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STABLE PERFECTLY MATCHED LAYERS FOR A CLASS OF ANISOTROPIC
DISPERSIVE MODELS. PART II: 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 obtain explicit energy estimates
for the PML system in the time domain, by making 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. For 2D dispersive systems, our analysis allows to demonstrate the
stability of the PML system for a constant absorption parameter. For 1D dispersive systems, we show
the stability of the PMLs with a non-constant absorption parameter.

1991 Mathematics Subject Classification. 65M12, 35Q60.

INTRODUCTION

The method of the perfectly matched layers (PML), 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 and/or
dispersive media) the classical PML method may result in instabilities [3,4]. For a class of anisotropic dispersive
models PMLs were stabilized [5].

In this work we continue the analysis of the stable PMLs constructed in [5]. This class of systems describes
the wave propagation in metamaterials and plasmas in 2D. In the frequency domain, they can be written in the
form of an anisotropic dispersive wave equation:

e1(w) "1 0%u + 52(w)*18§u +w?pu(w)u =0, w € R,

where £1(w), €2(w) have a meaning of a dielectric permittivity and p(w) is a magnetic permeability. They
depend on frequency non-trivially and satisfy Im(we;(w)) > 0, j = 1,2, Im(wp(w)) > 0 for Imw > 0, an
assumption connected to the stability of the model, cf. [6].

In the time domain, such systems correspond to the Maxwell’s equations with currents, which are coupled
to the electromagnetic field through the ordinary differential equations.
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In [5] a method of construction of stable perfectly matched layers for this class of models is suggested. It
is based on the ideas of Bécache et al. [4] for isotropic metamaterials, which, in turn, generalizes the work
of Cummer [7] for the Drude model. However, the analysis in the aforementioned works does not cover the
question of the decay of an energy associated with the newly constructed PML systems.

This questions was answered for the classical PML applied to isotropic, non-dispersive Maxwell equations
by Bécache and Joly [8]. In a more general case, the derivation of energy estimates for PML systems does
not seem trivial. For example, in [8] the authors have obtained energy estimates for the PML for isotropic
Maxwell equations written in the Zhao-Cangellaris formulation [9]. The derivation of the energy estimates for
this formulation is simpler compared to e.g. Bérenger’s split formulation. 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 would allow 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 derive energy estimates is offered by the use of the method of Hagstrom and Appel6 [10].
It can be applied to a very general class of systems, however, it results in energy 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 dispersive models does not seem trivial, due to the need to rewrite the
original problem as a single equation, and then apply the method of [10] to the resulting problem.

This work is organized as follows. In Section 1 we state the problem under consideration. In Section 2 we
show how to construct stable PMLs for so-called generalized Lorentz models and derive the energy estimates
for the corresponding time-domain system. In Section 3 we extend these results to general passive materials.
Finally, in Section 4 we demonstrate how the ideas of the previous sections can be used to prove the stability
of the PMLs of [5] for 1D dispersive systems, for a non-constant absorption PML parameter.

1. PROBLEM SETTING
The wave propagation in 2D dispersive media is described by the Maxwell system:

6tDa: = aszv
atDy = _aIsz (1)
OB, = -0, Ly + 0y FE,.

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 @(s) = (Lu) (s) the Laplace transform of u(t) and introduce
Cy = {s € C: Res > 0}. With this notation, the constitutive relations read D = g(s)E, H, = u~'(s)B.. We

will assume that the dielectric permittivity is a diagonal matrix

0= (%" o).

The multiplication in the Laplace domain becomes a convolution in the time domain, which we formally denote
D= g(@t)E, B, = pu(0;)H..
The system (1) in the Laplace domain can be rewritten as an anisotropic dispersive wave equation:
s2u(s)H, —e,(s) *0%H, — 51(8)_165192 =0. (2)

To explain the assumption on the coefficients of the above equation, let us introduce the following definition.



Definition 1.1. A function ¢ : C; — C is passive if it is analytic in C; and satisfies Re (sc(s)) > 0 there.

In this work we will assume that €,, €,, p are passive. One of the examples of passive models is offered by
so-called generalized Lorentz materials [12]:

o Eat
6@(3):1+Zm7 Eat > 0, war € R, 8:07"'377'043 Oée{l',y},
=0 a
g 3)
He
—1 ke >0 wy€R,  £=0,....n,
w(s) + ; o wiz e Wt ny,

The generalized Lorentz materials include Drude materials [4] and a 2D uniaxial cold plasma [12,13].

Remark 1.2. The passivity assumption covers nonhyperbolic models as well (e.g. the diffusion equation, with
61(8) = fy(s) = 1; :U’(S) = 871)'

In [5] it was demonstrated that the well-posedness and stability of (1) follows from the passivity of coefficients
of the sesquilinear form associated with (2). Introducing the scalar product

(u,v) = /u@dm, u,v € L?,
R2
we can define the following class of sesquilinear forms.

Definition 1.3. We will call a sesquilinear form
A(u,v) = a(s)(0pu, 0zv) + b(s)(Dyu, Oyv) + s*c(s)(u,v), u,v € H'(R?),

passive if a(s) ™1, b(s)7!, ¢(s) are passive.

Informally,
Passivity of a Sesquilinear Form = Time-Domain Stability of the Corresponding System. (4)

Instead of resorting to the Laplace-domain analysis of [5], one can prove stability results directly in the time
domain, using energy techniques, cf. [14]. Extending these results to the PMLs is the subject of present work.

2. STABILITY OF PMLS FOR LORENTZ MATERIALS

The analysis for the generalized Lorentz materials (3) will play a crucial role in this work. This is due to the
fact that any passive material can be approximated by generalized Lorentz materials, see Section 3. Moreover,
Lorentz materials are the only representatives of a fairly general class of passive materials. To demonstrate this,
let us assume that e,, &, p satisfy the following assumptions, justified in [4,12,14].

Assumption 2.1. A function r(s) is a rational function r(s) = 1+ ;E‘;j;, where the polynomials p, and q,
have real coefficients, no common roots, and also deg p, < degq,. All its zeros and poles lie in iR.

A class of passive functions satisfying the above condition is quite narrow, see [14] and references therein.

n
Theorem 2.2. A function r(s) satisfying Assumption 2.1 is passive if and only if r(s) =1+ > ﬁ, where
=0" ¢

we €R andry >0 foralll =0,...,n.



Thus, passive functions that satisfy Assumption 2.1 correspond to Lorentz materials (3).

This section is organized as follows. In Section 2.1 we formulate the time-domain system corresponding
to Lorentz materials without the PML. Next, in Section 2.2 we discuss the construction of stable PMLs for
dispersive systems, concentrating in particular on Lorentz models. In Section 2.3 we show the main idea of the
derivation of the PML system that would allow to obtain simplified energy estimates. Finally, in Sections 2.4
and 2.5 we derive the energy estimates for systems corresponding to different PMLs.

2.1. Time-Domain System without PMLs

We consider the Maxwell system (1) with Lorentz parameters (3). In the time domain, we obtain the Maxwell
equations with currents, coupled to E, H, via ODEs, cf. [4]:

ath = 6sz7 (5&)

atDy = _atzv (5b)

ath = 6yEx - 81Ey7 (5C)

6tD(x = 6tEa + Zgaﬁ)\aéa (5d)
=0

at)\ozf + wiépaﬁ = Eow atpal = )\a£7 = 07 s N, O E {.’E, y}a (56)
ny,

OB, = OH. 4+ judue, (5f)
£=0

af)\ué + W'ng,uﬁ =H,, atpué = )‘/Léy L= 0,... Ny (5g)

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

. A p N
obtained similarly). The latter equivalently reads sB, = su(s)H, = (s + > S_W’éis_1> H,. One defines
=0 " m
. 1 X _ . - X R .
e = or, equivalently, SApe + WPt = H,, $Pue = Ape-

——H
s+ wigs*l =
Provided that A,¢|,_, = 0 = pusl,_,, the above coincides with (5g) in the time domain. Similarly, for B.|,_, =

H.,|,_,, we verify that (5f) coincides in the Laplace domain with B, = u(s)H.. Let us formulate the following
known result for the system (5a-5g), see also [4]. We provide its proof since it will be of use later.

Theorem 2.3. An energy € of (5a-5g), defined below, satisfies %5 = 0. Here

1
€ =5 (1B + 1B |* + | Ha[?) + & + & + £,

1= 1
Ea=75D cat (Pael® +wlellpacl®), a € {oy}, &= 5> pe (IMuell® +wpellpel®) -
=0 £=0

Proof. Test the equation (5¢) with H,, to obtain

(0B, H,) — (0yEy, H,) + (0,E,, H,) = (0,B,, H,) + (Ez,0,H,) — (E,, 0, H,) = 0. (6)



We consider the first term of the above expression; using (5f),

o

(59
(8,5BZ,H) thHH ||2+Z,LL[ ma ) : HH ||2+Z,uf u@aat u€+wuépu€)

2dt

=0 =0
e oy
(59) 1 d s 1d < : 1d s  d
= 37 Hz S 3. A 5 z 7, ¢z
5 g 117+ Zdtz,uz\\ uell? +;%,uzw#z Ocpput, Put) = 5 g IHEI1" + € (7)
The term (E,,dyH,) in (6) can be rewritten exactly like in the previous case:
(5a 5d) 1 d 9 1d 2 2
E,,0,H, E,, = - —— )\r 0 ||Dx E, .
(Ber0,H) 2 (B, 00,) @ L BP + Mfzgsf el + Zellpael?) = 2 2 + Lo (8)
Similarly one shows that —(E,, 0, H.) = 1 4| E,||> + L&, O

2.2. Construction of Stable PMLs for Dispersive Models

Consider the system (1) written in the Laplace domain (2). To construct a PML in the region z > 0, one
assumes that (2) is valid for z = & € C. The corresponding analytic continuation of H,, denoted by H.,, solves
(2), with = Z. In [4] it is proposed to choose Z as follows, for some analytic function ¥ (s),

x

+ s‘lwx(s)/o—x(x’)dx’, x>0, @) = o(x) >0, z>0, o)

0
z) 2 <0, 0, z < 0.

The classical PML can be obtained taking v, (s) = 1. For dispersive materials this choice may be unstable. We
discuss how to choose ¥, (s) in further sections. With this change of variables, (2) transforms into

8;1 (1+ Ums’lwm)_l Oy ((1 + azs’lwz)_l 8m7:[z) +e;10,,H. — s uH. =0, z eR. (10)

By analytic continuation, H. (z,y) = H.(x,y) for 2 < 0. The resulting system should be rewritten in the time
domain. We postpone this question to future sections. The PML in other directions (e.g. for y > 0) can be
constructed similarly. In corners the changes of both of the variables z and y is used.

Under (mild) assumptions on the coefficients of the sesquilinear form, one can show that the time-domain
system corresponding to (10) is well-posed, for any o,.(z) € L>(R), see [15]. It seems significantly more difficult
to show the stability of the corresponding problem for variable o, (x), cf. [16]. Finer results can obtained by
studying the sesquilinear form corresponding to (10) with o, (z) = const, € R, when (9) becomes, cf. [5],

T —x (1 + S_llp;EUw) , o, = const > 0, r € R. (11)

In this case the sesquilinear form corresponding to (10) becomes

A(u,v) = (Hf_‘l’fz—(;)%)g(f’mu’ 0av) + £4(5) "1 (Oyu, 0yv) + 2u(s)(w,v),  w,v € HY(R?).  (12)

As most of the results of this work are derived for (11), let us discuss the reasons for this choice and its place
in the analysis of the stability of PMLs. To our knowledge, so far only the energy estimates for the classical
PMLs for non-dispersive systems are available. These results are of either of two types:




(1) the energy estimates are derived for a PML system obtained from the change of variables (11), which,
strictly speaking, is not what is used in practice. Moreover, the analysis is available only in 2D, for
¥(s) = 1 and non-dispersive models. Typically, such energy estimates result in the bound of the form
V(@) < C@)|IV(0)||2, with C(t) depending polynomially on ¢. They constitute one of the steps in
the analysis of the stability of the PML models with o # const. See [8,11,17] for this kind of analysis.

(2) the energy estimates are obtained for a PML system where the change of variables (9) is performed
(again with ¢(s) = 1 and in non-dispersive case). This is indeed closer to the case of practical interest.
For 1D problems these estimates are optimal and imply stability, see [18]. However, in higher dimensions
they result in the bounds of the form ||V (¢)||; < C(t)||V(0)||2, with C(¢) depending on ¢ exponentially.
Thus, such estimates are non-optimal, since they do not reflect the stability of the underlying PMLs
(the latter fact suggested by numerous experiments). This kind of results was obtained e.g. in [8,19].

Our goal is to extend the results of the first type to 2D dispersive models, and show the stability of the PMLs
for 1D dispersive problems for o, # const (see Section 4). In this section we concentrate on the case o, = const.

2.2.1. Construction of Stable PMLs for Lorentz Materials in One Direction

The difficulty in the construction of the stable PML for dispersive models is the choice of the function ,(s)
in (9). This question had been studied in [5], and for corners in particular in [20]. Let us provide several main
results on the stability of PMLs, which are formulated as passivity of the corresponding sesquilinear forms, see
(4). One of the choices of 1, (s) resulting in stable PMLs is offered by the following statement.

Theorem 2.4 ( [5]). Let €4, €y, p be passive and satisfy Assumption 2.1. Then the sesquilinear form (12)
with ¥, (s) = e,(s) ! is passive for any o, > 0.

Remark 2.5. The passivity of the sesquilinear form (12), with ¢(s) = ¢,(s)™', implies its coercivity for all
s € C,. To see this, one tests (12) with su, to obtain

-1

Re (A(u, su)) = Re ( 5y(5)

el 4 s 0+ o)l
y T

5e,(s) 71 + 571, (s) " Loy,)? _ N
=Re( et g 10wl + 2a (o) 9yl + sias) o e
Yy x

=145 e, (s) Lo, (Re(Eey(S)fl) + 20, |6, (8)| 72+ o2e,(s)| 2 Re(gfléy(s)fl)) |0z u]|?
+ Re(52,(5) |8y ull® + Re(sp(s)) [[ull.

Notice that Re(§€;1) = Re (s@_l) = Re (s€y|5y|_2) > 0, for all s € C,, thanks to passivity. For the same

reason Re((sg,)~1) > 0, Re(5e; 1) and Re(su(s)) > 0, s € C. From this the coercivity of Re A(u, sv) follows.
The coercivity alone is not sufficient for the well-posedness or stability of the corresponding time-domain
system. In particular, one should show the analyticity of the Laplace-domain solution in C, see [5].

This is indeed not the only stable PML change of variables. While the theorem below does not show how to
construct 1, (s), in [5] it is shown that its conditions can be ensured by choosing 1, (s) that verifies certain sign
conditions on the imaginary axis. We omit these details, since they are not important for the energy estimates.

Theorem 2.6 ( [5]). Let e,, €,, p be passive and satisfy Assumption 2.1. Let additionally
(1) ¥ (s)~1 satisfy Assumption 2.1 and be passive;
(2) ex(8)ey(s) Mpy(s) ™1 be passive;
(3) 1(s)ey(s)hs(s) be passive.

Then the sesquilinear form

Ay, v) = Pg(s)ey(s)Au, v), u,v € Hl(RQ),

with A(u,v) given by (12), is passive for any o, > 0.



2.2.2. Construction of Stable PMLs for Lorentz Materials in Corners

Similar results can be formulated for the corner PMLs, which are obtained by the following change of variables:
=z (1+0.0,(s)s7), y—y(L+oyy(s)s™), Oy, Oy > 0. (13)

The associated sesquilinear form reads

A (u ’U) = €y(3)*1 (3 u, O ’U) + 51(8)*1 (8 w.d 'U) Jrszu(s)(u U) w.v € HI(RQ). (14)
o (14 s Y (s)o )2 © " (I + s 1y (s)oy)2 vV V)5 U,

The corner PML analogue of Theorem 2.4 can be obtained by a change of variables with ¢, = ¢ Land Py = e;l.

Theorem 2.7 ( [5]). Let ¢, €y, p be passive and satisfy Assumption 2.1. Then the sesquilinear form A.(u,v)
of (14) with 14(s) = ey (s)™" and ¢y (s) = e, (s)~"! is passive for any o, > 0 and o, > 0.

Notice that the above result covers the stability of the PML in one direction (by setting o, = 0 or o, = 0)
and in corners. A trivial analogue of Theorem 2.6 can be formulated as follows.

Theorem 2.8 ( [20]). Let €, €y, p be passive and satisfy Assumption 2.1. Let additionally
(1) . (s)7Y, 1y (s)™! be passive and satisfy Assumption 2.1;
(2) %6;; = ¢y5w;'
(3) p(s)ey(s)Yz(s) be passive.

Then the sesquilinear form

A (u,v) = Py (8)ey (5) Ac(u, v) = 1y (8)en(5) Ac(u, v), u,v € H'(R?),
with A.(u,v) given by (14), is passive for any o, > 0 and o, > 0.

2.3. The Main Idea of the Energy Derivation for a PML System

There exists many ways to write a PML system for a given problem, see e.g. [8] and references therein, or [4].
To derive the energy conservation in an easy manner, it is crucial to introduce a very special set of auxiliary
unknowns. One of such sets can be obtained by studying the coercivity of the corresponding sesquilinear form.

2.3.1. A Toy Example: a 2D Isotropic Non-dispersive Wave Equation (Second-Order Formulation)

Let us explain our idea based on the example of the isotropic non-dispersive 2D wave equation, to which the
classical PMLs are applied in the a-direction. In the Laplace domain it reads (with f being its source term):

- (1+ 5_101)71 0y ((1 + s_lom)f1 81,[;@) — 851?2 +s%H, = f, s€Cy, (15)

where we assumed HZ‘t:O =0, &gHZ\t:O = 0. The corresponding variational formulation reads

A, (H.0) = (14571 04) 2 (0 H., 0p0) + (0, H., 0,0) + s*(H.,v) = (f,v),  H.,ve H'(R?).

The above sesquilinear form coincides with (12) for a particular case e, = ¢, = p = 1, where the change of
variables of Theorem 2.4 is performed. To show the coercivity of the sesquilinear form for all s € C,, one tests
the above with v = sH, (and then takes the real part), see Remark 2.5,

A, (H.,sH.) = Re ((1 +5710,) (O HL, 50, 1) + (9, H., 50, ) + s(s ., sﬁz)) — Re (ﬁ sH) . (16)

Testing with v = sH, corresponds in the time domain to testing the corresponding equation with 0;H, (if
H.|,_, = 0), which is exactly what one does in order to obtain the energy estimates for the problem without
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the PML. On the other hand, it is possible to obtain some energy identities directly from (16), using the
Plancherel’s equality. To proceed with this idea, let us rewrite the first term of (16) in a more convenient form:

- N . O, H, s(1+s7 1o S
((1 +soy) 2835HZ,38IHZ) = —, ( - ””)2 0.H, (17)
(1+s510,)? (1457 1oy)
B O, H., s+2am+ags’1a i
(1+s5710,)>" (14+s1o,)* = 7
H H
= (5+20,) LZQ +o2s Lz (18)
(1+s1loy) s(1+s71loy)
Thus, (16) can be rewritten as follows:
Py ~ 2
asz 8IHZ ~ ~ ~ N
Re (s + 20,) || ——=222 || 4+ 02Res|—="2 || + Res||d, H.||2 + Res||sH.|? = Re (sz) . (19)
(14 s lo,)? ’ s(1+4 s 1o,)?

Recall the Plancherel’s identity (here n > 0) and its implication:

+o0 +oo
/ o2 (HL (£), v(t))dt — ﬁ (H.(5), 0(s))ds —> / o2t Re(Hz(t),v(t))dt:% / Re(FL.(s), (s))ds
0 nHiR 0 n+iRk

Before applying the last identity of the above to (19), let us introduce two auxiliary unknowns:
. 9. H X
j=— e =

aI-HZ
(14 s~ loy) 2

sltso) (20)

This allows us to obtain a formal energy identity (assuming zero initial conditions for j, J):

+oo —+oo
/ e 21 (1 + 200) l1I* + o5 nll J1? + 0|0y Ho |1 + )| 0. H|1?) dt = / e 1 (f, 0, )dt.
0 0

Importantly, this time-domain equality involves newly introduced unknowns (20). This suggests that when
writing the PML system corresponding to (15), it may be advantageous to introduce the unknowns (20). Let
us rewrite (15) in time using this idea (now taking f = 0 but assuming non-zero initial conditions):

OH, — 0, — 0;H, =0, (21a)
O1j + 204§ + 02J = 0,0, H., (21b)

Testing (21a) with 9;H,, we obtain

1d .
5% (HatHsz + |\5sz||2) + (]aa:vatHz) =0,
o ld
(G, 020 H2) 2 (5, 00 + 2005 + 027) ) S S|G4 20, 5] + 0284, J)

2 dt
1d

= 52 (1317 + Nl J1?) + 20151



Combining the above, we get the following energy decay law

d . 1 .
7E= 20,51, €= 5 (IOH1? + 10y H1” + |11 + o211 T|1%) - (22)
Indeed, when o, # const, the formulation (21) is not perfectly matched. However, for o,, = const, it is equivalent
to another, perfectly matched formulation.

2.3.2. Remaking the Toy Example: A First-Order Formulation

Our goal is to derive the PML system in the first order formulation, like the original system (5a-5g). On one
hand, we would like to introduce unknowns that would correspond to s~1j, s~ (the energy of the first-order
formulation for the wave equation coincides with the energy of the second-order formulation with u replaced
by 0, 1u). On the other hand, we would like to simplify the corresponding PML system of equations. First,
the system of equations in the Laplace domain with the PML change of variables, and then comment on the
introduction of the time-domain unknowns:

. o.E .
Hz = - = Ezv 2
s T s lo, + 0y (23a)
. O H.,
Ey=——— 2
5y 14+ s 1g,’ (23b)
sE, = 0,H.. (23¢)

In this first-order formulation we suggest to introduce an auxiliary unknown Ej (it corresponds to —s1J ), s.t.

. 0.H, (230 E,
E = — — .
Y (s404)? s+ 0,

(24)

This choice is advantageous for two reasons:
e there is no need to introduce an unknown corresponding to s~'j, since it can be represented as a linear
combination of the existing unknowns

_ 0, H (23b) E o L(24) .
1 xttz Yy x *
_ [ — AR - E, = —FE, + E*.
s (s4+0.) 1+ s toy) 14+ s 1o, ( S+Jz> Y y T Txy

e the above linear combination can replace the first term in the right-hand side of (23a), namely

(1+s5'0,) ' 0,E,

by 0. (Ey — ok ). Here we make use of the assumption o, = const.

Therefore, (23a-23c) can be rewritten in the time domain as follows:

OH, = -0, E, + ozazE; + 0y Ey, (25a)
OB, + 0oEy = —0,H., (25b)
OuE, = 9, H., (25¢)
O + 0, = E,. (25d)

Let us show that the energy is consistent with (22). We test the first equation above with H,, to obtain

(OuH., H,) + (0. By — 0,0 E, H,) — (0y By, H,) = 0. (26)
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The second term in the above

0By — 0,0,E5, H.) = —(Ey — 0, B2, 0, H.)

= (Ey — 0. By, 0By + 0. Ey) = (Ey — 0. E},0/(Ey — 0, Ey) + 0,0 By + 0. Ey)
25d * * * * *
(250 2dt\|E OB 4 (By — 00 00O+ 00(0EL + 0, EL))
= (By — 0.E},20,0,E}) + (B, — 0,E},03E}).

Applying (25d) to each of the two terms above yields

2
(By — 0.E},20,0,E}) = 20, ||Ey — 0, E}|%, (Ey — 0.E,02E") = (0 2By = 7”0

Yy

d
A

By, 05
Finally, combining (26) and the latter expressions, we obtain:

d

7€ = ~20llBy — o Byl*, €= HLP A+ 1B |® + 1By — on EG|12 + lloa By 1.

As expected, the above corresponds to (22), with all the unknowns substituted by their primitives in time.

2.3.3. Remarks on the Connection Between the Formulation (25a-25d) and the Bérenger’s Split Formulation

Recall the Bérenger’s split formulation for the 2D Maxwell’s equations:

H.=H., + H.,, (27a)
OB, + 0.E, = —0,H,, (27b)
By = 0,E,, (27¢)
O H oy + 0pHyp = =0, Ey, (27d)
O H,, = 0,E,. (27e)

To see how from (25a-25d) one can obtain the above system, we apply 9, to (25d), and use o, = const,
00, By + 0,0, B, = 0, E,.
Then we rewrite (25a) as
O H. = —0,Ey + 0,0, B + 8, E, = 0,0, E; + 0,E,.
Finally, we can introduce the additional unknown H,, as in (27¢). Thus, (25a-25d) can be rewritten as

O H, = =010, E;) + 04 H .y,
OEy + 0By =—0,H.,
OB, = 0yH.,

010 By + 0,0, By = 0. Ey,
O H,, = 0,E;.

Then, choosing the initial conditions 83:E;|t:0 = — H.pl,_g, and H.|,_y = H.pl,_g + Hayl,_»
that the solution of the above system coincides with the solution of (27a-27¢), and, in particular, Oz By = —Hy.

we can ensure
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2.4. Stability of the PML of Theorem 2.7, with 1, = 5;1, Py = et

In this section we extend the ideas of the construction of the PML systems of Section 2.3 to the PMLs for
problems with the Lorentz dispersion (3).

2.4.1. Construction of a PML System Corresponding to Theorem 2.7, with v, = 5;1, Py =e5 !

Let us write a PML system corresponding to (5a-5g) with the PML change of variables of Theorem 2.7.
We perform the PML change of variables in both directions, however, assume that o, o, > 0. Setting in the
resulting system o, = 0 and discarding the auxiliary unknowns associated with the PML in the direction y, we
will get the PML system in the direction x (similarly we can obtain the PML system in the direction y). Let us
start with the first equation (5a), which in the Laplace domain with the PML change of variables of Theorem
2.7 and with the use of the constitutive relation SDI = ssmE}; reads

-1
sﬁw = sswEA$ = <1 + Uy) 8yflz.

SEx

In the time-domain this is equivalent to 6;D, 4+ 0y E; = 0y H..

Remark 2.9. When deriving the PML system, one ignores all the source terms and initial conditions, since
they are necessarily supported outside of the domain where the PML is used.

The equation (5b) can be treated similarly. To deal with (5¢c), we suggest to employ the splitting idea of
Bérenger [1]. This is motivated by results of Section 2.3.3. Let us introduce split fields H., and H, so that
they satisfy in the Laplace domain the following equations:

saz(s)ﬁzy = 8yEI, ssy(s)]flm = —8ZE’y, sB, = ByEw — 8zE'y = ssm(s)ﬁzy + ssy(s)flm (28)
Applying the PML change of variables of Theorem 2.7 to the above equations, we obtain the following;:

SEx Azy + ayﬁzy = @E}, seyf{m +o0,H,, = fﬁxEAy,
sB, = sem(s)ﬁzy + ssy(s)ﬁzm = 6yE’m - ﬁmEy — nylzy —o0,H,,.

Finally, the time-domain expression of the operators se;(s), se,(s) is done similarly to the system (5a-5g), via
the introduction of the auxiliary unknowns. After the PML change of variables, (5a-5g) becomes:

0tDy + 0y By = 0yH., (29a)

0,D, + 0,E, = —0,H,, (20D)

ath + Uszy +o.H.p = ayEa: - azEyv (290>

8tHzac + Z 5yéhx€ + o, H,p = _3acEya (29d)
£=0

atsz + Z 5thyZ + Uszy = 8yEm7 (296)
=0

athaf+w,(29£ba€ :Hza; atbaé = hocéy = 07“-777‘5’ (aaIB) € {(l‘vy)a(yax)}? (29f)

which we equip with the equations (5d — 5g). In the derivation of the above system we did not use the
assumption o, o, = const, hence it is perfectly matched. However, even in the case o,, o, = const, obtaining
the energy estimates for it directly requires to solve additional difficulties, besides the dispersive behaviour.
We will report how to resolve them elsewhere. To simplify the discussion, we suggest to consider another
formulation, equivalent to (29a-29f) for constant absorption parameters (see Remark 2.10 or Section 2.3.3). It



12

differs from (29a-29f) only by treatment of the equation for B, (5¢). More precisely, we introduce E¥, E;, s.t.
ﬁzy = (’)UE';, H., = fﬁmEA;, cf. (28). Then, formally, using o, = const, o, = const,

seoBf +oyEr =By, se Bl + o,y =F,,  sB,=0,E, — 0,E, —0,0,E; +0,0,E;. (30

The realization of the operators se, se, is done similarly to (5a-5g). We thus obtain the following PML system:

0tDy + 0y Ey = 0yH., (31a)
0Dy + 0. Ey = -0, 1., (31b)
WB. + 0,0 E; — 0,0, Ly = 0y Ly — 0.y, (31c)
OE; + ) eaNig+0yEf = By, (31d)
=0
Ny
OE) +> eydy + 0By = By, (31e)
=0
NSy + w2 epl, = EF, Do = Aby, £=0,...,n4, a € {z,y}, (31f)
atDa = atEa + 25(14)\05@7 (Slg)
=0
8t>\a€ + Wi@paf = Eon atpaZ = Aala = 07 sy N, A E {$7 y}7 (31h)
OB, = 0:H. + Y judue, (31i)
=0
at>\,uZ + Wiepue = Hza atp,ué = )\;Lfa (= 0,... y Ny (31J)

In the above we introduced new PML unknowns E3, (A}, ph,), ¢ =0,...,n, and E}, ()\Ze, pzé), £=0,...,ny.

Remark 2.10. The equivalence of (29a-29f) and (31a-31j) for constant o, o, i.e. that with properly chosen
initial data, the solution E, D, B,, H, of (29a-29f) solves (31a-31j) and vice versa, can be shown as in [8].

Remark 2.11. In the system (31a-31j) the PML in the direction y is realized via the introduction of the
auxiliary unknowns Ey, A7, py,, ¢=0,...,ny. To obtain the PML in the direction x only, one sets o, = 0. In
this case (31e) and (31f) for & = y are decoupled from the rest of the equations and can be discarded.

2.4.2. Stability of the PML System (31a-31j)

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

Theorem 2.12. An energy associated with (31a-31j) defined as
1 * * * * * *
€ =5 (1B: = 0y BL|* + lloy B |* + 1By — 0w B + low Byl + [|H-||*) + &7 + £ + £-, (32)

1 =
&= 3 Zezz (INze — oy XNaell® + wipllpae — oypiell® + lloyNagll® + w2elloypiel?)
=0

n
1

& =5 D e (e = a2 Xgoll® + wiellpye — oupiell* + o Xyell* + wpellozpyell®)

£=0

Ty

1
5D ite (el + oZelpell?)
=0

N
[
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does not grow, provided o, oy > 0:

d X *
28 = =20,y — 0, BL P = 20,1, — 0, B} .
Proof. First, we test (31c) with H, to obtain
(OB., H,) — (0y By — 0,0, Ey, H.) + (0: By — 0,0, E,, H.) = 0. (33)
Let us consider each term of the above expression separately. The first term is exactly as in (7)
(md (1 2
OB, , H,) = — | =||H. E. ).
@b..11) D G (S +
The second term, after the integration by parts, becomes
(0B — 00, B H.) = (B, — 0, B, 0,H.) ") (B, — 0,E*,0,D, + 0, E,)
= (Ey —0yE3,0,Dy) + 0y(Ey — 0y By, By — 0y By + 0y EY)
= (Ey — 0yE;,0,D;) + 0y | By — 0y By || + 0}(Ey — 0, E}, )
=T+ oy | s - 0, B2 + . (34)
Let us first consider
T = (EI — o‘yE;,atDw) (3ég) (EI — UyE;,atEm + ZEM/\M>
£=0
= (B, — 0,E,0,(Ey — 0,E%) + 0,0, E%) + (Ex — oy Ex, Zeﬂm>
£=0
(31d * (12 * * =
= 2dt||E —oyE* 4+ oy | Ex — o, Ey, Z&xg)\x@ O'yEx,Ze’:‘x@)\xg
£=0
1 d * (12 * (|2 < * *
|1Ee — oy ELl|” + oyl| By — oy EL|I" + Zgzﬁ (B — 0y EL, Aae — 0y Azy) -

T 2dt pr

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

N X (31,31 )
ZE:DZ (Em _O'yEz7)\m€ Oy :EZ) Z Ext at()\zf O-U)‘xé) +w (pwf O-'Upwf) )\$€ UU)‘wZ)
=0 =0
(31h,31f) 1d ) ng , ) *
thZF:x@H)\xﬁ CTy ZH +Z5x5wxe (pr_prxeaat(pxe—aypxg))
=0
1d Mg * , , o
= id— Ext ”)\:cf ml” +wz£”pm£ - prsz ) . (35)
=0

Summarizing the above,

. . 1d
T = 2dt”E O'yEsz'i_ayHEo:_UyEa;||2+§%ZE$@ Azt = oy Xoell” + wlellpae — oypiell?) -



14

It remains to obtain an explicit energy-like expression for the term 75 in (34):

2
x ey (1) . (31f) 0y d .
T2 = 0(Ey — 0yE}, E}) o2 <aE +§ cetNip, B ) 7;3 <||E ||2+§ ae (| A5I” + w2[phe | )),

£=0

where the derivation of the latter identity is done similarly as e.g. in (7) or (35). Summarizing the above, we
obtain the following expression for the second term in (33):

* * * d *
(12 — oy EXI? + lloy Ex|°) + 20y | B — oy BZ|* + —€

. d
—(0yEy — 0y0y By, H,) = o ace

l\.’)\»—l

Repeating almost verbatim the above computations, one can show that the third term in (33) reads:

* d * * * *
(0:Ey — 0,0, E;, H.) = = (I1Ey — %Ey”2 + ||axEy||2) + 20, || Ey — axEyHQ + 5

dt Y

N | =

Summing up all the terms of (33) we obtain the desired statement. ]

Remark 2.13. The above result can be generalized to the case of Lorentz materials with dissipation, i.e.

Na
Eal
6a(8):1+282+2ya28+w3é7 6a€>05 VaZZO, wa6207 gzow"an(xaae{xay}a

71+252+2V58+wz7 MZ>03V,LLZZ()7W,LLZZO, 6:0,...,11#.

In this case the choice of ¥, (s) = g,(s)7!, ¥, = £,(s)~! would lead to a stable system.

Remark 2.14. 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 2.12. E.g. consider the first term in (32):

1B = oy B + oy B 2 1 Ball® + 2oy BE 1 = 201 Exlllloy B2 > 1Bl + 2lloy EZI1° = S 1Bl = Slloy Bl

1 1 .
I + S lloy EX 2.

2.5. Stability of the PML of Theorem 2.8, for General 1, (s), 1,(s)

An exact expression of the corresponding to the PML with the change of variables as in Theorem 2.8 is
slightly more complicated. It is easier to express the energy of this formulation in terms of new, ’effective’
electric and magnetic fields, rather than the original unknowns. However, this requires the reformulation of the
corresponding system without the PML. Similar ideas are used in [14].

2.5.1. A Preliminary Reformulation of the System (5a-5g)

Let us rewrite the Maxwell’s equations in a more convenient form, equivalent to the original Lorentz system
(5a-5g), which, however, would allow to handle easier the energy of the corresponding PML system. In particular,
notice that the PML change of variables of Theorem 2.8 results in a passivity of a special scaled sesquilinear
form. This form can be viewed as a sesquilinear form resulting from the PML of Theorem 2.7 applied to the
problem with (passive) coefficients ey = Pl el = Egﬂp;lagjl = wy_l and p¢ = ey p.

Let us consider the solution (E, H) of the system (5a-5g) with the initial conditions (E, H.)|,_, = (Eo, H.o).
As discussed before the derivation of (5a-5g), we choose Dg = Eq, B,o = H,o and zero initial conditions for the
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rest of unknowns. Then, in the Laplace domain, the system (5a-5g) reads

sggc(s)EAac — FE, = 3yﬁz, ssy(s)Ey —Ey=—-0.H., su(s)ﬁz —H,g= 3yE$ — 3$EAy.

The above can be split into two systems:

sex(s)EWY =9, HM ssy(s)E?gl) = —9,HWY, sp(s)HY — H,g = 9,E — 81E?51), (36)

and

sex(8)EP — By = 0,H®, ssy(s)E?SQ) — By =—-0,H?, su(s)HP = 0,E? — 9, E?). (37)

z Y

Due to linearity, E = E® + E® H, = Hz(l) + H§2). Let us consider the first equation of (36), which we
multiply by 1. (s) "1, (s)7!, to obtain

sex(s)qpr(s)_lay(s)_lEél) = angl(s)ay(s)_lffgl) = 8yﬁ§7 HE = w_l(s)sy(s)_lflgl).

z x

Here the index ’e’ stands for “effective’. Setting £¢(s) = e,(s)v.(s) e, (s)™!, we rewrite the above as
se(s)EY = 9, He. (38)
Next, we repeat the procedure with the second equation of (36), defining ey = Pe(s)7 L

SEZ(S)EZSI) = —0,H¢. (39)

Finally, for the third equation of (36), it suffices to introduce p®(s) = 15(s)ey(s)u(s) and rewrite
SM(S)TPw(S)gy(s)wz(S)_lEy(5)_1}}21) - HzO = S/J/e(s)ﬁ; - HzO = ayEg(vl) - azEA‘gSl) (4())

Therefore, the system (36) is equivalent to the system of equations (38, 39, 40), provided that the initial
conditions are chosen as HS(0) = H,o. Similarly the system (37) can be rewritten:

s5e¢(s)ES — Eyo = 0, H®, SEZE; —Eyp=-0,H?, spc(s)H® = 9,E¢ — 8wE§,

with B¢ = ¢,(s)1, (S)Ef), E; =gy (s)wz(s)Ez(f). Since the above two systems have similar structures, from
now on we will concentrated only on one of them, namely (38, 39, 40). Thanks to Theorem 2.8, the quantities

€5, €y, u° are passive. Therefore, they are of the following form, see Theorem 2.2:

e
No

€
ag(s)=1+zi eee >0, wep € R, £=0,...,n5, a € {x,y},

2 b)
= 5t (W)

.
He .
M(S):1+Zm, pe >0, whe €R, £=0,...,n5.
£=0 wt
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The system without the PML mimics the Lorentz system (5a-5g):
oDg = 0,H7, 0Dy, = -0, HZ,
9, BS = 0,EL — 0, BV,

né

0iDS, = BN +) 6N,
=0
39\213 + (er)%(iz = Eél)v atpzé = AZ[) £=0,... ngn o€ {xa y}a

TLH

OuBE = 0, HE + Y s,
£=0

N + (sz)QpZe = H, Pl = Ao £=0,...n°.

Then the following result holds true.

Proposition 2.15. Let (EM, HE, BS) solve the system (41) with the initial conditions chosen as HE|,_, =
Bg|,_, = H.o and as zero for the rest of unknowns. Let E, H, be the solution to the system (5a-5g) with the

initial conditions chosen as H.,|,_, = B.|,_, = Hzo and as zero for the rest of unknowns. Then EM(t) = E(t)
and BS(t) = B,(t) for allt > 0.

To recover H", we can use the identity B, = B¢, or su(s)ﬁz(l) = sp°(s)HE, which gives in the time domain:
OHD + 3" ) = 0HE + 7 persy, (42)

=0 =0
at)‘,(}e) + Wiep,(}e) =H, 37:1021@) = /\S@), 0=0,...n,. (43)

With the system (41) we can associate a conservation of a certain energy.

Theorem 2.16. An energy £ of (41), defined below, satisfies %5 = 0. Here

1 €
£=5 (IEDIP + 1P+ 1H) + &+, + .,
Ny

1 E"a e e e e 1 § : e e e e
501 = 5 Ear (||)‘af||2 + (wa2)2”pa£”2) , & € {xay}a 52 = 5 12/ (||)‘;LE||2 + (wp2)2||ppf||2) .
£=0 =0

As for the field H §1), we were not able to deduce the conservation of its norm from the equations (42-43).
However, the following stability result which will be of use later.

Proposition 2.17. The following bound holds for the solution of the system (42-43) coupled with (41):

. 1 Tu .

E.t):=3 <||H§”<t> = HEOI + 3 e (IMG O + w2ellply) <t>||2)> <2£.(0)+ CEO)F, 120,
=0

where E(t) is defined in Theorem 2.16 and C' > 0 is constant.

Proof. See Appendix A. O

Remark 2.18. The result of (at most) linear growth of the field H él) is non-optimal, at least when the initial

conditions are chosen as in Proposition 2.15. This follows from the fact that H él) solves the original Maxwell

system, and the corresponding energy conservation result extends to H. él).
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2.5.2. The PML System and Its Stability
The application of the PML of Theorem 2.8 to (41) results in the system that has the same structure as

(31a-31j). Indeed, 1, = (¢5)~" and ¢, = (¢5)~'. We can immediately write the corresponding PML system:

D+ oy EN = 0,HE,  0,D%+ 0, BV = —0,HE,
8BS = 0,E" — 0,0,E: — 9, E\V + 0,0,

ne n;

x v
OE;+> ey +oyBy =EY, OB+ ety +o0.Ey = EY,
£=0 £=0
at)‘j;( + (foe)ZPZe = E&l), atp:;( = )‘267 £=0,...,nq, S {x’ y}a
o4 (44)
0iDS, = 0,Eo + > ebuNous
£=0

at)‘gi + (w26)2p(eﬂ = Eél)v 8tpi£ = AZ[) £=0,... ngm o€ {.’E, y}a

ne

I3
0.BS = O.HS + ) 1,
£=0

6&\55 + ((JJE[)prLg = Hg, (9th€ = AZ@, { = O, ‘e TLZ.

As before, the physical field H él) can be recovered using (42-43). An energy associated with the above system
can be derived as in Theorem 2.12, and the bound on HZ(;U as in Proposition 2.17.

Theorem 2.19. An energy associated with (44) defined as
]- * * * * e e,x e,* e
£ =5 (I1ED = 0y B2l + oy B2 + |1 BSD — 0, By |2 + 0w By |2 + || HEI?) + €2 + 5% + &2, (45)

1 & .
&7 =3 > et (X6 — oy Naell® + (@) M1PSe — ayplell + oy Naell® + (@502 lloyphell®)
£=0
Ny

1 * * * *
B} 2524 (||)\Zz - Uz)\yzHQ + (Wf,e)gnpf,z - Umpyz||2 + ||Uz)\ye”2 + (WZZ)2||UzPyz||2) )
=0

<3
%
Il

e 1 n“ e e e (&3
&= 3 ZM@ (||/\,w||2 + (WMZ)QHPMHQ)
£=0
does not grow, provided o, oy > 0:
d (1) * (2 (1) * (|2
%8 = —20,|| By — o, EL||° — 2crz||Ey - O’mEyH .

Moreover, for the solution of (42-43) coupled with (44), it holds

. 1 . Tu .
E.(t) = 5 <||H;1><t> — HEOIP 4 e (N O + w2elpt) <t>||2)> <2E.(0)+ CEO), 120,
£=0

where C > 0 is constant.
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3. GENERAL PASSIVE MATERIALS: STABILITY WITH ENERGY TECHNIQUES

In this section we summarize some results on the materials whose dielectric permittivity and magnetic
permeability do not satisfy the conditions of Section 2. One of the examples is given by Warburg’s law, when
14+a+/s
s(1+by/5)

The construction of the PML for this types of systems is done as before, via a special change of variables
(9). In this section we will show the stability of the following PML.

the dielectric permittivity e(s) = 1+ , a,b >0, see e.g. [21,22] for the corresponding numerical method.

Theorem 3.1 ( [5]). Let e,, €y, p be passive. Then the sesquilinear form (14) with 1, (s) = &,(s)~! and
Yy (s) = e,(s)7! is passive for any o, > 0 and oy > 0.

The stability of the corresponding system without the PML was shown in [14] with the help of a Herglotz-
Nevanlinna representation formula. This integral representation allows to write any passive system (even dissi-
pative) in the form (5a-5g), and thus, associate with 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 (31a-31j), see Section 3.2.

3.1. Time-Domain System without PMLs

The results of this section are due to [14], where it is suggested that passive functions corresponding to

the Laplace transform of real-valued in the time domain distributions (i.e., in the Laplace domain, f (s) =
f(3), s € C) satisfy the property formulated below. The following lemma is nothing more but a version of the
Herglotz-Nevanlinna representation for such functions.

Lemma 3.2 (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

Stiltjes integral 70 dﬁéﬁ’ is finite and f(s) is represented as the following Stiltjes integral:
oo
f(s)=a+ / i'/fr(g a>0. (46)
+oo
Here a = Srliqumf(sr), and the measure vy satisfies 7{;0 dﬂg) < 00

Proof. Notice that f(s) is passive if and only if Re (—iwf(—iw)) > 0 for Imw > 0, or Im(wf(—iw)) > 0 for

Imw > 0. Hence, wf(—iw) is Herglotz, and one can apply the results of [14, Section 4.1] to f(—iw). O
For instance, to obtain the Lorentz magnetic permeability (3), we can take a sum of d-measures v,(§) =

i 1ed (€ — wye). Without loss of generality, let us assume that [6, 14]

=0

ex(s) = 1, gy(s) = 1, p(s) =1, as Res — 4o0.
Then Lemma 3.2 yields (where we take into account e, (s,), €,(sy), p(s,) = 1 as s, = 400)

“+oo “+oo
dvg, dv,,

Ea(s)zl“‘/m: o € {z,y}, N(S):1+/ma seCy.

— 00 — 00
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These identities generalize the corresponding definitions for the Lorentz materials (3), 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, p1. Let us recall from [14] how the equation sD, = se,(s)E,

can be written in the time domain. Let us introduce Z\I(g) and P, (), which map £ € R into a set of analytic
functions from s € C; into L?(IR?), so that they satisfy the following identities:

A (€) + E204(6) = Euy,  sa(€) = Ma(€), E€R.

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

oD, = 0, E, Az (§)dvz(€),
;D i E +4 (§)dvz(€) (47)

6t/\:c(£) + fsz(ﬁ) = By, atpx(é) = )\x(f), 5 eER.

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 (5a-5g):

8Dy = 8,H., 8D, = —0,H.,
0,B. = 8,E, — 0,E,,
atDa = atEa + / )‘a(€>dl/a(§)a at>\a + gzpa = Ea, atpa = >\aa € € Rva € {l‘,y},

— 00

(48)

at-Bz = atITI-z + / )\,u(g)dl/,u(g)a at>\,u + £2p# = E}L? 8tplt = )‘,uv 5 eR.

Here Ao (€), pa(§), o € {,y, u}, are functions from R to C (R; L?(R?)). An associated energy is conserved [14].

Proposition 3.3. An energy £ associated with (48), defined below, satisfies %5 = 0. Here

1
£ = 5 (1BIP + 1B, + |H.I?) + £ + £, + £,
17 17
Ea=y [ (el +Elpal?) dral). a € fovhe &= [ (IulP +Elmal?) (o)

3.2. The PML System and Its Stability

Let us perform the PML change of variables for the system (48) as per Theorem 3.1. This results in the
following analogue of the system (31a-31j) (where again the difference is that the sums are substituted by
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integrals). The derivation of this system follows the derivation of (31a-31j), combined with the use of (47).

0:Dy + oyEy = 0yH, 0:Dy + 0,Ey = —0,H,
OB, + 0,0, — amamE; =0y B, — 0. Ey,

(oo}

0tDo = OcEq + / )\a(f)dVa(f), OtAa + 5217@ =FE,, 8tpa =Xda; EER, a € {zvy}v

— 00

OE" + / N(E)dval€) + 0y = By, OE] + / Xo(©)diy (€) + 0o % = (49)

— 00

oL + &l = E, opt, =X,  EER, ac{xyl,

8,5Bz = 8tHz + / Aﬂ(g)dl/u(g), 8t)\u + €2pu = EN’ (9tpu = AH’ g c R.

We can formulate the following analogue of Theorem 2.12, with the proof almost verbatim the same.

Theorem 3.4. An energy £ associated with (49), defined as

1 * * * *
£ = L1 — 0y LI oy B 4 I, — 0By 4 ou By 4 L) 4 &4 €, 4 £,
V(T
Ex = ) / (H/\:v - Uy)‘;kcll2 +€2pr - pr;H2 + ||Uy)‘;||2 + 52”‘71/17;”2) dvg |,
(7
&y = 3 / (IAy = o2 X I + oy — oapyll? + lloaAsl1? + E[loapyl?) duy | |
.
&= [ U7 + ) v

does not grow, provided any o, oy > 0:
d * 112 * |12
%8 = —20,||E, — UIEyH —20y||Ex — oy EL |7,

4. STABILITY OF PMLS FOR A NON-CONSTANT ABSORPTION PARAMETER FOR THE 1D
DISPERSIVE SYSTEM

While we have proven the stability of the new PMLs under the assumption o, = const, obtaining the energy
estimates for o, # const remains an open question. It seems that showing the stability for varying o, is not
too trivial even for 1D dispersive models (being almost obvious for classical PMLs for a 1D non-dispersive wave
equation). The goal of this section is to prove the stability of the PMLs, that were proposed and analyzed in [5]
and in this work for o, = const, in the case when o, # const for a 1D dispersive system of equations.

All over this section, without loss of generality, we will assume that the permittivity and the permeability
are Lorentz (3). Moreover, we will consider only the PMLs suggested in Theorem 2.7. However, all the results
can be extended to more general €,, €y, i, and other PMLs (e.g. given in Theorem 3.1).
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The 1D analogue of the dispersive system of equations (5a-5g) in the Laplace domain reads:
sey(8)Ey, = —0,H., sp(s)H, = 0, E,. (50)
The time-domain equivalent of the above is given by the system of equations
oDy = -0, H, OB, = =0, Ly,
oDy = 0,.E, + zy: EyeAye, Ot Aye + wzépyg =Ly, ODye = Aye, 0=0,...,ny,

=0 (51)

Ny

OB, =0:H, +Zug>\uz7 é)t)\Merisz =H,, atp#[ = )\#g, 6207...,71#.
=0

This section is organized as follows. First, we consider a simplified case €, = p, for which the derivation of
the energy estimates can be done as for the 1D non-dispersive wave equation. Next, we will concentrate on a
general case €, # {1, and show how to deal with it by rewriting the PML system of equations in a different form
and deriving the energy estimates for this new system.

4.1. Stability of PMLs with ¢, = 5;1 for a Special Case ¢, =

Let us assume that £,(s) = u(s), and apply the PML change of variables (9) with ¢, (s) = g,(s)! to (50):

-1 —1
ssy(s)Ey—(l+ e > 0, 1., sey(s)ﬁz—<1+ e ) 0,E,.

sey(s) sey(s)

This results in the following system:

say(s)Ey + axEy =—0,H., sey(s)H, + 0. H, = -0, E,, z €R.
In the time domain, the above reads:

Dy + 0. E, = —0,H., OB, + 0, H, = -0, E,, (52a)

Ty
0Dy =By + > eydye,  Odge+wipye =By, Opye = Ay, (52b)
£=0

Ny

ath = 8tHz + Zgyf)\z€7 at)\zl + erpzf = Hza atpzf = )\257 {= Oa sy Ny (520)
=0

The energy nongrowth result follows trivially.

Proposition 4.1. An energy £ associated with the system (52a-52¢) defined as

ny ’I’Ly
E=IB P+ | HAP+ €+ & &= eye (INel> +wlellpyell?) s &= eye (IAael® + wiellp=ell?)
=0 =0

does not grow, provided any non-negative o, € L>®(R):

+oo

d
de=— / (B[ + | H.[?) 0u(2)da.
0
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Proof. The energy identity is deduced by testing the first equation of (52a) with E,, and the second equation
of (52a) with H,, and summing up the obtained identities. The details are left to the reader. (]

4.2. Stability of PMLs with ¢, = 6;1 for a General Case when ¢, #

The case €, # p is less trivial. Applying the PML change of variables (9) with ¢, = 5;1 to (50), we can
rewrite the corresponding system in the second order formulation, cf. (10),

0, <sy(5)1 <1 4 o=(@) )1 axﬁz> — 2u(s) (1 4 =(@) > H.=0, z€R,

sey(s) sey(s)

with o(z) = 0 for z < 0. Following the ideas of Section 2.3, we will show the coercivity of the corresponding
sesquilinear form for all s € C, namely

1,,v) = 5y($)*1 A | s$2u(s ou(2)(se,(s) 1) H,,v 71,0 1
A(HL,v) (1+Ux(:C)(SSy(S))_latz,axHZ>+ u )((1+ 2(@)(s2y(s)) 1) ., ) H.,ve H'(R). (53)

So far, we were able to show only a very special estimate, derived by testing (53) with v = sf[z and using a

proper scaling. Defining the branch cut of the square root as R<(, we multiply the above with 4/ f:((;)) and test

the result with sH,. This results in the following:

. 5/ Skey (L +ou()(sey)™t) X
Re< 5%y 4 (Hz,st)>:Re i ( ; )&CHZ,&CHZ
Sp |1+ o(x)(sey) !

+ Re <s &32;1 ((1 + Uw(QC)) Hz,flz>> )
sp ey

to underline that the real parts of the numerator and denominator are positive in

Sey
)

We use the notation

C,, and hence SS& does not cross the branch cut of the square root when s € C,. In this case we can use the

identity \/z122 = \/211/22 for z1, 2o € C,, and rewrite the above as follows:

Re (ﬁA (1., H)) = Re [ [s[*((sp)(s2,)) 2

2

0. H,
14 0,(z)(sgy)~t

2

+Re ey (52t [ 000 | sy o (54)
R
1 N 2 1 ~ 12
+Re [ [sf ((52) ) 1|+ 15 ((se) o0 [ a1 o

R

Thanks to Re y/(su)(sey) > 0 and Re y/(sp)~1(sey) > 0 for s € C; we can see that the real part of every term
in the above is positive. This implies the coercivity of the scaled sesquilinear form A(ﬁz,fu). Moreover, the
apparatus of the work [5] can be used to show the well-posedness and the stability of the resulting PML system
in the time domain. However, to perform the energy analysis, it is necessary to rewrite the original system of
1D equations in a very special form. This is the subject of the following section.
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4.2.1. A Preliminary Reformulation of the System (51)
For constant o, = const, the estimate (54) would imply the passivity of the scaled sesquilinear form
SS‘E—;A(I%AIZ,U)7 cf. Theorem 2.8. This suggests that to write the time-domain PML system for which the

energy estimates are derived in an easy manner, it may be first necessary to reformulate the original system
without the PML (51) in an equivalent form, making use of the ideas of Section 2.5.1.

As in Section 2.5.1, we will make use of the linearity, and rewrite the corresponding system in the time
domain, assuming the initial conditions (E,, H.)|,_, = (0, H.o). The case (E,o,0) can be treated similarly.
We thus start with (50) with the initial conditions (0, H,), using the same notation as in Section 2.5.1:

ssyE?Sl) = —830];[2(:1), suﬁél) —H,0 = -0, Fy,
and then define H¢ = (ssy)—l(su)f{,gl). Then
(s,u)(sey)El(/l) = —9,H¢, (sp)(se,)HE — Hyo = _&CEz(/l)' (55)

Since for p # €, the function \/(su)(sey) is not rational, to rewrite the above system in the time domain, we
will make use of the ideas of Section 3. In particular, notice that Re+/(sey)(sn) > 0 for s € C4. Lemma 3.2

applied to s™!4/(se,)(su), with the use of lim (5_1 (say)(s,u)) =1, yields
© Sp—+00 h

+oo
571/ (sey)(s1) = 1 +_/ ;jl/ifg)z.

Then the system (55) in the time domain reads

oDy = =0, H, 0, BS = —0, BV,
“+o0
oDy = OB + / X(©dv(€), QN+ & =EN, o =X,
—oo (56)

—+oo
0uB = O,HE + / N(O)d(E), DN+ 5 = HE, Oyl = AS.

Let us remark that here we set HS|,_, = H.o and Bg|,_, = H.o. As before, to recover Hz(l), we can make use
of the identities similar to (42-43), more precisely

ny +0oo
OHD + 3 i = OHE + [ X(©dn(o),
= J (57)

8t)\ﬂg + wizpug = I‘Iz(l)7 atpug = Auts £=0,..., ny,.

The equivalence result of this system to the system (51) mimics the result of Proposition 2.15.

Proposition 4.2. Let (Eg(,l), H?) solve the system (56) with the initial conditions chosen as HS|,_y = B:|,_y =
H.o and as zero for the rest of unknowns. Let E,, H, be the solution to the system (51) with the initial

conditions chosen as H.|,_, = B.|,_, = H.o and as zero for the rest of unknowns. Then E,f,l)(t) = Ey(t) and
Be(t) = B,(t) for allt > 0.
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Similarly, the energy conservation is a corollary of Proposition 3.3, since (56) is a particular case of (48).
Proposition 4.3. An energy £ associated with (56), defined below, satisfies %5 = 0. Here

00
1

(ISR +1aR) e =g [ (NP + €I dn. ae o)

—0oQ

&=

l\D\’—‘

4.2.2. The PML System and Its Stability

Let us now apply the PMLs to the time-domain system (56), or, in the Laplace domain (55). Performing the
change of variables (9) with 1, = ¢, ! results in the following system (recall that H.q is supported outside of
the perfectly matched layer) inside the perfectly matched layer:

(510) (529 Y (1 " "(”5)) SN N (PRTRY: 4 (1 " ”“("”) Y

s€y Sy
or, alternatively, in the whole domain:

Vsm(se)) BD + ou )y f(sm) (s,) 1 BY = ~0, 112,

(sp2) (s ) HE + 00 (2)/ (s1) (s£,) "V HE — Hog = —0, BV,

(58)

1

To write the above in the time domain we again apply Lemma 3.2 to the passive function s='y/(sey)~1(sp),

with the use of hm (sey)~1(sp) = 0. This results in the following representation:

\/ sey) " (sp) / 52+§2 (59)

With the help of the above we can write the system (58) in the time domain. We make use of s(s? +£2)_1E§1) =
Ay and a similar identity for A, He:

+oo —+o0
0D + 04 (x) / X(€)dv™(€) = =0, HE,  0,BE + 0,(x) / A (€)dv (€) = —0, Y
+oo
0,05 = 0, E{D + / X (©)dv(€), BN +Epy =B, 0wy = Ay, (60)
—+oo
8BS = O, HS + / X()d(€), DN+ ES = HE, Ot = N

(1)

In order to recover H;’, we use (57). The following stability result holds for the above system.
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Theorem 4.4. Let o,(x) € L (R). An energy of the PML system (60) defined by

_ 1)112 > 112 * *
E=|EM|? + |HLP + &+ E.+ & + &7,

+oo +oo
6/ (X)) + €215 1) do(€), 5:;_/ / (A2 + €215 2) o (@)dodv™ (), ae fa,2},

remains constant: %5 =0.

Proof. The result is obtained by testing the first equation of (60) with E?(,l), the second equation with H? and
summing up the two obtained identities. The details are left to the reader. (|

First of all, in the above we can clearly see the role of the condition o,,(x) > 0: it is required for the stability of
the PML system. Unlike the results of previous sections for o, = const, the above result shows the conservation
of a certain energy, rather than its decay. In practice this may appear non-optimal.

The non-optimality becomes clear when one considers the case u(s) = €,(s), for which one can obtain a finer
energy decay result in Section 4.1, but for which the results of Theorem 4.4 still remain valid. For instance, in this

+oo
case, (59) degenerates to a very special representation of the symbol s™!, namely s~ =7~ [ %, seCy.
—00

In this case, on one hand \/(se,)~1(su)E, = E, in the time domain corresponds to FE,, and on the other hand
+oo
it can be represented as 7! [ ASdE, see (60).

Nonetheless, the energy conservation result obtained in this section is not surprising, and is a consequence of
the fact that the system (60) can be viewed as a conservative extension of an equivalent PML system, see [14].

)

As for the original unknown H §1 , the corresponding stability result mimics Proposition 2.17.

Proposition 4.5. For the solution of the system (60) coupled with (57), the following holds true:

Et)= ¢ <||H§1><t> O + 3 e (WD) +wzz||p&)<t>2)> < 2£.(0) + CE(O)22,
£=0

where E(t) is defined in Theorem 4.4.
Proof. See the proof of Proposition 2.17 in Appendix A. O

The above result indicates a possible linear growth of the field H. ;El). At the moment it is not clear whether
this estimate on the behaviour of the field Hil) is optimal, cf. Remark 2.18.

5. CONCLUSIONS AND OPEN QUESTIONS

In this work we have examined the stability of the PMLs of [5] for dispersive models with the help of the
energy techniques. We exploit the coercivity of the corresponding sesquilinear form in the Laplace domain,
and based on its analysis, we show how a set of auxiliary PML unknowns can be introduced to simplify the
derivation of the energy estimates. This technique allows to obtain the stability result for a constant absorption
parameter in 2D, and can be extended to the analysis of the PML with a non-constant absorption parameter
in 1D.

There are many open questions remaining, among them the derivation of the energy estimates for a non-
constant absorption parameter in two dimensions, even for classical PMLs and non-dispersive case. Another
interesting question is whether the technique of this work can be extended to analyze the stability of classical
PMLs in 3D. To our knowledge, no energy estimates are known in this case even for a constant absorption
parameter. This constitutes a subject of a future research.
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APPENDIX A. PROOF OF PROPOSITION 2.17
Proof. Testing (42) with HY — H¢, we obtain

e

(0™ — 1), HO = HE )+ > e (AL HD) =3 e (A HE) + 30w (N HO = HE) . (61)
=0 £=0 £=0

The left-hand side of the above is %&, see also (7). 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
om (oM b
< 1EES e AR < cnmz (anA&)uz) <C/EOE,  Cy>o,
£=0 £=0

ny,
Z 1274 (Af}g)a H;i)
{=0

where we used the energy identity of Theorem 2.19 and the definition of £,. Similarly, for some €’ > 0, the
second term of the right-hand side of (61) satisfies

ne

" "
> u (N HY = HE)| < CIHD = B p€lINGl
£=0 £=0

To bound the above, we notice that Theorem 2.19 implies that [[Af,(?)|| < C*E(0), with ¢ > 0 and C* indepen-
dent of ¢, see also Remark 2.14. Thus, for some constant C; > 0,

iue (AZwHé”—H,:) < C1y/E(0)E...
£=0

Thus we get from (61) the following differential inequality:

— <
dtgz < CQ 5(0)52, 02 > 0,
or
1d
5 V& < Cov/E)

From the above we obtain

&) < (202 VEO)E + \/5;(0)>2 <2 (40225(0)152 + 5}(0)) .

O

The above result shows that || H. W (t)— HZ(t)]| grows at most linearly, and since ||HE(¢)|| is uniformly bounded
in ¢, the growth of ||HZ(1)(t)H is at most linear.
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