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1 Introduction

In the last decades, Discontinuous Galerkin (DG) methods have seen rapid growth
and are widely used in various application domains (see [13] for an historical intro-
duction). This is due to their main advantage of combining the best of finite element
and finite volume methods. For the time-harmonic Maxwell equations, once the
problem is discretized with a DG method, finding robust solvers is a difficult task
since one has to deal with indefinite problems. From the pioneering work of Després
[5]1 where the first provably convergent domain decomposition (DD) algorithm for
the Helmholtz equation was proposed and then extended to Maxwell’s equations
in [6], other studies followed. Preliminary attempts to obtain better algorithms for
this kind of equations were given in [3, 4, 12], where the first ideas of optimized
Schwarz methods can be found. Then, the advantage of the optimization process
was used for the second order Maxwell system in [1]. Later on, an entire hierarchy
of optimized transmission conditions for the first order Maxwell’s equations was
proposed in [9, 11] . For the second order or curl-curl Maxwell’s equations second
order optimized transmission conditions can be found in [14, 15, 16, 17]. We study
here optimized Schwarz DD methods for the time-harmonic Maxwell equations dis-
cretized by a DG method. Due to the particularity of the latter, DG discretization ap-
plied to more sophisticated Schwarz methods is not straightforward. In this work we
show a strategy of discretization and prove the equivalence between multi-domain
and single-domain solutions. The proposed discrete framework is then illustrated by
some numerical results in the two-dimensional case.

We consider time-harmonic Maxwell’s equations in a homogeneous medium
written as a first order system (see [10] for more details)

GoW + G0 W + G, d,W + G.9,W = 0, (1)

E (0 +io)l3x3 033
W= . Go= .
(H> 0 < 033 033

with E, H the complex-valued electric and magnetic fields, w the angular frequency
of the time-harmonic wave, ¢ the electric conductivity. For a general vector n =
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(ny ny n;), we also define the matrices

0 n; —ny

%z(%¥$&)mMM: —n, 0 ny
n U3 ny —n, 0

Then, for I € {x,y,z}, we have that N; = N,, and G; = Ge,, where ¢;,/ =1,2,3 are
the canonical basis vectors. Our goal is to solve the boundary-value problem

GoW + GOW +GoW+GoW =0in @,
(Mr,, —Gn)W=0on1I,, and (Mr, —Gn)(W—Wiy.) =0onI,,

where Wi is a given incident field, while Mr,, and M, are trace operators defined
on the metallic and absorbing boundaries I, and I; (see [10] for more details)

O3><3 Nn NnNT 03><3
Mp = dMr, = |Gyl = n .
( I R (Gl 03x3 NIN,

The matrices G; and G, are the positive and negative parts of G, based on its
diagonalization and we have that |Gn| = G{f — G,

2 Continuous classical and optimized Schwarz algorithms

We now decompose the domain Q2 into two non-overlapping subdomains £2; and
£, and denote by X the interface between £2; and £, by W; the restriction of
W to Q; and by n the unit outward normal vector to X directed from 2; to £2,.
Schwarz algorithms consist in computing iteratively W;?H from W, for j = 1,2

GOW}ilJrl + Gxaxwlll+l + Gyaywiil+l + GZaZ‘RﬂlhLl = O’ il’l Ql’
(Go +S81G )W = (Gy +51G)W3, on Z,
3)
(;’()‘ngJrl + GxangH + G)’ang+l + GZaZWg+1 = 07 il’l Qz,
(Gy 452G )W5H! = (G +5:G, )W/, on Z,

where S and S, are differential operators. When S; = S = Ogxg, the interface con-
ditions become the positive and negative flux operators G, and Gy, and the clas-
sical Schwarz algorithm is obtained. Applying G (respectively G,) to a vector
W means to select the characteristic variables associated to out-going (respectively
in-coming) waves, which is very natural considering the hyperbolic nature of the
problem, see [9] (section 3.1). We note that
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Algorithm||1| 2 3 4 5
?(S) ol _szie|_ K +ioo = K +ioo
. J sHO | K-20+ioc+2ios | sjHO | K-20+i0c+2ios;

Table 1 Five different choices for the symbols of the operators in the transmission conditions (6)
leading to five different optimized Schwarz algorithms

B —NaNI N, I3x3 T
Go =\ Nr" NI Nn) =\ 7 ) (Nl M) @
NaNI N, I3.3 r
G = Rf,{n N,{?vn> =\ w1 (NaN! Np).

Thus the classical transmission conditions are equivalent to impedance conditions,

Ga Wi = Gy W3 & (B ™) — 0 (5, HY), ©
GiWiH = GIW! & %, (E5T H3Y) = 2, (EY HY).

with %, (E,H) = NI'E — NI N,H. For £, we have used the fact that G} = —G_,,.
The classical Schwarz algorithm is adopted in [10] together with low order DG
methods in the 3D case. Along the lines of (5), we have the equivalences

(Gp +$1GHWIT = (Gy + 516G )W

& (Bn+51%5- )(E"+1 H™) = (B +51% ) (B}, HY), 6
(G +52G, )W5H! = (G +5:G,, )W} ©®)
& (Bon+5:%0)(EXT HIT) = (B_y+5:%0) (E],HY),

where S| and S, denote differential operators which are approximations of the trans-
parent operators. From these transparent operators we can obtain a hierarchy of op-
timized algorithms with appropriate choices for S| and S, [11]. The operators S;
and §, are eventually defined to guarantee the equivalences in (6).

If we consider the TM formulation of Maxwell’s equations, that is with E =
(00E;)T andH= (H, Hy 0)7, then W= (E, H, H,)T, Ny = (ny, —n, )", and

[ o+io O1x2 0 N, _ 0 Ney
GO_( 021 in2X2>’ O = (NT 0) and Gy_(NeTy 0 )

We give in Table 1 the symbols .# (S ) of S in the 2d case for conductive media for
five different Schwarz algorithms, where the parameters s = p(1+1i), s1 = p1(1+1)
and s, = py(1+ 1) are solutions of some min-max problems, as explained in [11]
(section 5, table 5.1). Note that the Fourier symbols of the operators in algorithms
1, 2 and 4 are constants, therefore they have the same expression as in the physical
space. In this case (6) can be written in the 2d situation considered here as

EFT — NaHIT 4 S(EMT 4 NoHT ) = EY — NaHG + 51 (ES + NaH3),

4 - 7
EFT 4 NaHAT 4 S5 (B3 — NoHATY) = EJ + NaHY + So(ET — NoHY). ™
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This is not the case for algorithms 3 and 5 which involved second order transmission
conditions. Here, the §; are operators whose Fourier symbols have the form

q;(k)
ri(k)

where the Fourier variable k corresponds to a transform with respect to the tan-
gential direction 7 along the interface, assuming a two-subdomain decomposition
with a straight interface. In that case, .# ~!(g;) and .Z ~!(r;) are partial differential
operators in the 7 variable,

F(8)) = with ¢j(k) = —(k* +iwc) and r;(k) = k> — 20° + i0c + 2iws;.

971(51/) = 01 — IO, ﬁfl(rj) = —0dir —2a)2+iwa+2ia)sj, s;eC,

and (7) can be re-written as
-1 (rl (E?+l _NnHilH»l)) (QI (En+l +N, Hn+l))
1 1 (ri(E3 anH")) 19"1 (q1(E3 +NaH3)),
F 1 (r(EX +NaH ) (22 (E”+ Na H"+ )
I F

“H(qa(EY — NaHY)).

3 Discontinuous Galerkin approximation

Let .7, be a discretization of Q and I'?, I and I'* be the sets of purely inter-
nal, metallic and absorbing faces of .7,. We denote by K an element of .7}, and
by F = KNK the face shared by two neighboring elements K and K. On this face
F, we define the average by {W} = 1(Wx + W) and the tangential trace jump
by [[W]] = Gng Wk + Gn, Wg. For two vector functions U and V in (L*(D))°, we
denote (U,V)p = [, U-Vdyx, if D is a domain of R? and (U,V)r = [, U-Vds
if F is a face of R2. For sake of simplicity, we will skip some subscripts, that is
(;-) = (,") 7, = Lkez, (- k- On the boundaries we define

NFNng N, Nag . .
with 0, if F belongs to I'™,
Mrpk = ( —Ng. 033 nr 7 &

|Gny | if F belongs to I'“.

Using these notations, the weak formulation of the problem is

(GoW, V) + < Y Gaw, V) Y (WILAVHE+ Z< {V}>

le{x.yz} Fer?® Fer®

1
+ Z 2(MF[( GnK W V> = Z MFK GnK)Win07V> .
Fermura F  Fer¢ F
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Note that we have implicitly adopted an upwind scheme for the calculation of the
boundary integral over an internal face F € I'°. An alternative choice is that of
a centered scheme. Both of these options are discussed and compared in [8]. Let
P,(D) denote the space of polynomial functions of degree at most p on a domain
D. For any element K € .}, let D”(K) = (P,(K))S. The vectors W and V will be
taken in the space D} = {V € (L*(Q))® | V|x € D(K), VK € 7, }.

For the discretization of optimized transmission conditions, let I'y be the set of
faces on X, FO" be the set of interior faces of £2; and Fb" be the set of faces of £;
lying on d€2. Then the weak form in the two-subdomain case can be written as

1
LNV + Lo+ Lot T, (5 (0ml ~ G (W= W) V1) =0,
noon Fe F

®)

1
LW, Vo)+Y o+ Y o+ ) <2(|Gnk|—Gnk) (Wz—Wl),V2> =0,
1"02 1"})2 Fely F

where .Z(W;,V;) = (GoW;,V;) + (¥, G9W;,V;) and, for simplicity, we have
replaced some terms on the faces that are not important for the presentation by a o.
For any face F = KN K on X, if n denotes the normal on X directed from , towards
Q,, and K and K are elements of Q; and Q,, we have ng = n = —ng. In order to
simplify the notation, we make use of G5 = 4(Gp — |Gn|) and Gy = 5 (Gn + |Gu).
Then, starting from initial guesses W(l) and Wg, the classical Schwarz algorithm
computes the iterates W;?H from W’ by solving on £2; and £, the subproblems

LWL V) +Y o) o= ) (Gy (Wi =W3), Vi), =0,
1—()1 1;1 FEF);

LWL Vo) +Y oY o Y (Gy (W5 —W)),Va), =0.
1—(‘)2 sz Fely

9

In order to introduce optimized transmission conditions (3) into the DG discretiza-
tion, we first want to show explicitly what transmission conditions the classical
relaxation in (9) corresponds to. To do so, the subdomain problems solved in (9)
are not allowed to depend on variables of the other subdomain anymore, since the
coupling will be performed with the transmission conditions, and we thus need to
introduce additional unknowns, namely Wg*QII on £; and Wﬁ(zlz on £2,, in order to
write the classical Schwarz iteration with local variables only, i.e.

LWL V) + Lo+ To— ¥ (Ga(WH =Wig).vi) =0,
Fol 1—271 FEFZ ’ g

LWV £ Eot Lot T (GHWE - Wid) V) =0
1_(,)2 1—;’2 Fely )

(10)

Comparing with the classical Schwarz algorithm (9), we see that in order to ob-
tain the same algorithm, the transmission conditions for (10) need to be chosen as

Ga Wy = Gy W3 and GEW'Y) = G W1, which implies that at the limit, when
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the algorithm converges, we must verify the coupling conditions
G;WL_QI =G, Wy, GIWLQZZGIle (11)

where we dropped the iteration index to denote the limit quantities. The Schwarz
algorithm (10) can however also be used with optimized transmission conditions
(3), which have to be the DG discretization of the strong relations

G;w;};l +81GEWIH = G, Wi+ 5, GiWi o,

12
G;W752+S2G;W3+1 = Gy Wi +5:G, Wi (. (12)

Then, we want to show the equivalence between (11) and the DG discretization we
adopt for the transmission conditions (12) at convergence in a 2d case. First, from
(4) note that relation (11) is equivalent to

NnNr{EZ,.Q| _NnH2,Ql = Nan{E2 _NnHZ,

13
NaNTE| o, + NaHi 0, = NaNIE| + NpHj. (13)

We translate these relations using auxiliary variables A o, := E> o, — NnHb o,

Ay = Ey — NgHp, Ay g, := E1 g, + NyH| o, and Ay := E| + NyH; belonging to

the trace space M} = {n € L*(X) | n|r € P,(F), VF € X}. Then (13) becomes
AZ,QI :A2 and /\1_’92 =A1. (14)

From (12) and (14), we have to find for optimized transmission conditions a suitable
DG discretization of the relations

Az)Ql +§1A1 =A +S~1A1792 and ALQZ +§2A2 =A +S~2A2191 . (15)
We focus on the case of second order transmission conditions and (15) becomes

(=02 +iwo —20° +2iws1 ) (Ar.0, — A2) + (—0% +iw0) (A1 0, — A1) = 0,

. 1
(=02 1 i06 — 267 + 2iws2) (Ay gy — A1) + (—92 + i06) (Arg, — Ay) = 0. 1O

Let (1) be a basis of M} . We define the discrete matrices My and K by

(Ms)ij =Y. (inj)F,

FeXx
(Kx)ij = Z;:@mi,amﬁFﬂL Y o {1
Fe nex0
=Y {0} 3, [yl — [T ])e {{9eni} },
nex0

where positiveness is guaranteed for sufficiently large a;,, £° denotes the set of in-
terior nodes of X, [[[[]]]]» and {{-}}, denotes the jump and the average at a node
n between values of the neighboring segments. The matrix Ky comes from the dis-
cretization of —812 using a symmetric interior penalty approach [2]. If we denote by
Ay = (Kx +iwoMy), the DG discretization of (16) we consider is
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AE — 2(0)2 — i(DSl)ME AZ A2.,!2| _AZ -0 (17)
Ax AZ*Z(wzfl'(DSZ)MZ Al,.Qz —A ’

Theorem 1. If s and s, are defined as given in [11] (section 5, table 5.1) then
relations (14) and (17) are equivalent.

The proof is based on the invertibility of the matrix of (17) and can be found in [7].

4 Numerical results

In order to illustrate numerically the proposed discrete versions of the optimized
Schwarz algorithms, we consider the propagation of a plane wave in a homoge-
neous conductive medium with Q = [0,1]?> and ¢ = 0.5. We use DG with sev-

eral orders of polynomial interpolation, denoted by DG-P, with k = 1,2,3,4,

and impose on dQ = I an incident wave Wiy = (% %‘* 1)Te X andk =

(ke ky)" = (@4/1—i2 0)". The domain Q is decomposed into two subdomains

0, =[0,0.5] x[0,1] and 2, =[0.5,1] x [0, 1]. The aim is to retrieve numerically the
asymptotic behavior of the convergence factors of the optimized Schwarz methods.
It has been proved that these factors behave like 1 — O(h%), i =2,3,4,5. We show
here that numerically they behave like 1 — O(hPi), i = 2,3,4,5, with B; ~ ;. The
performance of these algorithms is summarized in Figure 1.
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