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STABLE PERFECTLY MATCHED LAYERS FOR A CLASS OF ANISOTROPIC
DISPERSIVE MODELS. PART II: STABILITY IN CORNERS AND ENERGY
ESTIMATES *

MARYNA KACHANOVSKA !

Abstract. This article continues the stability analysis of the generalized perfectly matched layers for
2D anisotropic dispersive models studied in Part I of the work. We consider two questions: the stability
of the PMLs in corners and the energy estimates for the PML systems in the time domain. Based on
the Fourier analysis, we deduce necessary and sufficient conditions of stability of the newly constructed
PMLs in corners. The obtained results are confirmed with the help of the numerical experiments. In
order to obtain explicit energy estimates for the PML system in the time domain, we make use of
the ideas stemming from the analysis of the associated sesquilinear form in the Laplace domain. This
analysis is based on the introduction of a particular set of auxiliary unknowns related to the PML,
which simplifies the derivation of the energy estimates for the resulting system.

1. INTRODUCTION

The method of the perfectly matched layers, introduced by Bérenger [1,2], is used ubiquitously in engineering
and physics communities to compute a solution to a problem posed in an unbounded domain. However, it is
well-known that for some classes of problems (e.g. the wave propagation in anisotropic or dispersive media) the
classical PML method may result in instabilities [3,4].

In this work we continue the analysis of the stable perfectly matched layers constructed for a class of
anisotropic dispersive models in [5]. This class of models describes the wave propagation in metamaterials
and plasmas in two dimensions, as well as includes some non-hyperbolic problems. In the frequency domain,
the model under consideration can be written in the form of an anisotropic dispersive wave equation:

e1(w) "1 0%u + 52(w)_18§u —wu(w)u =0, w e R,

where ¢ (w), e2(w) have a meaning of dielectric permittivity and p(w) is a magnetic permeability, are frequency-
dependent, and satisty Im(we;(w)) > 0, Im(wp(w)) > 0 for Imw > 0, cf. [6]. In [5] a method of construction of
stable perfectly matched layers for this class of models was suggested, based on the ideas of Bécache et al. [4] for
isotropic metamaterials, which generalized the work of Cummer [7] for the Drude model. However, the analysis
in the aforementioned works does not fully cover the following (almost independent) questions, which we aim
to answer in the present article:

e stability of the perfectly matched layers constructed in [5] in corners;
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e decay of an energy associated to the newly constructed PML systems.

The second question has been answered for the Bérenger’s PML in two dimensions for isotropic, nondispersive
Maxwell equations by Bécache and Joly [8]. In general, the derivation of energy estimates for PML systems
does not seem trivial. For example, in the work [8] the authors have obtained energy estimates for the PML for
isotropic Maxwell equations written in the Zhao-Cangellaris formulation [9]. The estimates on the norms of the
split fields in the Bérenger’s split formulation were derived, however, based on the Fourier, rather than energy,
analysis. Our approach is different from that of [8], where the PML system was given a priori. We suggest
to look for a formulation that would be equivalent to the original system and allows to obtain the energy in a
simpler way. We make use of the stability analysis in the Laplace domain, as it was done in the work [5], which
provides intuition on derivation of explicit (without appeal to the Plancherel’s theorem) energy estimates.

An alternative way to obtain energy estimates is offered by the use of the method of Hagstrom and Appel6 [10].
However, even in the case of Bérenger’s PML it provides estimates on the spatial derivatives of unknowns [11],
while most of the estimates we obtain involve the original unknowns. Moreover, the application of this approach
to Lorentz models does not seem trivial, due to the need to rewrite the original problem in the form of a single
equation, rather than a system of equations, and then apply the method of [10] to the resulting problem.

Let us remark that of the limitations of our analysis is the assumption that the absorption parameter of the
PML is constant, similarly to many other works on the PMLs, cf. e.g. [4,8,11]. This analysis can be viewed as
a first step to deal with more complicated problems with non-constant absorption parameters.

This work is organized as follows. In Section 1 we introduce the problem under consideration in more detail,
as well as provide succinctly some background on the stability of the perfectly matched layers based on [5]. We
will assume a familiarity of the reader with cartesian PMLs and the PML geometrical setting.

In the first part of the article we concentrate on so-called generalized Lorentz materials [4]. In Section 2.2 we
consider the question of the stability of perfectly matched layers in corners. We demonstrate the necessity of a
fairly rigid condition of the stability of the corner PMLs that belong to a class introduced in [4]. In Section 3 we
study the questions of the construction of the time domain PML system and the derivation of the corresponding
energy estimates.

In the second part of the article we generalize the energy estimates of the first part of the work to a more
general class of materials, including e.g. models with absorption or with memory, see Section 4.

We finish the exposition by a discussion of open problems in Section 5. The questions related to the dis-
cretization are out of the scope of the present work, and can be dealt with as in [8].

1.1. Problem Setting

The wave propagation in 2D dispersive media is described by the Maxwell system:

8tDz = asz,
atDy - 73;3Hz, (1>
0B, = —0,E, + 0,E,.

In the above we use the scaling ¢ = ¢y = pug = 1. The relations between the electric field and the electric
displacement field, as well as between the magnetic field and the magnetizing field are given in the Laplace
domain. Denoting by s the Laplace variable, we set 4(s) = (Lu) (s) the Laplace transform of u(t) and introduce
C. ={s € C: Res > 0}. Following [5], for a function f(s) : C — C, we define f as follows:

J(w) = f(~iw), w e C. (2)

Thus, the constitutive relations D = e(s)E, H, = pu~'(s)B.. We will assume
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In this case the system (1) in the Laplace domain can be rewritten as an anisotropic dispersive wave equation:

§u(s)H, — e,(8) 1 0pe H, — £4(s) 10y, H. = 0. (3)

All over the article will assume that ,(s), €,(s) and u(s) are passive, as defined below.
Definition 1.1 ( [5]). A function ¢ : C; — C is passive if it is analytic in C; and satisfies Re (sc(s)) > 0 there.

One of the examples of such passive parameters is offered by so-called generalized Lorentz materials [4]:
N c
0
6&(5):1+;)m, Eag>0, WQZER, EZO,...,TLQ,QE{x,y},

p
He
N(s):1+2ma pe >0, wu €R, £=0,...,n,.
=0 u

The above includes as a special case Drude materials [4] and a 2D uniaxial cold plasma [12,13]. The assumption
of the passivity covers nonhyperbolic models as well (the diffusion equation, with €, (s) = €,(s) = 1, u(s) = s71).

1.2. Construction and Stability of Perfectly Matched Layers
1.2.1. Construction of PMLs

There are several ways to write the perfectly matched system corresponding to (1), in particular, via splitting
as per Bérenger [1,2], or with the help of the change of variables as per Chew et al. [14]. For an introduction
and overview of these techniques, we address an interested reader to [15].

Consider the system (1) written in the Laplace domain (3). To construct a PML in the region = > 0, one
assumes that (3) is valid for z = & € C. The corresponding analytic continuation of H.. denoted by H.., solves
(3), with = Z. In [4] it is proposed to choose Z as follows, for some analytic function ¥ (s),

()

The Bérenger’s PML can be obtained taking 1 (s) = 1, while, in general, for dispersive materials other ¥ should
be found [4]. With this change of variables, (3) remains of the same form for x < 0, however, for z > 0, it reads

e (o5 0() 10, (14057 10(s) T O ) + 25 0y He — s = 0. (6)

At the interface x = 0, transmission conditions are used, see [15]. By analytic continuation, 7:[Z(ac7 y) = H, (z,v)
for x < 0. It remains to rewrite this system in the time domain, however, for the moment we do not address
this question, postponing it to future sections.

To construct the PML in other directions (e.g. for y > 0), the same procedure applies. In corners the change
both of variables  and y are used. In order to truncate the perfectly matched layer at some x = L > 0 in one
uses zero Dirichlet or Neumann boundary conditions on the exterior boundary of the layer. In the experiments
in this article we use vanishing Dirichlet BCs.

1.2.2. Existing Results on the Stability of PMLs

In this section we provide known results on the stability of the time-domain system obtained after the PML
change of variables (5) applied to the problem in question, most of which can be found in [5]. For results on
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the stability of the PMLs for other classes of models see [4] or [3]. The statements in this section are valid in
the case of a constant absorption parameter o(x) = o, and the PML change of variables in R:

i=z(1+s "P(s)o), o >0. (7)
Let us introduce the sesquilinear form corresponding to the operator (3):
A, v) i= ,(8) " (0pu, Opv) + £4(8) " H(Dyu, Oyv) + s*u(s)(u,v), u,v € H'(R?). (8)

Here (u,v) = [ wvdz. This scalar product induces a duality pairing (f,u), with f € H7'(R?), u € H'(R?),
R2

where H~!(R?) contains antilinear functionals on H*(R?). Moreover, all over the article we will denote by ||.||

an L?(R?)-norm, and by ||.||z: a norm in H!(R3).

Definition 1.2. We will say that a sesquilinear form (8) is passive if €,(s), £,(s) and p(s) are passive.
For passive sesquilinear forms the following result holds true.
Proposition 1.3. Let the sesquilinear form A(u,v) given by (8) be passive. Then:
(1) for allG € H=Y(R?), s € C, there exists a unique solution U(s) € H'(R?) to the variational formulation

A(U(s),v) = (G,v), veH (R?). (9)

(2) let G(s) € H Y(R?) be the Laplace transform of a causal C*-function g(t) : R — H~(R?), whose 3rd
derivative in the sense of distributions g3 € L1 (R, H-'(R?)). Then the solution U(s), s € C, of (9)
with G = G(s) is a Laplace transform of a continuous causal function u(t) : R — H(R?), and

t
u(t)|| g1 < amax(t3,1) / II(1+ 87.)3 9(T) || gr—dr, t>0, a > 0.
0

Remark 1.4. The idea of the proof of the first part of Proposition 1.3 will be of use later, when deriving
energy estimates. Let us briefly comment on it, referring the interested reader to [5] for more details. To show
the solvability of (9), one uses the Lax-Milgram lemma. In order to apply it, one demonstrates the following
frequency-dependent bounds valid for all s € C:

A, v)I| < C)llullmllvlla,  ReA(u,su) = c(s)l|ullzn, s € Cy.

In particular, the first bound is obtained trivially, since the passive functions and their reciprocals are analytic
in C4, and hence do not blow up. The coercivity follows by a direct computation

Re A(u, su) = Re (3e, ") [|0zull® + Re (e, ') |0,ull® + Re (|s[*sp) [|u]]?, s€ Cy.

It remains to notice that Re (55;1) = Re(|s|*s7'e, ') > 0 for s € Cy, due to passivity Re (se,) > 0 in C.
Hence, Re (5e,') > co(s), for some co(s) > 0 whenever s € C,.. Similarly one can show that Re (5e;1) > ¢1(s)
in C. Finally, the lower bound Re (|s|?su) > c2(s) in C; again follows from passivity of p.

Proposition 1.3 shows that a passive sesquilinear form corresponds to a well-posed stable in the time domain
system (see e.g. Section 3.1). By stable we mean that provided a sufficiently smooth right hand side data
which decays sufficiently fast at infinity (e.g. compactly supported), the solution of the system is bounded
polynomially in time. The corresponding time domain system will be analyzed in Section 3.



The results of Proposition 1.3 can be applied to analyze the stability of the PMLs. To construct a PML
stable in the direction x it is sufficient to find (s) that ensures the passivity of the sesquilinear form

Ag(u,v) =¢e,(s)™" (1+ s_lw(s)o)_2 Oz, Opv) + 4(8) " (Oyu, Dyv) + s*u(s)(u,v), u,v € H (R?), (10)

which corresponds to the equation (3) with the PML change of variables, namely (6). The following result
shows how to construct a PML, stable in the directions z, y, as well as in the corners, for any passive system.

Proposition 1.5 ( [5]). Let the sesquilinear form (8) be passive. Then the sesquilinear form obtained by the PML
change of variables T — x (1 + %L(S)), with ¥y (s) = ey(s)"! andy = y (1 + %y(s)), with ¥y (s) = e, (s)7 1,
namely

-1

—2
Y ) (02, Opv) + €, <1 +

_ -2
TE)  @u00) + Pulu,), o € HE)
S

O%E

Agyo,(u,v) =€, (1 +

S

is passive for any oy, oy > 0.

However, as argued in [5], the above change of variables might be non-optimal, i.e. require the introduction of
too many auxiliary unknowns associated to the time-domain PML system. Other possible changes of variables
are proposed in the next section.

2. PMLS FOR GENERALIZED LORENTZ MATERIALS: STABILITY IN CORNERS

In this section we will concentrate on generalized Lorentz materials (4). The motivation, as well as existing
results on the stability of the PMLs are given in Section 2.1. The stability of the PMLs in corners is a subject
of Sections 2.2.1 and 2.2.2. Section 3 is dedicated to the derivation of the energy estimates for the PML system
in time.

2.1. Existing Results on Construction and Stability of PMLs

For the moment, let us simply assume that €., ¢,, p satisfy the following assumption of [4,5].
Assumption 2.1. A function r(s) is a rational function r(s) = 1+ z:gfig, where the polynomials p, and q,
have real coefficients, no common roots, and also degp, < degq,. All its zeros and poles lie in iR.

With any such a function 7(w), w € R, we will associate the set D, of its poles and zeros. A class of passive
functions satisfying the above condition is fairly narrow, see [16, Theorem 5], [17, Corollary 10.1].
n
Theorem 2.2. A function r(s) satisfying Assumption 2.1 is passive if and only if r(s) =1+ [Z:O 3217%,?’ where
we € R andry >0 foralll =0,...,n. ‘

Thus, passive functions that satisfy Assumption 2.1 correspond to Lorentz materials (4). It is natural to
consider a subclass of passive sesquilinear forms.

Assumption 2.3. The sesquilinear form (8) is passive and the functions e5(s), €4(s), u(s) satisfy additionally
Assumption 2.1.

To explain the stability condition of the PML, let us introduce two sets:
Q0 = {weR\ (D, UD,) : &(w)fi(w) >0}, Q<0 ={weR\ (D, UD:,) : &(w)és(w) <0},

Under assumption that 1(s) in (7) satisfies Assumption 2.3, the authors of [4] have shown that for the stability
of the PML it is necessary that 1(s) ! is passive. The second necessary stability condition of the PML, obtained
in [4] (and reformulated as (NSC1) below), is equivalent to the sufficient stability condition (NSC2).
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Theorem 2.4. Let the sesquilinear form (8) satisfy Assumption 2.3. Let the function (s) satisfy Assumption
2.1 and Re (5¢(s)) > 0, s € C4. Then the following two conditions are equivalent:

(NSC1) for all w € Qiyémd) U Qi”'bo, it holds that P(w)ép(w) > 0.
(NSC2) for any o > 0, the sesquilinear form A, (u,v), u,v € HY(R?), defined by

Ao (u,v) = ()ey (5) Ao (u,0) = ¥ (14 5790) (a1, 0p0) + Yeyer (9yu, Byv) + s2beypu(u, v) (11)

is passive (thus satisfies Assumption 2.3).

Remark 2.5. Indeed, the stability of a PML in the direction y can be ensured by the change of variables (5)
with (s) which would satisfy the following condition: for all w € Q5 <" UQSA>0 it holds that P(w)éz(w) > 0.

One readily notices that the above result combined with Proposition 1.3 shows the stability of a PML in
one direction only, and it is not immediately clear whether it can be applied to the PML in corners. Even if
one argues that the PML change of variables in directions x and y that satisfies the conditions of the above
theorem may not necessarily lead to a passive sesquilinear form, it is still not clear whether the passivity of a
sesquilinear form is necessary for the stability, see also the related discussion in [18]. We discuss the problem
of the stability of such perfectly matched layers in corners in the following section.

2.2. Stability in Corners
2.2.1. Applicability of Theorem 2.4 in Corners

Here we will concentrate on the studies of the stability of corner PMLs for passive systems that stem from
the change of variables (7) with ¢(s) satisfying Assumption 2.3. While Theorem 2.4 provides necessary and
sufficient conditions of the stability of the PMLs in one direction, a stricter condition is required to ensure the
stability in corners. The following numerical example provides a more precise explanation.

Example 2.6 (Motivation). Consider the problem (1) with the following parameters:

@)W ) (? — 42)(w? - 8) (@~ )2~ %)

One can show that €., ¢, and p are passive using Lemma 4.8 of [5]. To apply Theorem 2.4, we define:
QA0 —{weR: 0<|w|<2o0r [w] >8)}, Q<0 =Q&A>0  QXA>0 — [, e R:|w| > 8).

The condition (NSC1) of Theorem 2.4 requires that in the direction x we choose the PML change of variables
(7) with 9 (s) = ¥4(s), and in y with 1(s) = 1¥,(s) (see also Remark 2.5), with

Pe(w) > 0, thy,(w) < 0 for |w| € (0,2), and 1, (w) > 0, 1, (w) > 0 for [w| > 8.

The conditions of Theorem 2.4 are satisfied by . (w) = 1, and th,(w) = w;"i_ip. We conduct three numerical
experiments: 1) with the PML in y-direction o, = 0, o, # 0; 2) with the PML in z-direction o, # 0, 0, = 0;
3) with the PML in both directions 0,0, # 0. The numerical experiment are done with the help of the Yee
scheme [19], where for the dispersive terms we use an implicit trapezoid rule. In Figures 1, 2 we show the results
of this experiment. The PML is stable in each of the directions separately, however, is unstable in corners.
Explaining this instability is the subject of the next section.



FIGURE 1. The results of the experiment of Example 2.6. From left to right: H, computed
with the PML in y-direction, at ¢ = 150; with the PML in z-direction, ¢ = 150; with the PML
in both directions, at ¢t = 100 and ¢t = 150. The boundary between the physical domain and
the perfectly matched layer is marked by a black dashed line.
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— ——— PML in z-direction
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FIGURE 2. The L2?-norm of the solution H,(t) of Example 2.6 depending on time.

2.2.2. Necessary and Sufficient Conditions for Stability of PMLs in Corners

To study the PML in corners, let us fix a choice of a stable PML in one direction. By scaling the sesquilinear
form (10) can be reduced to the form (11), which can be viewed as an application of the PML of Proposition
1.5 to a system defined by the scaled sesquilinear form:

A, v) = (5)(Ds, 0,0) + 2a() ()2, (5) (0,1, 8,0) + S u(s)b(s)ey (5) (1, v).

Moreover, as shown in Theorem 2.4, the above sesquilinear form is passive. Therefore, we can fix the PML
change of variables in the direction x, and examine what happens in the direction y. Hence, we apply the PML
change of variables (7) in a corner

x—x(l+ omay(s)_ls_l), y—=y(l+ oyw(s)s_l), Oy > 0. (13)

Since Laplace-based techniques are more suitable for the derivation of sufficient stability conditions, and at
the moment we are interested in a failure of a necessary stability condition, we will make use of Fourier-based
techniques, see e.g. the stability theory of [20,21] as well as works on the stability of PMLs [3,4,8]. In order
to use the stability condition of these works, let us assume that 1(s)~! is passive and satisfies Assumption 2.1.
Then the corresponding time domain system can be written, cf. [5] for the PML in one direction, so that the
plane-wave solutions of this system He***?* with H being a C™-vector, satisfy the following:

(1) either s is a constant from a half-plane C\ C;
(2) or it solves the dispersion relation

F(kwakyagwa0y73) = 0, (14>



with F: R? x Réo x C — C, defined by the identity

s7ley,(s)7t 9 s7le,(s)7t

(14 02ey(s)" 1571 " (1+0,1(s)s1)

F(ky, ky,04,0y,8) = ij—i—s,u(s).

In [4] the authors have introduced the notion of a uniform stability, which we use as well.

Definition 2.7. A PML system corresponding to (1) with the change of variables (13) is called uniformly stable
if for all 0,0, > 0, the solutions s(k), k € R?, of (14) are outside of C4, i.e. s(k) € C\ Cy, k € R?.

More precisely, uniformly stable systems do not admit exponentially growing plane-wave solutions for any
non-negative values of absorption parameters o, , > 0. It appears that the system stemming from (14) with the
PML (13) may have such unstable plane-wave solutions, even if ¢(s) is chosen so that the stability condition of
Theorem 2.4 in the direction y is satisfied. This is a subject of the following result.

Theorem 2.8. Let the Assumption 2.3 hold true, and let 1p~1 be passive and satisfy Assumption 2.1. Then the
equation (14) has no solutions s € C4 for any kg, ky € R, 04, 0, € R>o, if and only if ¢¥(s) = e,(s)7'.

To prove the above theorem we will need several technical results. Let us introduce D = D,, UD., UD,, U

Dy, U{0}. Also, let h, = —is e, (s)™, hy = —is tey(s)™' , hy = isp(s) and hy(s) = —is~14(s). Then

ihs(s)
(1+iohe(s))

(1 +ioyhy(s))

F(ky, ky,00,0,,8) = k2 + Sk — ihy(s). (15)

Lemma 2.9 (Crossing the imaginary axis). Let u, €5, €y, ¥ satisfy Assumption 2.1. Assume that wy € R\ D.
The following conditions are equivalent:

(1) the dispersion relation (14) holds for some (ko, ky, 0, 0y) € R? x R2, and s = —iwy.
(2) the following inequality is valid in wo: ¥(wp)éx(wo) < 0.

Proof. Proof of (1) = (2). Let the equation (14) have a solution s = —iwg, wp € R\ D. We define

5 €z(wo) > €y(wo) - P(wo) > fi(wo)
hyo = h1 = 5 h:c - hT - 5 h =h = 5 h 0 — h’L = 5
o = hy(wo) o 0 (wo) o $0 = hy(wo) o o = hy(wo) wo  (16)

Yo =1+ o4th,, Yoo =14 Umiilmo, Yo =1+ oythy, Yo =1+ iniz%.

Notice that hao € R, a € {z,y, 1, 9}. Due to (14), Re F'(ky, ky, 05,0y, s) vanishes at s = —iwy, more precisely
Re (ihao¥aol V20l ™ k2 + ihyo Vool vwol ~*k; — ihyue) =0, (17)
from which, using the explicit expressions (16) for v, Yy0, We get

axhiolveol ~K2 4 oyhyohyo|yel Tk, = 0. (18)
The above holds for some k., k, € R and 0,,0, > 0 if and only if hyohyo < 0. Using the definition of Ay, hy,

this condition reads (woéy(wo)) L (wot(wo)) ™t < 0, or, alternatively, &, (wo)w(wo) < O.
Proof of (2) = (1). Reciprocally, assume that wy is s.t. ¥ (wp)éz(wo) < 0. It suffices to show that
there exist k;, ky € R, 05,0, > 0 s.t. (14) holds true. More precisely, the imaginary and the real parts of

F(ky, ky,04,0y,s) vanish in s = —iwp. In particular, from (18) we obtain

k3 = —k;0y05  hyohyohg ol reol . (19)



The condition on the vanishing imaginary part of F(ky, ky, 04, 0y,s), cf. (17), reads
hao (1= 02h20) (N0l ™ k2 4 hyo (1 — 00hZ0) [vwol kK — huo = 0,
or, with (19),
—0y0y " hyohyohgg Iywol ™ (1= 02h20) ki + hyo (1 — ophZe) [vwol ™ k2 — huo =0,
which results in the following condition on k,:
k2 = hyolyeol iy (1= 02k — 0,05 "hyohyg (1 - 02h2)) . (20)

Introducing vy, = oyhyo and v, = 05hs0, We obtain

k2 = huolysol hyg (1= 3 — vyt (1= 12)) 7" = —hyolwolhyg (v — va) Mg +07 )71 (21)
To ensure that the right hand side of the above is positive, we must verify that if h,ohyo > 0, necessarily
vy € [min(—v; 1 v,), max(—v; ', v,)], for which it is sufficient that |v| < min(|v,|™!, [v,]). This can be
always ensured by a proper choice of o, o, > 0. If hyohyo < 0, it is sufficient that |vy| > max(|v,| 7, [v]),
which again can be ensured by choosing o, o, > 0. Hence, if Y (wo)éx(wo) < 0, the equation (14) necessarily
has a purely imaginary solution s = —iwy. O

As we have seen in the proof of the previous lemma, for any wq satisfying the assumptions of the lemma,
there exists a subset of R? x R such that for all p in this set, F'(p, —iwp) = 0. It will be seen from the proof of
Theorem 2.8, that it is sufficient to consider wq that satisfy additional constraints (in the form of inequalities)
compared to Lemma 2.9, as in the corollary below. Physically, this would mean wy is outside of a so-called
propagative set of the system without the PML, i.e. such sg = —iwy cannot solve the corresponding dispersion
relation, namely F(ky, ky, 0, 0, —iwp) # 0 for any k € R? (see [5]). However, such a solution is indeed included
into the propagative set of the system with the PML.

Corollary 2.10. Assume that wy € R\ D is s.t. ém(wo)iﬁ(wo) < 0, fi(wo)éx(wo) < 0 and &,(wp)éy(wo) > 0.
Then for all v € V,,,, where

Ve ={V €R: vhy >0, |v] > 1}, (22)
it holds
F(p(v), —iwo) = 0, where p(v) = (kuo(v), kyo(v), ow0(v), oyo(v)), (23)
O':CO(V):Vh;Ol? a'yo(l/)Z—I/h;é,

where hyuo, hao, Ryo, hyo are defined in (16).

Proof. From the proof of Lemma 2.9 we saw that provided wq as in the condition of the corollary, the dispersion
relation F'(ky, ky, 04, 0y, —iwg) = 0 for any k,, k, expressed via o,, o, with the help of the relations (19,
20), assuming an extra bound on the values of |0, |oy|, see the end of the proof of Lemma 2.9. In particular,
consider (21), with hyohyo < 0. Let us choose o, > 0 so that v, = v = g,hyo satisfies |v| > 1, and oy > 0
so that vy, = oyhyo = —v. The inequality 1;05}0 < 0 is equivalent to hyohyo < 0, and, according to the
condition of the corollary, hzohyo > 0, and thus hyohyo < 0, therefore such o, > 0 always exists. In this case
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Yo = Yyo = 1 —iv. It is not difficult to verify that kg as in (21) is indeed positive with the above choice of
Oz, Oyt

2 _ hﬂoh;()lu +L2)2 >0

Y 2(1 —v?) ’
since huohyo < 0 according to the condition of the corollary. Similarly, we obtain from (19) the required
expression for k2:

1 huohy (1 +1v2)?
2 _ 1.2 1 _ "p0g0
k2 = kZhyohyy = S0

The right hand side of the above is again positive, due to hyohzo > 0. O

The above result strengthens the statement of Lemma 2.9: in fact, if so = —iwp belongs to a non-propagative
set of the original system, and i(wo)éx(wo) < 0, there are infinitely many points p = (k;, ky, 0, o) for
which s = —iwg solves the dispersion relation with the PML. The statement that follows will serve as a basis
for the application of the implicit function theorem in the proof of Theorem 2.8, and contains is a condition on
Re (8%F (0sF )_1) in the point where the solution of the dispersion relation s crosses the imaginary axis. More
precisely, it is always possible to choose such o, > 0 that the above expression does not vanish.

Lemma 2.11. Assume that wg s as in Corollary 2.10. There exists v € V,,,, where V,,, is defined in (22), s.t.
(23) is satisfied, and the function F(.,.): (R* x R>q) x C — C defined in (15) is differentiable in a vicinity of
(p(v), —iwg), provided p(v) is as in (23, 24), with

ol o)y 2 0 Re ((0.F) 7" (95, F)) ‘(p(y) PO (25)

Proof. We start with the evaluation of the partial derivatives of the almost everywhere smooth function F:

k:% / 27/ ki / N !
O0sF (ky, ky, 04, 0y,8) = z$ (hlye — 204thlhy) + Zﬁ (Ryyy — 20yihiyhy) — ih),
= ik bl (1 — owihae) + kv, i (hyypy — 20yihiyhy) — ih,,
aoyF(kxa kyaamv O'y,s) = 2hthk§w3.
Using an identity v’'(—iwg) = 9’ (wo), and evaluating the above derivatives at s = —iwg, p = p(v) given by
(24), we obtain, with Rs(v) = 0sF| 5,

—iwo):

!

Rs(v) = *k.?:o'Yz_ogh.;o(l — 00thz0) + kio'ﬁzgi(ih;o’YwO + Q‘Tyhiz;ohyo) + Iy,

where hl, = h/,(wo), with a € {z,y, 1,9 }. Now we are going to express R explicitly as a function of v. Recall
that v = v,0 = 1 +iv = 7,0, and kg0, kyo are as in (24):

- 1+02)%y 1+ 12)? ,
Ro(v) = —hoh=thly L V)T Sl (=7 + 20y ih0hy0) + Hig-

—1
20 205 2y,8 + huohyg 5

Similarly,

R"y (V) = a"'yF|(P(V)7—iwo) = 2hy0h1/’0k:3071;3 = hM0<1 + V2)2(1 - V2)_1’7_3'
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Thanks to the fact that Rey = 1, we can verify that R, (v) # 0, R;yl(u) # 0 for any v # £1. Therefore, if we
verify that for some v, € V,,,

R(vs) = hyuo(1+ v2)2(1 — 12)"' Re (R (u*)RS(V*)) = (1) Ra(n)) £0,

this would immediately imply that R,(v.) # 0 and additionally that Re (R, (v.)R;*(v:)) # 0, i.e. (25). Let
us thus compute

L (L+22)?

R() = —hyoh=iny LEZ) S S

20 zomRﬁ‘(’f ) = Byohuohyg

Rey + h o Re 7,

where we used Re (ihiﬂohyo) = 0. Thus,

1— 2102 + 350% — 708
2(1 4 v2)(1 — v2)

14+v
R(V) = Mohzo 0 u
2(1 —v?)
1
- m <—hu0h;olh;o(1 —210% + 350 — 10 — hlohuoh 14073 + 2h"u0(1 —32)(1 - 1/4)) .

= highuoh,g + hlo(1 =307

The above expression is a rational in v function, hence it vanishes for all v € V,,, if and only if all of its
coefficients vanish; one can verify that this is impossible by checking the corresponding conditions on the
coeflicients near the powers of V in the numerator. In particular, consider the coefficient near v*, which equals
c= _35hu0hm 20 3huohy0 o — 2h),0. Thanks to the so-called growing property, see Lemmas 4.7, 4.8 in [5],
hu > 0 and hyo, 20 < 0. On the other hand, by the condition of lemma, h,0h.0 < 0, huohyo < 0. From this
it follows that ¢ < 0, and therefore the numerator does not vanish identically. Hence there exists v = v, € V,,,
s.t. R(v.) # 0. As argued before, from this (25) follows. O

Now we have all the means to prove Theorem 2.8.

Proof of Theorem 2.8. The sufficiency of the condition v(s) = &, (s) ™! follows from passivity of the correspond-
ing sesquilinear form, see Proposition 1.5. The proof of the necessity is slightly more involved. We make use
of one of the ideas of [4]. The equation (14) defines s as an implicit function of k € R?, and o,, 0, € Rxo;
moreover, due to the continuous dependence of s on the parameters, (14) holds true for s € C; only if there
exist p = (kg, k;y, oz, 0y) € R? x R>07 s.t. s satisfying (14) crosses the imaginary axis. We will show that
if ¢(s) # e,(s)7!, there always exists such a p. Next, we will fix the parameters k,, k,, o, and study the
dependence of the solution of (14) on a perturbation of ¢, with the help of the implicit function theorem. Using
Lemma 2.11, we will show that the real part of the corresponding solution is positive, and hence the result.
First of all, if 0, = 0, 0y # 0, the necessary condition of the stability of the PML reads, cf. Theorem 2.4,

we QEF0YQEE<t — 2 (w)d(w) > 0. (26)

Thus, 9(s) must satisfy the above condition. We prove the desired result by contradiction. If ¢ # e, 1, there
necessarily exists wo € R\ D, s.t. h(wo)éx(wo) < 0. Let us fix such wy. Due to Corollary 2.10, s = —iwy is
a solution of (14) for p(v) as in (23, 24), and any v € V,,, see (22). As shown in Lemma 2.11, there exists
V=V € Vg, 8.1 8SF|(p(V*)7 # 0, and Re ((8SF)_1 (&,yF))‘ # 0. Using the implicit function

(p(v+),—iwo)
theorem, the solution s of F'(kyo(V«), kyo(V4), 020(V4), 0yo(vi) + €,8) = 0 (notice that oy0(v,) > 0), provided

that ¢ is sufficiently small, can be represented as

7i(4}0)

s = —iwp — ((8SF)_1 (a,yF))‘ £+ o).

(p(vs),—iwo)
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For sufficiently small €, the sign of the real part of s is defined by the sign of the real part of the first-order
term in the above expansion:

signRe s = —signRe (((’9SF)_1 (8%F))‘( )i )8.
P(vs),—iwo

Since oy0(v4) > 0, we can always choose € so that o,0(v.) + € > 0 and Re s > 0, thus obtaining a solution s to
(14) with a positive real part. O

This result shows that fixing ¥(s) = ¥, (s) in (5) for a PML in the direction = immediately fixes a choice of
Y(s) = eythye; ! for the PML change of variables (5) in the direction y, see also the corollary below.

Corollary 2.12. Let the sesquilinear form (8) satisfy Assumption 2.3. Let the functions s,y be s.t. 71, 1/1;1
are passive, satisfy Assumption 2.1, and let ¥, (8) satisfy the stability condition (NSC1) of Theorem 2.4. The
scaled form Ay, 5, (u,v) defined as

on, oy (u,v) = Yy (5)5y(5)A0m,ay (u,v),

Ao, o, (u,0) =ey(s)" (1 + %As)) - (02, 0pv) + 4(s) (1 + M) - (Dyu, Oyv) + $*pu(s)(u,v)

S

is passive for all 0., o, > 0 if and only if P, = e ey b,

Proof. The sufficiency follows from Proposition 1.5. The necessity is a result of Theorem 2.8. Due to Theorem
2.4, e M and pe; ' (which are the coefficients of the sesquilinear form A, o, for o, = o, = 0) are
passive. Suppose that v, # e, "1, ! The dispersion relation

. 1 1 1
F(ky, ky,04p,0y,8) = 5Ty 2, 8 eyzEy

= = k2 + se o =0
(1+ oppsts=1)? R

has solutions s € C, per Theorem 2.8. This is a contradiction to passivity due to Lemma 2.14 in [5]. O

Example 2.13. We consider the problem of Example 2.6, where we choose the PML in the direction = with
¥(s) = 15(s) = 1. The stable PML in the direction y and in the corner is given by (5) with v¥,(s) =

ey($)Ua(s)ea(s) ™t = s (s + 22)_1. The rest of the parameters remain the same. The stability of such a PML
in corners is demonstrated by the results in Figure 3.

1071

102 |

5. ()]

10—3 | | | | | | |
0 20 40 60 80 100 120 140

t

FIGURE 3. In the left plot we show the solution H,(t) of Example 2.13 at ¢t = 150. In the right
plot we demonstrate |H.||z2 depending on time.
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3. GENERALIZED LORENTZ MATERIALS: STABILITY OF THE PML VvIA THE ENERGY
TECHNIQUES

This section is dedicated to the derivation of the energy estimates for the PML system. Like before, we will
consider the case of constant absorption parameters. In Section 3.1 we recall how the energy is derived for the
system (1) without the PML. In Section 3.2 we show how a PML system can be constructed in order to simplify
the derivation of the energy estimates. We apply these ideas in Section 3.3.

3.1. Time-Domain System Without the PML
We consider (1) with (4), i.e.

_1+232+we7 €at >0, war € R, £=0,...,n4, a € {x,y},

e
5>:1+Zm, W>O,wMER, EZO,...7’I’LM.

In the time domain, we obtain the Maxwell equations with currents, coupled to E, H, via ODEs, cf. [4]:

atDz = 8sza (27&)

0,Dy = —0,H., (27b)

6th = 8yEL - 8J,Eya (270)

atDa - atEa + ZgoM)\ala (27d)
£=0

815)\0(@ + Wiépa@ = Ea; atpa@ = )\ozla {= Oa s N, O E {.T, y}7 (276)

ath = 8tHz + Z#@Aufv (27f)
£=0

O A e + Wiepuf =H,, Otpue = Ao, 0=0,...n,. (27¢g)

Let us clarify the time-domain realization of B, = u(s)H, (the time-domain equivalent of D = £(s)E can be
Ny

obtained similarly). The latter equivalently reads sB, = su(s)H, = (5 + Z P ) H.. One defines
el

. 1 ., _ < . ., A .
Aue = WHZ, or, equivalently, SAue + Wiepué =H,, $Pue = Ape-
e

Provided that Au|,_, = 0 = puel,_,, the above coincides with (27g) in the time domain. Similarly, for
B.|,_q = H.|,_,, we obtain (27f). We can immediately formulate the following well-known result, see also [4].
We provide its proof since it will be of use later.

Proposition 3.1. An energy € of (27), defined below, satisfies %5 = 0. Here

(1Bl + 1By |1? + I HA?) + € + &y + Es,
o 1 "
eat ([Natll* + Woellpacl®) , a € {ay}, & =3 > s (Il + wpellppell?)

= N
3

T
o
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Proof. Test the equation (27c¢) with H,, to obtain
(0B.,H.) — (0yEy, H,) + (0.Ey, H,) = (0:B., H,) + (E3,0,H,) — (Ey, 0, H,) = 0. (28)

We consider the first term of the above expression; using (27f),

(279) -
(athH ) 92 dt”H H2 + ZM( na ) :g 2 dt” ZH2 + Z,u'@ ;Alaat ul +w [pu@)
£=0
279) 1 d s 1d - 1d )
z 5 11 ) 1 Hz 2
ST A an il 3 Omnsoe) = g A+ e (29
The term (E,,dyH.) in (28) can be rewritten exactly like in the previous case:
(27a) (27d) 1d s 1d 9 9
Eza Hz Eza x o 14 AI x xT E
(B2, 0,8.) 2 (B, 0,0,) L L SIE | + thzez eell + @2elpecl®) = 5Bl + S 6. (30)
Similarly one shows —(Ey, 0, H.) = 34| E,||> + £&,. O

3.2. The Main Idea of the Construction of the PML System

It is well known that there exists many ways to write a PML system for a given problem, see for example [§]
and references therein, or [4]. To be able to derive the energy conservation in an easy manner, it is crucial to
introduce a very special set of auxiliary unknowns. One of the choices of such unknowns can be obtained by
studying the coercivity of the corresponding sesquilinear form. Let us explain our idea based on a very simple
example of the isotropic non-dispersive 2D wave equation written in the second order formulation, to which the
Bérenger’s PML is applied in one direction. In the Laplace domain it reads (where f is the right hand side):

~(+s7l0) o (145 0) T aua) Q2+ Pa=f, seCy. (31)
The corresponding variational formulation is then
Ao (G,v) = (1+ 5_10)72 (8211, Do) + (Byil, Dyv) + s2(11,v) = (f,v), a,v € H'(R?).
To show the coercivity, one tests the above with v = st (and then takes the real part), cf. Remark 1.4,
A, (i1, 5i1) = Re ((1 +5720) 7 (O, 50 01) + (Byit, s0y11) + 5(s, sﬁ)) = Re(f, si). (32)
Testing with v = su corresponds in the time domain to testing the equation with O,u (if u|,_, = 0), which is
exactly what we do to obtain the energy estimates for the equation without the PML. On the other hand, one

could obtain some energy identities directly from (32), with the help of the Plancherel’s equality. To apply it,
let us rewrite the first term of (32) in a more convenient form:

N —1.\2 . 24,1
((1+s’10)_281ﬁ,381ﬁ) _ (( Ozl ’s(l—i—s ) 896&) _ < 0z ’s+2a+a &ﬂl)

1+ s 10)% (14s10) (14+s10)? (1+s 1)’

2 2

0y
s(1+s1o)?

00

(1+s5-10)?

2

= (5+ 20) +0%s
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Thus, (32) can be rewritten as follows:

2 2

0,1 01 P
Re (s +20) || ————|| +0?Res||—————|| + Res||0,0||?> + Re s||st||? = Re(f, sii). 33
(520 | =2 | e el = Redf ). (53
Recall the Plancherel’s identity (here n > 0):
+oo 1 +oo 1
/ e (), o(e))dt = 5 [ (als), 5(s))ds = / e Re(u(t), o(1))dt = / Re(a(s), 5(s))ds.
™ ™
0 n+iR 0 n+HiR

Before applying the last identity of the above to (33), let us introduce additionally auxiliary unknowns:

iLu B Ozt A, = Ozl

C (1+s7l0)” 34

s (14 s 10)*

and assume that u|,_, = 0. This allows us to obtain a formal energy identity:

400 o
/ e (14 20) [ + 0l il |* + 0|0y ul* + ]| 0pu*) dt = / e 2 f, Dyu) .
0 0

Importantly, this time-domain equality involves newly introduced unknowns (34). This suggests that when
writing the PML system corresponding to (31), it may be advantageous to introduce the unknowns (34). Let
us rewrite (31) in time using this idea (now taking f = 0 but assuming non-zero initial conditions):

fu — Oyhy — Oju =0, (35a)
Oihy + 20hy + 0?H, = 0,0;u, (35b)
O H, = hy. (35c¢)

Testing (35a) with J;u, we obtain

1d
5 35 (100l + 10yul12) + (ha, 0,040) =0,
o) 1
1d
T odt ([[Pa® + o Hull?) + 20| hal|?.

Combining the above, we get the following energy decay law

d
L= 20ln)?, €=

o (Il + 10y ull* + Il + 0| W |1?) - (36)

N =

Indeed, when o # const, the formulation (35) is not perfectly matched. However, for o = const, it is equivalent
to another, perfectly matched formulation.

Let us now comment on how to derive the first order formulation. On one hand, we would like to introduce
unknowns that would correspond to s hy, s H, (morally, the energy of the first-order formulation for the
wave equation coincides with the energy of the second-order formulation where u is replaced by 0, 1u). On the
other hand, we would like to simplify the corresponding PML system of equations. First, let us write the system
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of equations in the Laplace domain with the PML change of variables, and then comment on the introduction
of the time-domain unknowns:

X 0 )
U= 1y T e
N 00
sle = T 15 (37b)
sb, = dyd. (37c)

In this first-order formulation we suggest to introduce an auxiliary unknown v* (it corresponds to 3_1qu), s.t.

Ox0  (370) Dy

s~ GtoP  sto (38)

This choice is advantageous for two reasons:

e there is no need to introduce an unknown corresponding to s~!h,,, since it can be represented as a linear
combination of the existing unknowns

01 B U (1 o > . (38) .

siliALu = = =
(s+0)(1+s71o) 1+s7lo s+o

e the above linear combination can replace the first term in the right-hand side (37a), namely (1 + s_la) 0204
by 0,(0, — o0%). Here we make use of the assumption o = const.

Therefore, (37) can be rewritten in the time domain as follows:

Oy = 00, — 00,0 + Oyvy, (39a)
Oy + ov, = Ozu, (39Db)
Oy = Oyu, (39¢)
O} + ov) = v,. (39d)
Let us show that the energy is consistent with (36). We test the first equation above with u, to obtain
O¢(u,u) — (0pvg — 00,0}, u) — (Oyvy,u) = 0. (40)
The second term in the above
* * (390) * * * *
—(0pvy — 00,vs, u) = (v — oV}, 0pu) = (v — oV}, Oy + 0vy) = (Vg — oV), O (Ve — oVL) + TOE + ovy)
1d
= iaH% — ovi||? + (vp — ovt, 00 + (04 + o))

= (vy — oV}, 200,0%) + (vy — vk, 0%0]),
with each of the last terms being rewritten thanks to (39d):

(39d £ 2 ) (3id) (

(vy — oV}, 2000 99 o —ovl|? - o d 2
x x> tvx) - UHUI UU;EH i (UI OVpy 0 Uy || .

* *
vz

opvy, O'ZUI) =S

Finally, combining (40) and the latter considerations, we obtain:

d " * *
2= =20l —ouilP, & = ul+ oyl + lloa — 0w + v .
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3.3. Energy Identities for the PML for Generalized Lorentz Materials

In this section we extend the ideas on the construction of the PML systems of Section 3.2 to derive the energy
for the PML. Unlike in the previous case, we will present the first-order PML system as is, and will not refer to
the Plancherel’s identity (although it was used implicitly in the derivation of this system).

3.3.1. Construction of a PML System Corresponding to Proposition 1.5

Let us write a PML system corresponding to (27) with the PML change of variables as per Proposition 1.5.
We perform the PML change of variables in both directions, however, assume that o, > 0. Setting oy, =0
(correspondingly, o, = 0) and discarding the auxiliary unknowns associated to the PML in the direction y (),
we will obtain the PML system in the direction z (y), see Remark 3.3. Let us start with the first equation
(27a), which in the Laplace domain with the PML change of variables of Proposition 1.5 and with the use of
the constitutive relations reads

—1
sy = (1 + ") o,H..

SEq

Alternatively, in the time domain, this can be rewritten as 9,D, + o,E, = 0,H,. The equation (27b) can be
treated similarly. To deal with (27¢), we suggest to employ the splitting 1dea of Bérenger [1]. Let us introduce
split fields H,, and H 2y 50 that they satisfy in the Laplace domain the following equations:

sex(8)Hoy = OyE,,  sey(8)H.p = —0,E,,  sB.=0,E, — 0,F, = se,(s)H.y + se(s)H... (41)
Applying the PML change of variables of Proposition 1.5 to the above equations, we obtain the following:

SEy Azy + Uyﬁzy = ayE$, ssyﬁm + o H,y = fﬁzEAy,

sB, = sez(s)ﬁzy + ssy(s)ﬁm = ayEm — BmE'y — O'yI:Izy —o0.H.,

Finally, the time-domain expression of the operators se;(s), sey(s) is done similarly to the system (27), via the
introduction of the auxiliary unknowns. After the PML change of variables, (27) becomes:

0tDy + 0y Ey = 0yH.,, (42a)

0,D, + 0,E, = —0,H,, (42D)

ath + Uszy +o.H., = ayEx - a:L’Eyv (420)

8tI—sz + Z Eyfhwf + Utzw = _8xEya (42d)
£=0

8tsz + Z gacéhyf toyH.y = 8yEx7 (426)
£=0

8thaf + w%ebaé = Hzou atbaé = hocfu {= 07 -, Np, (O[,ﬁ) € {(xvy)7 (y»x)}7 (42f)

(27d — 27g).

In the derivation of the above system we did not use the assumption o,, o, = const, hence it is perfectly
matched. However, obtaining the energy estimates for it directly is fairly complicated.

We suggest to consider another formulation, which is equivalent (see Remark 3.2) to (42) for constant
absorption parameters. It differs from (42) only by the treatment of the equation for B, (27¢). More precisely,
we introduce E;, EZ, s.t. I:Izy = (%E;, H,, = —awE;, cf. (41). Then, formally, using o, = const, o, = const,

SEIE; + O'yE; = F,, SEUE; + UxE;; = Ey, sB, = 8yEw — &CEy — Uy8yE; + awamE;. (43)
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The realization of the operators se,, sey is done similarly to (27). Thus, we obtain the following system:

0¢Dy + 0y Ey = 0yH., (44a)
0Dy + 0, Ey = -0, H., (44b)
0B, + 0,0y}, — axazE; = 0yE, — 0. By, (44c¢)
O E, + Z Extdg + oy B = Ey, (44d)
=0
OE; + Y ey +0.E; = Ey, (44¢)
=0
NSy + w2 pl, = EZ, Ophy = Aby, £=0,...,n4, a € {x,y}, (44f)
atDoz - 8tEo¢ + ZEQZAab (44g)
=0
at>\a£ + Wigpaz = Ea, atpaZ = )\ab = 07 ey N, AE {x, y}, (44h)
Ny
OB: = 0 H. + ) e, (441)
=0
8t>\;w + wigpﬂg =H,, atpug = /\ug, {=0,... s Moy (44j)

In the above the PML related unknowns are £, (A\y,; Pyp), £ =0,...,n, and Ey, (A3, py,), £=0,...,n,.

Remark 3.2. The equivalence of (42) and (44), in the sense that provided properly chosen initial data and for
constant absorption parameters, the solution of (42) solves (44), and vice versa, can be shown similarly to [8].

Remark 3.3. In the system (44) the PML in the direction y is realized via the introduction of the auxiliary

unknowns EJ, A7y, py,, £ =0,...,ny. To obtain the PML in the direction z only, one sets g, = 0. In this case

the equations (44e) and the ODE system (44f) for aw = y are decoupled from the rest of the equations and can
be discarded.

3.3.2. Stability for the PML System (44)

The energy non-growth result is summarized in the following theorem.

Theorem 3.4. An energy associated to (44) defined as
1 * * * * * *
€ =5 (1B =0y EX|° + lloy B |* + 1By — 0w B + low Byl + [|H-|?) + &5 + €] + €=, (45)

1 &
& = 3 ZEM (IMae = oy Xsell? + w2ellpae = oypiell® + lloy Nell® + wielloypiell)
=0

1
& =5 D eye (IAge = 0 Xl + wlellpye — 02plell® + llowdpell + wlelloaplell?)
=0

(oM

1
£ =5 2 ne (el + ellpel )
£=0

does not grow, provided any non-negative o, oy > 0:

d * *
%8 = —20,||E; — UyEmHQ — 20, || Ey — UwaHQ.
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Proof. First, we test (44c) with H, to obtain
(0:B2, H.) — (0yBa — 0,0, B, H.) + (0, By — 0,0, 5, H.) = 0. (46)

Let us consider each term of the above expression separately. The first term is exactly as in (29):

(29 d (1 9
Bszz = |3 Hz z |-
@B.,1) 2 4 (GlP €.

The second term, after the integration by parts, becomes

0y By — 0y0y B H.) = (Ey — 0, B2, 0,H.) ") (B, — 0,E2 0,Dy + 0,Ey) = (By — 0y EX, 8:Dy)

+ Uy(Em - UyEamEz - UyE; + UyE;) = (Ez - UyE;a atDrc) + Uy”Em - UyE;”2
+02(Ey — 0y B2 E) = Ti + 0y||Be — 0, EX|* + Ta. (47)

Let us first consider

T = (BEy —oyE;,0,Dy) o) (Ew —oy By, OBy + ZEM/\M> = (B — oy By, 0By — 0y Ey) + 00 Ey)
=0

n n.
= d1d -
+ (E — 0,2 :mm> (444) 5 g1 e = 0y EXI° + oy (E —o0yE}, By — 0y B =) szm;z>

£=0 £=0

@ 1d x
+ (E — oy Bl :smme> = 5 o1 Be = oy BLIP + 0y Be = 0y BLIP 4+ Y e (Ba — 0y B dat — 0y Ne)
£=0 £=0

The last term in the above corresponds to a weighted sum of norms of a linear combination of auxiliary unknowns:

- " (44h,44])
Z Ext (Ez - O'yEz7 Azt — Oy :EZ) Z Eaxt at( xl — O-y)‘a:é) + w (pr O-Upwf) At — Uy)‘wﬁ)

£=0
(44h,44f) 1d ) N , ) *
thstéH)\xe oy Al +Z5x[wx€ (Pwe — OyPes Ot(Pwe — TyDae))
£=0
1d Ty * , , o
= id— Ext ”)\zz a:l” +wz£”pm£ _prm£|| ) (48)
£=0
Summarizing the above
T = 2dtIIE — 0 B2 + 0, || Es —ayE;||2+§%Zm ot — T Nal2 + w2 lIpat — oyp%1?) -

It remains to obtain an explicit energy-like expression for the term 73 in (47):

Ny 2
o ey (444) « (44f) 0y d .
Tz = 02(Ey, — 0y B3, E}) = (atE +me,E> = gdf <||E ||2+Zm I N2 + w2l 1pE I ))

£=0 £=0
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where the derivation of the latter identity is done similarly as e.g. in (29) or (48). Summarizing the above, we
obtain the following expression for the second term in (46):

1d

—(0yEy —0y0yE, H,) = Sdl

T

X N d
NE&—WMEQW4-W@EQP)+2%MEx—0yEAP+7§53
Repeating almost verbatim the above computations, one can show that the third term in (46) reads:

(0. By — 0,0, E;, H.) = %w%—%%W+Mﬁw3+%ﬂ%—%%W+*f

dt v’

DN | =

Summing up all the terms of (46) we obtain the desired statement. O

Remark 3.5. The above result can be generalized to the case of Lorentz materials with dissipation terms,
namely,

N
Eal
EQ(S):1+§SQ+2vaes+wi€’ Eat >0, Vor >0, wae >0, £=0,...,n4, @ € {x,y},
L
He
-1 , S0, vy >0, we>0  £=0,... 1,
() + 2 $2 + 2,08 + WZ@ He Vb = Uy Wt = "

Remark 3.6. With the help of the Young’s inequality, one can show that the norm of the field E is controlled
with the help of the stability result of Theorem 3.4. E.g. consider the first term in (45):

1B = oy BL|1” + lloy B = N[ Exl|” + 2lloy EZIP® = 20| Eulllloy Il = | Eall” + 2lloy B = S Bl - Slloy B

1 1 i}
= SIB I + Sl B

Example 3.7 (Maxwell Equations in Two Dimensions). Our goal is to compare the energy expression (45)
with existing in the literature results. In particular, Bécache and Joly [8] obtained explicit estimates for the
energy decay for the 2D PML Maxwell system written in the following form (Zhao-Cangellaris [9] formulation,
with the PML in the direction z, i.e. o, = 0):

E, —0,H, =0, (49a)
HE, + 0,H, =0, (49b)
WE, = 0B, + 0,E,, (49¢)
OH, +0.H, +0,E, —d,E, =0, (49d)
O E, + 0,Ey, = O,E,. (49¢)

They deduce

=20 0B P En = (10EIP + 1B + 10, (By — By) I + 10 H. + oo . )

DO = N =

(10:Bs + 0u Eo||* + 0Byl + llowBy|* + 10:H: + o2 H|?) . (50)
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On the other hand, the formulation (44) for o, = 0 reads

OB, — 0,H. =0,

OE, + 0,y + 0, H, =0,
OH, = 8,E, — 0,E, + 0,0, E, (51c
OE: + 0,E; = E,. (51d

The corresponding energy of Theorem 3.4 obeys:

d
En = —204||Ey — UIE;HQ, E, =

2n (1B + 1By — o2 By |1* + llowEy |1 + | H: ) - (52)

N

For 0 = const the formulations (49) and (51) give rise to the same solution E,, E,, H,. This can be shown
with the methods of [8], see also Appendix A.
If (Bx, By, H,, Ej) solve (51), so do ((0; + 02)Ey, (0y + 02)Ey, (0y + 02)H,, (9 + 02)E;). Therefore,
from (52) we obtain the following:
EN =

n

(100 + 02) E|* + 19 + 02) By = 00(0 + 02) By |I* + |0 (s + 00) By||* + [1(0s + 00) H ) ,

N |

d
ggﬁn = —20,||(0: + 04)Ey — 04(0¢ + Jz)E;”2.
Using (51d), we notice in particular that (9; + o) (Ey — O'wE;) = (0 + 0:)0 ), = Oy E,, and eliminate E;
from the above, to obtain the expression coinciding with (50):

d 1
S = =20, B2, ER =5 (10 + o) Bl + 0B, P+ loa By + (0 + 00 H 1)
3.3.3. Stability of the PML of Corollary 2.12

An exact expression of the corresponding to the PML with the change of variables as in Corollary 2.12 is
slightly more complicated. A particularity of this formulation is that the energy will be expressed not in terms
of the original unknowns, but new, ’effective’ quantities. Here for brevity we will only present the derivation
of the system which is not perfectly matched for a non-constant absorption parameter, i.e. analogous to (44);
the perfectly matched system can be derived similarly combining the ideas of Section 3.3.1 and the derivation
below.

First of all, let us define the following quantities (in the Laplace domain):

() = )y ()als),  €5(s) = eals) (ey(5)0u(9)) T =)' e(s):=duls)™!,  seC.

The index e stands for ’effective’. Thanks to Theorem 2.4, these quantities are passive. Therefore, they are of
the following form, see Theorem 2.2:

e
o

€€
53(5)214-2%22, eoe >0, wep € R, £=0,...,n, a € {x,y},
=0 s°+ (wal)

g
e e e e
p(s) =1+ ———  uf>0, wyeR, — £=0,...,n5.
;sz—i—(wfw)Q H i

Let us introduce two new unknowns:

HE = (e,(s)¢(s)"*H.,, D¢ =¢e%E,, aec{z,y} (53)
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Now let us consider (27) written in the Laplace domain, to which we apply the change of variables of Corollary
2.12. First of all, we rewrite the equation (27a) with the PML change of variables in the Laplace domain:

-1 -1
seo(s) By = <1 + "y‘gy(s)d’(s)> 0,1, = (1 + "1"> a,1..

sex(8) see(s)

which, after multiplication by (g,(s)1,(s))™", becomes

-1
N o ~

C(s)B, = 1+ —4= oy H:.

b= (14 225) o
In the time domain this reads 0, D¢ + o, E, = 0, H. Similarly, (27b) after the PML change of variables reads:

—1 -1
SEy(S)Ey = - <1 + W) amf{z = - (1 + T ) axﬁzy
s

se¢(s)

and after the multiplication of the above expression with (¢(s)e,(s)) ™!, we obtain

-1
~ o ~
‘E,=—(1 z 0. H¢.
SEy y ( +S€;(S)) x4l
Or, in the time domain, 0, Dy +0,E, = —0,H¢. The equation (27c) for B, is treated in a manner similar to (44).
More preicisely, we suggest to perform the following formal splitting B, = 621:1 2y T egﬁ 2z, With 3531’:[ 2y = ayﬁ?x
and seg H., = 0, F,. Proceeding as before, we obtain an analogue of (43), with the new unknowns £ and £

-1 _
(recall that ¢, = (¢5) ~ and b, = (%) b
SEEE; + O'yE; = E,, SEZE; + UIEZ = E’y, sB, = 8yEw — awa — ayﬁyE; + 0$8$E;.

Finally, let us summarize the above into the PML system:

0.D% + 0y E, = 0,HS,  O,D% + 0, E, = —0, H, (54a)
QE;+Y eoNy+oyBy =E,y  OE}+Y 5Ny +0.E) = By, (54c)
=0 =0
MAer + (wa)QPzz = Eq, NPoe = Aes £=0,...,nq, a € {z,y}, (54d)
0:DS, = 0 Eo + > ebuMiy, (54e)
£=0
Ay + (Wee)’pos = Ea, OtPor = Aot» t=0,...n5, a €{z,y}, (54f)
ny,
OB, = 0;HS + > piAey, (54g)
£=0
Ot + (wZe)QpZz = HZ, Pl = Ao £=0,...n,, (54h)
(oM Ny
OHE + ) ey = OcHo + > pudue, (541)
=0 £=0

at/\ué + wz(ppf = Hza 8tpu€ = )\p,éa = 07 s My (54.])
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We can see that the system (54) is exactly of the same form as (44), hence the energy associated to this system
can be derived as in Theorem 3.4.

Remark 3.8. The only equations that differ are (54i) and (54j), which are decoupled from the rest of the system,
however, show the connection of the unknown H, (inside the physical domain), and the unknown H¢ (inside
the PML domain), via the identities sB, = pu(s)H, = p¢(s)H¢. In practical computations, one would write the
perfectly matched analogue of the system (54) and couple it through the interface to the system without the
PML (27), using the transmission conditions on E x n and the trace of H, (or B,, which is connected to H,
via a system of ODEs).

We present the corresponding energy result without proof, since it effectively mimics Proposition 3.4.

Theorem 3.9. An energy associated to (54) defined as
1 * * * * e,* e,* e
€= (1B - oy By|I* + oy B3 |* + 1By — 0u By |* + low By |1? + | H|1?) + €% + &y + €5, (55)

1 =

&t = ) Zé‘ie (et = oy Xagll® + (W) llpae — oypiell” + oy Xoll® + (wie)lloyplell?) »
=0
7Ly

* 1 * * * *
& = 5 Zgzz (IIAye — 01)‘yl||2 + (WSZ)ZHPM - pry£||2 + ||Uz)\yz\|2 + (er)2||0zpye”2) )
=0

n“

1
€5 = 5 7 mi (el + (i) pel )
£=0

does not grow, provided any non-negative o5, oy > 0:
d * (12 *|12
%5 = —20y||E; — o, By |7 — 204 || By — 0. Ey||”.
As for the field H, in (54i), one can demonstrate that it grows at most linearly, see Appendix B.

4. NON-LORENTZ MATERIALS: STABILITY WITH ENERGY TECHNIQUES

In this short section we would like to summarize some results on the materials whose dielectric permittivity
and magnetic permeability do not satisfy the conditions of Section 2.1. One of the simplest examples is given by
Warbourg’s law, when the dielectric permittivity e(s) = 1+ %, a,b > 0, see e.g. [22] for the corresponding
numerical implementation.

The stability of the corresponding system without the PML was shown in [18] with the help of a Herglotz-
Nevanlinna representation formula. This integral representation allows to write any system (even dissipative)
in the form (27), and thus, to associate to any system an energy that is conserved (while at the same time,
there may exist another energy that decays). A conservative extension for a general class of dissipative systems
had been constructed, though in a slightly different form, in the seminal work by Figotin and Schenker in [23].

Such an approximation of an arbitrary material with the help of Lorentz materials will be used to construct
a PML system similar to (44), see Section 4.2.

4.1. Time-Domain System without the PML

The results of this section are due to [18], where it is suggested that passive functions corresponding to the

Laplace transform of real-valued in the time domain distributions (i.e. the property f(s) = f(5), s € C4, holds
in the Laplace domain) satisfy the following property.



24
Lemma 4.1 (Herglotz-Nevanlinna Representation). The function f(s), which satisfies f(s) = f(3), with s €
Cy, is passive if and only if there exists a non-decreasing function of a bounded variation vy(§), for which the

dvs(§)
+e°

o0
Stiltjes integral [ is finite and f(s) is represented as the following Stiltjes integral:
—00

f(s)=a+ / 521/1(?2, a>0. (56)

— 00

Under the assumption that vy(§) is left-continuous and provided a normalization condition glim vi(§) =0,
——00

such a function vy is unique.

N
In particular, to obtain the Lorentz magnetic permeability (4), we can take v,(§) = > peH(§ — wp), where
ef

H is the left-continuous Heaviside function. Following the above result, we set (Witﬁout loss of generality
assuming a = 1 in (56))

+0oo +oo
dvy dv
€als) =1+ / 2 e o € {z,y}, p(s) =1+ / ﬁ; seCy.

These identities are essentially the generalization of the corresponding definitions for the Lorentz materials (4),
with the exception that the weighted sums are substituted by integrals with Borel measures. Our goal is to
write the system (1) in the time domain, using the above representation of g, . The difficulty indeed lies in

the constitutive relations. Let us recall from [18] how the equation sD, = sex(s)Ex can be written in the time
domain. Let us introduce A;(§) and p,(£), which map £ € R into a set of analytic functions from s € C; into
L?(R?), so that they satisfy the following identities:

SAa(€) + €9 (6) = Euy  5pa(€) = Ma(€), E€R.

Then, in the time domain, we can rewrite (formally) sD, = seF, as:

o0

@m=@&+/%@w&x

— 0o

at/\z(f) + €2pw(§) = By, 8:‘.]%(5) = )‘x(g)v f eR.

If the measure v, has a density f,, , we can define the quantities A\, (£), p.(&) only for £ € supp f,, (§) (this is
the case for the Lorentz materials, where the density has a discrete support). Thus, extending the above idea
to the rest of the constitutive relations, we write (1) in the form (27):

(57)

0D, = ﬁsz, atDy = 7amHz, (58&)
ath = ayE:r - azEya (58b)
at-Doz - atEa + / )\a(f)dl/a@% 815)\04 + 52}7& = Eaa atpa = )‘av 5 € R,O[ € {xay}a (58C)

8B, =0:H, + / A (©)dv, (6), Odu + Epp = Ep, Oipp = Ay, EER. (58d)
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Here A\, A, are functions from R to causal L?(R?)-valued functions on R. The difference between (58) and

(27) is that the sums are substituted by the integrals. An associated energy is conserved [18].

Proposition 4.2. An energy £ associated to (58), defined below, satisfies %E = 0. Here

1
€= 5 (1B + 1B + | HL|?) + & + & + &2,
17 L
fa=3 / (IXall? + Elpal?) dva(é), a € {z,y}, & = 5 / (Il + E21[p,ll?) duy (6.

— 00 — 00

4.2. The PML System and Its Stability

Let us perform the PML change of variables for the system (58) as per Proposition 1.5. This results in the
following analogue of the system (44) (where again the difference is that the sums are substituted by integrals).

The derivation of this system follows the derivation of (44), combined with the use of (57).

0Dy +0,Ey = 0,H.,  0,Dy+0,E, = —0,H.,
0B. + 0,0, E; — 0,0, = 0,E, — 8,E,,

0D,y = 0,En + / Ma(Odval€),  Oda+Epn = Ear Opa = Ay EER, a € {2,y),

OE: + / N(€)dva(€) + 0y Bl = By, O] + / N (E)dvy(€) + 0uE; = B,

8t)‘3 + §2pz = E:u atp:; = )‘Za € S R? o< {xay}a

oo

0B, = 0.H, + / A (§)dv,(€), O+ Epp = E,, Oy = Ay EER.

— 00

We can formulate the following analogue of Theorem 3.4, with the proof almost verbatim the same.

Theorem 4.3. An energy £ associated to (59), defined as

1 * * * *
£ =5 (1B — 0y B2 + oy B P + 115, — 02 B |P + 0wy + | HIP) + &, + &, + £,
1 I
&=y | [ (=Xl o+ €1 = il + [0, I + o) v |
(T
&=5 | [ 0 =Xyl + €l = aury P + loaXy P + ) oy |
1
&= [ UA? + ) o

does not grow:

d * *
%8 = —20,||E, — UQCEyH2 —20y||Ex — O'yEI”Q.

(59a)
(59b)

(59¢)

(59d)
(59¢)

(59¢)
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5. CONCLUSION

In this work we have examined two questions of the stability of the PMLs of [5], namely the stability in
corners and the derivation of the energy estimates. When applied to the second order formulation of the
Maxwell equations in two dimensions (written in the Laplace domain)

ay(s)_l(r“)mﬁz + 575(8)_13%1‘:’2 — sQM(S)ﬁZ =0, (60)
our results can be summarized as follows:

e for Lorentz materials without dissipation: provided a stable in one direction change of variables x —

x (1 + %) with t(s)~! being passive and correspond to Lorentz materials without dissipation, the

only change of variables in the direction y that would stabilize the corner PML is y — y (1 + %) -

£,
However, it is possible to show that this is not the only stable PMLs in corners, as soon as one lJifts the
requirement that ¢(s)~! is Lorentz;

e based on considerations coming from the well-posedness in the Laplace domain, we have suggested a
strategy to construct a perfectly matched system that would allow for an easier derivation of the energy
estimates for an arbitrary passive system of the form (60).

Here we omit the discussion of the problem of the derivation of the energy estimates for 3D systems, and
concentrate on a relatively simple 2D system; in [24] we will demonstrate how the strategy suggested in this
work will pay off when applied to more complicated systems.

APPENDIX A. EQUIVALENCE OF FORMULATIONS (49) AND (51)

Let us show how (51) can be transformed into (49). First of all, the equations (49a) and (51a) are identical.
The equation (51b) can be rewritten as (49b), if one introduces the unknown E, as in (49c).
To see how from (51c) one obtains (49d), we apply 0; + o, to (51c), which results in

0i(0r + 02)H, = 0y(0y + 05)Ey — 03(0r + 02)Ey + 05(0r + UZ)GIEZ.
Using (51d), and introducing E, defined as in (49e), we obtain the following:
O (04 + 04)H. — 0yE, — 0,E,) = 0.
We thus get from (51) the following system of equations:

WE, — 0,H, =0,

HE, +0,H, =0,

WE, = 0,B, + 0.E,,

O (0, + 05)H, — 0yE, — 0,E,) =0,
WE, +0,E, = 0,F,.

Hence, if at t = 0, the initial data for 9,H, is chosen so that the expression 0,H.|,_,+ 0, H.|,_,— 0y E, |t=0 —
0z Eyl|,_, = 0, and the initial data for the rest of unknowns coincides with the initial data for (49), the solution
of the above system of equations solves (49).



27

APPENDIX B. BOUND ON THE FIELD H, IN (54)

Lemma B.1. Assume that HS, H, satisfy the initial value problem for the (54), and the energy (55) at t =0
equals &y. Then, for all t > 0, it holds, with some C' > 0 independent of t:

L

E(t) = % (IIHz(t) — HLOIP + > e (eI + WizllpuE(t)ll2)> < 26.(0) + C&t%.
£=0

Proof. Testing (54i) with H, — H, we obtain

ny ny n,
(On(H. — HE), H. — HE) + > o Nt H2) = > e (Nt HE) + > i (N, H — HE) (61)
£=0 £=0 £=0

The left-hand side of the above is %g’ , see also (29). As for the right-hand side, let us consider each term
separately. The first term, with the use of the Cauchy-Schwartz formula, can be bounded

1
n, n, ny, 3
> e Nty HE)| < IHED - pe [ Mell < CYIHS <§ W||/\u€||2> < Coyé&l.,  Co>0,
/=0 =0 =0

where we used the energy identity of Theorem 3.9 and the definition of £,. Similarly, for some C’,Cy > 0, the
second term of the right-hand side of (61),

e ne

" I
Sou (N He = HE)| < O H. = HE Y il < Cry/ o€,

£=0 £=0

see also Remark 3.6, which can be applied to obtain an explicit bound on [|A7,(¢)|| from the bound of Theorem
3.9. Thus we get from (61) the following differential inequality:

d -
—E. <
dtgz < Cy/ &, C >0,
or
1d /s
ZWE < CVE.
5 7t &, <CVE&

From the above we immediately obtain

E.(t) < (20\/?ot+ my

from which the desired inequality follows. O
The above result shows that ||H,(t) — HS(t)|| grows at most linearly, and since ||HE(¢)|| is uniformly bounded
in time, the growth of ||H,(¢)|| is at most linear.
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