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Convergence temporelle d’une méthode Galerkin discontinue
localement implicite pour les équations de Maxwell

Résumé : Dans ce papier nous étudions la convergence temporelle d’'une méthode Galerkin discontinue
localement implicite pour la résolution des équations de Maxwell modélisant la propagation des ondes
électromagnétiques. En particulier, nous nous demandons si pour un raffinement du maillage, simultané
et stable en espace-temps, le second ordre de convergence au sens des EDO est conservé pour la solution
exacte de 'EDP. Cela n’est pas a priori clair en raison de la décomposition des éléments qui peut
introduire une réduction d’ordre.

Mots-clés : convergence temporelle, méthode Galerkin discontinue, équations de Maxwell, décomposition
des éléments, réduction d’ordre
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4 L. Moya & J.G. Verwer

1 Introduction

In recent years there has been an increasing interest in DG time-domain methods. One of the main
features of DG spatial discretization is the possibility of using locally refined space grids to easily deal
with complex geometries. Also the choice of the temporal integration method is a crucial step for the
global efficiency of the numerical method. We distinguish two major families for the temporal integration:
implicit and explicit methods. An implicit integration method to numerically solve a time-dependent
PDE leads in general to unconditional stability. Then the time step can be chosen arbitrarily large.
However, implicit methods require the solution of large linear systems resulting in a high computational
effort. An explicit integration method results in less computational effort per time step, but leads to step
size restrictions caused by the smallest grid elements. For examples of implicit and explicit integration
methods for the semi-discrete Maxwell equations we refer to [2, 8] and [1, 4], respectively. Considering
the strengths of both methods, the authors of [3, 6] and [7] have proposed a possible alternative: locally
implicit time integration methods. More precisely, the smallest grid elements are treated implicitly
and the remaining elements explicitly by a technique we call component splitting. If the ratio of fine
to coarse elements is small, the most severe step size restrictions are overcome. Consequently, these
methods are particularly well suited if the local refinement is strongly localized. Note that the method
from [3, 6] has been especially designed for DG discretizations, while that from [7] covers the common
spatial discretizations like finite-difference and various finite-element discretizations.

In this note we study the temporal convergence of the locally implicit DG method for Maxwell’s
equations proposed in [3, 6]. In particular we examine whether the method retains its second-order ODE
convergence towards the true PDE solution under stable simultaneous space-time grid refinement. This
question is legitimate because component splitting can cause order reduction.

The contents of the paper is as follows. Section 2 presents the problem and the notations. In
Section 3 we introduce the component splitting and the implicit-explicit method for the time-dependent
Maxwell equations spatially discretized with DG. This implicit-explicit integration method is a blend
of the explicit one-step second-order Leap-Frog scheme (LF2) and the implicit one-step second-order
Crank-Nicolson scheme (CN2). Next we study the temporal convergence order. The different steps of
this convergence analysis are the same as in [7], where another implicit-explicit integration method for
semi-discrete Maxwell equations is proposed. Note that this last method is also a blend of the same two
methods LF2 and CN2. It is proved in [7] that this method retains its second-order ODE convergence
towards the true PDE solution under stable simultaneous space-time grid refinement. In Section 4 we
give some numerical results for 2D Maxwell problems to illustrate the previous convergence analysis.
Section 5 concludes the paper with final remarks and future plans.

2 Problem statement
We consider the Maxwell equations

eE = cuwl H—-0oF — Jg,
(2.1)
woH = —curl B,

where E/ and H denote the electric and magnetic field, respectively. Jg is the given source current and
€, i and o are coefficients representing dielectric permittivity, magnetic permeability and conductivity,
respectively. After discretization in space by a DG method we obtain the semi-discrete Maxwell system

M¢O,E = SH—DE+ M<fE,
(2.2)
M* 9, H

—STE + M+ fH,

where, for convenience, we use the same notation for the electric and magnetic fields £ and H as in
the space-continuous case. For more details on DG spatial discretization we refer to [3]. The matrices
M¢e, M* are the DG mass matrices which contain the values of the dielectric permittivity and magnetic
permeability coefficient. The matrix S emanates from the discretization of the curl operator. The matrix
D is associated with the dissipative conduction term —oFE. The functions f¥ and f¥ are associated

INRIA



Temporal convergence of a locally implicit DG method for Mazwell’s equations 5

with source terms. More precisely f¥ represents the given source current —.Jg, but f¥ and f¥ may also
contain Dirichlet boundary data.

We can give an equivalent formulation of (2.2) without mass matrix. As in [1] we introduce the
Cholesky factorizations

M€ = Ly LY. and M* = Ly LY, (2.3)
where Lyse and Ljsu are triangular matrices. Then with (2.2) we have
LyLY. E = SH-—DE+ Ly.L%,. fF,
(2.4)
Lot ,H = —STE+ LywLT,, fH.
Introducing E = LY, F and H = L%, H, we get
OE = Ly, S (LY)"' H-Ly. D (LY E+ LY. fF,
y R (2.5)
OH = Ly ST (Li)~" E+ L. f7.
Next we write B ~
S=1Ly. S (Lyr)", D=Ly~ D (LyM)7, 26)
- - 2.6
fE:LZJ\}Eva fH:L},\}ufHa
and note that ~
ST = [Lage S (L) = Lagu [Lage ST = Ly ST (Lyg)" (27)
Thus we can write the semi-discrete Maxwell system equivalent to (2.2) as
HE = SH-DE+ fF,
- U (2.8)
oO0H = —-STE+ fH.
For convenience of notation and presentation we use the same notation in (2.2) and (2.8) i.e.
OhE = SH-DE+ ¥,
(2.9)
OH = —-STE+ fH.

We will proceed with (2.9)!. In particular results obtained for (2.9) apply to (2.2) and vice versa. Note
that S emanates from an appropriate DG discretization for the Maxwell problem under consideration
and further on we will prove that

S~ %, for h — 0, (2.10)

where the parameter h denotes the maximum diameter of the (non-uniform) grid elements. Throughout
the remainder we will assume initial values at time ¢t = 0 and the source functions f¥(¢), ff(t) € C?[0,T]
for an interval [0, 7], so that E(t), H(t) € C3[0,T].

3 The implicit-explicit integration method

The implicit-explicit integration considered in this note is issued from [3, 6]. As we have previously
mentioned it is a blend of the LF2 method

HnJr% — H™
gz - SEE),
En+1 - £ n+i 1 n+1 n 1 E E
AL = SH" 2 —SD(E" + E") + 5(f% (tns1) + [7(tn)), (3.1)
Hn+1 _ HnJr%
At/2 = —STEM A [ (tng).

INote that (2.9) is the formulation used in [7] with w = H and v = E. The meaning of E, H, S, D, f¥ and f will
always be clear from the context or will be precised.
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6 L. Moya & J.G. Verwer

and the CN2 method

Hn+% — H™
gt —pr nt+l _ 1 n+1 n 1(rE E
S = SH™ DB+ B+ S () + S5 (1)), (3.2
Hn+1 _ Hn+%
A = STET A ).

which only differ in the middle stage in the time level for H, cf. [7]. Herein At = t,,11 — t,, denotes the
step size and upper indices refer to time levels, as usual.

3.1 Component splitting

The set of grid elements is assumed to be partitioned into two subsets: one made of the smallest elements
that will be treated implicitly as in CN2 and the other one of the remaining elements that will be treated
explicitly as in LF2. In line with this splitting the problem unknowns are reordered as

E, H,
E— and H = , (3.3)
L; H;

where the indices i and e are associated to the elements of the subset treated implicitly, respectively
explicitly. Likewise the semi-discrete curl operator S is split into the block form

Se _Aei
S = , (3.4)
_Aie Sz

where for the specific meaning of the block-entries of S we refer to [3]. In line with this splitting D is
supposed to be split into

D. 0
D= , (3.5)
0 D,
and we write . "
fe fe
fE i
Inserting this splitting into (2.9) we obtain the system of ODEs
atEe = SeHe - AeiHi - DeEe + feE(t)a
OE; = S;H;— AiH.— D;E; + fE(t),
O, = ~STE.+ALE, + (1) 0
OH; = —STE+ALE:+ f(t).

INRIA
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3.2 The implicit-explicit time integration method

The implicit-explicit method proposed in [3, 6] is a blend of LF2 and CN2 applied to (3.7). It reads

Hg"rl/Q . Hn
A = CSCEUHALED A [0,
En+1/2 _En .
eTﬂe = S.H +1/2 _ A HP — DoE" + fE(t)
n+1 n n+1 n

BB g (B EHTN g g

At 2 e

_D. (Einﬂ +E;1> N FE(tnsr) + FE () Gs)
7 2 2 , )

w = _sT M L AT /2 SE (1) + [H ()

At H 2 eire 9 ,
Entl _ E;Hl/?
eAt—/é - SEH;‘LJFI/Q - AeiHZl+l - DeEgH_l + feE(tn+1) y
Hnrtl H;z+1/2
eT/Q — *SeTEQHJrAZ;E;"HJrfeH(th).

For the stability analysis of this method we refer to [3]. The proof is based on the conservation of a
discrete electromagnetic energy. It is proved that this energy is a positive quadratic form of the numerical
unknowns EU', EI', H!' and H' under a condition on the step size. Consequently the non-dissipative
nature of the method yields the stability of the method.

3.3 Matrix behavior for h — 0

In this subsection we are interested in the behavior of the matrices in (3.8) for h — 0. This is an essential
point for convergence analysis because some of these matrices can lie at the origin of order reduction.
Let us consider the general case of dimension n (n =1, 2 or 3). First we investigate the behavior of the
matrices in the formulation with the mass matrices. Thereafter we will be able to deduce the behavior
of the matrices in (3.8).

We reintroduce the notation with a tilde for the elements involved in the formulation without mass
matrix (see (2.8)) in order to avoid confusion. The specific meaning of the block-entries of the different
matrices involved in the formulation with mass matrices can be found in [3]. First we observe that the
mass matrices are only composed of volumic terms, hence we have

M€, M" —~ R™, for h — 0. (3.9)

Thus
Lage, LYo, Ly and LT, « h%, for h — 0. (3.10)

The matrices S. and .S; are composed of volumic and surfacic terms, hence
S, and S; « h"' for h — 0. (3.11)

The matrices Ag; and A;. represent surfacic terms (interface matrices). Hence

A, and A;e «~ AL, for h — 0 (3.12)
and from the block form
Se _Aei
S = , (3.13)
Aie  Si
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8 L. Moya & J.G. Verwer

we deduce with (3.11) and (3.12) that
S «~ h"t for h — 0. (3.14)

From (2.6) we get R
S=Ly. S (Ly)", (3.15)

then with the behaviors above we deduce that for A — 0

Aeia Aie = O(%)a
and we have the expected behaviour (2.10) for S.

3.4 Temporal convergence

In this section we are interested in the PDE convergence of method (3.8). More precisely, we will examine
whether the method retains its second-order ODE convergence under stable simultaneous space-time grid
refinement At «~ h, h — 0 towards the true PDE solution. This is not a priori clear due to the component
splitting which can introduce order reduction through error constants which grow with A~!, for h — 0.

This section is organized in four subsections. In Subsection 2.4.1 we will eliminate the intermediate
values of (3.8) to get an equivalent one step formula from ¢,, to t,41 that we will use for our convergence
analysis. In Subsection 2.4.2 we will introduce the perturbed method obtained by substituting the true
PDE solution restricted to the assumed space grid into (3.7), and defects (space-time truncation errors)
obtained by substituting this true PDE solution into the equivalent one step formula of our method.
In Subsection 2.4.3 we will define the common one-step recurrence relation for the global error. In
Subsection 2.4.4 we will point out the order reduction mentioned above. Finally in Subsection 2.4.5 we
will see that this order reduction, affecting the local error, may (partly) cancel in the transition from the
local to the global error.

3.4.1 Elimination of intermediates values

First we treat H.. From the first and last equations of (3.8) we get

HITP = Hp - SESTED + BLATED + 8L (1),
(3.17)
n 1 mn
I = H e AT - SALEN 8 ).
Inserting the first equation of (3.17) into the last equation of (3.8) yields
Hyt = Hp = §EST(EY + Epth) + §PALEY + B + SH(E () + f (tag)).- (3.18)
Next we treat E.. From the second and fifth equations of (3.8) we get
n+1 n+1
CT = Br v ALS.H!TE - AALHP — ADET + ALfE(L,),
(3.19)
1 1
EST? = Ept o ALSHITE 4 AAGHM ¢ AED BT ALFE(t, ),

Inserting the first equation of (3.19) and half of each expression of (3.17) for H,' +3 into the fifth equation
of (3.8) yields
Bt = Ep o+ SESe(HD + HIPY) — SHAG(H] + H')
— 5D (EY + YY) + SEHFE (tn) + £ (tarn))
+2L5.(~STEr + ALEY) (3.20)
+AES(STE — ALE)

+%Se(ff(tn)+fe[{(tn+l))' INRIA
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n 1 . .
Now we consider H;. Inserting half of each expression of (3.19) for F. *2 in the fourth equation of
(3.8) gives

H™ = Hp = SEST(BF + BT + SPAL(BD + EXY) + SHF (ta) + S (tns)
2 n n 2 n mn
+ATtAZiA€i(Hi - Hi ) + ATtAZ;De(Ee - Ee) (321)

FAZAT (FE(t,) + [ (tni1))-

Finally we treat F;. Inserting half of each expression of (3.17) for H, 3 in the third equation of
(3.8) yields
EftY = BP 4+ §ES(HP 4+ H'Y) — SEA(H + HI)

—%Di(Ef + Ein+1) + %(sz(tn) + f,E(tn+1))

— A2 4, (—STE? + AT ED) (3.22)

4 et

— A Ao (STERHY — ALEMH)

4 e

A2 A (FH (1) + FE (tni1))-

The equivalent method of (3.8) with its intermediate values eliminated thus reads
Byttt = Ep o SSe(Hp + HIY) = SHAG(H] + HI™)
— 5D (EY + EPHY) + SHSE (tn) + fE (tar1))

+AZ G [(—STED + AT EP) — (STEr+! — AT )

€ K3 e 3

AL S (FH () + FH (tnsn)),
EftY = B SESi(HD 4 HPY) - LA (HY + HIHY)

—&ED(EF + EPFY) + §E(FE (tn) + £ (tn11))

— AL A [(-STE? + ALEP) — (STE+ — ALEMY))

(3.23)
*ATtQAw(pr(tn) + ff(tn+l))a
H)Y = HP - §LST(EY + EPtY) + S§LAT(BP + E7 )
+%(feH(tn) + feH(t'rH—l))a
Hp — SEST(Er + BPHY) + SLAL(ER + B2

F S ) + 7 (ns)

FALEAT A (HP Y — HP)

n+1
Hi

+AZATID(EPH — B2 + (fE(t0) + FE (tns1)))-

3.4.2 The perturbed method and defects for the PDE solution

Let E"(t) denote at time ¢t the true solution of the PDE problem restricted to the assumed space grid
that we have approximated with the semi-discrete system (3.7). E"(t,) thus represents the vector that
is approximated by ET. Assume the same notation for E;, H, and H;. Substituting E”(t), E(t), HI (t)
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10 L. Moya & J.G. Verwer

and H[(t) into (3.7) reveals the spatial truncation errors

d

DER0) = SHP() - AHP) — DEND) + FE(D) + 0E(0)

Dph) = SHNE) - AHI(E) - DN + FE() + (1),

‘g (3.24)
GHp) = —STEND) + ALENG) + F2(1) + o8 (1),

SHNG) = STl + ALELE) + F(0) + ol (1),

where oZ(t), 0P (t), o1 (t) and o (t) denote the spatial truncation errors.

Substituting E*(¢), El(t), H!(t) and H(t) into (3.23) reveals the defects for the PDE solution
(space-time truncation errors) and gives what we call the perturbed method

Eltns1) = EMtn) + 5ESc(HI (tn) + H] (tn11)) — 3L Aci (! (tn) + H (tn11))
— 8D (B (1) + EM(tni1)) + 3L SE (E) + FE (b))
+AL S [(—STE! (tn) + ALE! (t)) = (STE! (tn11) — ALE! (b 41))]
+AES,(fH (tn) + [ (tns1)) + At 6,

ElM(tas1) = El(ta) + SESi(HE () + H (tyi1)) — BEAi(H! (t0) + HE (tr41))
—&EDi(BMtn) + Bl (tn1)) + SHFE (tn) + FE (tns1))

— AL Ai[(—STE! (8n) + ALE! () — (STE! (bn41) — ALE! (tn11))]

! o o (3.25)
—AF A2 (1) + FE (b)) + AL 6F,,
Hl(tn1) = HE(tn) = §EST(BL(t) + EL (tn41)) + SLAL (B! (tn) + Bl (tas1))
ST () + [ () + AL 0T,
Hl(tn1) = HPMta) = 5EST (Bl (t) + EP (tn41)) + SLAL(BL () + Bl (tas1))
HELE () + fF (tnsn))
+ A AL A (H] (tns1) = H (1))
+ A2 AT D (B (tn 1) — B (tn) + (fE(tn) + f2 (ts1)] + At 67,
where 557” 5fn, 5571 and 5{,{71 denote the defects for the PDE solution.
Eliminating all source term fZ, f£  fH and fH contributions through (3.24) yields
08w = Omp+ G Se(HE (tns) — HI(t0))
+3(08 (tn) + 0L (tna1)) + GESe (0l (t) + o (tn41)),
00 = g — G Aie g (H (tagr) — H. (tn))
+5 (0 (tn) + oF (tas1)) = G A (08 (tn) + 0 (tn11)), (3:26)
58, = Opn + (ol (tn) + ol (tni1))
o, = Opn — GALS.(HE (tyar) — HE () + GLAL 5 (BE (ta) — EE(tn))

+%(01H(tn) + UzH(thrl)) + %AZ(Uf(tn) + UeE(tn+1))7 INRIA
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where dp» denotes the implicit trapezoidal (CN) rule defect (see [7]) for variable E! (similarly for EI,
H! and H!), i.e.
ElMt+At)—ElMt) 1d

Spn(t) = A - ia(Eg(t + At) + E(1)). (3.27)

3.4.3 The error scheme

Let e, = E!(t,) — E denote the global error (similarly we introduce €f,, e, and ef!). Substracting
(3.23) and (3.25) we obtain the error scheme
E _ _E At H H At A (H H At E E
E€7n+1 - 6671'7, + TSE(Ee,n + 8e,n+l) - 71461(61',77, + Ei,n—l-l) D) De(ge,n + E€7n+l)
At? T_E T_E T_E T_E E
+ 4 SG[(i‘Se €emn + Aiegi,n) - (Se e+l — Aie€i7n+1)] + At 6e,na
E _  _E | Ato(.H H At 4 (.H H At (.E E
Ei,n—i—l - Ei,n + TSl(Ei,n + Ei,n—‘,—l) D] Al@(ge,n + E€7n+1) 2 Dl(Ei,n + Ei,n—i—l)
At? T_E T_E T_E T_E E
T4 Ai@[(ise Ee,n + Aiegi,n) - (Se ge,n-‘rl - Aiegi,n+1)] + At 5i,n’ (328)
H _ H At QT (-E E At AT (-FE E H
Eeerl - Eem - 756 (Eem + Ee,n+1) + TAie(gi,n + Ei,n—i—l) + At 6e,n7
H _ H At QT (-E E At AT (-E E
€i7n+1 - gi,n - 752 (si;n + Ei,n+1) + TAei(ee,n + Ee,n—i-l)
At2 AT H H A2 AT E E H
+ 4 AeiAei(Ei,n+1 - Ei,n) + 4 AeiDe(ge,n+1 - Ee,n) + At 5i,n'
Let 5 5
€em 5e,n
E E
Ei,n 6i,n
En = e and 4, = sH , (3.29)
€emn e,n
H H
‘Si;n 5i7n

then from (3.28) we can write the global error in a more compact form (one-step recurrence relation)

ent1 = Ren+ Atpn, R=Rp'Rp,  po=Rp'on, (3.30)
where
2 2
I+ %De - ATtSeSZ ATtSeA;_I; _%Se %Am’
F AieST I+5D;i - A AGAL B A, —5LS;
fir = . (331
A A
750 —5HAL I 0
A At A At2
S AL - S AGD 48T 0 T-5CaTa,
A At? A2 A A
I— TtDe - TfSeS;F TtSeAz; Ttse _TtAei
2 2
R S ASe I= 5D = S A Al — Gt A 4ts; (3.32)
R= ’ '
-5 AL I 0
A At? A A2
SHAL — 2L ALD. _Aatgr 0 I-AfATy,

and €, At p, and J,, are respectively the (space-time) global, local and truncation errors.

Note that the recursion (3.30) has the standard form (see e.g. [5]) for the convergence analysis of
one-step integration methods. It transfers local errors to the global error, essentially by adding all local
errors. Indeed, for a given time interval [0, T] we make the usual stability hypothesis

|R*| <K forh—0andn>0, nAt<T. (3.33)
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12 L. Moya & J.G. Verwer

On the other hand the elaboration of the error recursion (3.30) gives
en = R0+ R" *Atpo + ... + RAtpp_o + Atp,_1, (3.34)
which leads directly (with (3.33)) to

n—1
lenll < Klleoll + KAL> ||p;ll - for nAt < T. (3.35)
j=0

Recall that p; = Rzléj and because we assume stability we may consider Ry inversely bounded for
At ~ h, h — 0. Consequently if §; = O(AtF) we have ||p;|| < CAtF. Assuming go = 0, we deduce from
(3.35) that

llenll < KAtF for nAt <T, (3.36)

with constant K = KTC.

3.4.4 Error analysis

We assume that the true PDE solutions B, E! H! and H]' are sufficiently differentiable. Then may
Taylor expand the trapezoidal rule defect (3.27) at the symmetry point ¢, 1,5 to get

ber(t) = 3 S (AEL, (3.37)

where 5 = 2/ means even values for j only and Ef @) denotes the j-th derivative of E"(t) at time
t = tpi1/2. We obtain similar expressions for dgn(tn), dun(tn) and yn(t,). Note that these defects
start with At? and the third solution derivative of the true PDE solution (in the first section we have
assumed that the true PDE solution is three times differentiable). We conclude that the trapezoidal rule
defects are O(At?) for At ~ h and h — 0. Then, from (3.26), we write the truncation error as follows

6n = bp + O(AL?), (3.38)
where
bE, Atse AL (HM (tngr) — H (tn))
bf St A L (HM tpgr) — HE ()
b= " | = tedp\ e Ln , 3.39
b, 0 (3.39)
bfn —%Ange (Hél(thrl) - Hél(tn)) AtAZ; jt (Eh( n+1> - E£<tn))

and O(At?) contains the trapezoidal rule defects. Note that we have voluntary omitted the spatial error
parts contained in the o2, 0, o o contributions from (3.26) because our interest lies in temporal
convergence order?.

Next we Taylor expand the components of b, at the symmetry point ¢,1/2

At
E _ h(j+1
ben - ZSEZ 92— 1 |(At)]H @ )

N
bE, = — Aie ey '(At)JHhU“) (3.40)

Jj=

At At
H _ T h( T h(j+1
b = A”Sez e 1j'(At)JH D4 A > ST '(At)JE G+,

Jj=v Jj=v

where 7 = 1’ means odd values for j only. For a fixed spatial dimension we find the expected second-
order ODE convergence, since S., A;. and AL, are bounded for fixed dimension. Indeed, with (3.40) we

2Further carrying the spatial error contributions only complicates the formulas and will not lead to different conclusions
for the temporal errors.
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Temporal convergence of a locally implicit DG method for Mazwell’s equations 13

have b, = O(At?) and because we assume stability we may consider Ry, inversely bounded, consequently
pn = R; '8, = O(At?) and we conclude that we have the second-order convergence for a fixed dimension.

Now we observe, with (3.16), that under stable simultaneous space-time refinement, At ~ h and
h — 0, we might lose one unit of At in bfn and bfn (due to S. and A, respectively) and two units
of At in bffn (due to the product AL S, in the first terms). Then b, = O(1), for At ~ h and h — 0
and with (3.36) we should expect a severe order reduction. However, as mentioned in [7], this result is
based on common local error analysis and in the transition from local to global errors it can happen that
the order reduction for local errors is (partly) canceled. Often this cancelation can be shown to exist
through a transformation of the global error recurrence to one by which we may gain one unit of At in
the transformed local error.

3.4.5 A transformed global error recursion

The transformation used in [7] emanates from [5], Lemma II.2.3. First we assume for At ~ h, h — 0
that

AT S HMD = o(i). (3.41)

Consequently we get b, = O(At) (because in this case b}’, = O(At)). With the above-mentioned Lemma
we can assume that if the local error Atp,, allows a decomposition

Atpn = (I — R)én + 1 (3.42)

such that &, = O(A#?), n, = O(At3?) for At ~ h, h — 0, then we have the desired second-order
convergence for &,. So we need to verify (3.42), or equivalently,

At6n - (RL - RR)gn + RLT}na (343)

such that &, = O(At?), 1, = O(At?) for At ~ h, h — 0.
First we deal with the condition 7, = O(At?). Recall that §,, = b, + O(At?), then (3.43) can be
written as
At(bn + O(At2)) = (RL — RR)fn + Rpnn.- (3.44)

Furthermore, Ry is inversely bounded, then by assigning the O(At#?) terms present in (3.44) multiplied
by At Ry for n, (i.e. m, = At R;'O(A#?)), we have 1, = O(At?).

Consequently, we deduce from the Lemma that we have the desired second-order convergence if a
vector &, exists such that &, = O(At?) for At ~ h, h — 0 and

Atbn = (RL — RR)§n7 i.e. (345)
D, 0 —S. A B bE,,
0 D; A, =S ¢k, by,
= . (3.46)
SZ _A;'Z; 0 0 557; bgn
—-AT §T 0 0 15 b,

Equivalently, we have second-order convergence if a vector &, = [(¢£)7, (¢H)T)T exists such that &, =
O(At?) for At ~ h, h — 0 and

DgF - SgT = by,

(3.47)

STe¢E = plf

no

where &7 = [(£7,)", (65,)7]", &1 = ()™, (€707, by = [(68,)", (07717, bl = [(0d)7, (bf,)"]".
Now we will check the existence of a such vector &,. At this stage of the derivation we must be
careful because the matrix S is not necessarily a square matrix (for example in 2D this is indeed not the

case) and consequently S may no be invertible. More precisely, if we let nq,¢ be the number of degrees
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14 L. Moya & J.G. Verwer

of freedom, and if we consider the two-dimensional TM (transversal magnetic) model, then the size of
the matrix S is naoy X 2ndof-

Therefore we now use the notion of pseudo inverse. Let A € R™*" b & R™, x € R™ and AT be
the Moore-Penrose pseudo inverse of A which is a generalization of the inverse and exists for any m x n
matrix. If A has full rank, then

AT =471 (m=n)
At = AT(AAT)=Y  (m < n), (3.48)
At = (ATA)7TAT  (m > n),

and the solution of Az =bis z = ATbh.
Assume the size of the matrix S is m x n with m < n (the case m > n can be treated similarly).
From the second equation of (3.47) we derive

& = () oy (3.49)
With (2.10) we have
STy = (SST)™1S ~h, forh—0, (3.50)

and recall that b/, = 0 and b}, = O(At) (due to the assumption) for At ~ h, h — 0. We then conclude
with (3.49) and (3.50) that for At ~ h, h — 0

8 = o(at?). (3.51)
From the first equation of (3.47) we get
& = =51 (b7 - DEY) (3.52)
and with (2.10) we get
St =87(88T)y"t ~h, forh—0. (3.53)

Recalling that b%, = O(At), bF, = O(At) and & = O(A#?) for At ~ h, h — 0, we conclude from (3.52)

» Yin

and (3.53) that for At ~ h, h — 0

if D =0 (no conduction term — oF) or D = O(h*) with k > —1,
then ¢ = O(A?). (3.54)
With (3.51) and (3.54) we have &, = [(¢2)T, (¢E)T])T = O(At?) for At ~ h, h — 0 and consequently
through the Lemma we have the second-order convergence uniformly in h under the assumption (3.41).
Note that if we do not assume (3.41) (i.e. b, = O(1)) a similar proof, based on the same Lemma, only
guarantees the first-order convergence.

To sum up, we can guarantee at least the first-order convergence of method (3.8). As might be
feared, component splitting can be detrimental for the temporal convergence order (order reduction).
However, we have put forward a sufficient condition (3.41) on the the true solution of the PDE problem?
for second-order convergence.

4 Numerical results

We solve the two-dimensional (2D) Transverse Magnetic (TM) model for the components E*(x,y,t),
H*(z,y,t) and HY(z,y,t):

oH® OF*

o = "oy

OHY OE*

R e T e (4.1)
OF* OHY OH*" I

ot T oz oy —obr =Tk

31t would have been better if this sufficient condition would have been controllable through the source term, because in
general the true solution is of course not (a-priori) known.
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Temporal convergence of a locally implicit DG method for Mazwell’s equations 15

In the following, we set ¢ = u = 1 and 0 = 0. Equations (4.1) are space discretized using a DG
method formulated on quadrangular meshes. In the preliminary implementation of this DG method,
the approximation of the electromagnetic field components within a quadrangle 7; relies on a nodal
Q> interpolation method*. For the numerical experiments the integration interval in time is [0, 1] and
we make use of two types of meshes : uniform and non-uniform (see Figure 1). A quadrangle 7; is
characterized by the discretization parameters (Az;, Ay;). We will present a number of results obtained
for the hybrid implicit-explicit time stepping with a DG discretization method (3.8). The step size used

in the tests is given by
CFL

At = 1, 1 (4.2)
Azi + Ayi

where the parameters (Axg, Ayg) characterize the smallest quadrangle 74 treated explicitly. For our
integration method and the chosen spatial DG scheme the C'F L number is equal to 0.24.

1 1
0.9r 091
0.8r 0.8
0.7r 0.7F
0.6F 0.6
0.5r 0.5F
0.4+ 041
0.3r 0.3F
0.2r 0.2
0.1r 0.11

° 0 0.2 0.4 0.6 0.8 1 0 0 0.2 0.4 0.6 0.8 1

Figure 1: Uniform and non-uniform meshes.

4.1 Propagation of an eigenmode in a unitary PEC cavity

We recall that the exact solution of this problem is given by?®:

H*(z,y,t) /s sin(lrz) cos(kmy) sin(vk? + [27t),
HY(z,y,t) N cos(Irz) sin(kmy) sin(vk? + [2t), (4.3)
E*(z,y,t) = sin(lrzx)sin(kmy) cos(vVk? + I2mt).

4.1.1 Convergence in the ODE sense

To estimate the temporal convergence in the ODE sense we fix the discretization in space and we measure
the electromagnetic field for different time steps (Wa;) at the final time (7). We plot the sup-norm of
Wat/n(T) - Waesan(T) as a function of At/n (in logarithmic scale). The use of the logarithmic scale
allows to visualize the rate of convergence as the slope of the curve. The results obtained are given in
Table 1 and Figure 2 below. We observe that the results are in agreement with the expected behavior.

4The a-priori convergence analysis for this DGTD method based on a centered numerical flux and formulated on
simplicial meshes shows that the convergence rate is O(hP) for a p-th interpolation order. We therefore choose p = 2, in
order that the spatial error will not be detrimental for the temporal convergence order in the PDE sense.

5For numerical tests we put k = [ = 1.

RR n° 7533



16 L. Moya & J.G. Verwer

n | At/n— At/2n | [Waim — Watsonlleo n | At/n— At/2n | [Waim — Watsonlleo
1 | 0.0169 — 0.0085 0.0085 1 | 0.0076 — 0.0038 0.0017
2 | 0.0085 — 0.0042 0.0019 2 | 0.0038 — 0.0019 4.3224e-4
4 | 0.0042 — 0.0021 4.8669e-4 4 | 0.0019 — 0.0009 1.0728e-4
8 | 0.0021 — 0.0011 1.2186¢-4 8 | 0.0009 — 0.0005 2.6802e-5
’ Conv. rate \ 2.0249 ‘ ’ Conv. rate \ 1.9952

Table 1: Temporal convergence (in the sense) of the hybrid implicit-explicit time stepping method (3.8)
based on the DGTD-Qy method.
Uniform meshes (left) / non-uniform meshes (right).

10 T g

—&— DGTD-Q2 —&— DGTD-Q2
——dt->dt? —dt->dt?

10"

10°F

107}

Error
Error

10° 16'2 107 10° 107

dt dt

Figure 2: Temporal convergence (in the ODE sense) of the hybrid implicit-explicit time stepping method
(3.8) based on the DGTD-Qq method.

Uniform meshes (left) / non-uniform meshes (right).

4.1.2 Convergence in the PDE sense

To estimate the temporal convergence in the PDE sense we measure the maximal L?-norm of the error
for different meshes of increased resolution. We plot this error as a function of the square root of the
number of degrees of freedom (in logarithmic scale). The obtained results are given in Table 2 and
Figure 3. We also conducted numerical investigations to check whether the condition (3.41) is satisfied.
The following results have been obtained, for At ~ h, h — 0

1
AZ;Ser(l) = O(W) in the uniform mesh case,
(4.4)
1
AZ;SGHQ(U = O(W) in the non-uniform mesh case.

In the uniform mesh case the condition (3.41) is not satisfied and the obtained results are in agreement
with the theoretical behavior previously presented, i.e. first-order convergence. In the non-uniform
mesh case (3.41) is satisfied and the behavior is even better, which could explain the super-convergence
phenomenon (convergence order about 2.8 instead of 2).
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Temporal convergence of a locally implicit DG method for Mazwell’s equations 17

g DOF Max. error L? g DOF Max. error L?
900 0.0012 900 8.0792e-4
3600 5.4236e-4 3600 1.1770e-4
8100 3.5759e-4 8100 3.6686¢e-5
14400 2.7164e-4 14400 1.5898e-5

’ Conv. rate \ 1.0762 ‘ ’ Conv. rate \ 2.8313

Table 2: Convergence (in the PDE sense) of the hybrid implicit-explicit time stepping method based on
DGTD-Q3 method.
Uniform meshes (left) / non-uniform meshes (right).

\ \
h h

._.
O‘

Error (L2 norm)
Error (L2 norm)

10°F

10° : 5 10° 5
10 10

(DOF)M2

(DOR)M2

Figure 3: Convergence (in the PDE sense) of the hybrid implicit-explicit time stepping method (3.8)
based on the DGTD-Qy method.
Uniform meshes (left) / non-uniform meshes (right).

4.2 Test problem with a localized source

We solve (4.1) with a source term JZ defined by
Jip(@,y,t) = —e'[z(1 — 2)y(1 — y) + 20(1 — 2) + 2y (1 — y)]. (4.5)

The exact solution of this problem is given by

E*(z,y,t) = ezl —2)y(l—vy),
H*(z,y,t) = —elz(l—1x)(1-2y), (4.6)
Hy(x’yvt) = ety(l—y)(1—2x).

4.2.1 Convergence in the ODE sense

The obtained results are given in Table 3 and Figure 4 below. We observe that the results are in
agreement with the expected behavior.
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n dt/n - dt/2n ”Wdt n— Wa QnHOO n dt/n - dt/2n ”Wdt n— Wa 2nHoo
1 | 0.0169 — 0.0085 0.0049 1 | 0.0076 — 0.0038 0.0010
2 | 0.0085 — 0.0042 0.0012 2 | 0.0038 — 0.0019 2.5045e-4
4 | 0.0042 — 0.0021 2.9839%¢-4 4 | 0.0019 — 0.0009 6.2302e-5
8 | 0.0021 — 0.0011 7.4222e-5 8 | 0.0009 — 0.0005 1.5577e-5
’ Conv. rate \ 2.0056 ’ Conv. rate 2.0001

Table 3: Temporal convergence (in the ODE sense) of the hybrid implicit-explicit time stepping methods
based on the DGTD-Qy method.

Uniform meshes (left) / non-uniform meshes (right).

—&— DGTD-Q2
——dt->dt?

;
107
dt

1

10

- [—e—DbGTD-Q2]]
Sl ——dt->dt?

10°

10”7

dt

Figure 4: Temporal convergence (in the ODE sense) of the hybrid implicit-explicit time stepping method
(3.8) based on the DGTD-Qq method.

Uniform meshes (left) / non-uniform meshes (right).

4.2.2 Convergence in the PDE sense

The obtained results are given in Table 4 and Figure 5 below. The results are similar to those obtained
with the previous test problem, i.e. a first-order convergence for uniform meshes and a super-convergence
phenomenon for non-uniform meshes. Furthermore numerical investigations conducted to check whether
the condition (3.41) is satisfied give the same behaviors (4.4) than for the previous test problem. Con-
sequently the results given in Table 4 and Figure 5 are also in agreement with theory.

g DOF Max. error L?
900 5.0424e-4
3600 2.2409e-4
8100 1.4469e-4
14400 1.0728e-4

’ Conv. rate \ 1.1191 ‘

g DOF Max. error L?
900 9.9807e-5
3600 1.4338e-5
8100 4.4703e-6
14400 2.1187e-6

’ Conv. rate \ 2.7924

Table 4: Convergence (in the PDE sense) of the hybrid implicit-explicit time stepping method based on
the DGTD-Q9 method.

Uniform meshes (left) / non-uniform meshes (right).
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:
—8— DGTD-Q2 —&— DGTD-Q2
b ——nh

h3

107

Error (L2 norm)
Error (L2 norm)

10° : 5 10° 5
10 10

(DOR)M2 (DOR)M?

Figure 5: Convergence (in PDE sense) of the hybrid implicit-explicit time stepping method (3.8) based
on DGTD-Q, method.
Uniform meshes (left) / non-uniform meshes (right).

5 Conclusion

We have seen that for method (3.8) component splitting could be detrimental for the temporal conver-
gence uniformly in h. We have presented the sufficient condition (3.41) on the true PDE solution to
recover the second-order convergence. Thus we can only guarantee first-order convergence. In Section 4
numerical investigations in 2D have been conducted to illustrate this last theoretical result. Note that
the purpose of these tests was not to illustrate the efficiency of the method, but the temporal convergence
order of (3.8) (in ODE and PDE senses).

In this paper we have mentioned another component splitting method from [7] which cover the
common spatial discretizations like finite-difference and various finite-element discretizations. We plan to
compare this method with the implicit-explicit integration method from [3, 6] for discontinuous Galerkin
discretization on unstructured meshes. The purpose of planned research is to illustrate the practical
virtue of both the component splitting methods using locally refined space grids, and to highlight the
most efficient one which then can be advocated for future use.

Acknowledgments Stéphane Descombes and Stéphane Lanteri are acknowledged for important as-
sistance throughout this project and for developing plans for future work.
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