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Abstract

In this work we report on a reduced-order model (ROM) based on the proper orthogonal decom-
position (POD) technique for the system of 3-D time-domain Maxwell’s equations coupled to a
Drude dispersion model, which is employed to describe the interaction of light with nanometer
scale metallic structures. By using the singular value decomposition (SVD) method, the POD
basis vectors are extracted offline from the snapshots produced by a high order discontinuous
Galerkin time-domain (DGTD) solver. With a Galerkin projection and a second order leap-frog
(LF3) time discretization, a discrete ROM is constructed. The stability condition of the ROM
is then analyzed. In particular, when the boundary is a perfect electric conductor condition,
the global energy of the ROM is bounded, which is consistent with the characteristics of global
energy in the DGTD method. It is shown that the ROM based on Galerkin projection can
maintain the stability characteristics of the original high dimensional model. Numerical ex-
periments are presented to verify the accuracy, demonstrate the capabilities of the POD-based
ROM and assess its efficiency for 3-D nanophotonic problems.

Keywords: Discontinuous Galerkin time-domain method, model order reduction, proper
orthogonal decomposition, stability analysis, metallic nanostructures

1. Introduction

Nano-Plasmonics is an active field of research concerned with the study of the interaction
of light with metallic nanostructures [1], leading to resonant oscillations of the conduction-
band electrons at the metal surface [2], typically depending on the frequency and polarization
characteristics of incident light as well as on geometrical and compositional factors [3]. These
resonances can both enhance and confine optical fields [4]. Many attractive and/or potential
applications [1, 5], e.g., sub-wavelength imaging, invisibility cloaking, nano antennas, chemical
biosensors, metamaterials, plasmon waveguides, and magnetic storage media, leverage this local
field enhancement. From the mathematical modeling point of view, these applications require
to solve the system of Maxwell’s equations coupled to an appropriate mathematical model of
physical dispersion for characterizing the material properties of the involved metallic nanostruc-
tures at optical frequencies [1, 4], such as the Drude model [6, 7], the nonlocal hydrodynamic
Drude model [8], and the generalized nonlocal optical response model [9].
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Several numerical methods have been developed for computing the numerical solution of
the time-domain Maxwell’s equations. Finite difference time-domain (FDTD) algorithm [10]
proposed by K.S. Yee in 1966 is the most widely used approach among physicists and engi-
neers due to its simplicity and efficiency. In this method, the whole computational domain is
discretized using a structured (Cartesian) grid. However, FDTD methd poorly perform when
facing the modeling difficulties that are inherent to realistic nanophotonic applications, in par-
ticular in the presence of curved geometries of the considered nanostructures, because Cartesian
grids can only approximate these irregular boundaries in a stair-cased manner [11]. In this con-
text some more flexible methods based on unstructured and possibly non-conforming meshes
are particularly attractive. This is for instance the case with discontinuous Galerkin (DG)
schemes. A discontinuous Galerkin time-domain (DGTD) method can be seen as a mix of the
finite element (FE, spaces of basis and test functions are defined) and finite volume (FV, the
neighboring elements are connected by numerical traces) type discretization methods [12], but
generally performs better than both by exploiting their positive features [13]. In particular,
the DGTD method has several attractive features, for example, easy adaptation to complex
geometries and material composition [14], local approximation order strategy [15], as well as
easy parallelism [16]. We note that DGTD method is increasingly used in the simulation of
time-domain nanoscale light-matter interaction problems [12, 15, 17, 18, 19, 20, 21, 22, 23, 24].

Although the DGTD method is highly accurate and widely applicable, it forms a high-
dimensional model (HDM) because of the duplication of the degrees of freedom (DoF) on the
boundaries of the elements, typically several millions in large 3-D problems, which is greater
than the number of DoF used by the FE type discretization method for the same level of
accuracy [25]. Hence, it is attempting to develop a reduced-order modeling strategy for the
DGTD scheme with a significantly smaller DoF but maintaining a sufficiently high accuracy,
which will be then applicable to goal-oriented studies such as optimal design of nanostructures
or propagation of modeling uncertainties [26]. Different kinds of reduced-order models (ROM)
have been developed, such as simplified models and data-fit models [27, 28]. The alternative
ROM that we consider in this study is a projection-based model, which proceeds by identifying
a reduced subspace that is constructed to retain the essential character of the system input-
output map [27]. There are many approaches for constructing the reduced subspace, see [29]
for a detailed survey.

Proper orthogonal decomposition (POD) method, also known as Karhunen-Loeve expan-
sions, principal component analysis, or singular value decomposition, is a popular basis genera-
tion approach for the reduced subspace [27, 30, 31, 32] because it is applicable to a wide range of
problems, including time-dependent and nonlinear problems. The POD method with snapshots
technique introduced by Sirovich [33] is probably the most widespread used to construct the
ROM at least in terms of applications [2]. The POD method has widely been used in realistic
numerical simulations [2, 32, 34, 35, 36, 37, 38, 39, 40, 41]. The starting point for POD method
is a set of solutions, typically called snapshots, that are sampled offline from a high fidelity sim-
ulations or experiments at a number of time levels. ROM is created by constructing the reduced
subspace composed of a set of low-dimensional POD basis vectors, which are generated by the
snapshots, and seeking approximation solutions within this reduced subspace via Galerkin pro-
jection or other means. POD-Galerkin method combined with some numerical methods, such
as finite difference (FD) [42, 43, 44], FE [45, 46, 47], FV [48, 49], and DG [26, 37] methods,
has proved to be a powerful technique to save computational time for the time-domain partial
differential equations (PDEs).

In this study, we couple a POD technique with a classical DGTD method (termed POD-
DGTD) for the 3-D simulation of electromagnetic wave interaction with metallic nanostructures
described by the Drude dispersion model, which is a sequel of [26], where we only studied the



Drude dispersion model for 2-D configurations. Here, the stability of the POD-based ROM
equipped with a second order leap-frog (LF2) method for time integration is analysed via an
energy method in this article. In addition to this theoretical results, other contribution of
this study is the numerical demonstration of the effectiveness of the combination of existing
numerical approaches DGTD and POD, in dealing with the 3-D simulation of time-domain
nanoscale light-matter interaction problems.

The rest of the paper is organized as follows. We briefly introduce the DG formulations for
time-domain Maxwell’s equations with the Durde model in Section 2. The POD-based ROM is
established, and the stability of ROM equipped with LFs time scheme is analyzed in Section 3.
In Section 4, we report some 3-D numerical results. We draw conclusions in Section 5.

2. DGTD formulations for the Drude model

Let Q € R? and Tt > 0 be a bounded convex polyhedral domain and a physical simulation
time, respectively. Moreover, €, (resp. p,) is the relative electric permittivity (resp. magnetic
permeability) parameter characterizing a homogeneous medium (e.g. vacuum, metal), o, rep-
resents the response from the bound ions and electrons of metal, wy is the plasma frequency
of metal, and 7, denotes the coefficient associated with the electron-ion and electron-electron
collisions. In order to allow for the numerical treatment of metallic nanostructures, we consider
the Drude dispersive model [6, 7], in which the frequency dependent permittivity is given by

2
Wq

er(w) = oo = w2 +iwyg’ (1)
where w is the angular frequency. Such an optical model assumes that the electrons in the
valence band are completely separated from the ions, and only the collision of electrons with
electrons and ions is considered [11]. This model explains the dispersion and loss of metals and
is often referred to as local model, because one assumes that the motion of an electron is not
coupled to that of its neighbors [2, 12]. The normalized system of 3-D time-domain Maxwell’s
equations with the Drude dispersive properties based on the direct method (DM) or auxiliary

differential equation (ADE) formulation is given by

O0H + VxE=0, in Qx[0,T¥],
cliE — VxH+J,=0, inQx[0,Ty], (2)
o0y + vadp—wiE =0, in Qx[0,Ty],

where the symbol d; denotes a time derivate, E, H, and J, respectively denote the electric field,

magnetic field and dipolar current vector. The boundary of € is defined as 92 = ', U T, with

', NI, = @. On the boundary 052, we consider a perfect electric conductor (PEC) condition

on I';;, and a first order Silver-Miiller absorbing boundary condition (ABC) on I,
nxE=0, onTl,,, (3)
nx E+znx (nxH)=nxE" 4 2n x (nx H"), onT,,

where z = \/i /¢, n denotes the unit outward normal to 09, and (E™°, H™) denotes a given
incident field. Finally, the system is supplemented with initial conditions Ey(x) = E(x,0),
Hy(x) = H(x,0), and J, o(x) = Jp(x,0).

In a DG framework, the computational domain is divided into tetrahedra elements. Let Tj
be a partition of the domain 2 using a set of elements K; of size h;, where h; = diam(K;) is
the diameter of the element K; and h = maxvy;en;, h; with Mg being the set of the indices of



elements. Then the DG method seeks an approximate solution (Ep, Hp,Jp, 1) € V) x VI x V7
that satisfies for all local element K; in 7y, as follows [26]

(atHh,V)Ki + (Eh, curlv K; — <E2 X n,V>aKi =0, Vv € Vy,
(EooatEh, V)Ki — (Hh, curlv)Ki + (Jle, V)Ki + <H;kl X n, V)@Ki =0, Vv eV, (4)
(O dpn:V)k, + (Yadph: V), — (WiER, V)K, =0, Vv € Vy.

Here, E; and Hj are the so-called numerical traces used to communicate information between
adjacent elements [13, 50], and V}, denotes the discontinuous finite element space

V= {V € (L2<Q))3 ’ VIK; € (Ppi(Ki))37 Vi € NQ}?

where P, (K;) is the space of nodal polynomials of degree at most p; inside the element K;.
We choose to use the centered numerical traces [26]. By gathering the electric, magnetic and
dipolar current vector DoF in each element into column vectors of size N = 33", N, @i with
d; being the number of DoF inside K; for each spatial dimension, one can deduce the following
global semi-discrete system

MOH, = -KE,+SE,+SE, +B(t),
exMOE, = KH, —SH, - S"H, —MJ,, - B"(t), (5)
8tip7h = _lep,h + ngh)

where Eh = E; and ﬁh = H,;, on a face of I'y,; Eh = H;, and ﬁh = E,; on a face of I';; M
is a symmetric positive definite matrix, K and S* are symmetric matrices, and S¢ and S" are
skew-symmetric matrices. Besides, S® = —S", B"(t) = 0, and B¢(t) = 0 when I', = @.

Remark 1. Equipping with LFy time scheme for the global semi-discrete system (5), one can
define the following global discrete electromagnetic energy [19, 51] in the whole domain

1 n n el nely 1 (gl
" = *[goo(Eg))TME](l) (HELJFQ))TMEE‘L 2)+P(J( +2)
d

g2 6

2 “p,h ) “p,h ] ( )

Following the proof of stability [50, 52, 53], the global discrete electromagnetic energy (6) with
_i 1

PEC only is a positive definite quadratic form of the numerical unknowns Eén), ﬂ;ln 2), ﬂém_z),

_1 1
A il
2€ 0 2 2

At < min , =, , 7
{dN+1 dn 'yd+2w3} <)
with ) ' )
dy = M3 (K — §' + §9M~ 3]
where || - || denote the canonical norm of a matriz, and ()_% is the inverse of the square root of
a matrix.

3. POD-based model order reduction

3.1. Reduced-order modeling

We equidistantly extract the £ snapshots from the full DGTD solutions. However, one may
obtain the ensemble of snapshots from physical system trajectories by drawing samples from



experiments and interpolation (or data assimilation) [37, 48, 54]. We then formulate three
snapshot matrices

(n1) (n2) (ne)

Uy Yy 0 Yy
(n1) (n2) (ne)
u u e u
;5" Wy, ;5
Ag=|"" o S eRYE ue {EH,J,}.
(n1) _ (n2) (1e)
UNn YN 0 YN

Singular value decomposition (SVD) is applied to the snapshot matrices, and then the first ky
left singular vectors ¢u 1, du2, - , Puk, are selected to form the ROM basis [55]. Defining the
associated basis matrix @y = (¢u1, Pu2, > Puka) € RY*F (u € {E,H,J,}), the approximate
solutions of the fields E;, H;, and J,, , are obtained via following standard Galerkin ansatz

E, = Ej, = ¢gog(t), H, ~H), = ®gonu(t), and J,, = J;,, = ®5,a5,(t), (8)

where ay(t) € RF and u}, (u € {E,H,J,}) respectively denote the reduced solution and the
approximate solution. With a Galerkin projection and a LF9 time discretization, we have

(n+1) (n) 1 1

« —« , 1 ~ 1

cOEMOE "B OB~ LK - §)Puay Y - O Budy Y

)Pu
1
S LB (nAY),

- OLMP; «
(n+3) (n+3)
T ag T —ag ? T j (n+1) T qed. ~(n+1)
(I)HM(I)H AL = (I)H(—K—FSZ)‘I)EO(E —{—(I)HSECI)EO(E (9)
+ LB (n+ LA,

(n+3) _ (n+3)
T 4, j A, ’ _ Ya & (n+3) (n+3)
o] Mej, = —%oT M®j, (ay 2 +ay )

+ wie] Mogag Y,

with the initial conditions

o) = (SLMbg) L OLME,,

1 1
olf) = (@ M) ofMH?, (10)
1 1
oy = (8] May,) " 8] MI'Z),

where ay(t) and @, (u = E, H) are respectively defined by

~ ag(t), if FP=T,, _ (0) au(t), if FP =T,
(8 =
au(t), if FF=T, op(t), if FP =T,

and
~ g, if FP=T,, S oy, if FP=T,,
B\ op, if FP =T,

Now, we summarize the offline and online stages for constructing the POD-based ROM in
combination with the high order DGTD method for the numerical simulation of 3-D Maxwell’s
equations with the Drude dispersive model:

(1) Generate the snapshots (samples) ensemble A, (u € {E,H,J,}) from the full DGTD

solutions.



(2) Set up the correlation matrix Cy = ALTA, € R*, and compute the eigenvalues Ay 1 >
Au2 > -+ 2 Augr, > 0 and the corresponding orthogonal eigenvectors pu 1, u2, ", Pura
where ry is the rank of A,.

(3) Choose ky to be the smallest integer such that

ky = argmin{&(ky) : E(ku) > 1 — p}, (11)

where p is the truncation tolerance, and &(ky) = Zf;l Aui/ it Aui denotes the relative
information content [56].
(4) Compute the POD basis ¢y ; = ﬁAugpu,i (i=1,2,- ,ku).

(5) Solve the fully discrete POD-based ROM (9) with the initial conditions (10) and get the

1 1
reduced solutions ozg ), ag +3) and ozSZJrQ).

1 T
(6) Expand the reduced solutions to the global solutions EZ’(n), ﬂZ’(n+2), and J,

on (8).

(n+%)

» based

Remark 2. For VX € R*, and X # 0, one can get
Py X #0, ue{E,H,J,},

because Py consists of the left singular vectors corresponding to the ky greatest singular values
of Ay. In addition, since Ml is a real symmetric positive definite matriz, we have

(@IM®,)T = I M,

and
X(@IMe )X = (2,X)TM(®,X) > 0.

So, the matriz ®EM®,, is also a symmetric positive definite matriz in (9) and (10). In particular,
the size of matriz ®LM®,, (u € {E,H,J,}) is very small, typically around 20 according to our
numerical results, so the POD-DGTD method is still effective even if the matriz is dense.

Remark 3. The general goal is to reduce the complexity of a full time-domain simulation
in order to address questions such design optimization or uncertainty quantification that will
require performing many simulations. A specific goal is to study the applicability of POD for
reducing the complexity of the full time-domain simulation and running with the same basis
different configurations. The snapshot vectors in this paper are chosen from the full DGTD
solutions. However, one may obtain the ensemble of snapshots from physical system trajectories
by drawing samples from experiments and interpolation (or data assimilation) [37, 48, 54].

3.2. Stability analysis

The stability of the POD-DGTD scheme with the LFy time scheme is now analyzed by using
an energy method, where a quadratic form plays the role of a Lyapunov function of the whole
set of numerical unknowns.

Definition 1. We consider the following form of discrete energy in the whole domain €2

r,(n+%))TMJr,(nf%)]. (12)

1 r,(n r(n r(ntg r(n—3 1
" = *[Eoo(Ef[( ))TME;[( )+ (ﬂh( +2))TME/1( oy —( =ph

J
2 w2 “=p,h
In the following, we shall prove that the discrete energy (12) is a positive definite quadratic

form of all unknowns under a Courant-Friedrichs-Lewy (CFL)-type condition on the time step
At.



Theorem 1. Using the POD-DGTD scheme (8)-(9) when I'y = @, the global discrete energy
(12) is a positive definite quadratic form of the unknowns Ej, H} and Ion if

250 2 2
d?\u + d}”v,2’ d?\f,l 'Y+ ngdyv,z

2 (13)

At < min{

with
A = | (PEMPr) 2 Bf (K — §' + %) p(@EMPE) ||

and
_1 _1
dy o = [[(2],MP3,) "2 0] MOg(PpMPE) |-
- i (n+3) (n+3
Proof. Using the fully discrete POD-DGTD scheme (9) to develop apy (resp. oy

_1 n—1 n)s . .
function of oz(}TIL 2) and ag) (resp. a_(]p 2) and 04;3)) in (12), one can obtain

)) in

rn 1 n n) | (nt3) (-3, 1~ (n+3) (n—3)
orn = 5[5oo(a§3))T<I>£M<I>Ea§E)+(aH T oL Mdpayy 2 +w—§(aJp )T Mbg,a; )

1 L. (n—3) (-3 B (=) (n—3)
- igoo(ag))%gmmgui(ag D oM Pray 2o (g ) ] Mby,ag

1
- 1At(a%1 2)

2
d
)TCI)T (K _ Sz + Se)@ (n) —iAt( ("*%))T(I)T (_M)q) (n) (14)
5 H L Jp EQE

where the parameters o and (8 are defined by

YaAt

At
a=1+"C=>1 and g=1-2

<1 (15)

In order to make the CFL-type conditions more readable, it is assumed that

By, (16)
2
which implies
1 1
- < — <1 1
27 « < ( 7)

Then, we have the following equalities and inequalities
( (o) (@EMBp)ays = 71",

(ag ) (PagMou)ay =4y

(n

Jp IR,y T =43

(n—3) THT (K — S + SO Drmal™ < 77
(a )" Pu( +8)Ppay’ <14

H
< dy T T,

n—2 n n
(af. )T 9F (~M)@pay) < 7!

3,




with ) L )
7" = |(2gMPE)z ag” ||,

I(n) . @TM(b % (n_%) 2
2 = [(Pq H) ay [t

I(n) _ (pT M‘b 1 (n_%) 2
) = 1@ My, 2ay |2,

N[

" = |(al )T (PEMPy)? (D5 MDy)
(K — S + S°) D (PEMPg) 2 (PEMPg) 2’|,
n (ﬂ*l) 1 _1
iV = (ay. *)7 (] M®y,)7 (B] MPy,)

@?pM@E@gM@E)—% (©EMPE)za],

which might cause the lower bound of the energy to be less than optimal (and then cause the
stability limit of the POD-DGTD scheme to be slightly higher). Noticing that

n n 1 n n
\/I§ ) I§ ) < f(I{ )+I§ N,

then one can get

Aty Aty 1 Atdy

— - (n)
5 e )L, —1—2(1 5 )Ly +

1 B B Atd?v,2
2 aw§ 2a

1 n
0" > (ex M. (18)

Based on (17), each one of the three induced conditions is now considered separately

250

2
dN,l + dN,Q

At < )
drN,l Vd + 2w§ld7N,2

, At <

One should eventually notice that the assumption (16) is contained in the above written con-
dition. This concludes the proof. O

Theorem 2. Under CFL-type condition, the discrete energy ©™" with PEC condition can be
bounded in the following way
@r,O

""" < 4——
1— ’
(T7e)"

Vn > 1, (20)

with 0 < o < 1.

Proof. Based on the definition of the discrete energy, we have

1 n n n n
@r,n—i-l —e"n = 5600(()[;3 +1) + Oé%))T(CI%M(I’E)(a;E +1) Oé;]))

1 n+i nt3 n—2

+ g ) (@hMer)(ay P — oy ?)
I, (n+d) (n+2) (n—1)

+ @(a% ) (@5, My, ) (ay 2 —ay ). (21)

1 (n+1) (n)
We denote by a%ﬁQ] = mE;aE). Under the CFL-type condition (1 < o < 2, and



0 < B < 1), we have

1 n n n 1
@T,nJrl —_Qm = At(ag”rﬂ)T(I)%(K Sz Sh> ;—I ) At( [ +2]) M(I)Jpa,(]p+2)

1 4 L
At(ogy 2 )TOR(~K + §' +5)bpag *
(

1 B a, (+d) g (n+1)
2w§<a_g)(a‘lp ) (q)T My ) Jp °
At (37 AT (n+1)
+ %(QJP 2) (Q) M(I) )
At n—f—l
+ %(aﬁ,p )T (@F Mbg)ay. (22)

Based on the definitions of (5) and (15), we have
K= KT, Sz — (Si)T, Sh — _Se’ (Se)T — _Se’

and

Then, one can get

1 — n 1 n 1 — n 3 "
Ol — O < At(—)(ay, )T (@F Meg)ag Y + AT ) 0§ (@ Mp)aly).

E 25 Jp
¢
(23)
One can obtain the following bound for ¢
o — (n+1
A < A DM ) 4 art P % T7eR sl Al
wg a—1 1-p |M %J(h %)H 1 (n+1) 1 (n)
< APLE ) T  ma{en IMEES ) e IMEE )
‘Qf hﬁ)
7(7’L+ 2
0 IIM2J gl n
< S Ry, (24)
d

Let C be a generic constant. Under the definition of discrete energy (12) and the CFL-type
condition, we have

Mz D)2
fP,Z < C@r,n—l-l, (h(n))Q < C«(@r,n—i-l + @T,n)'
w
d
This yields
@r,n—‘rl —_Q" < Q@r,n—‘rl + g@r,n
— 2 9
which leads to
or n+1 1+ 2 @rn 1+ Q@r,n

—1- 1-op ’
with o > 0. It is also required that o < 1, Wthh can be proved to be equivalent to
2
At < —w.
'73 + QM
o

In particular, the condition can be shown to be less restrictive than the At < %. This completes
the proof. O



4. Numerical experiments

In this section, numerical examples for the 3-D time-domain Maxwell’s equations with Drude
model are given. First, we present the problem of the standing wave in a cubic PEC cavity
for which a simple analytical solution can be computed, to validate the implementation of the
POD-DGTD method. We then consider the problem of the scattering of a plane wave by a
gold nanosphere to investigate the behavior of the method for optical problems. Finally, a more
challenging application is considered in the form of the scattering of a plane wave by a plasmonic
bowtie nanoantenna. All DGTD and POD-DGTD methods with the LF5 time scheme have been
implemented in MATLAB. All our tests are performed on a workstation equipped with an Intel
Xeon CPU running at 3.70 GHz with 32 GB of RAM memory. The values of the CFL number
of POD-DGTD method corresponds to the numerical stability. We choose p = 10~* to compute
the dimension ky (u € {E,H, J,}) of the POD basis in all experiments.

4.1. Standing wave in a cubic PEC cavity

We first consider the propagation of the (1,1,1) mode in a PEC cubic cavity Qg = [0, L]? [51].
An artificial current source J; is added to the second equation of (2) such that the analytical
solution coincides with the time-domain Maxwell-Drude equations

oH + curlE =0,
OB — cwrlH+J,=J,, (25)
0y + vy —w E =0,
where the artificial current source Jg is defined as
(&sin(xt) — Vygeos(xt))cos(xma)sin(x,y)sin(zm, 2)
Js = 0
(—&sin(xt) + ygcos(xyt))sin(x,,x)sin(z,y)cos(m, z)
T . ™3
Here, z,, = I which is deduced from the PEC boundary condition; x; = ——, which de-

termines the angular frequency of the time evolution. As we are only considering the (1,1,1)

V3eo
2L

mode, the signal frequency is given by f = with ¢y being the wave speed in vacuum. The

coefficients 1 and £ are defined as

2
Wy

=3 29
Ty + vy

X
5 = Eoolt — LU 191}.
Tt

For the Drude parameters, we choose e5 = 3.7362, wg = 1.3871 x 107 GHz, v4 = 4.41544 x
10* GHz in this study. For detailed descriptions of the exact soulution of (25) with the current
source see [51].

We present the results for the signal frequency f = 3 x 10> GHz. The characteristic simu-
lations are performed on an unstructured mesh with 10,029 nodes, 49,984 elements, and mesh
size h = 9.668 x 1072 m. The total simulation time is set to Ty = 6.67 fs which corresponds
to two temporal periods. As a general rule, keeping the number of snapshots ¢ small allows
to minimize the computational cost in offline stage. So, we first investigate the effect of the
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parameter ¢ on the accuracy of POD-based ROM. Figure 1 shows the total L? error between
the DGTD and POD-DGTD solutions, in logarithmic scale, in which the L? error is defined by

n r,(n 1
135 =3 3oz (26)

mﬁx(am”Egn) - EZ’(n)H%%Q) + B — H 1720y + Jph

1
—
Wa
Moreover, we also show the CPU time Tpop for the construction of the POD basis. We only
apply the DGTD methods with P; and Py approximation (because the theoretical error of the
centered flux-based DGTD method with LFy time scheme behaves as O(At? + hP) [13, 19)]).
Besides, we find that the maximum time step size Atpop.pgTp i8 larger than the maximum
time step size Atpgrp with the LF time scheme by computing (7) and (13). Hence, in order to
calculate the error, the time step size Atpop-pgTp of the POD-based ROM is set to the same
value as that of the time step size AtpgTp of the DGTD scheme.

107 107 ‘ ‘ 110°
——I? error
(6. 8.997x10*2) 10°
-11
~ 10
£ u £ 2 1 @
510, £ 5 10" £
E 10°2 = >
O o (10, 2.732x1075) o
110°
—— % error
_12 -13 -1
10 : : : : : 10 : : : : 0
0 50 100 150 200 250 300 0 100 200 300 400 50%)
¢ (Number of snapshots) ¢ (Number of snapshots)

(a) (b)

Figure 1: Standing wave in a cubic PEC cavity: L? error between the DGTD and POD-DGTD solutions and
CPU time versus the number of snapshots ¢ with (a) P; and (b) P2 approximation.

It is easily observed that the L? error is rapidly decreasing and stabilizes to a limit value
while Tpop is increasing when increasing the number of snapshots /. In particular, one can
find that it is unnecessary to extract offline the total transient solutions at each time step as
snapshots from Figure 1. So, we can respectively take ¢ = 6 and 10 equidistantly distributed
snapshot vectors for the POD-DGTD method with P; and Py approximation, where the number
of snapshots ¢ is about Ntl/ 5, Figure 2 shows the time evolution of the total L? error between
the POD-based MOR and DGTD scheme with the number of snapshots ¢ being 6 and 10 for
P and Py approximation, respectively.

The exact and numerical solutions calculated by the DGTD and POD-DGTD methods with
Py approximation at selected locations in the parallelepiped are shown in Figure 3. We see that
the POD-DGTD solutions coincide with the DGTD and analytical solutions. This confirms
that the POD-based ROM is accurate.

We then compare the computational performance of the POD-DGTD and DGTD methods
in Table 1, in which the CPU time denotes the time loop by using the DGTD or POD-DGTD
method with LFy time scheme (online stage).

In Table 1, we observe that the POD-DGTD method significantly reduces the required
number of time iterations to reach the final physical time T’y due of the increase of the acceptable
time step size. More precisely, we find that for the POD-DGTD method, the time step size
Atpop.paTD IS respectively about 19 and 44 times larger than that of the DGTD method with
P; and Py approximation. Besides, we can observe that the POD-DGTD method is much

11
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Figure 2: Standing wave in a cubic PEC cavity: time evolution of the total L? error obtained by the POD-DGTD
method.
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Figure 3: Standing wave in a cubic PEC cavity: time evolution of the fields (a) H, and (b) E. at the locations
with coordinates (7 x 1077 m, 7 x 1077 m, and 7 x 10" m) (Location1) and (3.5 x 1077 m, 3.5 x 107" m, and
3.5 x 1077 m) (Location2), obtained by the POD-DGTD method with P; approximation.

Table 1: Standing wave in a cubic PEC cavity: critical time step size and CPU time for the DGTD and POD-
DGTD methods, with P, approximation (k = 1,2).

. Atpop-DGTD CPUpctp
P Method DoF At (m CPU time (s
* (m) (s) AtpaTp CPUpop-paTD
9
P, DGTD 1,799,424  4.298 x 10 . 87 19 218
POD-DGTD 15 8.166 x 10~ 0.4
9
P, DGTD 4,498,560 1.869 x 10 921 44 419
POD-DGTD 25 8.222 x 1078 2.2
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faster than the DGTD method, which yields 218 and 419 speedups for P; to Py approximation,
respectively. From Figure 1 and Table 1, we can find that the POD-DGTD method can save
the required CPU time while maintaining an acceptable level of accuracy.

4.2. Near-field resonance of a gold nanosphere

We now consider the simulation of the near-field, sub-wavelength resonance of a single gold
nanosphere lying in vacuum under a plane wave excitation, which can strongly enhance the
electric field due to the phenomenon of surface plasmon resonance [57]. The radius of the
nanosphere 7 is taken to be 20 nm. The computational domain is artificially truncated by a
200 nm diameter sphere on which the first order Silver-Miiller ABC is applied. The sphere is
illuminated with a sinusoidal plane wave propagating in the z direction, which the amplitude is
modulated in time with a gaussian profile. The source is set as an incident plane wave polarized
on the x component. The incident field is then defined as

(t—4‘r)2

Egignc = Aosin(27 fe(t — 47 — k(x —xq)/co))e” %,

where Ay = (1,0,0), k = (0,0,1), xg = (0,0,0), and x = (z,y, 2); fe is the central frequency
of the sinusoidal modulated Gaussian pulse, and 7 represents its broadening. One can get HziflC
based on the first equation of (2). The permittivity of the gold nanosphere [12] is considered to
follow the Drude model, and the parameters are summed up in Table 2. The mesh used for the
simulation is shown in Figure 4. It consists of 45,536 vertices and 266,559 tetrahedra of which
42,102 tetrahedra are located inside the gold nanosphere, where the minimal and maximum
mesh edge length is 7.626 x 107 m and 1.322 x 10~ m, respectively. The physical simulation
time is fixed to Ty = 20 fs. In this case, the number of snapshots £ is taken 37 and 48 (¢ = Nt1/3)
for P; and Py approximation, respectively.

Table 2: Parameters set for the gold nanosphere.

Eoo wq (Thz) Y4 (Thz) fe (Thz) 7 (fs)
1 1.19 x 104 141 576.92 2
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Figure 4: Partial views of the tetrahedral meshes used for the simulation of the scattering of a plane wave by a
single nanosphere.

The numerical solutions obtained with the POD-based ROM are compared with those re-
sulting from the DGTD scheme with P, approximation (k = 1,2) to verify the accuracy of the
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POD-DGTD method. The time evolution of the fields F, and H, at selected points in the
domain for the DGTD and POD-DGTD methods is shown in Figure 5.

e —DGTD ! —DGTD |
---POD-DGTD ---POD-DGTD
0.4r 1
0.5f
0.2r
g o \ A~ T o
-0.2r 1 _05t
odl U |
_l,
0 05 1 15 2 0 05 1 15 2
Time (s) x 107 Time (s) x10
1t —DGTD I 1t —DGTD I
---POD-DGTD ---POD-DGTD

0 0.5 1 1.5 2 0 0.5 1 1.5 2
Time (s) x 1074 Time (s) x 10

Figure 5: Scattering of a plane wave by a single nanosphere: time evolution of the fields E, (left) and H,
(right) at the locations with coordinates (1.6 x 1078 m, —5.7 x 107° m, and 1.9 x 107° m) and (—4.6 x 107% m,
—7.4 x 107° m, and 2.3 x 107® m), obtained by the POD-DGTD method with P; (top) and P (bottom)
approximation, respectively.

We find that the numerical solutions obtained by the DGTD and POD-DGTD methods
with Py approximation agree very well. Figure 6 shows the distributions of the modulus of the
electric field in the Fourier domain at the source central frequency f. with P approximation.
A more precise analysis of the results is displayed in Figure 7 which represents the evolution of
the modulus of the electric field along the = axis.

Combining Figures 6 and 7, one can in particular notice an enhanced field at the poles
of the sphere. The time evolution of the total L? error between the POD-based MOR and
DGTD scheme, with the number of snapshots ¢ being 37 and 48 for P; and P, approximation
respectively, is given in Figure 8.

One can see that the POD-based ROM is stable. From this experiment, we can find that
the POD-DGTD method is effective for a broadband application.

We further investigate the efficiency of the POD-based ROM. The results are summarized
in Table 3. From Table 3 and Figures 5, 6, and 7, we can find that the POD-based ROM can
reduce the problem size by several orders of magnitude without compromising the accuracy
of solution. Besides, the critical time step size of POD-DGTD method is 35, and 45 times
larger than that of the DGTD method with Py and P» approximation, respectively. The DGTD
method with P; approximation takes 17 h 43 mn to complete the entire simulation. In contrast,
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Figure 6: Scattering of a plane wave by a single nanosphere: module of the electric field in the Fourier domain
at the source central frequency f. obtained by the DGTD (left) and POD-DGTD (right) methods at the plane
XOY.
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Figure 7: Scattering of a plane wave by a single nanosphere: 1-D distribution along the x axis of the modulus of
the POD-DGTD and DGTD solutions of the electric field with P, approximation.
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Figure 8: Scattering of a plane wave by a single nanosphere: time evolution of the total L? error obtained by the
POD-DGTD method.

the POD-DGTD method only requires 10 mn, which is 106 times faster than the DGTD method.
Similarly, the DGTD method with P, approximation yields a 300 speedup.

Table 3: Scattering of a plane wave by a single nanosphere: critical time step size and CPU time for the DGTD
and POD-DGTD methods, with P, approximation (k = 1, 2).

. Atpop-DaTD CPUpatp
Py Method DoF At (m CPU time
¥ (m) AtpaTp CPUpobp-pDGTD
DGTD 6,902,640 1.463x107'° 17h 43 mn 35 106
POD-DGTD 97 5.120 x 107° 10 mn
—11
DGTD 17,256,600 6.501 x 10 154 h 46 mn 45 300

POD-DGTD 64 2.925 x 107° 31 mn

4.3. Bowtie nanoantenna

To further illustrate the benefits of the POD-based ROM, the simulation of the scattering of a
plane wave by a gold bowtie nanoantenna (dimer nanoprisms) is finally presented. This structure
can strongly enhance the electric field between the tips of the two triangular nanoparticles for
longitudinal polarization (see Figure 9) [58]. The gold bowtie nanoantenna is composed of a
pair of equilateral prisms, with a thickness of 10 nm, edge length of 100 nm and a spacing gap
of 3 nm inspired by [19] in vacuum. Additionally, the actual geometry of the antenna includes
small roundings at the edges and tips. In this case, the rounding radius r is 2 nm, and is uniform
for all edges and tips.

The permittivity of gold bowtie nanoantenna is given by the Drude model, which is the
same as the standing wave in the cubic PEC cavity presented in Section 4.1. The computational
domain is artificially truncated by a parallelepiped with 400 nm side length on which the first
order Silver-Miiller ABC is imposed. The gold bowtie nanoantenna is also illuminated with a
sinusoidal plane wave propagating in the z direction, which the amplitude is modulated in time
with a gaussian profile. The source is set as an incident plane wave polarized along the major
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Figure 9: Bowtie nanoantenna with rounded edges.

axis of the bowtie nanoantenna (here, the y component). The incident field is then defined as

_ (t—4r)?

B = Agsin(2m f.(t — 41 — k(x — x0) /o)) 7

i

where Ay, k, xg, and x are like as in Section 4.2, the central frequency f. is 500 THz, and the
broadening 7 is 3 fs. Similarly, one can get H" based on the first equation of (2). The mesh,
which is generated by Gmsh, is partially visualized on Figure 10.
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Figure 10: Partial views of the tetrahedral meshes used for the simulation of the scattering of a plane wave by a
gold bowtie nanoantenna.

The underlying tetrahedral mesh consists of 31,951 vertices and 189,246 tetrahedra, where
the minimal and maximum mesh edge length is 7.294 x 10719 m and 5.512x 10~® m, respectively.
The total simulation time 7 is set to 20 fs. In this case, the number of snapshots ¢ is taken 37
and 48 (¢ = Ntl/ 3) for P; and Py approximation, respectively.

The contour lines of the modules of the Fourier transform of the electric field at the central
frequency f. obtained by the DGTD and POD-DGTD methods with Py approximation in the
YOX and YOZ planes are shown in Figure 11.

In additional, a 1-D cut along the y axis difference between the DGTD and the POD-DGTD
solutions with Py approximation is represented in Figure 12.

We observe that the numerical solutions obtained by DGTD and POD-DGTD methods
agree very well. In Figure 13, we plot the time evolution of the total L? error between the
POD-based MOR and DGTD scheme, with the number of snapshots ¢ being 37 and 48 for Py
and Py approximation, respectively.
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Figure 11: Scattering of a plane wave by a gold bowtie nanoantenna: module of the electric field in the Fourier
domain at the source central frequency f. obtained by the DGTD (left) and POD-DGTD (right) methods at the
planes YOX (top) and YOZ (bottom).
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Figure 12: Scattering of a plane wave by a gold bowtie nanoantenna: 1-D distribution along the y axis of the
modulus of the POD-DGTD and DGTD solutions of the electric field with P2 approximation.
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Figure 13: Scattering of a plane wave by a gold bowtie nanoantenna: time evolution of the total L? error obtained
by the POD-DGTD method.

The performance results obtained by the DGTD and POD-DGTD methods with Py (k =
1,2) approximation are summarized in Table 4.

Table 4: Scattering of a plane wave by a gold bowtie nanoantenna: critical time step size and CPU time for the
DGTD and POD-DGTD methods, with P approximation (k = 1,2).

Pk Method DoF At (m) CPU time (h) AtpoD-DGTD CPUpcto
AtpeTp CPUpobp-DGTD
DGTD 5227872 1.175%x107° 14 h 41 mn 40 176
POD-DGTD 73 4.700 x 107° 5 mn
. DGTD 13,069,680 5.222 x 107! 132 h 8 mn 50 378
POD-DGTD 63 2.611 x 107° 21 mn

Note that the critical time step size of POD-DGTD method is 40, and 50 times larger than
that of the DGTD method with P; and Py approximation, respectively. In addition, we find
that the DGTD method with P; and Py approximation spend 14 h 41 mn and 132 h 8 mn,
while the POD-DGTD method only spend 5 mn and 21 mn, respectively.

5. Conclusion

In this paper, we have proposed a POD-based ROM (Galerkin projection) in combination
with a high order DGTD method for the numerical simulation of 3-D Maxwell’s equations
with the Drude dispersive model. Snapshot vectors in this work are chosen from the high
fidelity DGTD method with an explicit LF9 scheme for the integration time. In this study,
the same scheme has been applied to the semi-discrete POD-based scheme, however, other
options, such as the implicit Crank-Nicolson scheme, could be used. The stability of the ROM
with LFy time scheme has been analyzed through an energy approach. Numerical experiment
for 3-D nanophotonic problems have allowed us to demonstrate that the ROM can reduce the
computational time while preserving an acceptable level of accuracy. Therefore, POD-Galerkin
reduced-order DGTD method is a promising in the field of optical and electronic engineering.
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In the near future, we will consider the numerical simulation of more general physical optical
models (non-local model [8, 9]), and the possibly adaptive selection strategies for choosing the
snapshots.
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