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Abstract

This work deals with Perfectly Matched Layers (PMLs) in the context of dispersive media,
and in particular for Negative Index Metamaterials (NIMs). We first present some properties of
dispersive isotropic Maxwell equations that include NIMs. We propose and analyse the stability
of very general PMLs for a large class of dispersive systems using a new change of variable. We
give necessary criteria for the stability of such models that show in particular that the classical
PMLs applied to NIMs are unstable and we confirm this numerically. For dispersive isotropic
Maxwell equations, this analysis is completed by giving necessary and sufficient conditions of
stability. Finally, we propose new PMLs that satisfy these criteria and demonstrate numerically
their efficiency.

Introduction

One of the hardest difficulties to simulate wave propagation in unbounded domains is to con-
struct artificial boundary conditions which absorb the outgoing waves without reflecting them into
the computational domain. A widely used technique to do so is the so-called Perfectly Matched
Layer (PML) [17] first proposed by Bérenger [4] for the 3D Maxwell equations. The method con-
sists in surrounding the computational domain by an absorbing layer (the PML) which generates
no reflection inside it. Even if they are very effective in many cases, PMLs can exhibit instabilities
for some problems because of backward waves, which are waves whose phase and group velocities
point in “opposite" directions with respect to the interface. For non-dispersive media, the first two
authors together with S. Fauqueux in [2] established a necessary (but not sufficient) criterion of
stability: classical PMLs are stable only if there is no backward wave. This is always the case
for isotropic media but not for all anisotropic ones. For some of them (e.g. anisotropic acoustic
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equations [10], aeroacoustics [11]), new stable PLMs have been successfully proposed but, to our
knowledge, the case of anisotropic elastic waves remains open [2].

The case of dispersive systems has been much less studied. A very important example of such
media are metamaterials, i.e. artificial composite materials having extraordinary electromagnetic
properties. In particular, Negative Index Metamaterials (NIMs), also called left-handed media or
double negative metamaterials, have negative permittivity and permeability at some frequencies
due to microscopic resonating structures [24]. Since the 1990s, NIMs are the subject of active
researches due to their promising applications [8]: superlens, cloaking, improved antenna, etc. The
fact is that, even in isotropic media, NIMs naturally support backward waves (at least in some range
of frequencies), which leads to anticipate difficulties with PMLs, by analogy with what occurs with
non dispersive media.

PMLs in NIMs have already been studied by the physicists community [7, 9, 12, 20, 23]. To
our knowledge, in [9], Cummer was the first to notice that classical PMLs fail in NIMs and gave
a physical explanation related to the presence of backward waves. He proposed stable PMLs for a
particular case of Drude materials corresponding to we = wy, (see (2.12) in Section 2.1.3 for more
details). This work was extended in [12, 23] to the general case w, # wy,. In all these works the
instability of PMLs was observed through numerical and/or explained by arguments coming from
the physics.

The goal of this paper is to bring a mathematical eye to the question of the stability of PMLs for
NIMs and also to generalize the construction of stable PMLs for a much larger class of dispersive
electromagnetic media than the Drude ones. Let us mention a first paper [3] by the authors in which
we have already claimed some of the results of the present article, in particular how to construct
stable PMLs for the Drude model, but without any proof (we also extended our method to a simple
plasma model). We also mention that this paper is an advanced version of the preliminary study
presented in the last author’s PhD thesis [27].

The outline of the article is as follows. In Section 2, we present the class of mathematical models
that we consider in this paper for isotropic dispersive electromagnetic media and give their main
mathematical properties (Section 2.1) as well as an analysis of dispersion phenomena (Section 2.2),
introducing in particular the definition of backward modes and negative index.

The main purpose of the rest of the paper is to propose, in a constructive manner, a generalized
PML that would be stable even in the presence of backward waves, which are responsible of the
instability of the classical Bérenger’s PMLs. The key point is to introduce a damping parameter
which depends on the frequency w through a function x(w) (a rational fraction in w) which will be
cleverly chosen in order to deal with the dispersive properties of the medium and more specifically
with the presence of backward waves.

Sections 3 and 4 contain the main results of this paper. In Section 3 we consider the question of
PMLs for non-dissipative dispersive first order hyperbolic systems. These are presented in Section
3.1 and generalize the models of Section 2. In Section 3.2, we propose generalized PMLs for
such systems and initiate their stability analysis (the main issue of this paper) in Section 3.3. In
particular, we derive two necessary stability conditions in Sections 3.3.4 and 3.3.5. In Section 4,
we come back to dispersive isotropic Maxwell equations and complete, in this case, the stability
analysis initiated in Section 3.3. We obtain a necessary and sufficient stability condition (Theorems
4.5 and 4.10) for our generalized PMLs. Finally, in Section 5, we construct stable PMLs for Drude
materials (Section 5.1, with numerical illustration), for generalized Lorentz materials (Section 5.2)
and propose a procedure to construct stable PMLs for general models in Section 5.3.



2 Isotropic dispersive media

In this section, we consider a general class of mathematical models for the propagation of
electromagnetic waves in dispersive, isotropic non-dissipative 2D media. The restriction to the 2D
case is really non essential and adopted only for simplicity.

2.1 The mathematical models
2.1.1 The Maxwell equations

We consider the two dimensional Maxwell equations in the Transverse Electric (TE) mode in
the free space [16]
oDy = 0y H,
BtD. y@ - 0¢D = curl H, 2.1)
= —0,H, = )
Y 0:B = —curl E,
8tB == 8yEI - 8$EU,

where E := (E,, E,)T and D := (D,, D,)T are the electric field and the electric induction, H
and B the magnetic field and the magnetic induction. Here we use the differential operators
curlu := d,u, — Gyu, and curlu := (9yu, —0,u)T. To close this system, one must add some
constitutive relations which link E and D on the one hand, H and B on the other hand. Classically,
constitutive relations for dispersive models are described in the frequency domain and relate the time
Fourier transforms of the fields (we adopt for the Fourier transform the convention that transforms
the time derivative 0; into the multiplication by w):

D(w,") =¢(w,)E(w,") and B(w,-) = p(w, )H(w,"), (2.2)
where e(w, z,y) and p(w,z,y) are respectively the permittivity and the permeability at the point
(z,y) and frequency w. In the rest of the paper, we shall restrict our presentation to homogeneous
media, that is to say to the case where e(w, x, y) = e(w) and p(w, z,y) = p(w). This is not restrictive
as far as the question of PMLs is concerned, PMLs are used in homogeneous regions. However,
the reader will observe that a large part of this section still applies to heterogeneous media. In the
frequency domain, (2.1) becomes after eliminating D and B thanks to (2.2):

(2.3)

iwe(w)E = curl H,
iw p(w)H = — curl E.

When ¢ and i do not depend on the frequency w, the medium is a standard dielectric one, otherwise
it is a so-called dispersive medium.

2.1.2 Admissible forms of the permittivity and the permeability

Even though the content of this section has to be considered as rather formal from the math-
ematical point of view, it is worth mentioning that mathematical properties of £(w) and pu(w) are
usually required in order to ensure the well-posedness and physical soundness of the evolution prob-
lem corresponding to (2.3). In particular, in order to preserve the causality of the constitutive laws
(2.2) and the fact that the electric and magnetic fields in time domain are real valued, one must
impose that

¢(w) and p(w) are Fourier transforms of real and causal distributions. (2.4)



In particular, £(w) and p(w) can be extended to the complex plane as analytic functions in the
lower half-plane C~ := {z € C : Im z < 0}. In the following, we shall also assume that

for w € R, e(w) and p(w) are real valued, (2.5)

which in practice amounts to consider non dissipative media (we shall give a more precise definition
in the next section). In many cases, dispersive media are also (slightly) dissipative but we are
convinced that the question of PMLs is more difficult for non dissipative media.

Finally we shall also assume that both e(w) and p(w) have a finite limit at high frequency: there
exist two real numbers € > 0 and > > 0 such that

o0 o0
e(w) Vo € and  p(w) wo M (2.6)

In other words, such media behave as a standard dielectric medium at high frequency and, from
the mathematical point of view, the model in time that corresponds to (2.3) can be seen as a lower
order perturbation of classical Maxwell equations associated to (¢, u>°).

For the simplicity of our analysis, but also because it already covers a large class of models of
the literature, we shall restrict ourselves to local dispersive media in the sense that e(w) and u(w)
are rational fractions. Doing so, if one takes into account (2.4), (2.5) and (2.6), one must impose

that:
¢(w) and p(w) are real, even rational fractions of w

with a constant entire part and real poles. (2.7)

The justification of the terminology “local’ is due to the fact that, when coming back to the time
domain from (2.2), the relationship between E and D (resp. H and B) can be expressed in terms
of ordinary differential equations, modulo the introduction of auxiliary unknowns.

In what follows, we shall restrict ourselves to dispersive media satisfying (2.7). In these cases,
the evolution problem corresponding to (2.3) can be rewritten as the standard Maxwell equations
coupled to ordinary differential equations. Indeed, the relationships (2.2) actually have to be
understood in the sense

~ ~ ~ —~

Qc(iw)D(w, ) = P(iw)E(w, ) and Q(iw)B(w,:) = Py (iw)H (w,-), (2.8)

where g(w) = P.(iw)/Qc(iw) and p(w) = Pp(iw)/Qm(iw), with P, and Q. real polynomials of
degree 2M., P,, and @Q,, real polynomials of degree 2M,,, such that

P.P,, and Q.Q,, are coprime. (2.9)
We also introduce the following notations:
P.,,:=P.P, and Qem := QcQm. (2.10)
In the time domain, (2.8) becomes a system of ordinary differential equations
Qud)D = P.0)E and Qu() B = Pu(d)) H. (2.11)

Remark 2.1. Condition (2.9) is not restrictive since it always can be satisfied up to a change of
unknowns.

We give below two examples of such models.



Figure 1 — Plot of ¢(w) and p(w) defined by the Drude model (2.12)

2.1.3 The Drude model

One of the simplest local dispersive medium is the Drude one that corresponds to

2 2

c(w) = o (1 - ;) and (W) = po (1 - ‘;) : (2.12)

where €5 > 0 and pp > 0 are the permittivity and the permeability of the vacuum, and w, > 0 and
wp, > 0 are the electric and the magnetic plasma frequencies. Both functions e(w) and p(w) have
a changing sign as illustrated by Figure 1.

The Drude model is widely used to describe the permittivity in metals [16, §7.5]. For the
permeability, the Drude model can be thought as a simplification of more complicated models which
describe artificial magnetism in resonating structures [22, 28]. A derivation of this model can be
found in [21] (see also [5, 6] for mathematical justifications based on high-contrast homogenization).
Let us emphasize that, despite its simplicity, the Drude model (2.12) already contains all the
difficulties to construct stable PMLs. That is why we consider this model as our privileged toy
problem. To write the Drude model in the time domain, we first substitute (2.12) into (2.3):

~ wz ~ ~
) <in+ ,6E> =curl H,
w
L ) (2.13)
140 (in+ mH> = —curlE.
w

We now introduce auxiliary fields J := (J,, J,)T and K (called the induced electric and magnetic



currents) which are the primitives in time of the fields E and H :
iwJ=E and iwK =H. (2.14)
We obtain the TE first-order system for the Drude model in the time domain

oOE + wgJ = 661 curl H,

oJ—-E=0,

) . (2.15)
OH 4wy, K = —pg - curlE,
oK —H=0.

2.1.4 Generalized Lorentz models

A generalization of the Drude model (2.12) is the generalized Lorentz materials corresponding
to :

M. 2 M, 2
w? . Wink
W =eo(1-3 g | and p@ = (1=} =g (210)
j=1 w e,j 1 & m,k

The reader will easily check that the Drude model (2.12) is a particular case of (2.16) with M, =
M,, =1and Q.1 = Q1 = 0. The time domain model corresponding to (2.16) can be written
(using auxiliary unknowns as we did for the Drude model, we omit the details) as a first order
system of dimension m = 2(M,,, + M, + 1) + 2M, + 1:

ME
OE + ng’j J; =¢; ' curl H,
j=1
D —|—Q§£P]— -E=0, oP;-J; =0, (1<j<M,),
Mo (2.17)
OH + Wl Ky = —pty ! cwlE,
k=1
0Ky + an,kRk —H=0, OR,—Kiy=0, (1<k<Mp,).

Note that the spatial differential operators only apply to the electric and magnetic fields E and H
and not to the auxiliary fields

Remark 2.2. For the generalized Lorentz models, the fields D and B can be recovered by

M. M.,
D=c |E+) w;P/| and B=p (H—&-wan’kRk). (2.18)
j=1 k=1

The well-posedness of the system (2.17) is a simple application of one of the classical theories for
linear evolution equations like the Hille-Yosida’s theory [14] (the details are left to the reader).
Moreover, one can easily establish the following energy identity

d
3 (Ee+Em) =0, (2.19)



where

M,
1 1 <
5e=*/ so|E|2+*Z/ cowe (H5° + 2 [P51°)
2 R2 2 i1 R2
i= (2.20)

M.
1 m
Em = 5/ po | H|? + ) Z/ powi i (KK + Q7 | Ril?).
R2 =1/ R?

Remark 2.3. Tt has been shown (see e.g. [25]) that, modulo an adequate generalization that would
consist in the fact that the indexes j and & in (2.16) and (2.17) become continuous variables, the
sum becoming an integral with respect to a given positive measure, the generalized Lorentz models
are representative of all causal and passive electromagnetic materials. Note that such materials are
in general no longer local dispersive materials in the sense of Definition (2.7).

2.1.5 Growing property

One has a very useful property of the generalized Lorentz models (2.16) that we call “growing
property" in the following.

Definition 2.4. A local dispersive material in the sense of Definition (2.7) possesses the growing
property if the functions e(w) and p(w) satisfy

%(w@(w)) >0 and %(w,u(w)) > 0, (2.21)

for all the frequencies w that are not a pole of € or p.

The interest of this property will be emphasized in Section 2.2 (Theorem 2.17 and Proposition
2.16) and even more in Sections 4 and 5. As claimed, the generalized Lorentz models (2.16) verify
the growing property:

Proposition 2.5. All generalized Lorentz models (2.16) possess the growing property (2.21).

Proof. 1t suffices to remark that

d w wjj + w? _
@ <w2_Q§,j> - (WQ—ng)Q, J € {L"'aMe}a (222)
to conclude that u
d < w2 +w?
—(wew)) =0 Y Q2 —L——>0. (2.23)
dw( e ( 22 )2
Jj=1 w e,j)
The same holds for p(w). O

2.2 Analysis of dispersive properties
2.2.1 Modal analysis

The dispersion properties of (2.1)—(2.2) are classically analysed through the notion of harmonic
plane waves.



Definition 2.6. For a given wave vector k € R?, a plane wave is a solution u = (E, H,B, D)T of
(2.1)—(2.2) (or more rigorously of (2.1) and (2.11)) under the form

u(x,t) = Uel@t=kx), (2.24)
where U € C%\ {0} is the amplitude vector and w € C the frequency.
Introducing the set F of forbidden frequencies defined as
F:={weR :wisapole of e(w) pu(w)}, (2.25)

it is easy to see using (2.9) that the existence of a plane wave implies w € O where O is the set of
admissible frequencies:

0 :=C\ F. (2.26)
For w € O, one sees from (2.3) that (w, k) should satisfy the dispersion relation
we(w) (w?e(w)p(w) — k) =0, (2.27)

therefore either we(w) = 0, which corresponds to non-propagative (or static) waves associated to
curl-free electric fields, whose 2M; + 1 solutions (for instance My = M, for the Lorentz model
(2.17)) will be denoted

w=wj, —M;<j<M, (withw®;=-w), (2.28)

or (w, k) should satisfy the reduced dispersion relation
we(w)p(w) = k% (2.29)
whose 2 M solutions (for instance M = M, + M,, +1 for the Lorentz model (2.17)) will be denoted
w=twk) =+w;(k|), 1<j<M, (2.30)

where the functions [k| — w; (|k|) are analytic functions.

Remark 2.7. The zeroes of €(w) play here a particular role because we consider here a 2D model.
In 3D, £(w) and p(w) would play a symmetric role.

2.2.2 Non dissipative models

Definition 2.8. The dispersive model associated to the constitutive laws (2.2) is said to be non
dissipative if all solutions w;(k) of (2.29) are real valued. By opposition, the medium is called
dissipative if Imw;(k) > 0 for some j and k.

In the sequel, we will consider only non dissipative local dispersive models. In other words, the set
O of admissible frequencies (2.26) satisfies

OcCR (2.31)

For the Drude model (2.12), we can check explicitly that it is non dissipative. Indeed, injecting
(2.12) in (2.29) shows that, for a given wave vector k, w has to be a zero of the polynomial

P(w) i= w — (W2 + W2 + Ak w? + Wil (2.32)

where ¢ := 1/,/Eog is the speed of light in the vacuum.



Proposition 2.9. For all wave vectors k € R?, the polynomial Py given by (2.32) has /4 real distinct
zeros £wj(k), j = 1,2 depending only on |k| and given by

2
(1) 1= 2 /a2, = P T SR,
(2.33)

2
nlk) o= 2 /TR T PRP = (K],

where L(|k|) == /(w2 — w2, + 2[k[?)2 + 4w2,2[k|2.

Proof. By defining W = w?, the dispersion relation is the quadratic equation W2 — (w? + w2, +
Ak )W +w?w?2, = 0. The discriminant of this equation is actually ¥(|k|)2. Thus the two solutions
are real and given by

2 2 2 k 2 Sk 2 2 2 k 2 _ Sk
AP gy, RPNy

Wi =

It is clear that W; > 0. Notice that the product W;W5 of the zeros of this quadratic equation is
also equal to w2w?, > 0, then necessarily W, > 0. Taking the square roots of Wy and Wy gives the
result. O

2.2.3 Phase and group velocities

Definition 2.10. A family w;(k) = w;(|k|) of solutions of (2.29) indexed by k, where w;(-) is
smooth, is called a branch. The associated plane waves (2.24) are called modes.

Definition 2.11. For a mode associated to a branch w(k), its phase and group velocities vp(w(k))
and vg(w(k)) are defined as

o w(\k‘)h and v (w e Vr(k) = o k
vp(woll)) = ) 1 and vyll19) = Vi) = () (2.35)

Note that, since we consider isotropic media, phase and group velocities are collinear. In a dielectric
material, in which ¢ and p do not depend on w, they are always equal but for more general models
these quantities are different: this characterizes dispersive effects. Moreover, the scalar product
of the two vectors can be positive (as in a non dispersive medium) or negative. This leads us to
distinguish two cases:

Definition 2.12. For a given wave vector k, a plane wave associated to w(k) is called forward if
vp(w(k)) - vg(w(k)) >0, (2.36)
or equivalently w(|k|) w’(/k|) > 0, and backward if
vp(w(k)) - vg(w(k)) <0, (2.37)
or equivalently w([k|) w'([k|) < 0.

A mode associated to a branch w(k) will be called forward (resp. backward) if for all k, the plane
wave associated to w(k) is forward (resp. backward).



2.2.4 Negative index

Thanks to Definition 2.12, we can give a precise definition of a Negative Index Metamaterial
(NIM). We refer to Remark 2.18 for a justification of the denomination and further discussion.

Definition 2.13. A Negative Index Metamaterial (NIM) is a local dispersive medium (in the sense
of (2.7)) for which backward modes exist.

One can easily characterize NIMs only in terms of properties of the functions £(w) and pu(w). More
precisely let us introduce, for w € O (the set of admissible frequencies, see (2.31)) the following

function:
D(w) == %%(w%(m)u(w)) = u(w)%(w g(w)) + 5(w)%(w p(w)). (2.38)

Note that, from the properties (2.7) of € and p, ®(w) is an even function, strictly positive as soon
as w is large enough.

Lemma 2.14. A mode is forward (resp. backward) when D (w(k)) >0 (resp. D (w(k)) <0).

Proof. The differentiation of (2.29) with respect to k leads to the fact that for any branch w(k)
one has (as soon as D (w(k)) # 0)

vg(w(k)) = — (2.39)

which implies
-1

Vp (w(k)) Vg (w(k)) = @(w(k)) (2.40)

O

Let us now introduce the spectrum & of the medium as the set of propagative frequencies, namely
the range of admissible frequencies w which are attained by all the branches of solution w;(k) of
(2.29):

M
S = Q {wjk) : keR?}, (2.41)

and G, the set of non propagative frequencies (also called gap):
G:=0\S8. (2.42)

If w e O and e(w) u(w) > 0, one can find k such that (2.29) holds. Thus w = w;(k) for some j.
This leads to the following characterizations:

S={we0: ewpw) >0} and G={weO : e(w)u(w)<0}. (2.43)

Note that, since e(w)u(w) is continuous in R\ F, S (resp. G) is an open (resp. closed) subset of
R\ F. Joining Definition 2.13, Lemma 2.14 and (2.43), we obtain the following characterization of
NIMs (the proof is left to the reader):

Theorem 2.15. A local dispersive material (in the sense of (2.7)) is a NIM (in the sense of the
Definition 2.13) if, and only if,

N=8Sn{weO: Dw)<0}#0. (2.44)

10



wi ([k])

K|

Figure 2 — the modes w; and wq in terms of |k|

In the sequel, N will be referred as the set of negative frequencies, P := S \ N being by definition
the set of positive frequencies.

Let us take for example the Drude model (2.12). This is indeed a NIM since the function
k| — w1 (|k|) is increasing while [k| — wa([k|) is decreasing (see Proposition 2.9) as illustrated
by Figure 2. As a consequence, according to Definition 2.12; the two modes associated to + wq (k)
are forward for any k while the two modes associated to +wsq (k) are backward for any k. This is
confirmed by Theorem 2.15. Indeed, denoting w_ := min{we, wy, } and w; := max{w,, w., } one has

O=R\{twe,Twn} and §G=(—wi,—w_)U (w_,wy). (2.45)

On the other hand, one easily computes that

4 2,,2
W —wiwy

D(w) = , (2.46)

2wt
so that N = (—w_,w_) # 0. We refer to [27] for numerical illustrations of the presence of forward
and backward waves for the Drude model.

One can wonder whether a NIM is nothing but a material for which e(w) and p(w) become
both negative for some w. In fact, as far as our definition of NIM is retained, the two things are
decorrelated: a dispersive medium may be a NIM even though ¢(w) and pu(w) remain positive.
Let us take an example of such a medium (that however escapes the class of generalized Lorentz
materials (2.16)):

e(w) = (1 — %(3)2 and p(w) =1. (2.47)

The spectrum of this material is S = R while the function ® is the same as for the Drude model
with we = wy, = wy. As a consequence, N = (—wy,wp) # @ thus this material is a NIM.

However, for generalized Lorentz materials, or more generally for any material that satisfies the
growing property (2.21), we have the following proposition.

11



Proposition 2.16. For any local dispersive material (in the sense of (2.7)) possessing the growing
property (2.21), one has for allw € S

eWw)Dw) >0 and p(w)dw)>0. (2.48)
Proof. Observe that
() D) = (el | £ (o)) + )] | -t (2.49)

and that all quantities inside brackets are positive when w belongs to §. The same holds for p. O
As a consequence of this property, we have the result:

Theorem 2.17. For any local dispersive material (in the sense of (2.7)) possessing the growing
property (2.21), one has
N={weS: gw) <0 and p(w) < 0}. (2.50)

In other words, this medium is a NIM if, and only if, e(w) and u(w) are both negative for some w.

Proof. From Theorem 2.15, the material is a NIM if and only if AV # (), i.e. there exists some
w € O such that e(w)u(w) > 0 and D(w) < 0. From Proposition 2.16, a material possessing
the growing property (2.21) satisfies (2.48), which implies that e(w) and pu(w) become negative
simultaneously. O

Remark 2.18. The terminology “negative index" comes from the physics. The refraction index n of
a dispersive medium is defined as n(w) = /e(w)u(w) where this quantity is to be understood as
the limit of \/e(w)u(w) when Imw tends to 0. One can show that n(w) is actually negative when
both e(w) and p(w) are negative. As a consequence, if one is looking at the reflection-transmission
of a plane wave across a plane interface between the vacuum and a negative material, the usual
Snell-Descartes law is inverted. We refer to [26, 28] for more details and to [3, 27] for illustrations
of the effects of the negativity of refraction indexes.

3 Construction and analysis of PML models for a class of
dispersive systems

We now want to explain why the classical PMLs are unstable for the Drude model. For linear
wave propagation in non dispersive — but possibly anisotropic — media, it has been shown in [2]
that the presence of backward waves, due to anisotropy, gives rise to instabilities. It seems that
it is still the case for NIMs as it was pointed out in several papers from the physicist community
[7,9, 12, 20, 23] (see also our previous works [3, 27] and Section 3.3.6).

In this section, we aim at extending the result of [2] (valid for non dispersive systems) to a class
of dispersive systems, described in Section 3.1. These models contain in particular the isotropic
dispersive Maxwell models considered in Section 2. We shall consider — this is not restrictive of
course — a PML in the x—direction, involving a single damping coefficient denoted o. In fact,
we propose to introduce and analyse a new class of PML models (Section 3.2) obtained by a
generalization of the complex change of variable used to obtain the classical PMLs [17]: in addition
to the damping coefficient o, the new change of variables involves a new ingredient, namely a real
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valued function of the frequency x(w) to be determined in practice (the choice x(w) = 1 giving
the classical PML model). Such a generalization appears to be useful to propose an alternative to
classical PMLs when these are unstable.

Finally, in Section 3.3, we provide a preliminary stability analysis for these new PML models. In
particular, we establish a necessary stability condition (Proposition 3.12) which generalizes the one
given in [2]. This allows us to explain the instabilities of classical PMLs and will help in designing
new stable PMLs in the next Section 4 for the isotropic dispersive Maxwell models.

We have to emphasize that our stability analysis will be performed through a modal analy-
sis, thus limited to constant coefficients. Rigorously speaking, our analysis cannot be applied for
situations of practical interest where the damping coefficient ¢ in the PMLs must depend on the
space variable (in particular it has to be 0 in the physical domain and strictly positive inside he
PML region). Nevertheless, we think that this relative weakness does not affect the interest of our
analysis for the following reasons:

— The case of constant coefficients is a particular case of non constant coefficients and thus
deserves to be studied anyway. Moreover, one can hardly expect that a model that leads to
instability in the constant coefficients case becomes stable when used with variable coeffi-
cients.

— There are numerical evidences, as we shall see in Section 5.1, that our analysis provides the
good answers even in the non constant coefficients case.

— Even in the case of non dispersive media, there are very few results on the stability (we speak
here of stability and not only well-posedness for which there are some results, e.g. [15]) of
PML models with non constant o (at the exception of [11] for the wave equation).

Remark 3.1. Let us mention the paper [13] which concerns anisotropic elasticity where a specific
stretching of the coordinates that are orthogonal to the absorbing boundary is performed in order
to stabilize numerically the PMLs. It is not clear for us that it would work in presence of dispersion
effects like backward waves. Moreover it seems that this stabilizing effect only occurs at the discrete
level whereas we are interested in stability at the continuous level.

3.1 A class of first order dispersive hyperbolic systems
Consider a general 2D hyperbolic system with a zero order perturbation of the form
dpu+ Bu= A, 0,u+ A,0u, (v,y)€R? t>0, (3.1)

where the unknown u takes values in R™ and A,, A, and B are real constant m x m matrices. The
hyperbolic nature of the unperturbed system (B = 0) is equivalent to assuming that:

for all (k,,k,) € R?, k, A, + kyA, has only real eigenvalues. (3.2)
Next, we express the fact that the perturbed system is non dissipative.
Definition 3.2. The dispersive system (3.1) is said to be non dissipative if
for all (kg ky) € R?, kA, + kyA, — iB has only real eigenvalues. (3.3)

Looking at |k| tends to +oo, (3.3) implies (3.2), i.e. the hyperbolicity of the unperturbed
system. Definition (3.2) is justified by the Fourier analysis that permits to study the stability in
terms of plane waves that are solutions of (3.1) of the form

a(a,y,t) = Uik, (3.4)
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where U € C™ is the amplitude vector, k = (k;, k,) € R? the wave vector and w € C the angular
frequency. It is easy to check that w and k must satisfy the so-called dispersion relation

F(w, kg, ky) =0, (3.5)
where F' is a polynomial in w of order m defined by
F(w, ks, ky) = det(iwl + B + ik, Ay + tkyAy), (3.6)

which is nothing, up to a multiplicative coefficient, but the characteristic polynomial of k, A, +
kyA, —iB. As a consequence, (3.5) admits m branches of solutions w;(k), j = 1,...,m that is to
say the eigenvalues of k; A, + ky A, —iB repeated with their multiplicity which are continuous and
piecewise analytic functions of k, and k, respectively (see for instance [18, chapter II, §1]).
Considering a family of plane wave solutions (a mode) associated to a smooth branch w(k) =
w;(k), as an extension of the Definition 2.11, its group and phase velocities are defined by
vp(w(k)) == w|§<k|)llz and  vg(w(k)) := Viw(k). (3.7
The main difference with the isotropic case is that these two vectors are not necessarily collinear.
A particular case of non dissipative systems is the symmetrisable systems which corresponds
to the case where it exists a symmetric positive definite matrix M € M,, (R) such that M A, and
MA, are symmetric and M B is skew symmetric. Under condition (3.3), using Fourier analysis, it
is then possible, for instance, to obtain polynomial (in time) bounds on the L?-norm (in space) of
the solution of the Cauchy problem associated to (3.1) (see [19]). These bounds are even uniform in
time in the case of symmetrisable systems. Indeed, one has the conservation in time of the energy:

E(t) = 1/ (Mu,u), (3.8)
2 Jgo
where (+,) denotes the inner product in R™. In this case, the perturbation theory for self-adjoint
analytic families of matrices (see for instance [18, chapter II, §6]) even asserts that the functions
w;(k) can be chosen in such a way that they are analytic functions of k, and k, (separately)
everywhere.
One can see that the Drude model (2.15) is a particular case of such systems and is non-
dissipative. Indeed, it can be written under the form (3.1) with u = (E,, J,, E,, J,, H, K)T,

00 0 0 0 0 0 00 0 g ' 0
00 0 0 0 0 0 000 0 0
A __l00 0 0gtol 0O 000 0 0
*="1loo 0 o0 0 o’ ™ 0o 000 0 0
00 w0 0 0 w000 0 0
00 0 0 0 0 0 000 0 0
(3.9)

0 w2 0 0 0 0

1 0 0 0 0 0

0 0 0 w2 0 0

and B=1, o 4 ¢ o o

0 0 0 0 0 w?

0O 0 0 0 -1 0



One easily checks that this system is symmetrisable with the diagonal matrix
M = diag(€0350 w3750750 Wgaﬂ()aﬂo w?n)v (310)

and the energy (3.8) is nothing but & + &,, in (2.20). More generally, it is not difficult, although
tedious, to show that the generalized Lorentz model (2.17) is also symmetrisable and non-dissipative.

3.2 Generalized PMLs for dispersive models

From now on, we will only consider dispersive systems of the form (3.1) that are non-dissipative,
i.e. they satisfy (3.3). What follows only concerns PMLs in the z-direction, but everything can
easily be adapted to PMLs in the y-direction. As announced in the introduction of this section, we
consider a generalized complex change of variable under the form (at a given frequency w)

T
w
z— X(w, ) ::x—i—w/ o(s)ds, (3.11)
1w 0
where the damping function ¢ is non-negative and x is a real-valued function of w. The classical

Bérenger’s PML corresponds to the choice x(w) =1 (see for instance [17]).
In the frequency domain, the corresponding PML model, i.e. the equation satisfied by

u(z,y,w) == Fu(X(w,z),y,w), (3.12)

where Fu is the time Fourier transform of u, is simply obtained by changing

-1
o (1+20) 7, 13
iw

in the frequency version of the original system (3.1). Here, we assume that the Fourier transform
of u can be extended analytically to complex values of = (which could be proven at the price of
technical developments which are outside the scope of this paper).

We obtain .

iwd+ B = <1+ "X(“)> A, 9,0+ A, 0,1 (3.14)
w

Note that X(w,z) = = for z < 0 implies that U(z,y,w) := Fu(z,y,w) which is nothing but
the perfect matching property: by looking at U(z,y,w) instead of Fu (z,y,w) we only modify the
solution in the half-space z > 0 (see also Remark 3.4). That is why, by abuse of notation, we shall
denote in what follows u the inverse time Fourier transform of u(x,y,w), which coincides with the
original solution u in the half-space = < 0.

In what follows, we shall restrict ourselves to functions x(w) that mimic (2.16): they are of the
form

N
by
w) =1 T 3.15
Xw)=1+>" PR (3.15)
=1
where a, and b, are non-zero real constants such that 0 < a? < a3 < --- < a%. Notice that x is

chosen to fulfil the following criteria:
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— At high frequencies, the system becoming non dispersive (in the sense that the functions
w;(k) behave more and more as functions which are homogeneous of degree 1), there is no
reason that y varies with w for large w so a natural criterion is that x(w) tends to 1 when w
tends to +oo.

— For practical reasons linked to numerical simulations, the function y(w) should be the symbol
of a local operator in time (i.e. expressed with the help of differential operators and inverse
of differential operators) which means that x(w) should be a rational fraction in w.

— In order to ensure that the solutions of the time dependent problems remain real-valued, the
operator of symbol y(w) should be real (in the sense that it transforms real valued functions
into real valued functions).

— The poles of x(w) are real, i.e. the coefficients ay are purely real. This appears as a necessary
condition for the stability of the corresponding evolution problem (see Remark 3.11).

We shall also use in the following analysis the equivalent expression of x :

Px(w)
Qx(w)’

xw) =1+ (3.16)

where

N N
Po(w) =) b [J(ap —«?) and Qy(w)=][](af - w?), (3.17)
(=1

=1 pte

and we will denote by +z¢, £ =1,..., N, the zeros of x. Using (3.11) and coming back to the time
domain, we are going to show that (3.14) can be rewritten as an augmented first order system of
the form _ _ B _

Oug +Bu, +0Su, = A, 0,u, + A4, 0,u,, (x,y) € R2, ¢t >0, (3.18)

in which the new “augmented" unknown u, takes values in R™<, and B , S , gz and ,Zy are mg X My
real matrices. The dimension m, can be decomposed as m, = m + mex SO U, can be seen as
u, = (u,ue)T where

— u, with values in R™, is the inverse time Fourier transform of @ defined by (3.12): it corre-

sponds to the original solution in the region where o is 0.

— Uex, With values in R is a vector of extra auxiliary variables.

More precisely, defining
iwd =0 x(w) 1, (3.19)

the equation (3.14) can be rewritten
(iw+ B) (U +d) = A, 9,1+ A, 0, (1 + d). (3.20)

From the expression (3.15) of x, we deduce that

N
X)W =+ by, (3.21)

where the U, are defined by
(a? —wHid, =1, (=1,...,N. (3.22)
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Using the above, (3.19) gives
N
iwa:o(ﬁJergﬁg), (3.23)
=1

so that (3.20) can be rewritten as

N
iwi+ Ba+d)+o(a+Y bi) = A, 0,0+ A, 9,8+ 4,0,d (3.24)
=1

With (3.21), (3.22), (3.23) and (3.24), we finally obtain the system:
~ N o~
iwi+ B+ d)+o (T+Y btie) = A, 0,0+ A4, 9,8+ A, 0,d,
(=1
(3.25)

N
wa_g(mz bgﬁe) —0,
=1

iwly =Vy, iwVet+aii,—1u=0, (L=1,...,N),

where (3.22) was decomposed into the two last equations of (3.24) thanks to the introduction of
the Vy in order to get a first-order system in time. Indeed, (3.25) gives in the time domain the
following system:

N
O+ Bu+d)+o (" boug) = A, dput A, dyu+ A, 0,d,
/=1

N
8td—0(u+;bglu) =0,

oyup — vy =0, 8th+a§ug—u:O, ((=1,...,N).

(3.26)

This is an augmented system of the form (3.18) with m, = m+ (2N +1)m (thus mex = (2N +1)m)
and u, = (u,ue)T where ue, = (d,uy,...,uy,vy,...,vy)T.

Remark 3.3. Let us emphasize that there is not a unique way to write the augmented system
(3.18) from (3.14)—(3.15) (even not a unique choice for the dimension m,,) because there are several
possible choices for the additional auxiliary unknowns. In particular, this type of formulation is
an alternative to the split-form of PMLs, as it is done in the original work of Bérenger [4]. The
one chosen here in (3.26) appears more convenient to us for the mathematical analysis but the
conclusions are valid for any equivalent reformulation of this system.

Remark 3.4. In [1], the question of constructing PMLs for the system (3.1) is attacked in a different
way. The authors propose a very general PML model under the form of an augmented PDE
system, similar to (3.26), involving ad hoc auxiliary variables and prove a posteriori that the model
is perfectly matched (showing in short that the layer does not produce any reflection). They observe
a posteriori that their system can be seen as coming from a complex change of variables similar to
(3.11), where the function x would also depend on the tangential Fourier variable k,, implying the
apparition of additional y-derivatives in the augmented system.
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3.3 Modal stability analysis of the generalized PML model
3.3.1 Definition of stability

We are interested in the stability analysis of the system (3.18) (or equivalently (3.26)) when o
is constant (i.e. independent of x). Here again, we use a modal approach to the notion of stability,
looking at plane waves

Ug(z,y,t) = U, el@t-keo=koy) = g, e C™, k = (k,, k,) € R?, we C, (3.27)

which are a solution of (3.18) if, and only if, (w, k., k,) satisfies the augmented dispersion relation
det (z wl+ B+0S+iky A, + ik, Zy) =0. (3.28)

Seen as an equation in w, (3.28) defines m, branches of solutions w;(k, o), 1 < j < m, where the
functions w;(k, o) are continuous and piecewise smooth in k and o (they are piecewise analytic in
ks, k, and o separately [18, chapter II, §2]).

Definition 3.5. Given o > 0, the PML model (3.18) is stable if, for all j € {1,...,m} and for all
k € R?, one has
wj(k,0) eCt:={z€C: Imz>0}. (3.29)

For a plane wave (3.27), the condition (3.29) means that it is (in modulus) non increasing in time,
and even exponentially decreasing as soon as Imw;(k, o) > 0. Since in practice one wants stability
for all o > 0, we shall adopt a slightly more general notion of stability:

Definition 3.6. The family of PML models (3.18) is uniformly stable if, for all o > 0, for all
j€{1,...,my} and for all k € R?, one has

wj(k,0) € CT. (3.30)

Remark 3.7. In [1], the question of the stability of PMLs for (3.1) is also considered from the point
of view of the modal analysis. In particular, they provide a criterion to ensure (3.29): this is based
on checking that a finite number of functions that appear in the continued fraction expansion of
a particular function — coming from the plane wave analysis of the PML system — have a certain
sign. It is not clear at all for us that this criterion can be easily used in our case. We have chosen
to follow an alternative approach, of perturbative nature.

3.3.2 Reduction of the analysis

Given k € R? and writing

U, = (ﬁ,f),ﬁl,...,UN,Vl,...,VN)T, (3.31)
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it is easy to see that, after elimination of (\71, - 7\AfN), we are reduced to looking for values of
w € C for which there exists (U,D,Uy,...,Uy) # 0 such that

N
iwﬁ+B(ﬁ+ﬁ)+a<ﬁ+Zbgﬁg>
=1
+iky A, U+ik, A, (U+D)=0,

N (3.32)
Z‘w]/j70'<ﬁ+z bgﬁg) =0,
(=1
—w2ﬁg—|—a?ﬁg=ﬁ, (¢(=1,...,N).
Let us denote
Qk,o0) :=={wjk,0), 1 <j<mg}. (3.33)

This is also the set of values of w for which (3.32) has a non-trivial solution. We now describe
the structure of Q(k, o) and give a new form of the stability criterion (3.30) that will help us to
decompose the stability analysis into several steps.

First we need to introduce several sets: A := {%aq,...,tan} the set of the poles of x, Q.(o)
the set of critical frequencies defined as

Qu(0) = {w EC A flw) =14 X _ o} , (3.34)

(2%

and finally Qpwr (k, o) the set of the solutions w ¢ AUQ. (o) of the PML dispersion relation defined
by
(w7k) € QPML(k7 0') <~ FPML(w,k, 0') =0, (335)
where Fpy, is defined by
Feyp(w, k,0) = F (w, ko f(w) ™", ky) (3.36)
= det(iwl + B + ik, f(w) " A, + ik, A,), '

with F given by (3.6) (coming from the dispersion relation (3.5) of the original system (3.1)) and
f is defined in (3.34).

Lemma 3.8. The set Q(k, o) can be decomposed as the disjoin union

QPML (k7 0’) @] QC(O') U g(k) Zf Ker k?wAw 7é {O}

Uk, o) = {QPML(k, o) U E(k) if Kerky A, = {0} (3:37)

where Qpur(k, o) and Q.(o) are defined by (3.35) and (3.34), and where E(k) C R is a set of real
additional modes (described in the proof).

Proof. Adding the first two equations of (3.32) leads to the equivalent system:

(iw+B)(U+D)+ik, A, Uik, A, U+ik,A,D =0,

M= ©

iwﬁ—a(ﬂ'—i— beﬁe)Z(L (3.38)

o~
Il
a

7w26g+a%ﬁg:ﬁ, (éi].,,N)
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We next distinguish three cases:

1. w ¢ AU{0}. The last two equations of (3.38) give U, = ﬁ/(a? —w?)and iwD = o x(w) U.
Substituting this into the first equation of (3.38), we obtain using f(w) defined in (3.34)

(iw+B)f(w)U+ik, A, Uik, f(w)A, U=0. (3.39)

Since we look for non trivial solutions, U # 0. If w ¢ Q.(0), f(w) # 0 thus (iw+ B) U=
—iky f(w) 1A, U — iky Ay U, ie. w € Qpui(k, o). Now if w € Q.(0), then kA, U = 0,
i.e. Kerk,A, # {0}.

2.w € A w? = a? for one £ € {1,...,N}. One easily checks from (3.38) that U =0,
Ui =0 for k # ¢ and

+iay D

(+asl +iB —k,A)D =0, U, = (3.40)

O’bg '
This is possible only if +a, is an eigenvalue of iB — ky A, (otherwise D=0U,= 0). In this
case, ta; € E(k) # 0.

3. w? = 0. From (3.38), U, = U/a2 thus

x(0)U = (1 +3 22) U=0. (3.41)

If x(0) # 0, then U = 0 and we get a non trivial solution only if ker(B + ik, Ay) # {0} (so
in this case 0 € £(k)). If now x(0) = 0, then the second equation of (3.38) is just 0 = 0 and
the first equation reads

B(U+D)+ik, A, U+ik, A, U+ik, A,D=0. (3.42)
So if this equation has non trivial solutions, then 0 € £(k) # (). O

For the application to the dispersive models considered in Section 2, the reader will easily check
that we are in the case Ker A, # {0}, so the set {2.(0) has to be taken into account. We will restrict
ourselves to this case in the following. Since £(k) C R, according to Lemma 3.8 and Definition
3.6, the analysis can be reduced to the following criterion: the family of PML models (3.18)) is
uniformly stable, if and only if, for all o > 0 one has

QC(O') U QPML(U) C C+, (343)
where
QPML(U) = U QPML(k, O’). (344)
keR?
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3.3.3 Guideline for the stability analysis

Before going into details of the analysis of these sets, we first describe the type of arguments
that will be used several times in the rest of the paper. Each branch w(k, o) of solutions of the
augmented dispersion relation (3.28) composing the sets of (3.43) is continuous with respect to o
and verifies w(k, 0) € R for all k € R?. In order to prove uniform stability, we aim to show one of
the following assertions holds:

1. w(k,0) € R for all k € R? and for all o > 0 (therefore it belongs to C*);
2. w(+,0) is not real for o > 0 and belongs to C* for small & > 0.

In the last case, since the imaginary part of w(-, o) cannot change sign because of the continuity of
w(+, o) with respect to o, we can conclude that w(k, o) € C* for all k € R? and for all o > 0.

3.3.4 Study of the set Q.(0)

The set Q.(0) is completely independent of the original physical domain and only depends on
x(w). We now look for the necessary and sufficient condition for the inclusion Q.(¢) C C*. The
first thing to notice is that Definition (3.34) of 2.(¢) can be rewritten, using the expression (3.16)
of x, as a polynomial equation in w of degree 2N + 1, namely

(tw + 0) Qy(w) + o Py (w) = 0. (3.45)

It admits 2N + 1 solutions, denoted by wi(o) (¢ = —N,...,N), that are smooth (in particular
continuous) functions of . We now follow the guideline of Section 3.3.3.

Lemma 3.9. For o > 0, the solutions of (3.45) cannot be real, except for the case x(0) = 0 for
which w = 0 is the only real root of multiplicity 1.

Proof. Assume that (iw + 0)Qy(w) + 0Py (w) has a real root w. Then, since P, and @, have
real coefficients, taking the imaginary part leads to w@Qy(w) = 0, so w = 0 or Qy(w) = 0 (note
that Q,(0) # 0 since the a; do not vanish). Now taking the real part gives (Q, + Py)(w) = 0.
If Qy(w) = 0, then w = ay or —ay for one ¢ € {1,..., N}, but P (+a;) # 0, which contradicts
(Qy + Py)(w) = 0. If now w = 0, then (@, + P,)(0) = 0 that can be written, since @, (0) # 0, as
Q(0)[1 4+ P, (0)/Q4(0)] = @4(0)x(0) = 0. So this is absurd, except when x(0) = 0. But in this
case it is easy to see that the constant term of (iw + ¢)Qy (w) + 0Py (w) is 0@y (0)x(0) = 0 and the
first order term in w is i Q,(0) # 0, 7.e. w = 0 is a root of multiplicity 1. O

It is then sufficient to study the sign of the imaginary part of wf(c), —N < ¢ < N, for small
o > 0 to conclude.

Proposition 3.10 (necessary and sufficient condition for Q.(c) C C*). The two following state-
ments are equivalent:

1. for all ¢ > 0, one has Q.(c) C C*;

2. the function x defined by (3.15) verifies

N
X(O)zl—i—Z%zO, and by <0 forallle{l,...,N}. (3.46)
=1 ¢
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Proof. For o =0, (3.45) becomes iw Q (w) = 0 whose solutions are w = 0 and w = +ay, 1 < ¢ < N.
By continuity, we can number the wj such that

(P{ﬂ)wo(a) =0 and }1{‘% wie(o) = tay. (3.47)

For each branch of solution w®(c) (we omit here the subscript), using a Taylor expansion and
denoting w, := w°(0) € R, one gets

wé(0) = wy + (W) (0) o + O(c?), (3.48)

which implies that Imw®(o) = oIm(w?)’(0) + O(c?). Injecting (3.48) into (3.45) and using
twy Qy (wy) = 0 leads, by identifying the first order term in o, to

(0o Q) () +1 @ (2)) (09 (0) + Pil) + Q) = 0. (3.49)
— For w®(o) = wj(o), £ # 0, one has w, = %ay, therefore Q, (w.) = 0 and (3.49) gives

*Px(iaé) _ by

(wg)’(O) = m =1 @7 (3.50)

whose imaginary part is positive, if and only if, by < 0.

— For w(0) = wi(o) one has w, = 0 so, since Q,(0) # 0, (3.49) becomes (w§)' (0) = (1 +
Py (0)/Qx(0)) = ix(0). If x(0) # 0, it is clear that Imw’(0) > 0 if, and only if, x(0) > 0.
x(0) = 0, Lemma 3.9 showed that wq(c) =0 € CT for all & > 0. D

Remark 3.11. Note that, because of (3.47), the fact that the a, are real appears as a necessary
condition for the inclusion Q.(c) C C*. More generally, if x is a rational fraction in iw with real
coefficients, there will be some solutions that approach the poles of x when ¢ tends to 0. Thus it
is necessary that these poles have a positive imaginary part (in the case of even rational fractions
this is equivalent to the fact that all the poles are real).

3.3.5 Study of the set Qpyp (o) : a necessary stability analysis

We are now interested in the set Qpmr (o), é.e. the solutions of (3.35). More precisely we
will study a particular subset of Qpyr(c): observing that, for fixed w ¢ Q.(0) and k € R2,
Four (w, k, o) tends to F(w, ks, ky) when o tends to 0 (where F' is defined by (3.6) and Fpwmr, by
(3.36)). By continuity, there exists m branches of solutions of (3.35), let us say by convention the
m first ones w;(k, o), 1 < j < m, the so-called “physical branches', such that

hin wik,o) =w,k), 1<j<m. (3.51)

where the w;(-) are the solutions of the original dispersion relation (3.5). In what follows we make
the assumption that these are simple:

wj(k) # wm(k), for all m # j and for all k € R?. (3.52)

However, we think that the following result remains valid without this assumption.
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Proposition 3.12. Under assumption (3.52), a necessary condition for Qpyr (o) € CT for all
o > 0 (thus for the uniform stability of the PML model (3.18)) is that for all j € {1,...,m} and
for all k € R2, one has
Vo (wj(K)) vpe(w;(k)) x(w;(k)) > 0. (3.53)
where vp(w;(k)) and vy(w,(k)) are the phase and group velocities (3.7) and the subscript = refers
to their x component.
Proof. We work with any branch w;(k, o) satisfying (3.51). Using w;(k,0) = w;(k) € R and the
Taylor expansion for small values of ¢ > 0
oy
050,0) = (1, 0) + 0 52 I, 0) + O(o?), (3.54)
o

the uniform stability condition (3.30) implies in particular that
Im %(k, 0) >0, forall k€ R2 (3.55)
o

The quantity Ow; /0o can be computed using the implicit function theorem. More precisely, injecting
(3.54) into (3.35), using F(w;(k),k) = 0 and looking at the O(c) term leads to

Owj OF ik x(wj(k)) OF B
%(kv 0)7(“}] (k)’ k) + W ok, (wj (k)7 k) =0, (356)

Ow
. . oF

that is to say, since, by (3.52) a—(wj (k),k) #0,
w

) -1 W
%(k’m - (f;i(“j(k)’kO ng(%(k),k). (3.57)

By definition of the phase and group velocities (3.7), we have

vy ke wi(k)
VP;I(wJ<k>) - |k| |k‘ ’ (358)

and .
Voales9) = = (Foi00.00) 5550019, (359)

where the second identity is obtained by using the implicit function theorem to the dispersion
relation (3.5) seen as an equation in w. Finally, we obtain

Ow; . k|2
oo 06,0) = i) ) x(509) i (3.60)
from which it is easy to conclude. U

For classical PMLs corresponding to x(w) = 1, the condition (3.53) can be interpreted through a
directional version of backward mode (that differs from Definition 2.12 only for anisotropic media):

Definition 3.13. For a given vector n € R?, a mode w(k) € R is a forward mode in the direction n
if (vp(w(k))-n)(vg(w(k))-n) > 0 and a backward mode in the direction n if (vp(w(k)) -n)(vg(w(k))-
n) < 0.

Thus, Proposition 3.12 means classical PML models can be uniformly stable only if the original
model does not support backward modes in the direction z. In particular, classical PMLs can not
be stable for the Drude model. This generalizes the result of [2] to dispersive models.
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t=45s t=49s t=255s t=60s
Figure 3 — Snapshots of the field H at different times ¢.

3.3.6 Numerical results

Let us confirm this by performing a FDTD numerical simulation using the Drude model. The
computational domain is the square 2 = [—20,20]? and the physical domain is [-17,17]2 (i. e. the
PML has width 3). The coefficient o is variable and grows quadratically from 0 to 1 in the layer
(from inside to outside). We choose €9 = pp = 1 and take w, = w,, = 2. We add at the right hand
side of (2.15) (the one for H) a source term f(x,y,t) = g(|]z — y|)h(t) with

g(r) = e " and h(t) = —20(t — 1)e_lo(t_1)2. (3.61)

The Figure 3 shows snapshots of the field H at different times. We clearly observe instabilities. One
can notice that the backward waves are responsible of the instabilities. Indeed, the forward waves
— the faster ones — are well absorbed by the PML but as soon as the backward waves reach the
PML, the solution grows exponentially in time. The Figure 4 illustrates this statement by plotting
in log-log scale the energy & + &,, defined by (2.20). More precisely, one can deduce from the
Proposition 2.9 that the group velocity of the forward modes vg(£ws) is bounded by ¢ = 1 but the
group velocity of the backward modes vg(+ws) is bounded by ¢/2 = 0.5. That is why instabilities
can only occur after a time ¢t = 17/0.5 = 34s.

Remark 3.14. The reader will easily realize that, when |k| tends to +o00, one recovers the stability
criterion of classical PMLs for the non dispersive hyperbolic system corresponding to B = 0. In
other words, the introduction of the function y(w) cannot produce a stable PML when the classical
PML for the non dispersive system already fails to be stable, due to particular anisotropy effects
as it occurs for instance in elastodynamics [2]. It may help to only solve the stability problems due
to dispersive effects (i.e. the presence of B).
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Figure 4 — Logarithm of the energy &, + &, defined by (2.20).

3.3.7 Summary of the results

Let us now recap the stability results that we obtained:

1. a necessary and sufficient condition for the uniform stability of the PML system (3.18) is
that Q.(0) U Qpm(o) € CT for all o > 0;

2. the condition Q.(c) C C* is equivalent to (3.46);
3. a necessary condition to ensure that Qpyr, (o) C CT is given by (3.53).

It is now natural to look for sufficient conditions to ensure that Qpyyp, (o) C CT. This is possible
to do in the case of isotropic dispersive Maxwell equations, which was our original motivation (see
Section 2) and is precisely the object of the next section.

4 Application to isotropic dispersive Maxwell equations

In this section, we pursue our analysis of the generalized PML models introduced in Section
3.2 in the particular case of isotropic dispersive Maxwell equations of the Section 2 that enter the
framework of Section 3.1. We have seen in Section 3.3 that (3.46) is a necessary and sufficient
condition for Q.(0) C C*. According to (3.43), it remains to seek for the conditions to ensure
Qpmr (o) € CT. Proposition 3.12 gives a necessary condition (3.53) for Qppp (o) C CT, by analysing
a particular subset of Qpwmy, (o), the m “physical” branches w; (k, o), for small values of o (see Section
3.3.5). In order to obtain a necessary and sufficient stability condition, it remains to:

1. describe all the branches w;(k,o) of Qpmy (o), for j € {1,...,m,} (in particular for j €
{m+1,...,ma})

2. show that each branch w;(k,o) for j € {1,...,m,}, stays in the upper complex plane C*
for all values of o (not only small).
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In the two next sections (Sections 4.1 and 4.2), we describe the set Qpyr. (o) and express the
necessary stability condition obtained in Section 3.2 in this context. In Section 4.3, we establish
necessary and sufficient conditions for the uniform stability of PMLs in the case of isotropic disper-
sive Maxwell models satisfying the growing property (2.21). We finally extend in Section 4.4 the
necessary and sufficient conditions to general isotropic dispersive Maxwell models.

4.1 Description of the set Qpyy(0).

We start here by identifying the m, branches w;(k, o) of Qpmy (o), for j € {1,...,m,} and
k € R2. According to (3.36), the PML dispersion equation is obtained from the one of the original
system (2.27), as follows:

we(w) <w2 e(w)p(w) — (1 + L(‘*’))_Q k2 — kg) = 0. (4.1)

w
Let us remind that the size of the original Maxwell system is m = 2M +2M, + 1 (section 2.2.1), and
that the corresponding modes are the oM propagative modes associated solutions of the dispersion
relation (2.29), relabeled as (2.30), and 2M, + 1 non-propagative modes corresponding to the zeros
of we(w) (relabeled as (2.28)). We easily see on (4.1) that these last modes are not changed by the
presence of the PML and thus do not play any role. Therefore, there only remains to study the
branches satisfying

(ox(w) + iw)2 (w? e(w)p(w) — k;;) = —w? k2. (4.2)
This equation must be read as a polynomial equation since e(w) = Pp(w)/Qc(w), p(w) = Pp(w)/Qm(w)
and x(w) =1+ Py (w)/Qy(w) are rational fractions. Thus, denoting Pe,, = PePp; Qem = QeQm,
then (4.2) can be rewritten as

[0(Py + Q) (W) + iwQy ()] [0 Pemn (w) — k2 Qem (w)]

+ wzk?gQiQem(w) =0. (4.3)

This is a polynomial equation in w of degree 2(M + 2N +1). Seen as a polynomial equation in iw
(remember that £(w), u(w) and y(w) are even functions of w), (4.3) has real coefficients so w is a
solution of (4.3) if, and only if, —@ is a solution of (4.3). When ¢ tends to 0, (4.3) becomes

w%}i(w) [wZPem(w) — Qem(w)(K2 + k;)) =0, (4.4)
that we can write formally under the form
W QY (w) (W e(w)pu(w) — k) =0, (4.5)

where one recognizes the dispersion relation (2.29) of the original equation.
Equations (4.4) and (4.5) show that the 2(M + 2N + 1) branches of solutions of (4.3) can be
labelled as follows: . .
— We first denote wj(k,0) and —w;(k, o) where 1 < j < M the M = 2M “physical” branches
of solutions such that

lim (k) = lim &k, 0) = (), (1< < A1), (4.6)

where +w;(k), 1 <j < M are the M solutions of the reduced dispersion relation (2.29).
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— We denote by wir(k,0) and —wis(k, o), where 1 < £ < N, the 4N branches such that:

lim &1s(k, o) = lim Ore(k,0) = + 1< /< N). 4.
Jim Gk, 0) = lim ©Oxe(k, 0) = Far, (1 <E<N) (4.7)

— The 2 remaining branches are denoted &y (k, o) and —wy(k, o); they verify

;i\n})&o(k, O') = ;i{‘%(:)o(k,a) =0. (48)

Using the fact that z and —% have the same imaginary part, proving that Qpyr (o) C Ct amounts
to proving that for all ¢ > 0 one has

(1) wj(k,0) € CT for all k € R and for all j € {1,..., M};
(2) @i¢(k,0) € Ct forallk € R? and for all £ € {1,...,N}; (4.9)
(3) @o(k,0) € C*.

4.2 Reinterpretation of the necessary condition (3.53) for isotropic dis-

persive Maxwell models satisfying the growing property

From now on we assume the growing property (2.21) to be satisfied unless otherwise specified.
First let us notice that, the assumption (3.52) on the simplicity of the solutions of the dispersion
relation is automatically satisfied.

Lemma 4.1. For a material satisfying the growing property (2.21), all solutions of the dispersion
relation (2.29) are simple.

Proof. It suffices to show that for any w = w;(k), ®(w) # 0. However

D(w) = W) (@) (wh(w)) + (W) (@) (Wew)). (4.10)

Since w? e(w) p(w) = |k|?, wp(w) and we(w) are non-zero real numbers with the same sign. Since
(we)'(w) and (w p)' (w) are strictly positive, using the growing property (2.21) it follows from (4.10)
that ®(w) has the same sign than w p(w) and we(w). O

The necessary condition (3.53) is equivalent to say that the m branches of solutions w;(k, o) go
to C* for small o > 0, for j = 1,...,m. Since the non-propagative modes do not play any role,
this is equivalent to restrict this condition to j = 1,...,M (or to j = 1,..., M, see the previous
section).

Proposition 4.2. For isotropic dispersive Mazwell models satisfying the growing property (2.21),
the necessary stability condition (3.53) is equivalent to

D(w)x(w) >0, forallwes. (4.11)

Proof. First notice that, as a consequence of (2.48) where the growing property (2.21) is used,
D(w) # 0 for all w € S. Therefore, from (2.39), the necessary condition (3.53) is equivalent to

k2 D(wj(k)) x(w;(k)) >0, (4.12)
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for all j = 1,.. .,M. We can show in the following Lemma 4.3 that in the case k, = 0, the M
physical branches are real for all ¢ and do not play any role in the necessary stability condition.
Therefore (4.12) becomes equivalent to

D(w)x(w) >0, forallwesS. (4.13)

Since ®(w) # 0, the left hand side could vanish only if x could have a zero in S. We use Lemma
4.4 to show that this is not possible and conclude the proof. O

We now give and prove the two lemmas used in the previous proof.
Lemma 4.3. In the case k, = 0, the solutions of equation (4.3) for all k, € R and ¢ > 0, are
given by:
1. wj(0,ky,0) = w;(0,ky) € R for all j € {1,.. .,]T/f}, where the £w; are the solutions of the
original dispersion relation (2.29);
2. wi(0,ky,0) = wi(o) € Qc(o) for all ¢ € {—N,..., N}, where the wi(co) are the elements of
set Q.(0) defined by (3.34) and these solutions are in CT if and only if (3.46) holds.

Proof. For k, =0, (4.3) is equivalent to

(1) w? e(w)p(w) — k‘; =0 or (ii) ((iw+ 0)Qy(w)+ UPX(w))2 =0. (4.14)

The equation (%) clearly corresponds to the original dispersion relation for k, = 0, whose solutions
are real (this gives (1)). We recognize in the equation (i) the characterization (3.45) of Q.(o)
whose solutions are the w§ (o). We conclude using Proposition 3.10 (this gives (2)). O

Lemma 4.4. Assume that the growing property (2.21) to be satisfied. If (4.11) holds then all the
zeros and poles of x are in the gap:

tar€Gand £2,€G forallle{l,...,N}. (4.15)

Proof. We first notice that S is an open set of R composed of the union of open intervals I; of R.
On each of them, (2.48) (satisfied since we assume (2.21)) shows that ¢, p and ® have the same
constant sign. In particular, ® does not change sign in each I;. Since all the zeros and poles of x
are simple, if one of them was inside one of the I;, it would mean that x changes sign inside this
interval, which contradicts (4.11). O

4.3 Necessary and sufficient stability conditions for isotropic dispersive
Maxwell models satisfying the growing property

We are able to establish necessary and sufficient stability conditions for the PMLs introduced
in Section 3.2. This is the main result of this section:

Theorem 4.5. For the isotropic dispersive Mazwell model of Section 2 satisfying the growing
property (2.21), a necessary and sufficient condition for the uniform stability (Definition 3.6) of the
PML model (3.18) associated to the function x(w) given by (3.15) is

D(w)x(w) >0 foralwesS, (4.16a)
x(0) >0 and b, <0 forallle{l,...,N}. (4.16Db)
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We know (Section 3.3.4) that (4.16b) is a necessary and sufficient condition to ensure Q.(o) C C*
for all o > 0. Moreover in Section 4.2 we saw that (4.16a) is a necessary condition. Thus it remains
to show that (4.16a)—(4.16b) are sufficient.

In the rest of this section, we assume that (2.21), (4.16a) and (4.16b) hold. The proof reduces to
show that all the branches of Qpyr, (o) have a positive imaginary part. To do so, we want to follow
the guideline given in Section 3.3.3 but as we will see the cases k, = 0 and k, = 0 play particular
roles. We will do the analysis for k belonging to each of the four quadrants Ai =R} x R}
delimited by k; = 0 and k, = 0. More precisely we will follow these steps:

(step 1) we seek for real solutions when o > 0 (Lemma 4.6): it cannot happens except when k;k, = 0
or X(O)Qem(o) = 0;

(step 2) we show that for all ¢ > 0 and for all k in each of the four quadrants AT, either a branch
w(k, o) is equal to zero (corresponding to the case x(0)Qem (0) = 0) or Imw(k, o) # 0 and
keeps a constant sign (Lemma 4.7);

(step 3) an asymptotic analysis (Lemmas 4.8 and 4.9) shows that Imw(k, o) is positive for small
o > 0 and for all k in each of the four quadrants Ai;

(step 4) we conclude by a continuity argument: since the imaginary parts of the all the branches
w(k, o) are positive for all o > 0 and for all k in each of the four quadrants Ai, by continuity
with respect to k, it implies that these are positive for all & > 0 and for all k € R2.

We start by seeking the real solutions of (4.3) (step 1):

Lemma 4.6. Let o > 0 be fized. Then (4.3) has a real solution if and only if kyQem (0)x(0) =0
(that corresponds to the solution w =0) or k, = 0.

Proof. First, we start to check if w = 0 can be a solution of (4.3). Taking w = 0 directly gives
—02k2(Py+ Q) (0)Qerm (0). Since o # 0 and Q4 (0) # 0 (because the ag are not zero), it shows that
w = 0 is a solution only if Qe (0) =0, k, = 0 or x(0) = Q(0)*(Py + Qy)(0) = 0. Now, assume
that w € R is a real solution of (4.3). Since all the polynomials involved have real coeflicients,
identifying real and imaginary part leads to

(@ Parn () = K Qe () |07 (P + Q)% () = * Q3 (w)]

(4.17)
+ w2k§QiQem(w) = 07

and
Q) (2 Pan () = K2Qem (@) ) [ @ (@) + Pr(w)] =0, (4.18)
We need to distinguish two cases:

(a) W k2Q3Qem(w) # 0. Then (4.17) implies w? Py (w) — k2Qem (w) # 0. From (4.18) one has
Qy(w) + Py(w) = 0, because wQy (w) # 0. This means that x(w) = 0, therefore Lemma 4.4
implies that w € G. On the other hand, (4.17) implies in this case w?Pep, (W) — Qem (w) [k +
k2] =0, ie. w € 8. This case is thus impossible, since G NS = 0.

(b) w?k2Q%(w)Qem(w) = 0. Then either (i) k, = 0, (ii) w = 0 (which is possible only if
kyQem (0)x(0) = 0) or (iii) Q2(w)Qem(w) = 0. It is easy to check (using the same kind of
arguments than in (a)) that the last case (iii) is impossible. O

Thanks to this results, we can deduce that the imaginary parts of the solutions do not change sign
on each of the four quadrants Ai for all o > 0, thus the sign is given by an asymptotic analysis for
small o > 0 (step 2):
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Lemma 4.7. Let k — w(k,0) be any branches of solution of (4.3). Then, for all o > 0 and for
all k in one of the four quadrants AE, either w(k,o) = 0 (possible only if x(0)Qem(0) = 0) or
Imw(k, o) keeps a non-zero constant sign.

Proof. By continuity of w(k, o) with respect to k and o, if its imaginary part changes sign on one
of the AT it means that there exists k* € AT and ¢* such that w(k*,0*) € R. From Lemma 4.6,
this is possible only if Qen (0)x(0) = 0. If Qe (0)x(0) # 0, we immediately deduce that Imw(k, o)
keeps a non-zero constant sign. Assume now that Qe.,,(0)x(0) = 0. Actually, we detail the proof
for x(0) = 0, the proof being similar for Q.,,,(0) = 0. Since x only depends on w?, one can factorise
xX(w) = w?X(w) and we assume that y(0) # 0. It is easy to show in this case that if w satisfies
(4.3), then it cannot be a zero of @,: from Lemma 4.4 it would imply that w € G, on the other
hand (4.3) would imply w? Pep, (w) — k2Qem(w) = 0 which implies that w € S. But w e SNG =0
is impossible. Therefore, we can divide by Q,(w) in (4.3):

w? ([awg(w) + ]2 [ P (@) — K2Qem ()] + ngem(w)) —0. (4.19)
We deduce that w(k, o) = 0 is a solution of order 2. The other branches satisfy

[0wX(w) + ] [0 P (@) — k2Qem ()] + k2 Qem (w) = 0. (4.20)

With similar arguments that used in the proof of Lemma 4.6, we can easily show that this equation
cannot have real solution, therefore the other branches do not cross the real axis. O

We thus only need to perform an asymptotic analysis for small o to conclude (step 3). We already
know from Proposition 4.2 that (4.16a) ensures that the “physical " branches (4.9)-(1) have a
positive imaginary part for small ¢ > 0. Thus it remains to analyse the other branches (4.9)-(2)
and (4.9)-(3) in the next two lemmas.

Lemma 4.8. Assume (4.16b). Then for small values of o > 0 and for all k in one of the four
quadrants AT, one has Ty(k,0) € CT.

Proof. First notice that, according to the proof of Lemma 4.7, if x(0) = 0, we have &y(k,0) = 0
for all k € R? and o > 0. We assume now that x(0) # 0. Injecting the Taylor expansion
~ - o 9
wo(k,0) = wo(k,0) +0——(k,0) + O(c°), (4.21)
N—_—— do

=0

for small values of o > 0 into (4.3) gives (after easy computation)

0wy x(0)k, .
—_— = ky £ k). 4.22
80'( 70) |k|2 (Zy ) ( )
Notice that |k| # 0 on AT. We deduce
kyx(0)
~ N Y
Im &y (k, o) oty e (4.23)
which is clearly a positive quantity since k, # 0 and (4.16b) is satisfied. O
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Lemma 4.9. Assume (4.16b). Then for small values of o > 0 and for all k in one of the four
quadrants AT, one has Gi¢(k,0) € Ct for all £ € {1,...,N}.

Proof. We only treat the case where wy(k, o) tends to ay when o tends to 0, the case where it
tends to a_g is similar. From Lemma 4.7, we know that, for ¢ > 0, W.¢(k, o) is not real, thus this
is not a pole of x(w) or e(w)u(w): we can work with (4.2) instead of (4.3). The idea is then to
get an approximation of this equation when w is close to ay, and to deduce from this approximate
equation the behaviour of @,(k,o) when o is small. When w tends to as, w? e(w) u(w) tends to
Dy := a2 e(ag)u(ae) and x(w) ~ by/2as(ar — w). Thus, an approximate equation for (4.2) is

by

2
. : _ 1.2 212 _
(v Dag(ag —w) | iar) (D= k2) +af k2 = 0. (4.24)

If (4.16b) holds then ay € G (using Lemma 4.4) i.e. £(ag)u(ag) < 0 or equivalently Dy < 0. Since
Dy — k2 < 0 (because k, # 0), we get

( L ) =+X, with X _apki (4.25)
= 1 = .
02ag(ag - w) rae e ¢ k2 — Dy’

O'bg

that is to say

-, . 4.26
w a QCL[(:E Xg — iag) ( )
In particular, since X, is real we have
g bg
I ~ . 4.27
B e 2(X2 +a?) (4.27)
Then we conclude that Imw > 0 for small o > 0 since by < 0. O

We can now conclude the proof of Theorem 4.5 (step 4). Combining Lemma 4.7 with Proposition
4.2 and Lemmas 4.8-4.9 shows that the imaginary parts of the branches w(k, o) of solutions of (4.3)
are positive for all ¢ > 0 and for all k in each of the four quadrants Ai. By continuity, this implies
that these are positive for all ¢ > 0 and for all k € R?. Theorem 4.5 is proven.

4.4 Extension of the necessary and sufficient stability conditions for gen-
eral isotropic dispersive Maxwell models

We will now discuss briefly what happens to Theorem 4.5 when the growing property (2.21) is
not satisfied any more. Two of the key points of the previous proof are Lemma 4.4 and the fact
that ®(w) # 0 for all w € S. If the growing property does not hold, these two points might not be
true any more so one must add additional assumptions to ensure stability. Doing so, we have the
following result that extends Theorem 4.5:

Theorem 4.10. Consider an isotropic dispersive Mazwell model of Section 2 such that ®(w) # 0
for allw € S\ A. A necessary and sufficient condition for the uniform stability (Definition 3.6) of
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the PML model (3.18) associated to the function x(w) given by (3.15) is

D(w)x(w) >0 forallweS\ A, (4.28a)
ayg €G  forallle{l,...,N}, (4.28Db)
240 €G  forallte{l,... N}, (4.28¢)
x(0)>0 and b, <0 forallle{l,...,N}. (4.28d)

Note that recover Theorem 4.5 if the growing property (2.21) holds, since in this case D (w) # 0 for
all w € O while, by Lemma 4.4, (4.28a) implies (4.28b)—(4.28¢) .

The additional conditions (4.28b) and (4.28¢c) allow us to “bypass" Lemma 4.4. Doing so, we
can follow exactly the same steps of the proof of Theorem 4.5, using (4.28b) and (4.28¢) instead
of Lemma 4.4 when needed. That shows that the four conditions (4.28) are sufficient and the
conditions (4.28a) and (4.28d) are necessary. It remains to show that (4.28b) and (4.28¢) are
necessary. This is the object of the two following lemmas that conclude the proof of Theorem 4.10.

Lemma 4.11. If it exists £ € {1,...,N} such that ay ¢ G, then the imaginary part of one of the
corresponding branches Wi¢(kg, ky, o) has the sign of by for allk in each quadrant Ai with ky small
enough and o > 0 small enough. In particular, it is negative if (4.28d) holds.

Proof. The beginning of the proof is the same as in the proof of Lemma 4.9. In particular, (4.24)
still holds. Now if ay ¢ G, it means that e(as)p(ae) > 0, i.e. D; > 0. Taking k, small enough such
that Dy — k2 > 0, (4.25) becomes

~ - ko

X, =iX,, Xi= |7a62|7 (4.29)
(D@ - ky) 2
At the end, we obtain the equivalent of (4.27) in our case:
b
mw ~ —— 2% (4.30)
w=ar 2ay(ap + Xy)

Since ay < X@, one of the two last quantities has the same sign of b,. O

Lemma 4.12. Let 0 > 0 be fized. If there exists £ € {1,..., N} such that zo ¢ G, then there exists
jeA{l,..., M} such that the imaginary part of w;(-,0) changes sign.

Proof. Recall that z; ¢ G means that e(z¢)u(z¢) > 0. We only treat the case z; # 0, the case zp =0
is similar. Setting k* = zp+/e(z¢)1(20), we have z2e(z)u(z¢) = ki. It shows that z, is a solution
of (4.3) (since x(z¢) = 0) for k* = (k%,0). In particular, there exists j € {1,..., M} such that
w;(k*,0) = zp. Let study the behaviour of w(ky) := w;(ks,0,0) near k} (we omit the dependence
in j and o). One has
dw * * *\2
w(ky) =20+ @ng)(km — k) + O[(ky — k3)7]. (4.31)
x

To show that the imaginary part of w changes sign when k, — &k} does, it is sufficient to show
that Im(dw/dk,;)(k%) # 0. Injecting the above expansion into (4.3) and using x(z¢) = 0 and
z2e(ze)pu(ze) = ki gives, after some computations,

(4.32)



where

X'(w)

Z(w) = wD(w) — 2o (k)? .

(4.33)

Since z; # 0, one has k} = 22e(z¢)p(2¢) # 0. Moreover, since the zeros of x are simple (in the case
ze 2 0), X'(z¢) #0. So |Z(z¢)| # 0 and Im(dw/dEk,) (k) # 0. O

5 Design of Stable PMLs for isotropic dispersive media

We consider in this last section the construction of a function x(w) fulfilling (4.16) (or (4.28)).
Such a function is certainly non unique, as we shall see, and one should privilege, for computational
reasons, the ones that minimize N in (3.15), that is to say the number of additional unknowns.

5.1 The case of the Drude model

The Drude model is a particular case of an isotropic dispersive Maxwell model satisfying the
growing property (2.21). According to the Theorem 4.5, we propose to construct a stable PML by
choosing a function x satisfying ©(w)x(w) > 0 for all w € S, where we have seen that

S= S+ US_, S_ = [—W_,(U_], SJ,_ =R \(—W+,W+). (51)

For the Drude model, ®(w), given by (2.46) satisfies D(w) > 0 in Sy and D(w) < 0 in S_. We thus
need x(w) > 0 in S; and x(w) < 0 in S_ which is achieved by picking w, € [w_,w;] and taking

x(w) = (1 - Zg)l (5.2)

Finally, we simply have to check (4.16b): one has x(w) = 1 — w?/(w? — w?) that corresponds to
(3.15) with N =1, a; = w, and b; = —w? < 0. Notice that we are in the limit case x(0) = 0.

Remark 5.1. One particular choice consists in choosing w, = w, or wy = w,, which amounts to take
X(w) = go/e(w) or x(w) = uo/p(w) (this choice is used for instance in [9, 12, 23]). This is in fact a
particular case of a more general result (see Section 5.2). Such a choice is imposed automatically
when w, = w,.

We performed a numerical simulation to illustrate the stability of the new PML. More precisely,
we reproduced exactly the same experiment as in Section 3.3.6 (same parameters, same source,
etc.) and choose here w, = w, (however the same conclusions as below were also observed with
other choices of w, between w, and w,,). As expected, and contrary to what was observed in
Section 3.3.6, the solution does not blow up stable during the whole computation with a final time
of T'= 250s. The stability is confirmed by the Figure 6 where we show the evolution of the energy
Ee + En defined by (2.20). The Figure 5 shows some snapshots of the field H at different times
which the shows that the PMLs works well: both forward and backward waves are well absorbed.
This is confirmed by a comparison with numerical computations done with a larger computational
domain.

5.2 The case of generalized Lorentz materials

The following result is a generalization of the Remark 5.1 for generalized Lorentz materials.
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t=21s t=232s t=46s t=064s
t=100s t=150s t=200s t=250s

Figure 5 — Some snapshots of the field H at different times ¢ for the case w, = wy,.

%107

0 50 100 150 200 250

Figure 6 — the energy &, + &, defined by (2.20). As soon as the waves reach the PML, they are
well absorbed and the energy is decaying, both for forward and backward waves.
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Theorem 5.2. For generalized Lorentz materials (2.16), the following two natural choices lead to
a stable PML:

x(w) = eo/e(w) or x(w) = po/m(w)- (5:3)

Proof. First, notice that the generalized Lorentz model model is an isotropic dispersive Maxwell
model satisfying the growing property (2.21). We leave as an exercise for the reader to prove that
the functions x given by (5.3) are of the form (3.15) with N = M, for the first choice, N = M,, for
the second one. Obviously (4.16a) holds. It also satisfies the criterion (4.16b): the key point is to
remark that all poles and zeroes of (w) or p(w) are real and interlace along the real axis. O

Between the two possibilities offered by (5.3), one should obviously choose the one that minimizes
N, that is to say the number of additional unknown functions for the time domain PML model.
Moreover, there is no reason a priori to state that one of the two choices (5.3) is optimal in terms
of the minimization the number N; it is not difficult, by applying the construction process that
we describe in the next section, to find particular examples for which an optimal choice is none of
them.

Remark 5.3. Noticing that the set of rational functions x of the form (3.15) satisfying (4.16) is
convex, a stable PML is also obtained with

+(1-9) uléi)’ for any 6 € [0,1]. (5.4)

5.3 A general construction process for optimal stable PMLs

We propose a procedure for the construction of a stable PML for a general dispersive medium
based on the properties of the function ®(w), in the sense that x verifies (4.28). This construction is
moreover supposed to be minimal in the sense that the number of poles 2N of the rational function
X is minimal.

5.3.1 Case where the number of changes of sign of D(w) in SNR' is even.

We suppose that the number of changes of sign of ®(w) inside the set SN RT is equal to 2M.
Since D (w) > 0 for large w, we assume that there exists 2M numbers 0 < wy < -+ < waps such
that (with the convention wg = 0 and waopr41 = +00)

(1) D(w) >0 in (wi,wig) NS, (0<E<2M). (5.5)

The reader will easily realize if the number M is fixed, there may exist some flexibility in the choice
of the wy if there are gaps (G # 0). A good choice for the function x(w) is then:

M wQ M oﬂ 1
-T2 M- 50
(=1

By construction x satisfies (4.282a). It is a rational fraction in w?, with M simple zeros (the
W%e-1) and M simple poles (W%e)' Moreover it tends to 1 at infinity. Consequently, it admits a
decomposition of the form

M
X@) =1+ ZL (5.7)
=1



i.e. ay = wyy referring to (3.15). The stability conditions (4.28d) is satisfied, since

X(0)7! = (ﬁw%“) (;r_w[lw%z)l >0, (5.8)

Finally, we observe that

M

-1
be= lim (w3 —w?)x(w) =~ 11 (Wge - W§p71) 11 (Wge - ng) ) (5.9)
w2 —w3, =1 Pl
which allows us to conclude that by < 0 since
#{k: wi<wi Y=M-—0¢ and #{k: Wi <wi}=M—{. (5.10)

It also shows that (4.28b) is satisfied. The remaining condition (4.28c) is less obvious. That is why
we shall restrict ourselves to the following result:

Theorem 5.4. Assume that the wy, 1 < £ < 2M, are chosen in such a way that (5.5) is satisfied.
If in addition e(wae) p(wae) < 0,1 < £ < M, the PML model associated to the function x(w)
given by (3.15) is stable. Moreover, this additional condition is automatically satisfied for materials
possessing the growing property (2.21).

5.3.2 Case where the number of changes of sign of D(w) in § N RT is odd.

In this case, there exists 2M + 1 numbers 0 < wy < -+ < waps41 such that (with the convention
wo = 0 and wapr42 = +00)

(D)D) D) >0 in (Whwi ) NS, (0<E<2M+1). (5.11)

Then, the reader will easily check that a good choice, in the sense that a result similar to the
Theorem 5.4 still holds, for the function x(w) is then :

M 5o M w2 o
v@) =TT(-) (-2 - (5.12)

(=1 £=0
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