only slightly during
the simulation, corresponding to the broadening of the spatial distribution. The rank
increases since the evolving distribution becomes more and more entangled in phase
space.
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Fig.6 Number of mesh elements in the spatial domain (blue) and DLRA rank (red) for the simulation of a
free motion of a Maxwellian using a mesh- and rank-adaptive scheme

5 Conclusion

We developed and analyzed a conservative DG discretization of the DLRA approach
for the numerical solution of the Vlasov—Poisson equation. We presented the conserva-
tive integrator from [9, 11, 13], which is based on fixing some velocity basis functions,
in a modified form that avoids normal equations in the L-step and suggests a projector
splitting scheme. We rigorously derived the DG formulation for the DLRA equations
in terms of Friedrichs’ systems, including appropriate numerical fluxes and discrete
differentiation operators. Combined with the unconventional rank-adaptive integra-
tor, we proved the conservation of mass and momentum in our numerical solver.
The numerical experiments demonstrate the feasibility of our approach, confirm the
conservation of physical invariants, and highlight the possibility for mesh adaptivity.
Despite these advances, several questions remain open and could be addressed in
future work. First, extending the method to non-periodic domains and corresponding
boundary conditions requires additional considerations, potentially based on the ideas
in [23]. Second, more sophisticated error estimators and mesh adaptive strategies
need to be designed for the DG solvers to maintain the conservation of invariant
quantities. Also, higher-order time-stepping schemes, such as those suggested in [22],
could be considered. So far, we have established conservation properties only for
the unconventional integrator, but certain quantities may also be conserved under the
projector splitting approach, which might merit a more detailed investigation.
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