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Modal expansion for plasmonic resonators in the time domain*

Habib Ammarif Pierre Millien? Alice L. Vanelt

Abstract

We study the electromagnetic field scattered by a metallic nanoparticle with dispersive material
parameters placed in a homogeneous medium in a low frequency regime. We use asymptotic
analysis and spectral theory to diagonalise a singular integral operator, which allows us to write
the field inside and outside the particle in the form of a complete and orthogonal modal expansion.
We find the eigenvalues of the volume operator to be associated, via a non-linear relation, to the
resonant frequencies of the problem. We prove that all resonances lie in a bounded region near the
origin. Finally we use complex analysis to compute the Fourier transform of the scattered field
and obtain its modal expansion in the time domain.

Mathematics Subject Classification (MSC2000). 35R30, 35C20.
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1 Introduction

1.1 Position of the problem

Modal analysis has been a useful tool in wave physics to understand the behaviour of complex systems
and to numerically compute the response to an excitation. For a bounded, lossless system, the operator
A~ associated with the wave equation with Dirichlet or Neumann boundary conditions is compact and
self-adjoint when studied in the right functional spaces. Hence it can be diagonalised and a complete
basis of eigenmodes with real eigenfrequencies can be exhibited. The response of the system to an
excitation can then be computed by summing the response of each mode to the excitation.

However, when the system exhibits loss (by absorption or radiation), the operator cannot be diag-
onalised with the classical spectral theorem and the eigenfrequencies have a negative imaginary part.
Using sophisticated micro-local analysis and building on the Lax-Phillips scattering theory [21], several
authors have obtained resonance erpansions in various cases.

We refer to [28, 33| for a general presentation of resonance expansions and to the recent book [17]
for the state of the art. These expansions rely on high frequency estimates of the resolvent and, to
the best of our knowledge, rigorous resonance expansions for the transmission problem in unbounded
domains have so far only been obtained for the local scalar wave equation [26, 25] with non-negative
coefficients until the recent progress of [8, 9], which deals with non-locality in time. One should also
note that the spectral analysis used in these papers is far from elementary and hardly accessible to the
non-specialist of semi-group theory and micro-local analysis, thus making these results difficult to use.

Nevertheless, in the physics community modal analysis is heavily used in numerical nano-photonics
(see the review paper [20] and references therein) to study the interaction of light with resonant
structures such as nanoparticles and metamaterials, which are described by the non-local Maxwell
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equations. In practice, modes (or generalised eigenvectors) are computed by solving, in the frequency
domain, the source-free Maxwell’s equations satisfying the outgoing radiation condition. Several prac-
tical and theoretical issues naturally arise with this approach. Fields oscillating at a complex frequency
with negative imaginary part solving the radiation condition diverge exponentially in space (Lamb’s
so called exponential catastrophe [29]), making physical interpretations difficult and numerical compu-
tations in large domain very problematic without renormalisation techniques [30]. Generalised modes
are not an orthogonal family, making energy considerations difficult. The density of the linear span of
the family of modes has not been shown, raising questions about the possibility of representation of
any electromagnetic field as a sum of modes.

In this article, we study the electromagnetic field scattered by a metallic nanoparticle in a low fre-
quency regime, which is the one relevant for applications as it roughly corresponds to the visible/infra-
red frequency range and will be defined more precisely in section 3.4.

1.2 Main contributions

For a metallic nanoparticle D under the illumination E™ at frequency w, we give a Laurent series
expansion in w for the electromagnetic field inside the particle:

E(w) = Z n(w) (E™(w),e,) e, in D,

where e,, are eigenvectors of some singular integral operator, «, are holomorphic functions and the
poles w,, belong to the lower complex half plane and depend on the size and shape of D (see Lemma 4.1).
We also give a similar expansion for the scattered field outside the particle (see Proposition 4.1)). Note
that (w,) are not the static resonances predicted by the static theory of electromagnetic fields, but
dynamic resonances that take into account retardation effects due to the non-zero ratio size of the
particle over the wavelength of the incoming field in the frequency range considered (see Section 3).
This is important since the static theory does not give a good approximation of resonant frequencies for
moderate size nanoparticles [22, Section IV-B]. We also show that all the resonances lie in a bounded
region near the origin of the lower complex half plane. From this pole expansion, using only elementary
complex analysis tools (Paley-Wiener and residue theorems), we give a resonance expansion for the low-
frequency part of the electromagnetic field in the time domain in Theorem 5.1. Since the poles lie in a
bounded region near the origin, we can capture all the resonances with a low frequency approximation,
without the need for the usual high-frequency resolvent estimates required for resonance expansions in
the Lax-Phillips setting. To the best of our knowledge, it is the first time that an expansion of this type
is obtained using only integral operator theory and elementary spectral analysis. We show that in the
time domain, causality ensures that the electromagnetic field does not diverge exponentially in space.
Similar results were obtained in [12] for a non-dispersive dielectric spherical scatterer in any frequency
range. Our result is valid for an arbitrarily shaped scatterer (with some regularity conditions) and for
dispersive media, but only for low frequencies. We would like to point out that despite the apparent
similarities, our approach is very different from diagonalising the volume integral operator from the
Lippmann-Schwinger equation at a fixed real frequency w € R, as it is done in [10], since, in these
expansions, the poles obtained depend on the working frequency w and cannot be used to compute
the electric field in the time domain with a residue theorem.

1.3 Sketch of the article

The paper is structured in the following way: We start from the classical volume integral equation at
frequency w for the electric field E, which reads, for a scatterer D constituted of a dispersive material
under the excitation E™,

(I-y'(w)T*)E=E™  inD,



where 7% is a singular integral operator and = is a non-linear function of w that depends on the
model for the permittivity of the scatterer (Section 2.3). We begin by studying the static-limit oper-
ator 7°. Using links with the Neumann-Poincaré operator and the Plemelj symmetrisation principle
in H=/2(dD), we build an eigenbasis for 70 (Section 2.4). Then, writing 7* as a perturbation of 7°
and using a perturbative spectral analysis technique, we compute the eigenvalues of 7% (Section 2.5).
We then compute the roots of the equation vy(w) € o(T*) and define these as the resonant frequencies
of the system (Section 3). In Section 4 we give the Laurent series for the electric field. Finally, in
Section 5 we give the resonance expansion for the low-frequency part of the electromagnetic field in
the time domain.

2 Maxwell’s equations for a metallic resonator

2.1 Problem geometry

We are interested in the scattering problem of an incident spherical wave on a plasmonic nanoparticle.
The homogeneous medium is characterised by the electric permittivity e, and the magnetic perme-
ability jt,,. Let D be a smooth bounded domain in R?, of class C1'* for some a > 0, characterised
by electric permittivity €. and magnetic permeability u.. We assume the particle to be non-magnetic,
ie, 4 = pe = pyy in R, We define the wavenumbers k. = w,/E.tc and k,, = Wy/Emflm. Let
e = e.X(D) + emx(R?\ D), where x denotes the characteristic function. We denote by cq the speed
of light in vacuum, ¢y = 1/,/Egftg, and by ¢ the speed of light in the medium, ¢ = 1//Z;ftm. Let
D = z + 6B, where B is the reference domain and contains the origin and D is located at z € R3 and
has a characteristic size § small compared to the operating wavelength dk,, < 1. Let v be the normal
vector. Throughout this paper, we assume that &, and u,, are real and positive. We also assume that
Qe < 0.
Hereafter we use the Drude model [24] to express the electric permittivity of the particle:

w2
(W) = - 5—F——1, 1
fe(w) = € w? + jwT1 @)

where the positive constants w, and T are the plasma frequency and the collision frequency or damping
factor, respectively. We write €, = v/neg where n is the refractive index of the medium.
2.2 Formulation
For a given incident wave (E, H™) solution to Maxwell’s equations
V x E" = jwu,, H® in R3,

V x H® = —jwe,,E™ — 4 Pds in R3,

Whm

where the source at s has a dipole moment p € R3, let (E, H) be the solution to the following Maxwell
equations:
V x E =iwpH in R3\aD,
V xH = —iweE in R3\aD, (2)
[vxE]=[vxH]=0 on 0D,

subject to the Silver-Miiller radiation condition:

lim |z|(y/fm(H - H™) x & — \/5,,(E — E™)) =0,

|z|—o00
where & = x/|z|. Here, [v x E] and [v x H] denote the jump of ¥ x E and v x H along 0D, namely,

[VXE]Z(VXE)|+—(V><E)‘_, [VXH]:(VXH)’+—(VXH)|_.



Proposition 2.1. IfZ[e.] # 0, then problem (2) is well-posed. Moreover, if we denote by (E, H) its

unique solution, then (E,H)|_ € H(curl, D) and (E, H)| € Hyoc(cur,R?\ D).

)|D R3\ D

Proof. The well-posedness is addressed in [31, 15, 6]. O

2.3 Volume integral equation for the electric field

We now recall the well-known Lippmann-Schwinger equation [4] satisfied by the electric field for a
non-magnetic particle:

E(z) = Ein(g) + Tm—f¢ (3)2 /D T4 (z,9)E(y)dy, =eR (3)

Em c

where I'“ | the dyadic Green’s function, is defined in Appendix A.2. Consequently, it suffices to derive
an approximation for the electric field E inside D and insert it in the right-hand side of (3) to obtain
an expression for E for all points outside.

Lemma 2.1. Using the dyadic Green’s function, one can express the incident field as
E™(z) =T%(z,s)p, x€R>. (4)

Proof. For x € R3, the incident fields solves

. 2 .
V x V x Eif(z) — (%) E(z) = pd, ()
S0
E"(z) = (¥ +pd.) («) = [ T% (2 = y)pdi(o)dy =T 2. )p.
R
O
Definition 2.1. We denote the contrast v by
Em
’Y(w) - Em — 6c(w)'
Restricting equation (3) to D yields the following integral representation.
Proposition 2.2. The electric field inside the particle satisfies the volume integral equation:
(v(w)l —TS ) E=7wE"  inD, (5)

where ’TD% : L2(D,R?) — L?*(D,R3) is a singular integral operator of the Calderdn-Zygmund type,
defined in Appendix B.1.

Proof. See [13, Chapter 9] or [14]. O
’TD% is neither compact nor self-adjoint on L?(D) so diagonalising TD% directly to find a modal

expansion for E is not possible. However, when w = 0 (in the static regime), the operator 7 has nice
properties.



2.4 The static regime
2.4.1 Main results

Lemma 2.2. In the static limit, when wdc™t — 0, (5) becomes:
(v(w)I = TH) E =~v(w)VU™ + O (wdc ™) in D, (6)

where VU™ s the orthogonal projection of E™ on the space W C L2?(D,R3) (W is the space of
gradient of harmonic functions, see Lemma 2.3 for more details).

The goal of this section is to show that the following theorems hold:

Theorem 2.1 (Spectral decomposition of T3). The set of eigenvalues (Vn)nen of TD0|W s discrete,
and the associated eigenfunctions (e,)nen form an orthonormal basis of W. Hence we have:

7iD()’VV = Z’yn<ena '>L2e’ﬂ7
n

and Tn € ]O, 1]

Theorem 2.2 (Modal decomposition in the static regime). When wdc™t — 0,
E=)" W) (E™ e,z en in D.
—~ (W) =
Proof. Theorem 2.2 is a direct consequence of Theorem 2.1 and equation (6). O

2.4.2 Proof of Theorem 2.1
Recall the following orthogonal decomposition.

Lemma 2.3. We have
L*(D,R?) = VH} (D) ® H(div 0,D) & W,

where H(div 0, D) is the space of divergence free L? vector fields and W is the space of gradients of
harmonic H'-functions.

We start with the following result from [15]:

Proposition 2.3. 73 is a bounded self-adjoint map on L*(D,R3) with VHE (D), H(div 0, D) and W
as invariant subspaces. On VH(Q), TS[e] = e, on H(div 0,D), T5[e] =0 and on W:

v TYle] = (;H/c;g,) le-v] on OD,

where K7, is the Neumann-Poincaré operator defined in Section B.1.

Proof. The proof can be found in [18, 15]. O

From this, it immediately follows that the following corollary holds.

Corollary 2.1. Let v # 1. Let e Z 0 be such that

ve—Tple]=0 in D.



Then,

ecW,

V-e=0 mn D,

ve=VSple- V] in D,
1

Ve v = <21+ICE) [e- V] on 0D,

where Sp s the single-layer potential defined in Section B.1.

Remark 2.1. It has been shown in [1, 6] that the plasmonic resonances are linked to the eigenvalues
of the Neumann-Poincaré operator. Corollary 2.1 shows that the volume integral approach and the
surface integral approach are consistent with one another.

We now have all the tools to prove Theorem 2.1. With Proposition B.2 one can build a basis of
eigenvectors (¢, )nen for K}, in H*(0D), associated to the eigenvalues (A,)nen. Using Corollary 2.1
one can see that the gradient of the single layer potentials of this eigenbasis is a basis of W constituted
of eigenvectors of T3 with eigenvalues v,, = % + A, neN.

2.5 Dynamic regime

Our strategy is to work in a perturbative regime where wdc~! is small but not zero, where we compute

the eigenvalues of TD% as perturbations of eigenvalues of 73 and use the eigenvectors of 73 to build a
modal basis.

Recall that when the ratio of the size of the particle over the wavelength in the surrounding medium
wdc™! is small but not zero, the governing equation for the electric field is

(v(w)f - TD%) E = v(w)E™ in D.

In order to get a modal decomposition similar to the static case one, we need to study the eigenvalues

of TD% as perturbations of eigenvalues of 73. This was done in |5, Section 4] and we recall here the
main results.

Lemma 2.4. Let v,, be a simple eigenvalue for TS. Then, if |wSc™!| is small enough, there exists a

neighbourhood V- C C of vy, such that ’TD% has exactly one eigenvalue in V' denoted A, (w).

Proposition 2.4. The following asymptotic formula for the perturbed eigenvalues holds:

Yo (W) = Vng + <(TD% — TB) eno,en0> +o0 (w2520_2) , (7)

L2(B,R3)
where e,, € L*(D,R3) is a unitary eigenvector for T3 associated with ~p, .

Remark 2.2. In [5] the remainder is of order wdc™1 only. Nevertheless, it has been shown in [7],
in the formalism of layer potentials and boundary integrals, that the perturbation of the eigenvalues is
actually of order w25%c—2.

Proposition 2.5. Let g € L2(D,R3). If f € L?(D,R3) is a solution of

('v(w)f - T;) f=g,
then

<ga eno>L2

Eenal e ) =y @)

(8, eny) L2 .
Y (W) = Yng — <(TD% — 7’8) eno,eno>L2 + 0 (w26%c¢~2)

~




Using the governing equation for the field inside the particle we immediately get a modal expansion
inside the particle.

Corollary 2.2 (Modal expansion in the dynamic case). When wéc™! < 1,
- (W) . s |
E_;mﬂa 7e">L2(D7R3)en+O 7 in D
with
’yn(W) =%t <<T5 o TB) en,en>

The Lippmann-Schwinger equation allows us to extend the expansion outside the particle:

oy HOLET):

Corollary 2.3 (Modal expansion outside the particle).

, w\?2 1 , w w6 —
E(z) = E"(z +(—) ——(E" e, /I‘? x,yenydy+0<>, reR3\ D.
@) =B+ (3) X g B e [T @ajent) - \

Before we can study the electric field in the time domain, we need to determine the localisation of
the poles. In the next section we study the roots of the equations:

Y(Ww) = Yn (static regime),
V(W) = Yn(w) (dynamic regime).

Remark 2.3. (Equivalent method with boundary integral operators). Corollary 2.1 shows that there is
a strong link between the surface integral operator and the volume integral operator. A similar type of
modal expansion can be obtained using layer potential operators. The layer potential operators describ-
ing the scattering problem act on L2.(dD) the space of vector fields in L? tangential to the particle.
The vectorial equivalent of the Neumann-Poincaré operator that appears cannot be symmetrised as
easily as K} in the scalar case. One has to perform a Helmholtz type decomposition on the L(9D)
vector fields, and the symmetrisation is only valid on one of the subspaces, see [1, section 4] for more
details. The computation of the perturbed spectrum can be carried through, as in [7]. Nevertheless, the
computations are quite technical, making the result more difficult to read and interpret.

3 Static and dynamic plasmonic resonances

Definition 3.1. A static plasmonic resonance can occur when vy(w) € o (T,S). A dynamic plasmonic
resonance can occur when the contrast parameter v(w) € o (’TD%).
In what follows we use the lower-case character w for real frequencies and the upper-case character

Q) for complex frequencies.

3.1 Static plasmonic resonances

Proposition 3.1. Assuming e,, € R* and using the Drude model (1) the static plasmonic resonances
have an explicit formula: Q, = Q. + Q. such that for n > 1,

2

w 1
Q) = | ———P»
" 1_771_157771 4:’1‘27
Tn €0
Q//:_i
" 2T

The static plasmonic resonances all lie in the lower part of the complex plane and their real parts are
bounded.



Proof. Let v, € a(T3):

sm—gin;c(w) =T & (W) =€ (1—71n>
wy __m—lem
w? 4 jwT-1 Yo &0
G027 4250 +iQT - T = 7”’2’ —
)
which gives the result. 0

In the non-restrictive case where the particle is embedded in vacuum, €, = &g, the expression for
the static resonant frequency simplifies to

/ 1
I
Q, = %wl%—@,

1
QII [ —
" 2T

3.2 First approximation of dynamic plasmonic resonances

Finding the frequencies w at which a dynamic plasmonic resonance can occur is the non-linear eigen-
value problem of

finding w s.t. y(w) € ¢ (TD%) . (8)
In the case where the particle is small compared to the wavelength of the incoming electric field (i.e.

in a regime where 0k,, < 1), it is possible to get an approximation of the dynamic plasmonic resonant
frequencies (£2,,(9))nen solutions of (8) by the following perturbative approach:

1. Compute the eigenvalues 7, of 73 on W:

a(T5) = () nen »
as well as the associated eigenfunctions e,, € W.

2. Compute §2,, solutions of
V() = Tn-

3. Compute the eigenvalues of the perturbed operator

A (60) = 1 + <<TD“0" - 73) en,en>

L2
4. Compute Q,(d) solutions of

V(2 (6)) = 1 (082).

5. Iterate the process if higher accuracy is needed.



3.3 Convergence analysis

This method can be seen as the first algorithmic step of a fixed-point method to determine the correct

plasmonic resonant frequency. In the following proposition we show that the algorithm is convergent.

Assume, without loss of generality, that ¢, = €9, and that ¢, is given by the Drude model (1).

()
€0

—1
Lemma 3.1. The function v : Q +—> (1 — ) has an inverse

1
4(w,T)?’

vt {Q € C,R(Q) > I(Q) < O} —{Q e C,R(Q) > 0,3(Q) <0}.

Moreover, for any Ymaz >

5 and for R(Q) € [

1 1
4(w,T) 4<pr>2’%4’

0<®R (7_1(9)) <V mazWp-

Proof. We first write:

T~ £ /-T2 + 427

2

€0
g0 — £c(2)

1
Define 771 i= Q1 o (=iT~1 + | /-T2 + 4u300). O

Proposition 3.2. Let (Q%k)>k . be defined by
€

=Z =P +i0T ' =wlZ 0=

Q’ElO) = ’7_1 (rYn)

aff)
Q'gzk+1) :7_1 <’Y’n+ <<TDC _7—B> enaen> > .
L2

2
1 )\, (098
If 5P < 3 and v, — (wpT)™2 > 2 (W> =2 ( then the sequence is convergent and
c c ¢

we denote O, (6) its limit.

Remark 3.1. Note that v, is a sequence in |0,1]N converging to 1/2. In two dimensions, the conver-
gence is algebraic for circles, geometric for ellipses. For an ellipse of semi-azes a,b with a < b, the

eigenvalues are simply:
_ 1 lfa=d "
=272 \atn)

In three dimensions, the formula for the eigenvalues is more complicated and uses elliptic integrals but
the behaviour is the same. See [2, Chapter 2] for more details.

Remark 3.2. These convergence bounds are not sharp, they are just sufficient conditions. They show
that the range of validity of the method is much better than the static approach. The first condition
gives a condition on the size of the particle for convergence. The second condition is a condition on
both the size and the shape. The smallest eigenvalue of the operator TS needs to be bounded away from
zero.

Indeed, to study plasmonic resonances of a metallic nanoparticle in the static regime at optical
frequencies, one has to take w € [2,5] - 10'® Hz, and has to consider a particle whose size is negligible
compared to the wavelength of the surrounding medium dw/c < 1. This means that the particle has



a radius of a couples of nanometers at most (see for instance [11, 23]). Here, since w, = 2 - 10" Hz,
the first condition is satisfied for particles up to several hundreds of nanometers. The second condition
depends on the shape of the particle. Assuming that vy, is somewhere between 0.2 and 0.8 (so not
too close to 0, true for any ellipse with eccentricity e < 0.8 for instance) and Q%O) is in the optical

frequencies [wy, 2w,] then the second criterion is valid for (dw,/c)® < 1/20 which is & < 100nm.

Proof. Define F(w) :=~~! (Vn + <(Tg - TDO) en,en>L2) and G(w) := v, + <(T5 — TB) e, en>L2
~y~! is meromorphic and (y7!)'(z) = w2 (-T2 +4w12)z)_1/2. Noting that G(w) — v, ~ 6w?/c?, we
have that G’(w) ~ 26%w/c?. Therefore we have:

F'(w) =G'(w) (v71) (G(w))

_ wpG' (W)
2\/G(w) — (2Tw,) 2
<%

Now, taking R(w) < Nw,, for any N € N* and 6w, /c < 1—1/N? we get that |G(w)| < 14+N?6°w?/c® <
N2. Using Lemma 3.1 with 7,0, = N? we have |F(w)| < Nw,. So we have the stability of the region
{we C, R(w) < Nw,p, I(w) < 0} and the fact that F is a contraction. Hence the convergence of the
sequence holds. O

Remark 3.3. The assumption that e.(w) follows a simple Drude model is not restrictive. One could
take a more sophisticated model for the permittivity of the metallic nanoparticle, such as the one given
in [27]. The computations to find sufficient conditions for the convergence of the method would be a
lot heavier, but essentially e.(w) would have a similar behaviour and one can check numerically that
the iterative process converges for particles that satisfy similar size conditions.

3.4 Range of validity

For a particle D = z 4 § B, the perturbed quasi-static method to describe the field at a frequency w in
the optical frequencies is pertinent if the following two conditions are met:

1. The sufficient conditions of Proposition 3.2 on d are met, for accurate computations of the
retarded quasi-static resonances. This could be written as 6 < d,,4.(B).

2. The frequency w corresponds to a perturbed quasi-static regime w < ¢/4.

We can then define, for each particle shape B, a maximum radius 0,,,,(B) and for each radius a
maximum frequency

10, e (B)[ — RF
5 — R(8) := g 9)

The fact that the sequence is converging can be interpreted this way. If the operator 79’s eigenvalues
are not too small, the corresponding static resonant frequencies are not too big. And if the sequence
above is convergent, then the perturbed resonant frequencies are all in a range where the behaviour of
the electromagnetic field is described by the perturbative approach.

Corollary 3.1 (Localisation of the poles in the complex plane). Under the convergence conditions
given in proposition 3.2, the plasmonic resonances are all located in the following bounded region of

the lower complex half plane. More over, all resonances are in a bounded region near the origin: if
Swpe™t < 1/2 then |Q,(0)] < R(5).

10



Proof. Assume that the sequence

97(10) = ’7_1(’771)

Sls,/k‘)
QD =47t (% + <<TD - 7?3) en,en> ) :
L2

is convergent (i.e. under the conditions of proposition 3.2). Then the convergence is geometric and

(8] < |90 + [924(6) - 2]
< [Q8] + 3 [+ — ol
k

Sw 2k
<lol+ 3 (%2)
k

4 Modal expansion for the electric field

We can now give a pole expansion of the scattered electric field.

Lemma 4.1. In the quasi-static limit, when wd/c < 1, the following modal decomposition for the
electric field inside the particle holds:

_ V(W) in wd .
S S o B 3 13 B A () b,

where (€,)nen is an orthonormal basis of W for the usual L*(D,R?) scalar product, and ~,(2,(6))

are the second order approximation eigenvalues of 'TD% at the dynamic plasmonic resonant frequency
w = Q,(8) on W associated with the eigenvectors e,.

Proposition 4.1. In the quasi-static regime, when wd/c < 1, the following modal decomposition for
the scattered field holds for x € R3:

Esca(x) — E(x) _ Ein(x)

! ' w2 w wd
= Ein ) s [ — - , " d b I
S s man e el (5) [T e e o (%)
(10)
Proof. Substituting the field inside D from Lemma 4.1 into (3) concludes the proof. 0

Remark 4.1. Note that this method of constructing the modes by defining a modal basis inside the res-
onator for L>(D) and expanding the modes outside of the resonators leads to non-diverging eigenmodes
forw e R.

One can see that the function w — E*®(w) is meromorphic and has simple poles at w = §,,(4).
One can define the so-called quasi-normal modes as the excitation independent part of the residue of
ES® at each pole.

Definition 4.1. The quasi-normal modes are the functions defined by

e,(z), reD,

2 Qp (8) 3\ =
I (z,y)en(y)dy, xeR’\D.
D

11



Remark 4.2. About the completeness of quasi-normal modes. Lemma 4.1 states that {E,} is a basis
of the subspace W C L*(D). It is a complete basis for the space of solutions of the Mazwell equations
in D.

Remark 4.3 (About the infinite sum). . In this article we do not need to consider a far-field ap-
prozimation. The closer the source to the scatterer, the larger the number of modes the sum needs to
take into account. Nevertheless, the sum is not really infinite as in most papers only the first couple
of modes are considered.

Since €,,(0) has a negative imaginary part the quasi-normal modes do not belong to L? and diverge
exponentially as |z| — oo.

In the next section we will show that in the time domain, the scattered field can be expressed using
a resonance expansion without any divergence problems by using a residue theorem.

5 Time domain approximation

Given a wideband signal f : t — f(t) € C§°([0,C1]), for Cy > 0, we want to express the time domain
response of the electric field to an oscillating dipole placed at a source point s. We assume that most
of the energy of the excitation is concentrated in the low frequencies (i.e., in frequencies corresponding
to wavelengths that are much larger than the particle, such that the response of the particle can be
studied via the perturbed quasi-static theory). This means that for a fixed § we can pick n < 1 and p
such that

where f:w — f(w) is the Fourier transform of j? The goal of this section is to establish a resonance
expansion for the low-frequency part of the scattered electric field in the time domain. Introduce, for
p > 0, the truncated inverse Fourier transform of the scattered field E*® given by

~ P )
P, [E] (z,1) = / E*4 (2, w)e~ “tdw.
—p
Recall that z is the centre of the resonator and ¢ its radius. Let us define
1
c

th (s,2) = = (Is — 2| + |z — 2| £20),

the time it takes to the signal to reach first the scatterer and then observation point z. The term
+2§/c accounts for the maximal timespan spent inside the particle.

Proposition 5.1. The incident field has the following form in the time domain:

Em(w,t):/H{I‘%(x,s)pf(w)e*i“tdw

_ ft— |$_S|/C)p+c2Di
drlx — s

[t =z — SI/C)p

4|z — s|

Proof. See Appendix A.3. O
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Theorem 5.1. For a particle of size § < Oz, the scattered field has the following form in the time
domain for x € R3\ D:

O (RG)™), t<tg,
P Esca t) = e . 12
p [ } (z,t) QWiZRGS(ESCG(QZ,Q),Qn((S)) e~ ()t L <1R(5)N> , t> ta_, (12

n=1

for N a large positive integer with ;(0) the plasmonic resonant frequencies of the particle, given by
Proposition 3.2 and R(9) is given by equation (9).

Remark 5.1. The resonant frequencies ;(8) have negative imaginary parts, so Theorem 5.1 expresses
the scattered field as the sum of decaying oscillating fields. The imaginary part of () accounts for
absorption losses in the particle as well as radiative losses.

Remark 5.2 (About the remainder R(9)). Since for a particle of finite size § our expansion only
holds for a range of frequencies |w| < R(0), we cannot compute the full inverse Fourier transform and
we have a remainder that depends on the maximum frequency that we can use. Since that mazximum
frequency R(0) behaves as ¢/§ we can see that the remainder gets arbitrarily small for small particles.
For a completely point-like particle one would get a zero remainder.

Remark 5.3. If we had access to the full inverse Fourier transform of the field, of course, since the
inverse Fourier transform of a function which is analytic in the upper-half plane is causal we would
find that in the caset < (|s — z| + |x — z| — 20) /¢, E*®*(z,t) = 0. Nevertheless, our method only works
for a truncated low frequency estimate of the scattered field, hence the arbitrarily small remainder.

Proof. We start by studying the time domain response of a single mode to a causal excitation at the
source point s. Therefore, according to Proposition 4.1 we need to compute the contribution =, of
each mode e, that is,

P .
/ Ep(z,w)e”“dw
-p

w

= o=ty T G oprenen i (2) [ P2 wmenmay] et

—p

We need the following lemma:

Lemma 5.1.

_ei%|w—z\ A(‘T7 2 (JJ/C)

Te =

where A is given in Appendiz A.2, and behaves like a polynomial in w.

One can then write:

w\ 2

<I‘%(-, S)pf(w)aen>L2 (;) /DI‘%(x,y)en(y)dy =

2 & A n A s Uy
(%) Flw) /DXDez?(\wfyH\sfv\) (lei];)/_c)ye' (y)en(v)-w)dvdy (13)

Now we want to apply the residue theorem to get an asymptotic expansion in the time domain.

Note that: )

(2, w)e” “dw = yé

E(z, Q)e”Hd0 — / En(z, Q)e A,
c+

—p cr

13



where the integration contour ijf is a semicircular arc of radius p in the upper (+) or lower (-) half-

plane, and C* is the closed contour C* = Cpi U [—p, p]. The integral on the closed contour is the main

contribution to the scattered field by the mode e, and can be computed using the residue theorem to
get, for p > R[Q,(5)],

515 En(z,Q)e A0 = 0,
ct+

55 Sz, Q)efmtdg = 2miRes (En(x, Q)eimt, Qn(5)) .

7(w)

—————— Wwe can write:
Y(w) = n(wb)

Since 2,,(4) is a simple pole of w

;15 o (z,Q)e %0 = 27iRes (2, (2, Q), 2, (8)) e O,

To compute the integrals on the semi-circle, we introduce:

0? Az, y,Q/c)e,(y)e,(v) - A(s,v,Q/c)p

Bn 9 7Q =
W00 = S .0 16cm?lz = ylls vl

(y,v) € D*.

Note that B, (-, -, Q) behaves like a polynomial in Q when |Q] — co. Given the regularity of the
input signal f € C§°([0,C1)), the Paley-Wiener theorem [32, p.161] ensures decays properties of its
Fourier transform at infinity. For all N € N* there exists a positive constant Cy such that for all
QeC

[F(Q)] < Cn(1+ Q) NSO,

We now re-write the integrals on the semi-circle

|z—y|+|s—v]
fr—ultle=rl )

/ oz, Q)e 810 = f(Q)/ Bn(y,v,Q)eiQ( dodyd(.
ctr DxD

Cy

Two cases arise.

Case 1: For 0 <t <t; ,ie., when the signal emitted at s has not reached the observation point z,
we choose the upper-half integration contour C*. Transforming into polar coordinates, Q = pe'® for
6 € [0, 7], we get:

eisz(i‘w*y‘j‘“”'—t) < elto —3() V(y,v) € D2,

and

/ oz, Q)e A0
Cy

< / | (pe'?)|ertto ~t)sin® / 1B,.(y, v, Q)|dvdydd,
0 DxD

1 — eplCr—(tg —1)]

< pCn(1+ P)_N gren[gx] 1B (-, 'apeia)HLw(DxD)Wm’
s 0o — —

where we used that for § € [0,7/2], we have sinf > 20/7 > 0 and —cosf < —1 4 20/w. The usual
way to go forward from here is to take the limit p — oo, and get that the limit of the integral on the
semi-circle is zero. However, we work in the quasi-static approximation here, and our modal expansion
is not uniformly valid for all frequencies. So we have to work with a fixed maximum frequency p.
However, the maximum frequency p depends on the size of the particle via the hypothesis p < R(9).

14



Since N can be taken arbitrarily large and that B,, behaves like a polynomial in p whose degree does
not depend on n, we get that, uniformly in n € N:

_0 <t0_tl_ClR(5)N> .

Of course if one has to consider the full inverse Fourier transform of the scattered electromagnetic
field, by causality, one should expect the limit to be zero. However, one would need high-frequency
estimates of the electromagnetic field, as well as a modal decomposition that is uniformly valid for all
frequencies. Since our modal expansion is only valid for a limited range of frequencies we get an error
bound that is arbitrarily small if the particle is arbitrarily small, but not rigorously zero.

/ En(l‘, Q)Biigtdﬂ
Cr

Case 2: For t > tJ , we choose the lower-half integration contour C~. Transforming into polar
coordinates, Q = pe'’ for 0 € [, 27, we get

‘em(i'“‘i'“‘ —t)‘ < SO y(y ) e D2,
and

27
< / F(pei®)ert=tE)sin0 / 1B, (y, v, )|dsdydd,
T DxD

1 — er(Ci—(t—tg))

p(Cr—(t—15))’

/ oz, Q)e AN
Cr

< pCn(1+p)~ N g IBi(-, -, pe®) | Lo (D Dy

Exactly as in Case 1, we cannot take the limit p — co. However, the maximum frequency p depends
on the size of the particle via the hypothesis p < R(J). Since R(§) — oo (§ — 0), using the fact that
N can be taken arbitrarily large and that B,, behaves like a polynomial in p whose degree does not
depend on n, we get that, uniformly in n € N.

1 -N

The result of Theorem 5.1 is obtained by summing the contribution of all the modes. O

/ o (z, Q)e” M0
cr

6 Concluding Remarks

In this paper we have shown, through the spectral analysis of singular integral operators of the
Calderon-Zygmund type, that the electromagnetic field scattered by a small particle constituted of
a dispersive media could be expanded in an orthogonal basis inside the particle, and that the modal
expansion could be extended outside the particle by the Lippmann-Schwinger equation (Corollary 2.3).
We have shown that the scattered electromagnetic field is a meromorphic function of the frequency,
and that the poles are the solutions to a non-linear eigenvalue problem, and that they are all located
in a bounded region of the complex lower-half plane. We have shown that the so-called quasi-normal
modes that appear in the physics literature [20] can be defined from this expansion but it is not the
only way [16]. We have then given a resonance expansion in the time domain for the low frequency
part of the scattered electromagnetic field, as a sum of complex exponential (decaying in time) fields,
using only results from surface integral operator theory. We have also shown with elementary complex
analysis that there is no divergence problem at infinity once we are in the time domain.
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A  Fundamental solutions

A.1 Green’s function

Definition A.1. Denote by T'* the outgoing Green function for the homogeneous medium, i.e., the
unique solution of the Helmholtz operator:

(A+I2)TH(,p) = 6,() B
satisfying the Sommerfeld radiation condition. In dimension three, T'* is given by

eik"w_yl

I (z,y) = xz,y € R®.

dnlr —yl’

A.2 Dyadic Green’s function

Definition A.2. Using the scalar function T defined in Appendiz A.1 as the fundamental solution
to the Helmholtz equation, we now define the matriz-valued function, referred to as the Dyadic Green’s
function, as

1
k2
where 1 is the 3 x 3 identity matriz and D2 denotes the Hessian.

I (z,y) = -T*@,y)I - 5D2I¥(z,y), 2,y €R’, (14)

Proposition A.1. T*» is a Green’s function for the background electric problem, i.e., it satisfies:
V x V x TFn — k, Tk = 5,1 in R®.

Lemma A.1. The matriz A(z,z,w) = (A)3 _, introduced in Lemma 5.1 is with entries

1
Ay = [ = 3y = ) i = of? + Bl — 5l — 2|+ ey — ) — 2P
—iwlz — 2)® — Wz — z|4},
1 .
v :m(zp —zp)(xg — 24) [—3 + 3iw|z — 2| + Wz — z|2} , forp #q.

A.3 In the time domain

In this subsection we compute the inverse Fourier transform of the Green function. For a source located
in s:

Ein(:r,t) :/I‘%(x,s)pf(w)efi“’tdw
R
w ) c? w )
:—/I‘?(m,s)lpf(w)e_“’tdw—/ —QDiI‘?(x,s)pf(w)e_““tdw
R R W

iw|z—s|/c ) iwlz—s|/c .
:/ ¢ flw)e ™“tdwp + czDi/ eif(w)e_’“tdwp
R 4m|x — s R 4m|z — 5| w?

—iw(t—|z—s|/c] —iwlt—|z—s|/c]
:/ eif(w)dwp—i—(?Di/ e751((A1)dcup
R

47|z — s r  Am|z — s
Ft =z —s|/c) o2 1 -
A VA D2 Gt —|r—
P p— ptec Mﬂx_slg( |z —s|/c)p
Fe—feslf) e Pl —le =)
47|z — s 47|z — s
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where g(w) := f(w)/w? and f\” is the second derivative of f Note that fand ]/”\” vanish for negative
arguments, which is physically meaningful since for ¢ < |z — s|/c the direct signal has not reached the
observation point yet.

B Properties of integral operators

B.1 Definitions

We start by defining a singular integral operator, sometimes known as the magnetization integral
operator [18].

Definition B.1. Introduce
L*(D,R?®) — L*(D,R?)

k .
7o f i [ Pt - 99 [ et

We also need to define the classical single-layer potential operator

Definition B.2.
L*(0D) — L*(0D)

SkD : i

or— | T%(,y)e(y)do(y),
aD
where o is the Lebesgue measure on 0D.
We also recall the definition of the Neumann-Poincaré operator
Definition B.3.
L*(0D) — L*(0D)

Kb : T (2, y)
¢ /aD T(x)qb(y)do(y), x € 0D.

When k = 0, we just write Sp and K3, for simplicity. The following lemmas can be found in [3,
Chapter 2J:

Lemma B.1. The single-layer potential Sp is a unitary operator in H='/2(0D) in three dimensions.

Lemma B.2. Calderdn identity
SpKy = KpSp in H=Y2(dD).

For more on the symmetrisation property see also [19].

B.2 Spectral properties of 7,
Proposition B.1. If 9D has CY* regularity for o > 0 then K% is a compact operator.

Proof. See [3, Chapter 2] O

In this whole paper we stand under the C'® regularity hypothesis for D. We now recall the
Plemelj symmetrisation principle:
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Proposition B.2. Let H*(OD) be the Hilbert space H=Y/?(0D) equipped with the following inner
product:

(u,0) 300 = = (W, SD[V]) 1 2.1/2 -
Then K7, is a self-adjoint operator on H*.
Proof. This is a direct consequence of Lemmas B.2 and B.1. O

Theorem B.1 (Diagonalisation of K%,)). K%, has a discrete set of real eigenvalues A, with associated
eigenvector ¢, and

Kpl#] =D An (b, 6n)ye bn, &€ H/2(OD)

with A, € | —1/2,1/2], Ao = 1/2 and |\,| = 0 as n — +o0.

References

[1] H. AMMARI, Y. DENG, AND P. MILLIEN, Surface plasmon resonance of nanoparticles and ap-
plications in imaging, Archive for Rational Mechanics and Analysis, 220 (2016), pp. 109-153.

[2] H. AmMARI, B. Frrzpatrick, H. KaNG, M. Ruiz, S. Yu, AND H. ZHANG, Mathematical
and Computational Methods in Photonics and Phononics, vol. 235, Mathematical Surveys and
Monographs, 2018.

[3] H. AMMARI, J. GARNIER, W. JING, H. KanG, M. LM, K. SoLNA, AND H. WANG, Mathe-
matical and statistical methods for multistatic imaging, vol. 2098, Springer, 2013.

[4] H. AMMARI AND A. KHELIFI, Electromagnetic scattering by small dielectric inhomogeneities,
Journal de Mathématiques Pures et Appliquées, 82 (2003), pp. 749-842.

[5] H. AMMARI AND P. MILLIEN, Shape and size dependence of dipolar plasmonic resonance of
nanoparticles, Journal de Mathématiques Pures et Appliquées, (2018).

[6] H. AMMARI, P. MILLIEN, M. Ruiz, AND H. ZHANG, Mathematical analysis of plasmonic
nanoparticles: The scalar case, Arch. Ration. Mech. Anal., 224 (2017), pp. 597-658.

[7] H. AMMARI, M. Ruiz, S. YU, AND H. ZHANG, Mathematical analysis of plasmonic resonances
for nanoparticles: The full Mazwell equations, Journal of Differential Equations, 261 (2016),
pp- 3615-3669.

[8] M. CassIER, C. HAZARD, AND P. JOLY, Spectral theory for mazwell’s equations at the interface
of a metamaterial. part i : Generalized fourier transform, Communications in Partial Differential
Equations, 42 (2017), pp. 1707-1748.

[9] M. CASSIER, P. JoLy, AND M. KACHANOVSKA, Mathematical models for dispersive electromag-
netic waves: An overview, Computers & Mathematics with Applications, 74 (2017), pp. 2792
2830.

[10] P. Y. CHEN, D. J. BERGMAN, AND Y. SIVAN, Generalizing normal mode expansion of electro-
magnetic green’s tensor to open systems, Physical Review Applied, 11 (2019), p. 044018.

[11] H. Y. CHUNG, P. T. LEUNG, AND D. P. Tsa1, Modified long wavelength approzimation for the
optical response of a graded-index plasmonic nanoparticle, Plasmonics, 7 (2012), pp. 13-18.

18



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

R. CorLoMm, R. McPHEDRAN, B. STOUT, AND N. BONOD, Modal expansion of the scattered field:
Causality, nondivergence, and nonresonant contribution, Physical Review B, 98 (2018), p. 085418.

D. CorroN AND R. KRESS, Inverse acoustic and electromagnetic scattering theory, vol. 93,
Springer Science & Business Media, 2012.

M. COSTABEL, E. DARRIGRAND, AND E.-H. KONE, Volume and surface integral equations for
electromagnetic scattering by a dielectric body, Journal of Computational and Applied Mathemat-
ics, 234 (2010), pp. 1817-1825.

M. COSTABEL, E. DARRIGRAND, AND H. SAKLY, The essential spectrum of the volume integral
operator in electromagnetic scattering by a homogeneous body, Comptes Rendus Mathematique,

350 (2012), pp. 193-197.

M. DURUFLE, A. GRAS, AND P. LALANNE, Non-uniqueness of the quasinormal mode expansion
of electromagnetic lorentz dispersive materials, (2019).

S. DYATLOV AND M. ZWORSKI, Mathematical theory of scattering resonances, vol. 200, American
Mathematical Soc., 2019.

M. J. FRIEDMAN AND J. E. PASCIAK, Spectral properties for the magnetization integral operator,
Mathematics of computation, 43 (1984), pp. 447-453.

J. L. HOWLAND, Symmetrizing kernels and the integral equations of first kind of classical potential
theory, Proceedings of the American Mathematical Society, 19 (1968), pp. 1-7.

P. LaLanNNE, W. YaN, K. VyYNCK, C. SAUVAN, AND J.-P. HUGONIN, Light interaction with
photonic and plasmonic resonances, Laser Photonics Reviews, 12 (2018), p. 38.

P. D. Lax anxD R. S. PHILLIPS, Scattering theory, Bulletin of the American Mathematical
Society, 70 (1964), pp. 130-142.

J. MAKITALO, M. KAURANEN, AND S. SUURINIEMI, Modes and resonances of plasmonic scatter-
ers, Physical Review B, 89 (2014), p. 165429.

A. Moroz, Depolarization field of spheroidal particles, JOSA B, 26 (2009), pp. 517-527.

M. A. OrpAL, L. L. LoNng, R. J. BELL, S. E. BELL, R. R. BELL, R. W. ALEXANDER, AND
C. A. WARD, Optical properties of the metals al, co, cu, au, fe, pb, ni, pd, pt, ag, ti, and w in
the infrared and far infrared, Appl. Opt., 22 (1983), pp. 1099-1119.

G. Porov AND G. VODEV, Distribution of the resonances and local energy decay in the trans-
mission problem, Asymptotic Analysis, 19 (1999), pp. 253-265.

———, Resonances near the real axis for transparent obstacles, Communications in mathematical
physics, 207 (1999), pp. 411-438.

A. D. RAkI¢, A. B. DJuriSi¢, J. M. ELAZAR, AND M. L. MAJEWSKI, Optical properties of
metallic films for vertical-cavity optoelectronic devices, Appl. Opt., 37 (1998), pp. 5271-5283.

A. G. Ramm, Mathematical foundations of the singularity and eigenmode expansion methods
(sem and eem), Journal of Mathematical Analysis and Applications, 86 (1982), pp. 562-591.

Y. K. SIRENKO, S. STROM, AND N. P. YASHINA, Modeling and analysis of transient processes
in open resonant structures: New methods and techniques, vol. 122, Springer, 2007.

B. Stout, R. CoLomMm, N. BONOD, AND R. MCPHEDRAN, Figenstate normalization for open
and dispersive systems, arXiv preprint arXiv:1903.07183, (2019).

19



[31] R. H. TORRES, Mazwell’s equations and dielectric obstacles with lipschitz boundaries, Journal of
the London Mathematical Society, 57 (1998), pp. 157-169.

[32] K. YosIDA, Functional Analysis, Classics in Mathematics, Springer Berlin Heidelberg, 6 ed., 1995.
[33] M. ZWORSKI, Resonances in physics and geometry, Notices of the AMS, 46 (1999), pp. 319-328.

20



