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UPWIND DISCONTINUOUS GALERKIN SPACE
DISCRETIZATION AND LOCALLY IMPLICIT TIME
INTEGRATION FOR LINEAR MAXWELL’S EQUATIONS

MARLIS HOCHBRUCK AND ANDREAS STURM

ABSTRACT. This paper is dedicated to the full discretization of linear Maxwell’s
equations, where the space discretization is carried out with a discontinuous
Galerkin (dG) method on a locally refined spatial grid. For such problems
explicit time integrators are inefficient due to their strict CFL condition stem-
ming from the fine grid elements. In the last years this issue of so-called
grid-induced stiffness was successfully tackled with locally implicit time inte-
grators. So far, these methods were limited to unstabilized (central fluxes) dG
methods. However, stabilized (upwind fluxes) dG schemes provide many ben-
efits and thus are a popular choice in applications. In this paper we construct
a new variant of a locally implicit time integrator using an upwind fluxes dG
discretization on the coarse part of the grid. The construction is based on a
rigorous error analysis which shows that the stabilization operators have to be
split differently than the Maxwell operator. Moreover, our earlier analysis of a
central fluxes locally implicit method based on semigroup theory applies but
does not yield optimal convergence rates. In this paper we rigorously prove the
stability and provide error bounds of the new method with optimal rates in
space and time by means of an energy technique for a suitably defined modified
error.

1. INTRODUCTION

We consider the full discretization of Maxwell’s equations following the method
of lines technique. In this approach the continuous problem is first discretized in
space and subsequently integrated in time. For the space discretization discontinu-
ous Galerkin (dG) methods are a popular choice since they exhibit many attractive
features, cf. [7, 17]. For example, they easily allow one to handle complex geome-
tries and composite media by using unstructured, possibly locally refined meshes.
In addition, dG methods lead to block diagonal mass matrices which in combination
with an explicit time integrator result in a fully explicit scheme.

However, the spatial discretization of Maxwell’s equations results in a system of
stiff ODEs. For such problems explicit time integrators suffer from severe stability
issues. In fact, in order to guarantee stability, the time step of these methods is
subject to a strong limitation (CFL condition). For Maxwell’s equations we have
to ensure that the time step satisfies 7 < Amin, where hpi, denotes the smallest
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diameter of the elements in the spatial grid. Because of this limitation explicit time
integrators perform poorly when the space discretization is carried out on a locally
refined grid, i.e., a grid that consists of only a few fine elements with a very small
diameter but a large number of coarse elements. This occurs for example if the
underlying continuous problem is given on a complex geometry or if the solution
locally lacks regularity in a small part of the domain (e.g., in corners). The few fine
elements lead to a strong CFL condition (grid-induced stiffness) which enforces a
small time step size. The large number of tiny time steps yields an approximation
with temporal error being much smaller than the space discretization error, since
the dominant part of the latter stems from the coarse elements. This renders explicit
time integrators inefficient. Applying suitable implicit time integrators eliminates
this restriction. However, in each time step, implicit methods require the solution
of a linear system of equations involving all degrees of freedom in the spatial grid.
A single time step with an implicit scheme is significantly more expensive than for
explicit methods. For large 3d problems implicit methods might even be unfeasible.

As a remedy to the shortcomings of both explicit and implicit time integrators
locally implicit time integration schemes have been proposed [4, 5, 6, 11, 20, 24, 26,
27]. These methods apply an implicit time integrator for the fine mesh elements —
thus avoiding a restrictive CFL condition — while retaining an explicit time inte-
gration for the coarse mesh elements. An alternative is to use local time stepping
methods, cf. [1, 3, 8, 9, 13, 14, 15, 21].

So far, locally implicit time integrators were limited to an unstabilized spatial
discretization of Maxwell’s equations, a so-called central fluxes dG discretization.
However, a stabilized dG discretization (upwind fluxes dG method) provides many
benefits such as an improved stability behavior and a higher spatial convergence
rate. The purpose of this paper is to construct a new locally implicit time integrator
based on an upwind fluxes dG space discretization comprising the explicit Verlet
(or leap frog) method and the implicit Crank—Nicolson method.

Although some ideas (and also the notation) are taken from [20], the extension
of the central fluxes method to upwind fluxes is by far not obvious. It is based
on a rigorous error analysis which shows that the splitting of the stabilization
operators has to be done differently than the splitting of the Maxwell operator
presented in [20]. Moreover, it turns out that the techniques developed in [20]
are not appropriate to show the improved stability and convergence of the full
discretization of the locally implicit upwind fluxes scheme. In fact, in order to
reveal the benefits of an upwind fluxes dG method our analysis is based on an
energy technique as presented in [18] for fully implicit Runge-Kutta discretizations
of the linear Maxwell’s equations. This technique renders the analysis far more
involved compared to the discrete variation-of-constants techniques we used in [20].
For instance, the analysis involves additional defects arising from the incorporation
of the stabilization operators and has to be applied to a carefully chosen modified
error instead of the error itself. Last, we point out that as a byproduct we obtain
a stability and error analysis for an upwind fluxes Verlet-type fully explicit time
integrator.

Our main contributions are as follows: We show that this novel method retains
the efficiency of the underlying locally implicit time integrator while gaining the
benefits of an upwind fluxes space discretization. In particular, we provide a rigor-
ous stability and error analysis of the full discretization and prove that
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(a) the method is stable under a CFL condition that solely depends on the
coarse elements in the spatial grid, and

(b) that the full discretization error is of order two in the time step and of order
k+1/2 and k in the space discretization parameter in the coarse elements
and in the fine elements, respectively, if we use polynomials of order k (and
in a few elements of order k + 1).

We organize our paper as follows. In Section 2 we present the main ideas of the
construction and the results of the locally implicit method which we elaborate in
the remaining paper. We begin in Section 3 with a short overview of the continuous
linear Maxwell’s equations and their well-posedness. Section 4 is dedicated to the
spatial discretization of Maxwell’s equations. In particular, we decompose the spa-
tial mesh into explicitly and implicitly treated elements. On this basis we construct
split discrete operators that we use in Section 5 to derive our locally implicit time
integrator. Subsequently, we examine the stability behavior of the method and
carry out its error analysis. Combining these results leads to our main result which
is given in short form in Theorem 2.1 and with all details in Theorem 5.10. Last,
in Section 6 we present numerical experiments verifying our theoretical results. A
careful study of the efficiency of the locally implicit method for large problems, in
particular in comparison with local time stepping methods, is ongoing work and
will be presented elsewhere.

2. LOCALLY IMPLICIT SCHEME

In this section we present the main ideas of this paper and elaborate the details
in the subsequent sections.

Let Q c RY, d = 1,2,3, be an open, bounded Lipschitz domain and let T' > 0 be
a finite time. We consider the linear Maxwell’s equations in a composite medium
with permeability p : Q@ — R, permittivity € : £ — R and a perfect conduction
boundary,

o H = — curl E, (0,T) x 9,

eOE = curlH — J, (0,T) x 9,

21) H(0)=H", E(0)=E° Q,
nx E =0, (0,T) x 0.

Here, the unknowns H,E : (0,7) x Q — R? are the magnetic and electric field, re-
spectively, and J : (0,7) x 2 — R? is a given electric current density. Furthermore,
n denotes the unit outer normal vector of the domain 2. It is well-known that the
solution (H(¢),E(t)) of (2.1) preserves the electromagnetic energy

(22) e, B) = - (IH2 + BI2),

i.e., for vanishing source term J(t) = 0 we have &(H(t),E(t)) = £(H°,E°) for
t>0.

We discretize (2.1) in space using a dG method. This results in the semidiscrete
problem,

8tHh(t) = —CEEh(t) — aSHHh(t), (0, T),
(2.3) O Ep(t) = CaHy(t) — aSEE.(t) — In(t), (0,7),
H,(0) = Hj, E;(0)=E},
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where Cg and Cyg denote the spatially discretized curl-operators, Sy and Sg are
stabilization operators and « € [0, 1] is the parameter controlling the stabilization.
The boundary condition (n x Ep(t))|sq = 0 is weakly enforced within the definition
of Cg, see (4.8b) below.

For a = 0 our dG method is not stabilized, which renders it a central fluxes dG
discretization. Such a method is convergent with order k, if we employ polynomi-
als of degree k in our spatial discretization. Similar to the continuous Maxwell’s
equations the semidiscrete Maxwell’s equations (2.3) preserve the electromagnetic
energy £(Hp, Ep) in the case of a central fluxes dG discretization. On the other
hand, if we choose « € (0, 1], we obtain a stabilized dG space discretization, which
is usually referred to as an upwind fluxes dG method. In contrary to the central
fluxes method such a space discretization is dissipative, i.e., it decreases the electro-
magnetic energy &(Hy, Eyp,) if time evolves. This dissipative behavior is beneficial
in view of enhanced stability and a higher convergence rate k + 1/2 of the upwind
fluxes method.

In this paper we consider the case where the space discretization is carried out
with a locally refined mesh 7y, i.e., a mesh that consists of mostly coarse elements
and a few fine elements. We collect the coarse elements in 7, . and the fine elements
in Tp s so that

(2.4) Th=Th,e U Th,f, card(Tp,s) < card(Th,c).

In order to obtain a fully discrete numerical scheme, the semidiscrete problem
(2.3) has further to be integrated in time. If the space discretization relies on a
locally refined grid, locally implicit time integrators are an appealing choice. For
these schemes we decompose the mesh T, subject to

777, = 777,,6 U 77'L,i7 777,,f C 771,i7 777,,6 C ﬂl,cv

where T}, . contains the explicitly treated elements and 7 ; contains the implicitly
treated ones. Based on this decomposition we constructed in [20] explicit and
implicit discrete curl-operators C§; and Cly, respectively, which enabled us to merge
the explicit Verlet (or leap frog) method and the implicit Crank—Nicolson method
following an idea of [27] to a locally implicit time integrator. The resulting locally
implicit scheme agrees with the scheme (2.5) below with o = 0. Here, 7 denotes
the time step size. However, this method could not treat the stabilization operators
Sy and Sg from (2.3). We extend it with the following two ideas: First, in order
to inherit the efficiency of the central fluxes locally implicit scheme, we integrate
the stabilization operators explicitely (i.e., we do not include them into the Crank—
Nicolson scheme). Second, we retain a CFL condition independent of the fine part
of the mesh by stabilizing only on the explicitly treated elements. We realize these
ideas by using explicit stabilization operators Sg;, Sg, instead of the full stabilization
operators Sy, Sg. This results in the following locally implicit scheme:

(2.50) H) "% H} = — [CeEj — SoSHH],
(2.5b) Ej "~ Ef =7CiH; T + DL (H} T + H}) - raSGE},

~ (@3,

(2.5¢) HP ! Y2 = chEg“ - %aSI‘ﬁIHﬁ.
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The details of the construction of the stabilization operators will be given below.
Our main result is the following error bound for the fully discrete scheme.

Theorem 2.1. Let the solution (H,E) of (2.1) be sufficiently smooth. Then, for
a € (0,1] the error the numerical scheme (2.5) satisfies

n n k+1/2
| (H5, B — (H(ta), B(t))]| < CT (7 + max Wi+ max nl),

e KeTh,:

if T satisfies a CFL condition depending on the coarse mesh only.

The precise formulation of this theorem including the regularity assumptions
together with its proof is given in Theorem 5.10 below. Here, we only stress that
the technique to prove these bounds cannot be transfered directly from [20] and is
considerably more involved. Last, let us mention that dG methods easily allow one
to choose the polynomial degree differently in every mesh element. As we will show
below by using polynomials of order k + 1 for a small set of elements (the coarse
neighbors of the fine elements) we can obtain the more favorable bound

n n k+1/2
I ) — (FE(t). Bt < OT (7 + max 1™ + max we),

which shows convergence of order k + 1/2 on all coarse elements.
3. ANALYTIC SETTING

We begin by introducing some notations. For a set K C 2 and vector fields
U,U,V,V (in R?) we denote the L?(K)-inner product and the L?(F)-inner prod-
uct, I C 0K, by

(U,ﬁ)Kz/KU.ﬁdx, (U,ﬁ)FZ/FwF-ﬁ\F do,

respectively. For u = (U, V), u = (ﬁ, \A/') and uniformly positive weight functions
wi,ws : 2 — Ry we write the weighted inner products as

(3.1) (U,U)th = (wU,0),, (u, ﬁ)lew%K = (U,U)th + (V,V)w%K.
By || - llw; and || - |Jw; xw, We denote the corresponding norms. We abbreviate
) =()g and || -] = || - |lo and analogously for the weighted inner products

and norms.
Next, we cast Maxwell’s equations (2.1) into a more compact form. In fact, by
introducing the combined field u = (H, E) we can write (2.1) equivalently as

(3.2) Opu(t) = Cul(t) + j(t), u(0) = u’,
where the source term is j = (0, —e 1J) and where C is the so-called Maxwell
operator given by
. 2 6 _ 0 7CE o 0 *[,Lil curl
(3.3a) C:D(C)— L*(Q)°, C= (CH 0 )= le=tem 0 )

and endowed with the domain
(3.3b) D(C) = D(Cu) x D(Cg) = H(curl, ) x Hy(curl, ).

In both (2.1) and (3.2) we omitted the so-called divergence conditions and the
boundary condition for H since they can be neglected in examining the time evolu-
tion of Maxwell’s equations. In fact, they only have to ensured for the initial values
H°, E°, cf. [22].
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We make the following assumptions on the data: For the initial value and the
current density we assume
(3.4) u’ € D(C), J e C0,T;L*(Q)®) or J € C(0,T; D(Cg)),
respectively, and for the material coefficients we demand

(3.5) e € L>(Q), e >0 >0,

for a constant 6 > 0. These assumptions guarantee that there exists a unique
solution u = (H,E) € C(0,T; L*(2)%)NC(0,T; D(C)) of (3.2) [25, Corollaries 2.5,
2.6] which is bounded by

T+1 [
(35 e < ¢ (000 + 75 [ 102 as).

It is well-known that the Maxwell operator C is skew-adjoint w.r.t. (-, )
which can be expressed in terms of the curl-operators Cy, Cg as

(3.7) (CuH,E), = (H,CgE),, He D(Ca), E € D(Cr).

puxe’

4. SPATIAL DISCRETIZATION

In this section we discretize (2.1) in space with a dG method, see the textbooks
[7, 17]. As a first step, we give the discrete setting in which the dG discretization
can be formulated.

4.1. Discrete setting. We assume that € is approximated by a polyhedron in R¢
which we denote by ) again, for simplicity. We equip 2 with a simplicial mesh
Tr, = {K} consisting of elements K. We point out that the restriction to simplicial
meshes can be dropped and all following results hold true for more general meshes
satisfying the shape and contact regularity assumptions from [7, Section 1.4.1].
We denote with hg the diameter of a mesh element K and refer to the maximal
diameter by h = maxgeT;, hi. Moreover, we collect the faces of the mesh elements
in Fp, = F,ilnt U F }l’nd, where the first set collects the interior faces and the second
set the boundary faces. By

Ny = d{F e F, | FCOK
9 Irglea%zcar{ € Fyn | FCOK}

we denote the maximum number of mesh faces composing the boundary of a mesh
element. For simplicial meshes Nj is a constant. For every interior face F' € Fi'* we
choose arbitrarily one of the outer unit normals of the two mesh elements composing
the face F'. We fix this normal and denote it with np. For the remaining paper we
will refer to the two neighboring elements sharing the face F' by K and K whereby
the unit normal np points from K to Kp. For a boundary face the orientation of
np is always outwards.
We use the discrete approximation space

(4.1) Vi = {on € L*(Q) | vn|x € Py(K) for all K € T;,}°,

where P denotes the set of polynomials of degree at most k. Because we have
V2 ¢ D(C) our space discretization is non-conforming. Similarly, we write

(4.2) HY(Ty) = {veL*(Q) | v|xk € HY(K) for all K € Ty, }, q €N,
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for the broken Sobolev spaces fitting to the mesh 7. These spaces are Hilbert
spaces when endowed with the norm

q
(4.3) lolls =D 10l iz = >0 =D 1o
§j=0

KeTy KeTy

Furthermore, we define the spaces

(44a) VE=D(Cu)NH'(Th)®, VE=D(Ce)NH(T;)® Vi=VExVE,
and

(4.4b) VE =VHE+V,, VE =VE+V,, Vin=VH xVE.

Assumption 4.1. We suppose that the coefficients p and € are piecewise constant
and that the mesh 7 is matched to them such that u|x = px and e|x = e are
constant for each K € Tp,.

The L2-orthogonal projection 7y, : L?(Q)* — Vj, onto V}, is defined such that for
V e L2(Q)3

(4.5) (V —m,V, (ph) =0 for all ¢y, € V},.
For piecewise constant coefficients we then have
(4.6) (V —m,V, (ph)u = (V -V, Qﬁh)a =0, for all wn € V.

For the data in (2.3) we use the L%-projection of the continuous initial value and
of the source term, i.e., H% = m,HO, E(,)l = m,E® and J;, = m,(e71J).

Given a piecewise constant weight function w, w|x = wk for all K € T, we
define the weighted average of a function v over an interior face F' € Fi™ as

(o) = wi (V)| P + wip (0] k)|
F WK + WKy

)

and the jump of v over F' as
[v]r = (vlke)lF = (vlK)lF.

For vector fields these operations act componentwise.

4.2. Discrete curl and stabilization operators. We follow [16, 19] for the suc-
ceeding definitions. Let

1 1 )
(4.72) ap=———— bp= for all FeFm™,
EKCK T EKrCKp BWKCK + UKrCKp
1
(4.7b) bp = forall ~ Fe Fpmd.
HKCK

For (Hy,,Ep,) € V2 and (¢p, ¢p) € Vh2 we define the discrete curl-operators Cyg, Cg :
Vi, — Vj, as

(4.8&) (CHHh;wh)E = Z (Curth,wh)K + Z (nF X [Hh]]Fv {{wh}?)p ’

KeTh FeFim
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and
(4.8)
(CEEhad)h)H = Z (curl En, ¢n)
KeTy
+ Z (ne X [En]r, {on ) o — Z (np X Ep, ¢n) 0 -
FeF™ FeFbnd

Moreover, we introduce the stabilization operators Sy, Sg : Vi, — Vi by

(4.92) (SHHh;Qbh)N = Z ar(ne x [Hulr,ne x [énlr)
FeFint

and

(SEEn, ¥n), = Z br(ne X [En]r,ne x [Ynlr)

FeF

+ Z bF(nF X Ep,np X ’lph)F .

FeFpnd

(4.9b)

We collect the above introduced operators in

(0 —Cg _(Sa O
fa ) (T s)
The operators given in (4.8), (4.9) are also well-defined on VH and V.E, respectively,

ie., Ca,Su : VE — Vj,, Cg,Sg : VF — V. Since functions in these spaces have
vanishing tangential jumps,

(4.10) np X [Hlp =np x [E]rp =0, HecVH EcVE,
the following consistency properties hold true
(4.11)

CuH = 71,CyH, CgE =7m,CgE, SuyH=SgE=0, HeVH EcVE.
The next lemma gives a partial integration formula for the discrete curl-operators
Cyx and Cg.

Lemma 4.2. Let (H,E) € V*Ifh X th and (¢n,¥n) € V2. Then, we have that
(4.12a)

(CHH,wh)6 = Z (curl¢h,H)K

KeTh
+ Z (nF‘ X [[wh]]F7{{H}}l}f“c)F - Z (nF X wan)F )
FeFint FeFpnd
and
(412b)  (CeE,¢p), = > (curlgn,B) o+ > (nr x [¢nlr {E}F), -
KeTh FeFint
Proof. Partial integration (see the proof of [20, Lemma 2.2]). O

This lemma and (4.8) show that the discrete curl-operator C preserves (on the
space V;?) the skew-adjointness of the continuous Maxwell operator (3.7). In fact,
for up, = (Hy, Ep) € V;2 we have

(413) (CHH}u Eh)E = (Hh,cEEh)lﬁ (Cuh’ uh)uxs =0.
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The stabilization operators Sy, Sg are symmetric and positive semidefinite on V},,
i.e., for Hy,, Epn, Hy, E, € V), we have

(4.14&) (SHH}“ ﬁh)# = (Hh7 SHﬁh) (SEEh, Eh>€ = (Eh, SEE}L)

w &’

and
(4.14b) (SuHy, Hh)u >0, (SeEn, Ep)_ > 0.

4.3. Splitting of discrete operators. Recall that we are interested in the situa-
tion where the mesh is split into a coarse and a fine part, and where the number of
fine elements is small compared to the number of coarse ones, see (2.4). As pointed
out in [20] it is necessary to treat the fine elements and their neighbors implicitly
in order to obtain a scheme with a CFL condition independent of the fine part 7y, ¢.
This lead to the decomposition of T, = Tp,; U Tp, e, where

Thi ={K €T | 3Ky € Tpy : volg_1(0K NOKy) # 0}, The=Tu\ Thi,

see [20, Definition 2.3]. The elements in 7 ; are treated implicitly and the ones
from 7 can be integrated explicitly. In the following we will frequently use the
set of implicitly treated elements which share a face with at least one explicitly
treated element
7%70,* = {Kz S 7;%1' | 1K, € 77L,6 : Vold_l(aKe n (9Kz) 7é 0}

We note the following relations between the sets of mesh elements:

E,e - E,cy 771,f C 77L,i) 771,i N 77L,C 7& @7 7—h,ci - 771,0 N 771,i-
Analog to [20, Definition 2.4] we decompose the interior mesh faces into
(415) Bt = B O B O Fk,
where F3™ contains the faces between implicitly treated elements, F;" the faces
between explicitly treated elements and f}Lnﬁl the faces bordering an explicitly and
an implicitly treated element. We use the convention that for a face F' € Fi* the

h,ci
normal ng is directed from the implicit element K; towards the explicit element

K. Similar to the decomposition of F}L“t the set FE“d is partitioned into
(4.15D) Fprd = it O R,
so that ]-'}ff;d contains the boundary faces of implicitly integrated elements and
]—'}f"f the boundary faces of explicitly treated elements. Moreover, we set
(4.15¢) Fire = File U File
Observe that the set ]-";an only contains faces bordering two coarse elements.
We denote by x; and x. the indicator functions on 75 ; and 7 ., respectively.
As proposed in [20, Definition 2.6] we use these indicator functions to define split

versions of the discrete curl-operators Cgy,Cyy = VF, = Vi and Cg,Cf - VE, — Vi,
by

(416) C?—I = CH © Xbp, C% = xp © Cg, be {i,e}.

For the definition of the split discrete curl-operators the usage of the indicator
functions is a convenient choice. However, it is not appropriate to split the sta-
bilization operators. From (4.9) we observe that the stabilization operators solely
take values of the functions on faces into account. Hence, it is natural to construct
explicit stabilization operators by replacing the sums over all faces by sums over
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faces belonging to explicitly treated elements, i.e., by the sets F;"% and Fmd. This
motivates the following definition.

Definition 4.3. We define the explicit stabilization operators Sg : V*I’{h — V3, such
that for all ¢ € V4,

(4.17a) (SIe—IHv(bh)“ = Z ap(np x [H]p,np X [¢n]F)
rer
and Sg : V*Eh — V}, such that for all ¥, € Vj,,
(SEE, ¥n), = Z be(np x [E]lr,ne x [Ynlr)

FeFM

+ Z bF(nFXEﬂ’lFth)F,
FeFpnd

(4.17D)

where ap and br were defined in (4.7). Moreover, we define

e . 2 e __ SIe{ 0
(4.17¢) S Vi V2 S (o se)

Let us give some properties of the above introduced operators: For the split
curl-operators we have that

(418) Ca=Ch+Ch, Cr=Ch+Ch  ChCr=CHCh b e i}

Furthermore, observe that by (4.10) the operators Cg, Ck and S§, S& preserve the
consistency of the full operators (4.11). In particular, for the stabilization operators
we have

(4.19) SGgH=SgE=0, HcVH EcVE

Last, all operators preseve the adjointness and the symmetry properties on Vj, of
the full operators (4.13) and (4.14a), respectively, i.e., for Hy,, Ep, Hy, Ej, € V), we
have

(420&) (CIE_IHh, Eh)a = (Hh, CEE}—L)H,
(4.20b)  (SgHn, ﬁh)u = (H,,85H,)

(CHp. Ey)_ = (Hy, CLEy)
(SEEh,Eh)E = (Ep, SgEy)

w
W e’

Moreover, 8§ and Sy, also inherit the positive semi-definiteness of Sy and Sg,
respectively. This motivates to introduce seminorms associated with the explicit
stabilization operators.

Definition 4.4. For u= (H,E) € V, , we define the seminorms

2 _ 2
(4.21a) Hz, = Y arlne x [H]sl} ,
FeF
2 _ 2 2
(4.21b) Elsg = Y brllne < [Elrl7+ Y brlne xE|3 .
PeFnt FeFpnd

Moreover, we set

(4.21¢) lu

5= M5, +|E[3, -
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For uj, = (Hy, Ep) € V2 we have that
2 _ e
|Hh Sy (SHHhaHh)M ) ‘Eh

2 o e
(4.22) s = (5B En).

|uh|?Se = (Seuh,uh) .
HXe

4.4. Bounds on discrete operators. We end this section by providing bounds on
the explicit split discrete curl-operators and on the explicit stabilization operators.
Both operators act on the mesh elements and on the mesh faces of the spatial grid,
so these bounds will require a certain quality of our spatial mesh [7, Definition
1.38].

Assumption 4.5. We assume that the mesh 7}, is shape regular, which means
that there exist constants p, p. > 0 independent of h such that

h h
K <p KeT, K < p, K € Th,e,
TK TK

where 7 denotes the radius of the largest ball inscribed in K.

We have p > p. and for locally refined meshes we might have p > p.. By
Assumption 4.5 we can bound the average of the diameters of the neighboring
elements by the maximum and the minimum diameter of the elements,

hac + h
(423)  p'max(hi, hiy) < % < pmin(hi, hic,), K, Kp € Th.

On the coarse grid 7}, . this inequality holds true with p. instead of p. Two crucial
inequalities for functions in V}, are the inverse inequality

(4.24) [|curl Up || < Ciwh |Unllx, K € T, Uy € Vi,
and the discrete trace inequality
(4.25) |Unllr < Cuh?|Unllx,  F € Fn, Uy € Vi,

see [7, Lemmas 1.44, 1.46]. The bound (4.25) also holds for K. The constants
Ciny and Ci, depend on the mesh regularity constant p, the polynomial degree k
and the dimension d. On the coarse mesh 7 . these inequalities hold true with
dependency on p., k and d. We denote the corresponding constants by Ci,y . and
C"cr,c-

Let

Coo,c = MaX Cg, Coo = IMaX Ck
KeTh,e KeTh

be the maximum speed of light in the coarse grid and in the whole grid, respectively.
For u;, = (Hy, Ej,) we introduce the following ¢P-L2-norms scaled with the order ¢
of the approximation

(4.262) Ml 7 g = 20 PRIEAI 0 B g = 2 HRIERIL
KeTh KeTn
(4:26b) [[unllyxe 7. = A7 g + BRI 7 0
Moreover, for v € H™(T,) we define the weighted broken ¢P-H™-seminorm as
(4.26¢) 0l 7 g = Z R vl k-
KeTh
Note that for our H™(7p)-seminorm we have |v|p,, = |[v|m, 7, 2,0, see (4.3). Now,

we give two boundedness results, one for the L?-norm of the explicit curl-operators
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Cf and Cg, and one for the explicit stabilization seminorm | - |se. It is crucial to
observe that these bounds hold true independent of the fine mesh 7y, ;.

Theorem 4.6. For Hy,, E;, € V), we have the bounds

(4.27a) [CaHRle < Cond,cCoo,clHnllp, 7 002,-1
(4.27b) ICEERl, < Cond,cCoocl|Enlle, 7, 02,-1-

Furthermore, for u, € Vh2 we have

=~ 1/2
(428) |uh|$e < (Cbnd,ccoo,c) / ||uh‘|u><5,77,,‘c,27_%~
The constants are given by Cpnd,c = Cinv,c + QCgmNapc and ébnd,c = QC’EMNa.

Proof. The bounds (4.27) are shown in [20, Theorem 2.7] and (4.28) is proven in
the appendix. O

Last, we provide a bound on terms involving an inner product of a projection
error e, =u — mpu, u € V,, with a dG function ¢y, € V2.

Theorem 4.7. Let u € V, N H*TY(T;,)5. Then, for all oy, € V2 we have

(4.29) (Cer,on) o <Crclnlseuliir 7 0702042
+ Crllenlluxe, 70 [alk+1,750.2,55

and

(4.30) (8%€r, ) e < Crelnlseltlsn g 07 o2 bt 3

The constants are given by Cr . = (2Nacoo7c)1/géapp and @ = 26appCtrNacoop.

Remark 4.8. The bound (4.29) yields only the convergence rate k on the (few)
coarse elements in Tj ;. It also might happen that a small amount of coarse mesh
elements belongs to Ty \ Th,e: (e.g. if a coarse mesh element possesses only fine
neighbors). However, an advantage of dG methods is their flexibility in choosing a
different polynomial degree on each mesh element. As a consequence, if we choose
the polynomial degree k+ 1 on the (small number of) mesh elements in 7j, . N Ty i,
we obtain the rate k + 1/2 on the whole coarse set. Particularly, we obtain

(4.31)

(Cer,on) o < Crclonlseluliir 7 2krs + Crllonlluxe s U172,
and
(4.32) (8%, 0n) . < Crclonlseluliir g 2

In the following we will use (for a shorter notation) the bounds (4.29) and (4.30)
w.r.t. the set T . instead of Ty e U Th ¢, and leave it to the reader to recall that by
the above idea they can be sharpened to (4.31) and (4.32), respectively.

Proof. Appendix O
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5. FULL DISCRETIZATION

In the last section we established the space discretization of Maxwell’s equations
(2.1). So it remains to discuss the time integration. We base our time integrator on
a dissection of the time interval [0, 7] into equidistant intervals [t,, t,41] of length
7, where t,, = n7. We refer to 7 as the time step. Now, we have all ingredients such
that the fully discrete scheme (2.5) is well-defined. The aim of this section is to give
a stability and convergence analysis for this scheme. We point out that by choosing
Th,e = Tn the locally implicit scheme (2.5) transfers to a fully stabilized, fully
explicit Verlet-type method. Related ideas for the Verlet method on a staggered
time grid have been presented in [2, 23]. However, the stability and convergence
analysis are — to the best of our knowledge — new.

5.1. Stability and energy dissipation. Our first step in the analysis of the
upwind fluxes locally implicit scheme (2.5) consists in casting it into a more compact
form.

Lemma 5.1. The numerical scheme (2.5) can be written as

(5.1a) Row ™! = Rpwj, - raSeuj + 2 (57 + 7).

where ji = (0,J%) = (0,Jx(tn)) and where the operators Ry, Rr are defined as
T 72 T 72 0 0

51b) R, =Z—--C——D° Rr=IZ+-C——D° D°= .

(5:1b) R pC Ty AR (0 c;ICE>

Proof. Adding (2.5a) and (2.5¢) yields

Hj ™' — Hj = —2Cs (B} + B}) - TaSiHJ,
which is the first component of (5.1a). For the second component we subtract (2.5¢)
from (2.5a):

n 1 7 n T n n

HT/? = 5 (H 7+ HY) + - Co (BT — Ef).

Inserting this into (2.5b) we infer
2

Bt —Bf; = SCn(H} " +Hj) + -CiCr(B} ' —Ef) —7aSRE] — (31 +37),
by using C§ + Ci; = Ca, see (4.18). O

In [20, Lemma 3.2] we already elaborated the following properties of the opera-
tors Ry, and Rg:

(52&) (RLuh7ﬁh)u><s = (uh’RRﬁh)uxs’ for uh,ﬁh S Vh27

2
T
(52b) (’R,Luh,uh) = Huh||2X€ — fHCEEhHQ, for uy, = (Hh,Eh) € Vh2
HXe H 4 1%

Next, we give an energy identity which allows us to prove the stability of (5.1a)

under the following CFL condition:
20
5.3 <—"——— min h
( a) T= Cbnd,ccoo,c Krg,%}c e

where 0 < 6 < 1 is a fixed parameter which satisfies

(5.3b) 0:=60%+ab <1.
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Note that the CFL condition depends on the stabilization parameter a. For larger
« we obtain a method with a stricter CFL condition.

Lemma 5.2. The approzimation u} = (H}, E}) obtained from (5.1a) satisfies the
energy identity
(5.4)

2
-
hy Mxe = 7 ICEER 1% — a*lu”HISe +ag Z a4 w3

—IIUhIIHXE— ”CEE Ih - *Iuh|5e+ Z Gr g ™ )

puxe’

If we assume that the CFL condition (5.3) is satzsﬁed, the following stability result
holds true
(5.5)

(1= 0) g™ e + a5 Z ™+ w5

T+1 T~ o .
< 32 (Iuollim ZZIIJ 4J ||2>,

form=1,2,...,N.
Observe that the bound deteriorates for 6 AL

Remark 5.3. In case of the central fluxes locally implicit scheme from [20] the CFL
condition only requires the condition #? < 1. The additional term «f entering
(5.3b) stems from the (explicit) integration of the stabilization operators.

Proof. We take the p x e-inner product of (5.1a) with u"‘*'1 -+ u} and obtain

(RLuZ - RRUZ’ IIZ + uZ)uXa - (77_0486112‘ Ty 2 ('];LH_l +j2)7 (. + uh)uxa'
The adjointness of R, Rp from (5.2a) and furthermore (5.2b) imply
(RLuZ+1 - RRuhv n+1 + uh.)MXE - || n+1H,u><6 - ||uh||p.><6
Thus, we conclude
(5.6)
1
s e = R + 7o (STup, wi ™ +uf) o= 5 T i )
Moreover, we have that
1 1
(S7up, wptt ), = (fse<uz“ ) - ST ) )
1
= Sl g (g - ).

Here, we used the definition of |-|se and the symmetry of 8¢, see (4.22) and (4.20b),
for the second equality. Inserting this identity into (5.6) and summing yields the
energy identity (5.4).

For the stability bound (5.5) we use the boundedness results for C¢ and | - |se
obtained in Theorem 4.6 in combination with the CFL condition (5.3) to infer

2
.
(5-7) ICEE L + o IUl"+1 5 < OIETTZ + abllup e < Ollap
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Here, we further used ébnd,c < Cpnd,e- Using this bound in (5.4) and moreover
applying the Cauchy—Schwarz inequality and the weighted Young’s inequality with
weight v > 0 gives

n n
~ T T . .
(L= D) 2 + o D Tt ugEe < Juf2ee + 1 D015 57 R
m=0 7 m=0

n
T
g 2 (g e + I 1Pce) -
m=0

We choose the weight v = (1 —6)/(T + 1), so that the discrete Gronwall lemma is
applicable (Lemma A.1 with A = 1/(T + 1)). This yields the result. O

Besides the stability of our numerical scheme the energy identity (5.4) also im-
plies that it is dissipative w.r.t. the following perturbed electromagnetic energy

7-2 T
E(Hp, Ep) = E(Hp, Ep) — §||C16~:EhHi - 041|uh e

Indeed, we have that
n—1
& = T
(58)  E(H;E}) =&ML Ep) —ap > [uy™ +ullfs,  n=12..N
m=0

5.2. Error analysis. In this section we prove the convergence of the scheme (2.5)
using an energy technique. The main result is stated in Theorem 5.10.

For the exact solution u"® = (H®, E") = (H(¢,),E(t,)) of (2.1) at time ¢,
and its discretization up = (H},E}) =~ u" given by (2.5) we introduce the full
discretization error

(5.99) o = w" — = (efy, ) = (H" — H}, E" — E),
and split it into
(5.9b) e"=el —e; = (u" —mpu") — (u) — TpU").

Assumption 4.5 implies that our mesh 7;, has optimal polynomial approximation
properties in the sense of [7, Definition 1.55]. Thus, for H, E € H¥Y(K)? K € Ty,
F e Fy, F C 0K, we have

(5.10a) Heﬂ,HHu,K < Capphllc(+1|H‘k+1,Ka Heﬂ,EHs,K < Capphlic(+1‘E‘k+1,Kv

(5.100)  llexullur < Capphli*Hliirx,  Nlenpller < Capphld *[Blisr k,

~

with constants Cpp, Capp Which depend on p but are independent of both the mesh
element K and its size hy, cf. [7, Lemmas 1.58, 1.59]. Thus it remains to examine
ep.

5.2.1. Error recursion. In the next lemma we prove that the error e} satisfies the
recursion (5.1a) of the approximation uj where the source term %(j;f'l +jp) is
substituted by a defect.

Lemma 5.4. Letu € C(0,T;V,)NC3(0,T; L*(Q)®) be the exact solution of (2.1).
The error e} definied in (5.9b) satisfies

(5.11a) ’RLeZ+1 = Rrej, —TaS% e} +d", e =0.
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The defect d" = d7} 4 d}} is given by

7_2

n 0
511b d” — ——C(e"t! n S’ — — n n )
( ) T 2 (eﬂ” + eﬂ') TTas e, 4 (C;ICE (eﬂ—j]_-al - eﬂ',E))

and
2
n _ .2 n __ L 0
(5.11c) dy = 7770 1 (C%ﬂhAﬁ> ,
where
n fnt1 (t B tn)(tn B t) n fnt1
(5.11d) 6" = /t 272“ dPu(t) dt, no= /t OPH(t) dt.

n n

Proof. First, we observe that the recursion (5.1a) can be written as

T n+1 n e..n T n+1 mn 7.2
5C(uy ™ +up) —TaS uh+§(Jh +in)+—

0
: i (encutei ).

Next, we insert the projected exact solution into this recursion,

n
u, " —uy

mp(u" Tt —u") :%Cﬂh (0"t +u") — raS mu”

(5.12) gt r 0 —d”
' 2 vh Wy \CyCrmn (B — EN) '

Subtracting these two equations yields (5.11a). It remains to determine the defect

d”. By using a Taylor expansion of u”*/2 around ¢, and around t,; we deduce
that
(5.13) W= D@t ) 7",

where the remainder is given in (5.11d). Projecting Maxwell’s equations (3.2) onto
V2 and applying the consistency property (4.11) of the discrete curl-operators we
obtain

mropu(t) = Cu(t) + ju(t).

Using this identity and S¢u™ = 0, which follows from the consistency of the explicit
stabilization operators (4.19), the projection of (5.13) onto V;? can be written as

(5.14)  mp(u" —u") = e +u”) — raSu” + %(jZ“ +3m) — T2mpem.

2
Comparing (5.12) and (5.14) we infer

= fe(er e+ raStel £ rim 4 (cﬁcEm(EO"H - E”)) '
As in [20, Proof of Lemma 5.1] one can show
CHCrmy (EMT —E™) = —Chmn Ay — CIﬁICE(eZ’J;:1 —ergr),
which finishes the proof. O

For the central fluxes case we pointed out in [20] that a naive convergence proof
involving the recursion (5.11) only leads to an error bound of order 1.5. The

problem lies in the defect %CﬁwhAﬁ, which suffers from an order reduction from
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73 to 72, This problem also occurs in the here considered uwpind fluxes case. In
[20] we resolved this problem by splitting the quadrature defect dj; into

Here, (R, — Rg)E™ contains the problematic defect %CﬁwhA"H. Then, using this
particular representation of the defect we could show that its contribution to the
global error is of order two in time. However, the error analysis provided in [20]
does not rely on an energy technique that is needed in the upwind fluxes case
to show the improved spatial convergence order k 4+ 1/2. Unfortunately, it turns
out that even the energy technique applied directly to (5.11), (5.15) fails to give
the desired temporal convergence order. The essential idea — besides the energy
technique — is to consider a modified error €} instead of e}}. A related idea has
been presented in [27]. In the following lemma we introduce this modified error and
give the associated error recursion.

Lemma 5.5. Under the assumptions of Lemma 5.4 the modified error

(5.16a) er =ep — "l n>1, &) =el) =0,
satisfies
(5.16b) R = Rpep —ra8E +d", 0 >0,

with defect

- dO 2 60 - R 0 —
(5.16¢) dn = { m T T RS n=0,

d? + 7m0 — Re(€" — ¢ — ra8°¢" L, n>1.
Moreover, if the CFL condition (5.3) is satisfied, we have that

n
~ T ~ ~
(0= O et af D & + &
m=0

(5.17)

puxe’

n
< (d%&)) e + D (A7 )

m=1

Since the indicator function y. is matched to the spatial mesh we have £" € th
and thus e} € V2.

We observe that in (5.16¢), except for n = 0, the problematic defect (R, —RRg)&™
could be replaced by the difference £” — 71, This allows us to gain an additional
factor 7 and to avoid an order reduction.

Proof. The error recursion (5.16a) follows by employing the splitting (5.15) of dj
in (5.11a).

The error €] satisfies the recursion (5.1a) of the locally implicit scheme with
defect d™ instead of the source terms. Hence, the energy identity Lemma 5.2 holds
true for €7. A computation analog to (5.7) and the fact that €) = 0 yields the
bound (5.17). O
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5.3. Bounds on defects. It remains to bound the defects. This requires the
following regularity on the exact solution u = (H, E) of Maxwell’s equations (2.1),
which we assume for the remaining paper:

ue C(0,7;D(C) N H* ' (T73,)%) nC3(0,T; L*(Q)°),

5.18
( ) Ec Cl (O,T; Hk+1(771$c)3), He 02 (O,T; Hmax(l,k—l)(ﬁye)?)).

Moreover, from now on we assume that the CFL condition (5.3) is satisfied with
6 € (0,1), and that nt < T. For the sake of readability we give the following
bounds with respect to a generic constant C, which depends on Cjr ., Cr, Cetr,

éapp, Chnd,c and ¢ ¢, but is independent of 7, hx and a. Moreover, we introduce
two weights v1,v2 > 0 which we will choose in our main Theorem 5.10.
We start with the projection defect d7.

Lemma 5.6. For all ¢y € Vh2 we have the bound
(d7.0n) e < A+ a®)Imrlonlse + 2e7llonlf.

C 2
R n+1 n n|2
+ ,le< ‘u +u |k+1,7’h,c,2,k+% +|u |k+1,7’h,m2,k+% )

. ) tnt1 9
+ ?T( P /t OB 1704 dt).

Proof. The first two terms of d} are bounded by applying Young’s inequality with
weights 1,72 to (4.29) ,(4.30). For the third term we use the Cauchy—Schwarz
inequality and the weighted Young’s inequality to obtain

7_2

0 2 C 3
T < ~ e n+l __ n 2
i <<CﬁcE(eZ,+E1e:,E>>’*"h)w‘w"%”““vJ [CiCe(ere ~enm)l
C .
(5.19) <yarllonll? e + TlCk(ehE ~ e )l

Here, we used CCr = CfCg, the boundedness result for Cg; from Theorem 4.6,
and the CFL condition (5.3) for the second inequality. Moreover, we have

tnt1
rlca(eny ~ere)lE <7 [ IChoen )l di

n

tn+1
< CT/ ‘3tE(t)|i+1,Th,c,2,k+% dt,
t

n

where we used [|Cger gl < C|E|ky1,7,..2.k, see [20, Equation (5.4b)], and the

CFL condition. O

Next, we address the defect R (£ — £n71).

Lemma 5.7. For all oy, € V2 and all n > 1 we have

2
#,The dt.

n n— C fut 3
(Ral€” = 6" .0) e < bl + ot [ 07HCE)

tn—1
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Proof. For dG functions Hy, € Vj, and ¢, = (¢, 1) € V> we have by the defini-
tions of R in (5.1b) and of Cg in (4.16) that

eH €
(RR (X 0 h> ,wh) = (XeHm(ﬁh)u + %(CHHhvwh)E
wxe

C 72
<rllonle + = (I 7+ 7 ICEE2)

C
(5.20) < a7llenlice + = IHal 7, .

Here, the first inequality is obtained by the Cauchy—Schwarz inequality and the
weighted Young’s inequality, and the second inequality follows from the bound-
edness result for C§, i.e., (4.27a), and the CFL condition (5.3). Using this, we
have

n n— O n n—
(Rr(€" —¢ l)a@h)uxg <yarllenllixe + ,)/277_||£H &

) 07_4 tnt1 3 9
sWﬂ%mm+;;/ |OFEL(0)|2. 7, dt.
1

tn—

Here, the second inequality follows via a Taylor expansion of 9;H™*! around t¢,,
and around {¢,,2, which yields

_ T n n n—
§In{ - fIT—LI ! ZXeﬂ-h (atH +_ QatH + (9tH 1)

T2 [tni It — t|

tn—1

This finishes the proof. O

In the subsequent lemma we provide a bound on 7aS¢¢" 1.

Lemma 5.8. For all ¢, € V2 and all n > 1 the following bound holds

(TaS€" o) < maPtlonls

uxe —

C 4 [

el L2 Ol
71 tn_1
c [t 2 2

+ — |8t H(t)|max(1,k—1),7—h,372ak+% dt
M St

Proof. By using the Cauchy—Schwarz inequality and Young’s inequality we obtain

n—12

L _ cr3
Ta(8°¢" 1 on) < Tal¢" selonlse < maPTlonlEe + ——|xemn ANz -
24! H

puXxe —

In the second term we decompose 7, A}y ' = Afyt — A?"! where

tn

tn
AR? :/ OFH(t) dt, Ar? :/ dter u(t) dt.

tn—1 th—1
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By the definition of | - |s¢ in (4.21a) we have

3 3
T — T =
Shemn i s, = 2= D2 arlne x Dem Al F
1 ' FeFin
(5.21) S S (VN R T N
. = F XeRy IFI|F XeBRr FllF)-

Fe]:int

h,c

Here, the inequality is obtained via the splitting of WhArﬁfl, the triangle inequality,
Young’s inequality and |np| = 1. We bound the two terms separately. For the
subsequent calculations it is important to recall that the set .F,llnz only contains
faces bordering coarse elements. So, for the remaining proof let F € .7-'};32, which
yields K, Kp € Thc.

(a) For the first term the Cauchy—Schwarz inequality in L? yields

tn
apT / D OPE(O] 13 dt

tn—1

IN

ar|[xeAfr 'rlE

IN

tn
Capr / 1 e (HOPEL(E))|2 5 dt

tn—1

tn
+ Capr / 1 e (UOPHE)|2 . dt

tn—1

t’Vl
<cr / e (UOPEE) 2 o, d.

t'nfl
Here, we used the triangle inequality, Young’s inequality and the continuous trace
inequality [7, Section 1.1.3] for the second inequality, and

(5.22) arp < CKlK, ap < CKplKps

for the third inequality.
(b) For the second term we have

tn
ap || [xeA7FllE < &FT/ 1lxe0F er ()] F|I% dt

tn—1

tn
<cr / IXeO2er 51(t) k1P + xe®2er g (t) s |2 1 .

tn—1
where the second inequality is obtained via the triangle inequality, Young’s in-
equality and (5.22). Let k¥ = max(1,k — 1), then the regularity assumptions on
0?H together with (5.10b) imply

|07ermlicl2 r < CHET OFHE < CT 'R OPHE .

For the last inequality we used the CFL condition (5.3). Hence, we end up with

tn
arl A elh < 00 [ R GOPHOR  + T G FHOR .,
s , ,
where we used hi;”;+3 < h%”l. (This holds true with in the case k£ > 1 and in the
case k = 1 for hx < 1, i.e., the relevant case for a convergence proof. If hx > 1,
an additionally constant voly(€2)? enters this bound.)

Inserting the results from (a) and (b) in (5.21) yields the desired bound. O
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It remains to establish a bound on d°.
Lemma 5.9. We have the bound
(1-6°)(d°&}),,. <Clu' + 0’y 7 201

+CT tgoax ||82H( ) w,Th,e +CT / ”83 H,u><6

+C7|u l+CT|u —u
2

0 0
|k+177_h,c»27k+ |k5+177—h,u721k+% ’

Proof. This proof needs the following two results shown in [20, Lemma 4.1,4.2]:
Under the CFL condition (5.3) the operator R is invertible and we have the
following bounds:

1
1-62
By (5.16Db), €) = 0 and subsequently (5.2b) we have
(d07~i1L = (RLgi»gi
From (5.16b) we obtain
&, =R (d)+d)) + R, '"RrE°.
Using Rr — Rr = —5C and (4.16) we can write

1

-1 m
IRL RA)" lluxe < =05

(633) IR e < 1=

)p.><6 )#xg S ‘ ||,u,><5

1 ce 1 _ a0
d?r = i(RL - RR)( ) + TOcSeeO + - (RL —Rg) ( E(eW’EO e”’E)> .

Using the bounds (5.23) we infer
(1= ") 1€ lluxe < CUIE e + 110 uxe)
C(T||See9r||uxs + ||e71'r + e?rHILXE + THC]ei:(e}r,E - e?r,E)”u)-

The bound on the first two terms are clear. The fourth term can be bounded with
(5.10a) and the last one as in the proof of Lemma 5.6. For the remaining defect we
use (4.30) and subsequently (4.28) and the CFL condition

T(8%n 0n) e < CreTlonlselliyr 7 2kt s
< Crr.o(Cond cCoo.0) > 7llnl e, 7 UTh o 20=1 /2101 75 22
< \/icw,chm||80h‘|uxs|“|k+1,777,10,2,k+%-
As a consequence, we have
T||Seegr||um < CTI/2|UO|k+1,n,c,2,k+%-
This concludes the proof. O

5.4. Main result. Using the stability results and the bounds on the defects, we
now have all ingredients to show our main result.

Theorem 5.10. Assume that the exact solution u = (H, E) of Mazwell’s equations
(2.1) satisfies

ue C(0,T;D(C) N H*(T,)%) nC3(0, T; L*(Q)5),
Ec Cl (O,T, Hk+1(771}c)3), Hc 02 (077—v7 Hmax(l,k—l) (77176)3).
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Moreover, assume that the CFL condition (5.3) is satisfied with 6 € (0,1), and
assume that nt < T. Then, the error of the upwind fluxes locally implicit scheme
(2.5) is bounded by

[u” —uhll,mw Z eyt + &) |5

SC’/\un +u' + u0|i+1,n,1,k+1 +C'rt tg[loaf |07 H(t )||u Th e
tn
rCrt [ 10RO e + I0OFHOIS 1,
0

n

2 2
+C'r Z <|um|k+1,n,c,2,k+% + |‘1m|k+1,n,i,2,k)

m=0

tn,
2 2 2
+ C//O |8tE(t>‘k+l,Thwc,2,k+% + |8t H( ) max(1,k—1),Th,e,2, k+; dt

§C”< Jnax h%ﬂ—i— nax h3k +’T>
KeTh,e KeTh,:

The constant C' has the dependencies of C' and additional involves 1/(1 — 5) and
(1+a?)/a. The constant C" depends on C' and on [u(t)|ps1,7,, |0:E(t) k41,75
OPE) a1 k1) 75, [OPEO)] 02 and [0 uxe, ¢ € [0,

Remark 5.11. We recall from Remark 4.8 that by choosing degree k + 1 on the

(very few) elements in Tp . N Tp,i, we obtain the convergence rate

~ ~ 2k+1
I e o 3 SR < O 1 )

This is the desired rate k + 1/2 on the coarse elements and k on the fine elements.

Proof. The full discretization error is given by e = el — e} — &=l Using
(ew, goh)uxa = 0, and the triangle inequality and Young’s inequality we infer

le™ 15xe < llerllfe + 2080 15 xe +20€" e

The first and the last term can be bounded by

n— 1771

||en||;¢><5 < Cgpp|u|k+1,7’h,2,k:+17 Hgn 1||[L><E = 4t6[t ||8 H( )H;L'Th e

where the first bound stems from (5.10a). For the remaining error €} we have the
bound (5.17) and inserting

n C 4 bt 3
(@) e < bl + ot [ PRI

tn
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and the results from Lemmas 5.6-5.9 with v; = a/2(1 + 2a?) we obtain

n
~ T ~ ~
(1= )&, fixetog Do et e s
m=0

n
<37 3 (& + 3R,
m=1

+Clut + iy 7 2k + T tg%”j] HatQH(t)”i,Th,c

n
/ m—+1 m|2
+C'r Z |u +u ’k+1,77m,2,k

m=0

n
/ m—+1 m|2
+C'r Y [u 20 |k+1,n,c,2,k+%

m=0
C tn+1
+ _
72

in
+ C//O T4||,LL8,52H(75)H%7—’176 + ‘atQH(t) fnax(l,k—l),Th,e,Z,k—&-% dt.

By the triangle inequality, Young’s inequality and by choosing the weight o =
1-8
2(T+1)

2
T e + OB o1 7, 2y dt

we have

9 1-0r71 9

3arllentt + ey lxe < mg(\|ég+l||uxs + ey, ||i><e)'

Finally applying the discrete Gronwall Lemma A.1 yields the result. (I

6. NUMERICAL RESULTS

We conclude this paper by giving numerical examples confirming our theoretical
results. As an example for locally refined grids we use the mesh sequence 7710 ) =

’Th(J ’4), 1 < j <4, from [20, Section 6]. The mesh parameters, the decomposition of
the mesh into explicitly and implicitly treated elements, and all further details on
the example including a link to the mesh data can be found in this paper.

As a reference time integrator we use the Verlet method with a full stabilization
on the current iterates Hj}, E}}. As already pointed out in Section 5 this scheme
can be obtained from the locally implicit scheme (2.5) by choosing Tpe = Tp. In
fact, its recursion can be gained from (2.5) by changing C§, Ciy, S§ and 8§ into
Cu, 0, Sy and Sg, respectively. For all following results we ran our simulation
until the final time ty = T = 1 and its error ¥ = u? — uﬁLV is always measured in
the L?(Q) norm.

For a detailed discussion of the dependence of the CFL condition on the implicitly
and explicitly treated parts of the mesh we refer to [20], since it makes no difference
if we consider central or upwind fluxes. A new effect occurring for an upwind
fluxes space discretization is the dependence of the maximal stable time step and
of the error on the stabilization parameter . We also refer to [10] for a related
discussion of such effects when working with (fully explicit) low-storage Runge—
Kutta schemes. The fact that the maximal stable time step is subject to « is seen
from the condition (5.3b). The dependence of the error on « follows since the
constant C’ in Theorem 5.10 involves a factor (1 + «?)/a. Thus, for larger a we
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FIGURE 1. Dependence of the maximal stable time step and the

error, respectively, on the stabilization parameter a. We used the

mesh 771(1) and polynomial degrees k = 2 (blue), k = 3 (orange),
, k=5 (purple).

have two competing effects: on the one hand the error constant gets smaller and
on the other hand the CFL condition gets stricter. So, the optimal choice might
be a € (0,1) instead of @ = 1 (depending on the application). We validate both

effects with the mesh 7;1(1). The maximal stable time step sizes we observe in our
simulation are given in Figure la for the locally implicit scheme and in Figure 1b
for the Verlet method. First of all, the results highlight the superior CFL condition
of the locally implicit method compared to the Verlet method. Moreover, they
confirm that a larger « or a higher polynomial degree (this dependence enters the
CFL condition through the constant Cppa,) require a smaller time step in order
to ensure stability. Figure 1c depicts the correlation between the error (for a small
time step 7 = 5-107%) and the stabilization parameter a. We confirm that for
larger « the error becomes smaller.

Next, we examine the spatial convergence. For this purpose we use a tiny time
step size 7 = 10~° which is chosen small enough such that the spatial error domi-
nates over the time discretization error. We give the results in Figures 2a and 2b for
the locally implicit method with o = 0 (central fluxes, see also Figure 2 from [20])
and with o = 1 (full upwind fluxes), respectively. We clearly observe the superior
convergence rate of the upwind fluxes scheme compared to the central fluxes case.
In fact, we even observe a higher convergence rate k + 1 for the stabilized method
compared to k4 1/2 given in Theorem 5.10. This behavior is well-known [16]. The
convergence rate in the central fluxes is k as predicted in [20]. As comparison we
plotted in Figure 2c¢ the error of the Verlet method with full upwind fluxes, i.e.,
with stabilization parameter & = 1. We observe that the Verlet method shows the
convergence rate k + 1 for all mesh levels 72(1), ceey 7;54). For the locally implicit
method we observe the same rate for ’7'h(1), ceey 7;53) and then a slight decrease in

the rate for ’Th(4). This confirms the spatial rate maxxe7;, . h?_l/Q + maxkeT; ; Rk
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FIGURE 2. Spatial convergence. As final time we used ty =T =1
and as time step 7 = 107°. We employed the polynomial degrees

k =2 (blue), k = 3 (orange), , k=5 (purple). The
black dotted lines have slope maxge7, hh for k=2,...,6.
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fluxes). with @ = 1 (upwind wind fluxes).
fluxes).

FiGURE 3. Temporal convergence. We used the final time ty =
T =1 and the polynomial degree kK = 5. Moreover, we used the

meshes 7751) (blue), 7;,(2) (orange), and ’77],(4> (purple).

given in Theorem 5.10: For the meshes ’771(1), e ,’771(3) the implicitly treated part of
the grid only consists of elements with a smaller diameter compared to those of the
explicitly treated part, see [20, Table 1]. Thus, the spatial error is dominated by
maxger;, . h];;rl/ % which we observe in the figure. Contrary, for the mesh 7;1(4) there
are implicitly treated elements with a larger diameter than those in the explicitly
treated part. Consequently, we also observe the rate maxge7;, , h% in the spatial

error.
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Last, we verify the temporal convergence. For that purpose we use the poly-
nomial degree k = 5 since for this degree, at least for larger time step sizes, the
time integration error dominates the spatial error. The graphs of the errors of the
locally implicit scheme are given in Figure 3a and Figure 3b for o = 0 (see also
Figure 3a from [20]) and for @ = 1, respectively. We clearly observe that both
methods converge with order two in the time step which substantiates the order
given in Theorem 5.10 and in [20, Theorem 5.3] for « = 1 and a = 0, respec-
tively. Furthermore, we again observe the slightly weaker CFL condition in the
case o = 0 (this method is stable for a larger time step size, see also Figure 1a) and
the superior space discretization error for & = 1 (the plateaus indicating the space
discretization errors are at a smaller size for this method, compare also Figure 1c).
As an additional comparison we give in Figure 3c the errors we observe for the
Verlet method with o = 1. This figure shows well that both the locally implicit
scheme and the Verlet method are of the same temporal convergence order, i.e., of
order two. Moreover, it again illustrates the considerably improved CFL condition
of the locally implicit method compared to the Verlet method.

APPENDIX A. GRONWALL INEQUALITIES

Lemma A.1 ((Modified) discrete Gronwall lemma). Let A >0, 7 > 0 and A\t < 3.
Furthermore, let a,, by, ¢, € R such that ag < by, by < bpt1, ¢ >0, and

(A1) a1+ Cna1 < bpi1 + )\g Z (ams1 + am), n > 0.

m=0
3
Then we have a, + ¢, < €2*"7b,, n > 0.

Proof. Since ¢, > 0 we obtain from (A.1)

n
T
Ap+1 + Cn+41 S bn+1 + AE Z (am+1 + Cm+1 + A + Cm)7

m=0

whence the statement follows from [12, Proposition 4.1] and (1 +z)/(1 — z) < €3®
for x € [0,3/4]. O

APPENDIX B. PROOFS POSTPONED FROM SECTION 4

Proof of (4.28) from Theorem 4.6. For u, = (Hp, Ep,) we have |uy,
|Ex s, where by Definition 4.4

5 = |Hh|?sgl +

2 2
(B.1) Hils, = Y arlne x [Hilrl.
rerpt
By |np| = 1, the triangle inequality, Young’s inequality and the trace inequality
(4.25) on the coarse mesh Ty, . we infer
ap|np x [Hp]pl% < 2C% car (excichy Bl ¢ + exp i hics [HZ &)

< 207 Coore (W 1HRIZ i+ hich IHRS 1) »

where the second inequality is obtained via

(B.2) arpercr <1, AFpERpCKr < 1,
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Inserting this bound into (B.1) gives

|Hh|‘QSH < Cbnd,ccoo,cHHh||i77‘h’u727_% .

The proof of the bound for [E4|3_ is done analogously. O

Proof of Theorem 4.7 . This proof is done in four steps.
(a) We start with the proof of (4.29): For e, = (er m,er k) and ¢, = (¢, ¥n)
we have

(B3) (Ce7r7 Soh)y,xa = (CEe'rr,Ea (bh)u + (CHeﬂ',H7 wh)8~

By the partial integration formular (4.12b) for Cg and because the projection error
er g is orthogonal to Vj,, see (4.6), we have

(CeerE, ¢n), = > (nr x [¢n]F {exr}F) ,

FeFm
(B.A) < > lne x [6nlelle Ifere}sllr
| PeF:
+ > lne x [nlrlle 1fersdilr
rerp:

Here, we used the splitting of the mesh faces F"* = F" U Fi* from (4.15) and
the Cauchy—Schwarz inequality. Using (4.7) we have

I{er e} 5117 = aF lexcxerElk + expcrpen |k 7

< 20} (llexcxennlicl? + lerycxrennli?)

: )
e, F
< 2ap (CK||eTF7E|K”§,F + CKF|\e7r,E|KF||§,F)

~ k k
< 2ap Cgpp (CKhierl‘E'erl,K + CKFh%(FJﬂ'E'erl,KF) .

(B:5) = 20} (enccklenmlxll2 p +excnck, llen sl

Here, we applied the triangle inequality, Young’s inequality, and (B.2) From now,
the two sums in (B.4) have to be treated differently.

(b) By the Cauchy—Schwarz inequality in Rerd(Fi%) with weight ar, we obtain
(B.6)
> lne x [6nlelle Ifere}sllr
reF

< (X arlne < fonlel) (X ap Hered3)

Fef};j‘c FeF};jg
~ 2k+1 2 2k+1 2 1/2
< \/icapp‘¢h|sg( Z cxhl Tl ke by |E|k+1,Kp)
FeFnt
< (2NoCoo,c)? Capp|dnlse, [Blis1, 75 .U os,2.041/2-

For the second inequality we used the Definition 4.4 of the stabilization seminorm
and (B.5).
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(¢) Again the CauchySchwarz inequality in R4 o) implies

> lne x [6nlellr [1€exe}lr

FeF

< (X wrlne < fonleld) (Y witiHeredEIR)

FeFint FeFint

h,i h,i

1/2

where we choose the weight wp = ap(hk + hk,)/2. From the shape- and contact-
regularity of the mesh 7j, in fact by using (4.23), we deduce

(B.7) p lap < th;{17 wphl}fv < pag.

By |ng| = 1, the triangle inequality, Young’s inequality, and subsequently the trace
inequality (4.25), we infer

wrlne x [on]rllF < 20r (lonl &l + lonlxpl7)
< 2C3wr (R llenll% + hi, ||¢h||%<F)
= 2C3wr (Mf(lh;(1|‘¢h| wi t MKF Kp||¢h||p Kr)
< 2CH par (i 19n 7, + ni 17 xc,.)
(B.8) <208 peoo || nll7 wur -

Here, the third inequality was obtained via (B.7) and the last inequality follows by
(5.22). Last, we deduce from (B.5) with the aid of (B.7), that we have

wi' {er w3517 < 202 ppco0 (B 1k + 03 B k) -
This yields
(B.9) 7 lne x [enlrllr 1fexs}sllle < Crllonllm..
Fer;
Inserting (B.6) and (B.9) into (B.4), we finally obtain
(cEeﬂ',E7 (bh)# < C’n’,c
Analogous computations show

(Cuerm, ¥n). < Crotnlse Hlii1, 7 .07 i 264172 + Collonlle 7 Hlks1, 75 0200
whence the bound (4.29) follows by (B.3) and the Cauchy—Schwarz inequality in
R2.

(d) We proceed with proving the bound (4.30): By Definition 4.3, the Cauchy-
Schwarz inequalities in L?(F) and in Re* (% <) we have

Elkt1,7,:.2.k

lsg [Elkt1,75 075 o2 k4172 + Crllonll w7 [ Blet1,75, 2.5

Sk

1/2
(Sterm, on), < ¢h|s%< > arllnr [[e”’H]]FH%> .

FeF
By |np| =1, the triangle inequality and Young’s inequality we infer
ar|nr % [exulrlt < 2ar (lexulxlF + lexulx.7)
=2ar (ug' lexulxllr+ ngs lexulx. % F)

k k
< 2C§pp (CKh2 Jrl|H|k+1 KT+ CKph2 Jrl|H|k+1 KF)
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Here, the last inequality follows from (5.10b) and (5.22). Consequently, we have

(Strerm: 0n) < Crcldnlsy | Hlit1, 75 . 0T o 2041725

and analogously we obtain

(SgerE, V) < Crcltnlse Blit, 7 .U i 2 k+1/2-

Finally, by the Cauchy-Schwarz inequality in R? we get the desired bound (4.30).
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