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FOR MAXWELL’S EQUATIONS IN LINEAR LORENTZ MEDIA

YAN JIANG * PUTTHA SAKKAPLANGKUL f, VRUSHALI A. BOKIL ¥, YINGDA CHENG §, AND FENGYAN LI 1

Abstract. In this paper, we consider Maxwell’s equations in linear dispersive media described by a single-pole Lorentz model for electronic
polarization. We study two classes of commonly used spatial discretizations: finite difference methods (FD) with arbitrary even order accuracy in
space and high spatial order discontinuous Galerkin (DG) finite element methods. Both types of spatial discretizations are coupled with second
order semi-implicit leap-frog and implicit trapezoidal temporal schemes. By performing detailed dispersion analysis for the semi-discrete and fully
discrete schemes, we obtain rigorous quantification of the dispersion error for Lorentz dispersive dielectrics. In particular, comparisons of dispersion
error can be made taking into account the model parameters, and mesh sizes in the design of the two types of schemes. This work is a continuation
of our previous research on energy-stable numerical schemes for nonlinear dispersive optical media [6, 7]. The results for the numerical dispersion
analysis of the reduced linear model, considered in the present paper, can guide us in the optimal choice of discretization parameters for the more
complicated and nonlinear models. The numerical dispersion analysis of the fully discrete FD and DG schemes, for the dispersive Maxwell model
considered in this paper, clearly indicate the dependence of the numerical dispersion errors on spatial and temporal discretizations, their order of
accuracy, mesh discretization parameters and model parameters. The results obtained here cannot be arrived at by considering discretizations of
Maxwell’s equations in free space. In particular, our results contrast the advantages and disadvantages of using high order FD or DG schemes and
leap-frog or trapezoidal time integrators over different frequency ranges using a variety of measures of numerical dispersion errors. Finally, we
highlight the limitations of the second order accurate temporal discretizations considered.
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1. Introduction. The electromagnetic (EM) field inside a material is governed by the macroscopic Maxwell’s
equations along with constitutive laws that account for the response of the material to the electromagnetic field. In
this work, we consider a linear dispersive material in which the delayed response to the EM field is modeled as
a damped vibrating system for the polarization accounting for the average dipole moment per unit volume over the
atomic structure of the material. The corresponding mathematical equations are called the Lorentz model for electronic
polarization. Such dielectric materials have actual physical dispersion. The complex-valued electric permittivity of
such a dispersive material is frequency dependent and includes physical dissipation, or attenuation. It is well known
that numerical discretizations of (systems of) partial differential equations (PDEs) will have numerical errors. These
errors include dissipation, the dampening of some frequency modes, and dispersion, the frequency dependence of the
phase velocity of numerical wave modes [45]. To preserve the correct physics, it is important that the dispersion and
dissipation effects are accurately captured by numerical schemes, particularly for long time simulations. Thus, an
understanding of how numerical discretizations affect the dispersion relations of PDEs is important in constructing
good numerical schemes that correctly predict wave propagation over long distances. When the PDEs have physi-
cal dispersion modeling a retarded response of the material to the imposed electromagnetic field, the corresponding
numerical discretizations will support numerical dispersion errors that have a complicated dependence on mesh step
sizes, spatial and temporal accuracy and model parameters.

In this paper, we perform dispersion analysis of high spatial order discontinuous Galerkin (DG) and a class of
high order finite difference (FD) schemes, both coupled with second order implicit trapezoidal or semi-implicit leap-
frog temporal discretizations for Maxwell’s equations in linear Lorentz media. The fully discrete time domain (TD)
methods are the leap-frog DGTD or FDTD methods and the trapezoidal DGTD or FDTD methods. This paper is
a continuation of our recent efforts on energy stable numerical schemes for nonlinear dispersive optical media. In
[6, 71, we developed fully discrete energy stable DGTD and FDTD methods, respectively, for Maxwell’s equations
with linear Lorentz and nonlinear Kerr and Raman responses via the auxiliary differential equation (ADE) approach.
These schemes include second order modified leap-frog or trapezoidal temporal schemes combined with high order
DG or FD methods for the spatial discretization. In the ADE approach, ordinary differential equations (ODEs) for the
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evolution of the electric polarization are appended to Maxwell’s equations. The two spatial discretizations that were
used, the DG method and the FD method are very popular methods for electromagnetic simulations in the literature.
The DG methods, which are a class of finite element methods using discontinuous polynomial spaces, have grown
to be broadly adopted for EM simulations in the past two decades. They have been developed and analyzed for time
dependent linear models, including Maxwell’s equations in free space (e.g., [11, 12, 20]), and in dispersive media
(e.g., [16, 24, 31, 33]). The Yee scheme [47] is a leap-frog FDTD method that was initially developed for Maxwell’s
equations in linear dielectrics, and is one of the gold standards for numerical simulation of EM wave propagation in
the time domain. The Yee scheme has been extended to linear dispersive media [25, 30, 29] (see the books [43, 44] and
references therein), and then to nonlinear dispersive media [50, 18, 25, 21, 42]. Additional references for Yee and other
FDTD methods for EM wave propagation in linear and nonlinear Lorentz dispersion can be found in [27, 26, 9, 19, 39]
for the 1D case, and in [15, 28, 50] for 2D and 3D cases.

In our recent work [6, 7], we proved energy stability of fully discrete new FDTD and DGTD schemes for
Maxwell’s equations with Lorentz, Kerr and Raman effects. Both types of schemes employ second order time inte-
grators, while utilizing high order discretizations in space. The schemes are benchmarked on several one-dimensional
test examples and their performance in stability and accuracy are validated. The objective of the present work is to
conduct numerical dispersion analysis of the aforementioned DGTD and FDTD schemes for Maxwell’s equations in
linear Lorentz media, and this can guide us in the optimal choice of numerical discretization parameters for more
general dispersive and nonlinear models.

There has been abundant study on the dispersion analysis of DG methods. Most work was carried out for semi-
discrete schemes, e.g., for scalar linear conservation laws [1, 23, 22, 41, 3], and for the second-order wave equation
[4]. Dispersive behavior of fully discrete DGTD schemes is studied for the one-way wave equation [46, 2] and two-
way wave equations [10]. Particularly, in [40] the accuracy order of the dispersion and dissipation errors of nodal DG
methods with Runge-Kutta time discretization for Maxwell’s equations in free space are analyzed numerically. The
stability and dispersion properties of a variety of FDTD schemes applied to Maxwell’s equations in free space are also
well known (see [43]). Additionally, various time domain finite element methods have been devised for the numerical
approximation of Maxwell’s equations in free space (see [34, 32] and the references therein). There has been relatively
less work on phase error analysis for dispersive dielectrics; see [43, 37, 38, 8] for finite difference methods and [5] for
finite element methods.

To the best of our knowledge, the present work is the first in the literature to conduct dispersion analysis of
fully discrete DGTD methods for Maxwell’s equations in Lorentz dispersive media and providing comparisons of the
numerical dispersion errors with those of fully discrete FDTD methods. By rigorous quantification of the numerical
dispersion error for such dispersive Maxwell systems, we make comparisons of the DGTD and FDTD methods taking
into account the model parameters, spatial and temporal accuracy and mesh sizes in the design of the schemes. Given
the popularity of both DGTD and FDTD methods in science and engineering, such a comparison of errors between
the two schemes will provide practioners of these methods with guidelines on their proper implementation.

Our dispersion analysis indicates that there is a complicated dependence of dispersion errors on the model pa-
rameters, orders of spatial and temporal discretizations, CFL conditions as well as mesh discretization parameters.
We compute and plot a variety of different measures of numerical dispersion errors as functions of the quantity wil,
where w is the resonance frequency of the Lorentz material, and w is an angular frequency. These measures include
normalized phase and group velocities, attenuation constants and an energy velocity [17]. The parameter range of
the quantity = separates the response of the material into distinct bands. We find that some counterintuitive results
can occur for high-loss materials where a low order scheme can have smaller numerical dispersion error than a higher
order scheme. Since this situation does not occur in non-dispersive dielectrics, our results demonstrates the need to
analyze and study the numerical dispersion relation for the Lorentz media beyond those for the case of free space that
commonly appear in the literature. We have made quantitative comparisons of the high order FD and DG schemes
based on the metrics discussed above. We also identify the differences in numerical dispersion due to the temporal in-
tegrator used. In particular, our results clearly identify the limitation of the second order temporal accuracy of our time
discretizations, by identifying distinct bands in the frequency parameter ranges where the high order spatial accuracy
of either the DG or FD schemes is unable to alleviate the error in numerical dispersion due to time discretization.

The rest of the paper is organized as follows. In Section 2 we introduce Maxwell’s equations in a one spatial
dimensional Lorentz dispersive material. In Sections 3 and 4, we present and analyze the dispersion relations and
the relative phase errors for the PDE model, and two semi-discrete in time finite difference numerical schemes, re-
spectively. In Sections 5 and 6 numerical dispersion errors in semi-discrete in space staggered FD methods, and fully
space-time discrete FDTD methods, respectively, are considered, while numerical dispersion errors in semi-discrete in
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space DG methods and fully discrete DGTD methods are studied in Sections 7, and 8, respectively. In Section 9, we
define four quantities that provide different measures of numerical dispersion error and compare these for the FDTD
and DGTD methods. Interpretations and conclusions of our results are made in Section 10.

2. Maxwell’s Equations in a Linear Lorentz Dielectric. We begin by introducing Maxwell’s equations in a
non-magnetic, non-conductive medium 2 C R4, d = 1,2, 3, from time O to 7, containing no free charges, that govern
the dynamic evolution of the electric field E and the magnetic field H in the form

0B +VxE=0,in(0,T] x Q, (2.1a)
0D -V xH=0,in(0,T] x Q, (2.1b)
V-B=0,V-D=0,in(0,T] x Q, 2.1¢)

along with initial data that satisfies the Gauss laws (2.1c), and appropriate boundary data. System (2.1) has to be
completed by constitutive laws on [0, 7] x €. The electric flux density D, and the magnetic induction B, are related
to the electric field and magnetic field, respectively, via the constitutive laws

D = ¢y(exE+P), B = poH. 2.2)

The parameter ¢ is the electric permittivity of free space, while p is the magnetic permeability of free space. The
term €€ B captures the linear instantaneous response of the medium to the EM fields, with €., defined as the relative
electric permittivity in the limit of infinite frequencies. The macroscopic (electric) retarded polarization P is modeled
as a single pole resonance Lorentz dispersion mechanism, in which the time dependent evolution of the polarization
follows the second order ODE [17, 43]
2

8871: + 27%—5 + wiP = w’E. (2.3)
In the ODE (2.3), wy and w,, are the resonance and plasma frequencies of the medium, respectively, and +y is a damping
constant. The plasma frequency is related to the resonance frequency via the relation wfj = (€5—€00)w? 1= €qw?. Here
€5 1s defined as the relative permittivity at zero frequency, and €; measures the strength of the electric field coupling to
the linear Lorentz dispersion model. We note that the limit e; — 0, or €5 — €, corresponds to a linear dispersionless
dielectric.

In this paper, we focus on a one dimensional Maxwell model on 2 = R that is obtained from (2.1), (2.2) and
(2.3) by assuming an isotropic and homogeneous material in which electromagnetic plane waves are linearly polarized
and propagate in the x direction. Thus, the electric field is represented by one scalar component E := E,, while the
magnetic field is represented by the one component H := H,. All the other variables are similarly represented by
single scalar components. We convert the second order ODE (2.3) for the linear retarded polarization P to first order
form by introducing the linear polarization current density .J,

oP aJ 9 9
We consider a rescaled formulation of the resulting one spatial dimensional Maxwell-Lorentz system with the
following scaling: let the reference time scale be t, and reference space scale be 2y with zg = ctg and ¢ = 1/, /poé€p.

Henceforth, the rescaled fields and constants are defined based on a reference electric field E as follows,
(H/Eo)\/ po/€o — H, D/(eoEo) = D, P/Ey— P, (J/Eo)to —J, E/Ey— E,
witp = w1, wpto = Wp, Yo = 7,

where for simplicity, we have used the same notation to denote the scaled and original variables. In summary, we
arrive at the following dimensionless Maxwell’s equations with linear Lorentz dispersion in one dimension:

8671;{ _ %, (2.52)
85712 _ % 7 (2.5b)
%1; _J (2.5¢)
%j = 2y WP 1 W2E, (2.5d)
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D=¢ F+ P (2.5¢)

3. Dispersion Relations. The Maxwell-Lorentz system (2.5) is a linear dispersive system, i.e. it admits plane
wave solutions of the form e?(**=«%) for all its unknown field variables, with the property that the speed of propagation
of these waves is not independent of the wave number £ or the angular frequency w [45]. In this section, we derive the
dispersion relation of (2.5) and highlight its main properties. We assume the space-time harmonic variation

X (z,t) = Xpelkz—wt), (3.1)

of all field components X € {H, E, P, J}. Substituting (3.1) in (2.5) yields the system

wHy + kEy =0, (3.2a)

kHy + esowEg + wPy =0, (3.2b)

iwPy + Jo =0, (3.2¢)

w2 Ey — wiPy + (iw — 2v) Jo = 0. (3.2d)

Define the vector U = [Hy, Ey, Po, JO]T containing all amplitudes of the field solution, then (3.2) can be rewritten
as a linear system, given by

w k 0 0
AU=0, with A= |F o @ 0 (3.3)
=% W “lo 0w 1 :
0 wg —w? iw— 2y

By solving det(.A) = 0, we obtain the exact dispersion relation for (2.5) as

k=+k™,  with & =w\/e(@;p), and €(@:;p) = e (1 - AQGd/i‘)j) . (3.4)
w4 2tyw — 1

Here, ¢(; p) is the permittivity of the medium dependent on the “relative” frequency @ = w/w; and the parameter
set p = [€s, €00, 7], With ¥ = 7/w1. The permittivity is clearly frequency dependent and displays the dispersive nature
of the system. A major goal in the design and construction of numerical methods for linear dispersive PDEs is to
devise methods that accurately capture the medium’s complex permittivity [43]. We will assume that €5 > 0, €5, > 0
and €5 = €5 — €5 > 0. These assumptions are based on physical considerations [43]. In the dispersion analysis, we
assume w is a real number, and restrict w > 0 in this work. Note that €(@w; p) and k can be complex, depending on the
values that certain parameters assume.

For lossless materials (i.e. % = 0), the medium absorption band is defined by & € [1,/€s/€x], in which
€(W;p) < 0 and k** is an imaginary number or zero. Outside the medium absorption band, i.e. for other & values,
we have €(W; p) > 0 and £** is a real number. Moreover, it is easy to check |k**| — oo as & approaches 1 (the
resonance frequency, which is also the lower bound of the medium absorption band) and k£ = 0 at the upper bound
@ = \/€s/€x- In this paper, we are mainly interested in low-loss materials, i.e. ¥ > 0 with ¥ < 1. In this case, the
dispersion relation retains similar properties, which means |k®| is a large number around & = 1 and a small number
near 0 = /€5 /€. This behavior of the exact dispersion relation has implications for the numerical dispersion errors,
as illustrated in later sections.

REMARK 3.1. In the literature, dispersion relations can be presented in two ways, 1) representing the continuous
or discrete angular frequency w € C as a function of the exact and continuous wave number k € R (and also of the
model parameters and possible mesh parameters); 2) representing the continuous or discrete wave number k € C as
a function of the exact and continuous angular frequency w € R [43]. In the first approach, we will obtain a fourth
order polynomial for w as a function of k and other parameters. We provide some insight into approach I in Appendix
A, for the semi-discrete in space FDTD discretizations in which the effect of high order FDTD spatial approximations
on the dispersion relation is clearly evident in terms of the symbol of the spatial discretization operators. In this paper,
we mainly use the second approach since in this approach we are able to explicitly identify the effects of discretization
on the permittivity of the Maxwell-Lorentz model (2.5).

Before we proceed, for convenience of the readers, we gather some notations frequently used in the paper, together
with the place of their first appearances in a table listed below.
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TABLE 3.1
Notations used and the place of their first appearance. The symbol x in the superscript can be LF (for the leap-frog temporal scheme) or TP
(for the trapezoidal temporal scheme).

& 7w W K e(&:p) 5(@:p) V(@)

Def w/wi ~v/wi WAt w At k®h eoo — cd €al (@ +17) ) — B(W)

G2 —1 (@ 4270 —1)2 k(@)
Eqn (34) @4) @5 @5 (5.10) 3.4 (4.9) (4.10), (4.15)
Urp,20m (W) Up,on (@) Upe,p(@) Uhe,p (@)
k(W) — kpp2m (W) k(0) — Kip 21 (@) k(&) — kpg,p(@) k(@) — kg, (@)
Def — — = =
kex(w) kex (w) kex(w) kex(w)
Eqn (5.22) Figure 6.3 Figure 7.1 Figure 8.1

4. Second Order Accurate Temporal Discretizations. This section concerns the dispersion analysis of the
semi-discrete in time schemes. Continuing from our previous work [6, 7], we consider two types of commonly used
second-order time schemes for the linear system (2.5), both implicit in the ODE parts. Let At > 0 be a temporal mesh
step. Suppose u" (x) is the solution at time " = nAt,n € N, withu = H, E, D, P, J. Then, we compute u"*!(z)
at time t"*1 = t" 4+ At by the following methods. The first scheme uses a staggered leap-frog discretization in time
for the PDE part, with the magnetic field H staggered in time from the rest of the field components. The scheme is
given by:

Hn+1/2 _ H" OE™

= 4.1
At/2 ox’ (4-12)
Dn+1 — D" aHn—i-l/Q
= 4.1b
At oxr (4.16)
prtl _pn 1
—_— = (J 4 g T! 4.1
A 5 (Jm "), (4.1¢)
Jn+1 S 2 w2
At = —7 (J’n, + J?’L-‘,—l) _ % (P’n + Pn+1) + 71) (El’n, + En-‘rl) ) (41d)
Dl = e E"TL 4 pntl (4.1e)
Hntl _ gntl/2 OE" 1
= . 4.1
At/2 Ox
The second scheme, which is a fully implicit scheme based on the trapezoidal rule, is given as follows:
Htt—Hgr 1 (9E"TY QEn
== 4.2
At > ( or | oz ) ! (422)
Dttt —pr 1 /(9H"  QH™
== 4.2b
Al > < or oz > : (4-26)
prtl_pn ]
__ n n+1 4.2
— =3 (J"+ g, (4.2¢)
n+1l _ 7n 2 W2
% =—qy ("4 - % (P + P + - (B + EhY (4.2d)
Dl —e (BT 4 prtl, (4.2¢)

Similar to the continuous case, we can perform dispersion analysis on the semi-discrete schemes (4.1) and (4.2)
by assuming the time discrete plane wave solution as
X"(x) = Xoe*o=win), (4.3)
where * can be LF (with respect to the leap-frog scheme (4.1)) or TP (with respect to the trapezoidal scheme (4.2)).
Define U = [Hy, Ey, Py, JO]T as the vector containing all amplitudes of the field solutions. Substituting (4.3) in the
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schemes (4.1) or (4.2), we obtain linear systems for each case in the form
AU =0. 4.4
The semi-discrete numerical dispersion relation can be then obtained from det(.A*) = 0.

For the leap-frog scheme (4.1), we have

sin (%) SLELF 0 0
ALF — %kLF €oo SN (%) sin (%) 0 7 “5)
0 0 tsin (%) %cos (%)
0 %wg cos (%) —%w% cos (%) 1sin (%) — vAt cos (%)

where W := wAt = W7, with Wy := w; At. This yields the dispersion relation

LF / _LF
= TwA/EWw ;P ,  wit ew s p =€ — ¢ € s .
kJLF 4 ~LF, _LF ith ~LF, _LF EOF 1 d / o) (4 6)

2
(@) + 27 2" -1

Sin(%) tan(%) . ~LF ~ LF LF _LF o~LF . .
where s, := W andr, 1= W asin [37],and &~ = Wry,p™* = [es", e, 7 |, with components given
by the identities ? ?

e =€, e =ewsl, 7T =7 (4.7)

In this form, we can clearly identify how the leap-frog time discretization misrepresents the permittivity by misrepre-
senting the parameters of the model. These misrepresentations are solely due to the discretizations of the ODEs by the
leap-frog time integrator. The misrepresentations depend on the value of the (exact) angular frequency that is chosen,
and in particular as % approaches zero, the discrete parameters approach the continuous ones. Thus, a guideline for
practitioners using this time integrator to control these misrepresentation, is to choose At so that cos (E) ~ 1 across

2
the range of frequencies present in the short pulse that propagates in the medium [37].

To further analyze the dispersion error, we consider the regime when W < 1, and obtain the Taylor expansion of
(4.6) with respect to W as

LF _ | jex 1 5(‘331))7} 2 4
B (1+12<6(a;p) 2)W oW )), )

where R
€ (@ +i7)

~2 PN 2
(w + 21y W — 1)

o(@;p) = (4.9)

We define the relative phase error for the LF scheme to be the ratio

~LF _1F\ _ ~.
_ \e@;ptF) — /e(@ip) - 4.10)

€(@;p)

HF@) - k(@)

@) = 1

Here, we consider kM in (4.6) with plus sign in front. A similar definition will be used for all semi-discrete and fully
discrete schemes that appear in this paper, and provides quantitative measurement of the numerical dispersion error.
Equation (4.8) verifies a second order dispersion error in time of the leap-frog scheme in the small time step limit.

Similarly, for the trapezoidal method (4.2), we can obtain

sin (%) %kﬂ) cos (%) 0 0
| ARTes () esn(¥) sn(¥) 0 i
0 0 1sin (%) %COS (%)
0 %wgcos (%) —%w%cos (%) isin(VQV) — vAt cos (%)



This leads to the dispersion relation

TP , TP
K = 200/ e@F; pTP) = ““kLF with @™ pTP) = P |1 €0/ . (4.12)
T

2
~TP . ~TP ~TP
@ (w ) +2iy T w —1
~TP ~ ~TP . .
where & = &, p't = [elF, eIF 5], with components given as
TP 2 TP 2 ~TP _ o
€5 T €T, €5 = €xTh, YV =17. (4.13)

Again, we can clearly identify how the trapezoidal time discretization misrepresents the permittivity. In particular, this
method misrepresents the dissipation and medium resonance in the same manner as the leap-frog method. However,
the relative permittivities €., and €, are misrepresented in a different manner. Thus, the speeds of propagation of
discrete plane waves are different in these two discretizations. In particular, the slow and fast speeds in the medium,
corresponding to relative permittivities €5 and e, respectively, are different.
In the small time step limit, for W < 1, we have
K = e (1 + L <5(f’ p) 1) w2 4 0(W4)) , (4.14)
12 \ ¢(@; p)

which indicates second order accuracy in time for the relative phase error for the trapezoidal scheme defined, in a

similar manner to the leap-frog scheme, as
/@™ — /e@;p) @)

€(@;p)

EP (@) — (@)

™®) =
O Tew)

Finally, we make qualitative comparisons of the leap-frog and trapezoidal temporal discretizations. For low-loss
materials, the conclusions can be implied from considering the case of ¥ = 0. For this case, for a given set of
parameters p, €(w; p) and §(w; p) > 0 are real numbers. When & — 4/€5/€x, We have €(@; p) — 0. This means
J(@; p)
€(@; p)

when & — 1, it is easy to check that

— 00, and thus the leading error term of both temporal schemes would be approaching co. On the other hand,
J(@;p)
e(@; p)
atw = 1 and @ = /€, /€00, Which are the two endpoints of the medium absorption band. In addition, when W < 1,

. . . L . . (@
if& € (1,y/€s/€x0), 1.€. for values in the interior of the medium absorption band, we can prove that Eij pi < -1,
e(w; p
0(w; 1 0(;
(f’ P) - = (f’ p) . This means the leap-frog scheme has a larger relative
¢(@;p) 2 ¢(@;p) R
phase error than the trapezoidal scheme in the interior of the medium absorption band. For other values of & outside
i@;p) 1 ’ < |9@;p)

— oo as well. Hence, both time schemes will give large dispersion error

which leads to the relation

+1

the medium absorption band we obtain ¢(&; p) > 0 and - = —— +1

€@w;p) 2|7 |e(@;p) R
would give a small relative phase error outside the absorption band. For low-loss Lorentz medium, i.e., when 7y < 1,
we believe that these conclusions are still valid with a slight change in two peak positions (see Figure 4.1).

Now we choose the following set of parameters, which are the same as in [17], representing a low-loss Lorentz
medium:

. Hence, the leap-frog scheme

€5 =5.25, € =225, 7 =0.0L. (4.16)

Taking W1 as {n/15, m/30, w/60}, the relative phase errors are plotted against @ € [0, 3] in Figure 4.1. We can
observe that the phase errors always have two peaks around & = 1 and & = \/es/€eo = 1.527. The relative phase
errors in the two temporal schemes are basically the same for small . As @ is increased towards 1, we see that
the error in the leap-frog scheme is slightly smaller than that in the trapezoidal scheme. When & is between 1 and
1.527, the leap-frog scheme presents larger error than the trapezoidal method. Beyond 1.527, the trapezoidal scheme
generates larger error than the leap-frog scheme. There is no obvious difference between the dispersion errors of two
time discretizations at the peaks. Therefore, in the last graph of Figure 4.1, we only plot the errors of the leap-frog
time schemes at the peaks. We verify the second order accuracy of the method when the mesh size is varied. These
observations are consistent with our analysis.
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FIG. 4.1. The relative phase error of leap-frog (LF) and trapezoidal (TP) time discretizations. In the first three plots we fix W1 €
{m/15,7/30,7/60}, respectively, while we vary @ € [0,3]. In the fourth plot, we fix @ = 1 or @ = y/€s/€cc and consider three different
values of W corresponding to W1 € {m/15,7/30,7/60}, with leap-frog time discretization.

5. Spatial Discretization: High Order Staggered Finite Difference Methods. In this section, we consider
semi-discrete in space staggered finite difference schemes for (2.5). The spatial discretizations that we consider here
for system (2.5) combined with a nonlinear instantaneous Kerr response and a Raman retarded nonlinear response
have been recently developed in [7]. The electric and magnetic fields are staggered in space and the discrete spatial
operators have arbitrary even order, 2M, M € N, accuracy in space. Below, we describe the semi-discrete spatial
schemes, denoted as the FD2M scheme, and then we obtain and discuss dispersion relations of these schemes.

As in [7], we define two staggered grids on R with spatial step size h, the primal grid G5, and the dual grid G4,
defined respectively, as

1
G, ={jh|j€Z}, and Gd:{(j+§)h|jeZ}- (5.1

The discrete magnetic field will be approximated at spatial nodes on the dual grid. These approximations are
denoted by Hj 1/, termed as degrees of freedom (DoF) of H. All the other discrete fields will have their DoF at
spatial nodes on the primal grid. For a continuous field variable V', V}, denotes its corresponding grid function, defined
as the set of all DoF on its respective grid. The semi-discrete scheme is given as follows:

OH;11/2 (2M)
= (D Ey , (5.2a)
ot ( h ) 3
OD; _ (=(2m)
i (pMg,) | (5.2b)
ot ( h ’>a‘
P.
% . (5.2¢)
0J;
7; = —2vJ; — Wi Pj + w2E;, (5.2d)
D; = e Ej + P, (5.2e)

where D,(LQM) and 5}(12M) are the 2\ -th order finite difference approximations (with M € N) of the spatial differential

operator J,,, on the primal and dual grids, respectively. These approximations are defined as

M) - )‘EM 1
(Dh )JH/Q h Z TPy Ejip — Ej—pt1), (5.3a)
M 2M
~(2M) 1 )‘Qp 1
(Dh Hh)j E Qp _ 1 ( J+p—3% Hj*p+%) ) (5.3b)



and A3}/ |, is given as [7]
2(-1)P"Y[(2M — D2

Ayt = (2M +2p — 2)!1(2M —2p)1(2p — 1)’ 54
with the double factorial n!! defined as
n-(n—2)-(n—4)...5-3-1 n>0, odd
nll=<¢n-n—2)-(n—4)...6-4-2 n >0, even (5.5)

1, n=—1,0.
5.1. Semi-discrete in space dispersion analysis. In this section we analyze the spatial semi-discrete system
(5.2), i.e., the FD2M scheme. We assume that the semi-discrete system (5.2) has plane wave solutions of the form
X;(t) = Xoe!tkmanh=et), (5.6)

where kgp 2ps represents the numerical wave number of the semi-discrete FD2M scheme. By substituting (5.6) in
(5.2) we obtain the linear system

Agp 20 Urp = 0, (5.7
where the vector Upp = [Hy, Eo, P, JO]T, and the matrix App 257 is given by
w AQM 0 0
Aot €oow W 0 2 U Ay 1
Arpon = | N . with  Agyy = - Z i | Gk kepanh| . (5.8)
0 wf, —w?  iw—2y -

The numerical dispersion relation of the FD2M method is obtained by solving the characteristic equation of matrix
App 2 and is given as

Aonr = 2w\/e(@; p) = 2wy [ese (1 - Azed/ej’i) = £k (5.9)
W'+ 22iyw—1
Using results from [7], we can rewrite this numerical dispersion relation as
M
1 [(2]9—3)”]2 . 2p—1 kFD th 1
—hAspy = _— P —— | =x-K 5.10
5 2M Z 2p—1)! sin 5 5K ( )

p=1

with K := k*h. In general, for any M > 1, we will have (4 — 2) discrete wave numbers kgp 2/ that satisfy (5.10).
In particular, when M = 1, i.e. for the FD2 scheme, the numerical dispersion relation (5.10) is

— | =4+-K. 11
sm( : ) : (5.11)

Thus, considering K < 1, and performing a Taylor expansion of (5.11) we obtain
krp2 = £k (1 + K2 + %K“ + O(KG)) (5.12)

which indicates that the numerical dispersion error of the FD2 scheme is second order accurate in space.
For the case M = 2, i.e. for the FD4 scheme, the numerical dispersion relation (5.10) becomes

ésin3 (kFDQAh> + sin (kFDQAh> = i%K. (5.13)
The Taylor expansions of all roots in equation (5.13) are given by
ke 4 = £k (1 + %K‘* — ﬁKG + 0(K8)> , (5.14a)
by 4 = £k ( arcsmlflfxﬁ) 2\1[ 1568 VK + O(K2)> (5.14b)
[ (iarcsitlllléQ\/E) B 2\1f7 1568 VK + O(K2)> (5.140)



where kgpons 4 and kgpswnt 4, kpp w2 4 are wave numbers corresponding to the physical modes and spurious modes,
respectively, of the FD4 scheme. The physical modes indicate a fourth order accurate numerical dispersion error,
while the leading terms in the spurious modes of & are proportional to O(1/h), indicating an exponential increase or
damping corresponding to the opposite sign in front.

The existence of spurious, parasitic or non-physical modes for a variety of problems and their discretizations has
been extensively discussed in the literature, see for example e.g., [4, 13, 14, 35, 49]. In [35], the author analyzes
spurious modes in finite element discretizations of the wave eqution and shows that the spurious modes have a contri-
bution to the numerical error that behaves in a reasonable manner, so that higher-order elements can be more accurate
than lower-order elements. In [49], the author considers spurious modes in high order finite difference methods that
can occur due to spectral or non-spectral pollution. Here the author shows the dependence of the spurious modes on
boundary approximations and closures. In [13], the author analyzes dispersion error, in particular, errors in the discrete
group velocities in terms of a numerical angular frequency, for a variety of high order finite difference schemes for the
second order wave equation. Here the author identifies spurious modes (parasitic waves) in high order fully discrete
approximations of the wave equation. For a symmetric fully fourth order method the author notes that the parasitic
wave has a velocity that tends to infinity as the time step goes to zero, and remarks that such waves have an amplitude
decreasing with the time step. We would like to note, that to the best of the authors’ knowledge, the existence of
spurious modes for high order FD discretizations for the Maxwell Lorentz model has not been analytically identified
in the literature. Equations (5.14b) and (5.14c) provide explicit formulas for the spurious modes for discretizations of
the Maxwell-Lorentz system that we have not found in the literature.

Below, we focus on the physical modes, and prove that for the FD scheme of order 20 (FD2M), the dispersion
error is of 2M-th order. Thus, the dispersion error is of the same order as the local truncation error for the finite
difference schemes.

THEOREM 5.1. The physical modes of the dispersion relation (5.10), for the spatial semi-discrete finite difference
method FD2M, result in the dispersion error identity

kFD/’h”,QM = k% (1 + §2M) ) (515)
forany M > 1, where

@M =DNP oy 2042
S = Q3T 1 1] )K + O(K?M+2), (5.16)

In other words, the dispersion error of the FD2M scheme (5.2) is of order 2M.

k hys — k&
Proof. Here, we only consider kgpmy o5 With plus sign in front. Define ¢,,, := %. Then, substi-

tuting from (5.9) for k%, rearranging, and (using results from [7]) we obtain the identity

2 )‘gé\/ll . 1
]f §2M —kFDphys 2M — hzﬁbln pP— 2 kFDP}‘YS,QMh 5

i.e, kppoms op/ satisfies (5.15) forg,,, as defined in (5.16). Next, we prove the identity (5.16). Because we only consider
the physical modes here, it is reasonable to assume that kpp s o5y = £ (1 + O(KT)) for some 7 > 0. Hence, when
kgpomys oprh = K (14 O(KT)) is small enough, performing a Taylor expansion with respect to kpp s op7h We get

MOoNM gy 20+1
k™G0 = Kepms anr — 7 Z 2pp_ P Z 20+ 1)] {2 (2p - 1)kFDPhy>,2Mh:|
o M yaM 2041
— 253 B A T = )b it
= REprhys op — 2€+1) 9 p FD Phys 2 N[
Z 0 p= 1
—1)¢ 20
= Kppows 207 — Fpp s QMZE: lz:l Al ( ] 2252%3_1), (kepows 22h)
0 Lp=
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Based on the derivation of )\ Sp—1 8s discussed in [7], we have the following identities
> -1

M
S A @21 =0, foré=1,2,.,M—1,
p=1

M

ST (2p - 1)PM = (—1)ME (20 - )2

Therefore,

ox 1 [(2M — 1))? 2M 2M+2
K Som = kFDP}‘Y“,QM - kFDP“Y“,QM |:1 - 92M [((QM T ]?)'] (kFDphys72Mh) + @) ((kFDphys,QMh) ):|

1 2M — 112
~ hroma {_ 22 K(zM T 1)>!} S QM”)}
Wl L IEM DN
o [_22M o1y B0 (KT 4+ K | (5.17)

which proves (5.16). Hence, with the assumption kpppmys opy = 5% (1 4+ O(K7)) and 7 > 0, we can deduce that
k‘FDphyS72M == k,eX (1 + O(KQM)). I:l

From equation (5.10) and using results in [8] we can show that K is bounded by

[(2p — 3)!1]? ™
K <2 <2.=- =n. 5.18
Z 2p—11 =277 ©-13)
p=1
We define L L .
Kppay = —22M% and K = - K,
’ 2 2
so equation (5.10) in terms of K Fp,2m and K becomes
M
2p — 3)!! ~ ~
Z [(2p — 3)!1? in2p1 <KFD ZM) - K. (5.19)
= (@p-1) ’

To understand the behavior of high order schemes (large M) as the wave number (parameter K) increases, we consider
the following two cases.

Case 1: We first analyze the relative error between the exact and numerical wave numbers as a function of the order
M of the scheme, for different values of the exact wave number. Using the numerical di~spersion relation (5.19), we
define the relative error in the numerical wave number with respect to the exact value of K as a function of M,

K (M, K
Relative Error (M) := Krpou(MK) | (5.20)
K

In Figure 5.1, we numerically plot the relative error (5.20) for several fixed values of K. One can observe that when
K is within the bound given in (5.18), the relative error decreases as M increases. However, the decrease in the er-
ror becomes less significant as K increases. Thus, the greatest benefit of high order FD2M is seen in small values of K.

Case 2: Next, we analyze the relative error between the exact and numerical wave numbers as a function of the
exact wave number, for different orders M of the FD2M scheme.~
We now define the relative error in the numerical wave number, K rp 2ps for fixed values of M in a similar way as

K (M. K
Relative Errory; (K) := Kppam (M, K)

L —1]. (5.21)
K

11



—— K = 0.25
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K =1.00

—— K = 2.00

Relative Error(M)

10-20
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FIG. 5.1. The relative error, Relative Error e (M), with respect to the order of scheme, M.

In Figure 5.2, we plot the error (5.21) as a function of the parameter K. In this plot, we can see that the relative error

10° -
102f 1
LSRR Tt .
E 10°F L
b= ——M =2
o 108k M = 3|4
~ —_—M = 4
—y—M =5
1010k ——M = 6|4
—te M = 7]
42
10
10” 102

FIG. 5.2. The relative error, Relative Error (I? ), with respect to the parameter K.

decreases as M increases. However, again the decrease in the error is most significant for small K. The figure also
shows that the error is reasonable when K < 7 /2, yet it increases and approaches 1 when K further increases.

Next, we illustrate the relative phase errors of the FD2M scheme for (5.2), M = 1,...,5, with the parameter set
p fixed at values given in (4.16). The numerical wave number kgp 2,/ is obtained by solving (5.10) exactly or with the
help of a Newton solver (we set the tolerance at 10~18). Since

k™h = & \/e(@; p) wrh,

12



then kpp 2arh depends on &, p, wy h, and M, and so does the relative phase error

k/’FD’QM(a) — kex(@) k/’FD’QJ\f (@)h — k& (&)\)h

ke (@) ke (@)h
First, we fix wih = 7/30, and present the relative phase errors as functions of @ € [0, 3] in Figure 5.3. Because
the leading error term in the numerical wave number for the FD2M scheme is proportional to K2M, we expect 2M
order accuracy of the relative phase error with respect to K at a fixed angular frequency. We observe that all schemes
have significantly larger error around & = 1, while the error fades out near @ = /€, /e, where K is close to zero.
As expected from analysis, higher order spatial accuracy does result in reduced relative phase errors. We present the
relative phase errors at @ = 1 with wyh = 7/30 in the left plot in Figure 5.3, while in the right plot we depict the 2\
order convergence of relative phase errors with respect to K for fixed @ = 1. The slopes of phase errors in this plot
are shown to be the same as those of reference lines with slope 2/, indicating the 2Mth order of accuracy for each
FD2M scheme, which agrees with the results in Theorem 5.1. We note the presence of just one peak in these plots
as compared to the presence of two peaks in analogous plots of phase errors for temporal discretizations presented in
Section 4.

Uep onm (@) = (5.22)

0.07 10°
p—
——M=2
0.06 M=3 //
=4
m— Slope = 2
0.05 ope=
107
:'i 0.04 Slope = 4
Q
I
= 0.03
Slope = 6
0.02 10710
Slope =8 :;Bi
0.01 FD6
_ ——FD8
—o—FD10
0
0 1 2 8 107" 10°
w |K|

FIG. 5.3. The relative phase error of physical modes for the spatial discretization FD2M. Left: fix wih = /30 with @ € [0, 3]; right: fix
@ = 1 with different w1 h € {m /30, /60, /120, 7 /240}.

6. Fully discrete FDTD Methods. In this section, we consider the high order staggered spatial discretizatons
(5.2) combined with either the leap-frog scheme in time (4.1) or the trapezoidal scheme in time (4.2) presented in
Section 4. These fully discrete methods are second order accurate in time and 2M/-th order accurate in space, thus
we denote them as (2, 2M) leap-frog FDTD schemes or (2,2M ) trapezoidal FDTD methods. In particular, the (2, 2)
leap-frog method is the extension of the standard Yee FDTD method to Lorentz dispersive media. Finally, comparisons
will be made among all finite difference schemes under considerations.

We first compute the dispersion relation for the fully discrete (2, 2M) schemes. To do so, we assume the plane

wave solutions
Xjn — Xoei(kFD,zMjh_W”At), 6.1)

where x is either LF or TP. Substituting (6.1) into the appropriate (2, 2M ) FDTD method (which we have not explicitly
written out here for brevity), we obtain the linear system

A;D,2MU;D =0, (6.2)

where the coefficient matrix for the two schemes will be discussed in the next two sections.

6.1. Fully discrete dispersion analysis: (2,2M/) leap-frog-FDTD schemes. We first consider the (2,2M)
leap-frog FDTD scheme. For the leap-frog temporal discretization the coefficient matrix in the linear system (6.2) is
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given as

sin (%) ALY, 0 0
ALE €oo sin (¥ sin (W 0
A%EQM _ 2M ( 2 ) o ( iV) N w , (63)
0 0 1sin (7) 5 cos(2 )
0 %wg cos (%) fgwl cos (%) isin (%) —yAtcos (%)
with u
X GHES
ALE — P~ _sin kRS onrh| -
oM — h ~ ( p — 1) FD,2M
Based on previous discussions, we can derive the identity
M LF
[(2p = 3)1]* . 2p—1 kip 2t Lk
_ —— | =-k"h. 6.4
pz::l 2p—1p " 2 2 ©4)

For both the fully discrete methods, we focus our discussions on the physical modes. For the case of W < 1 and
K <« 1, we analyze the Taylor expansion of the physical modes for the fully discrete leap-frog FDTD schemes and
observe the following pattern:

1 (6(w;p) 1 2 [(2M — 1)”} 2M 2M
K o, = k(1 + — LA —K K2M+2 4 2Myy2 4 M >1.
FDr,2M ( +12(( ;p) 2 W+22M(2M+ 1)! +0( WEEwh ) =
(6.5)
. . \€(@; p) . At
Furthermore, with the relation X = 7W we can treat k FDoiys 277 A5 & function of W and v = = the
€00 00

CFL (Courant-Friedrich-Lewy) number subject to the stability constraint for the (2,2M) leap-frog FDTD scheme.
Assuming v = O(1), we have

ike"(l+l<5@;p)1+€@ )>W2+O(W4)> M=1,

12 \e(@;p) 2 2exV
kFD phys 2N (6'6)
ikex(l + 7 6(A7p) _ 1 W2 + O(W4)> M > 2
12 \ e(w;p) 2 ’ =

We can see that due to the second order time discretizations employed, the fully discrete scheme always results in
a second order dispersion error. Particularly for all M > 2, the leading term in the dispersion error is identical, and
independent of v which comes solely from the temporal discretization. To compare the performance of the scheme for
M =1and M > 2, we will focus on comparison of the coefficients of leading error terms in (6.6).
We first consider ¥ = 0. We can make the following conclusions.
e For & in the medium absorption band, i.e. @ € (1, \/€s/€x), it is easy to check that

I@p) 1 e@p)|_ [d@p) 1
e(@;p) 2 2ex1? e(@;p) 2
5 . e
based on the inequalities Ef’ p; < —1 and ;(w, p2) < 0, which implies that the high order schemes reduce
e(; p €colV

the dispersion error as one would expect. This is true independent of other parameter choices.
e For other & values, the outcome will depend on the parameters. We can show that the general condition for
the higher order scheme (M > 2) to be more accurate in its dispersion error is equivalent to the inequality

2
<ed> F—2)@ 1) -2 (ed) (@ - 14ra-5ah) 20 D

This is a quadratic inequality in &2, We can conclude that with the CFL condition v < 1, which is a necessary
condition to ensure the fully discrete (2, 2M) leap-frog-FDTD scheme is stable for any M > 1 [8, 7], we
have
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-if0<rv< %, the condition (6.7) always holds for all & > 0.

- if % <v<1land
* if 0 < €4/€x < 212 — 1, then the condition (6.7) holds on

Wr <0 < Wg,
x ifeg/€0o > 22 — 1, then the condition (6.7) holds on

Ogagafh

9

R \/—1 — €4/ €0 + 202 + 3€q/€ccV? — U/ —deq €00 — 4(€a/€00)? + 8€a /ol + (€qV €00 )?
wr, =
202 —1

202 —1

The case of 4 > 0 is even more complicated. For low loss materials, in general we expect similar conclusions as
in the lossless case. We now perform a numerical study, and compare the leading error terms in (6.6) with v = 0.6
(which is small enough to guarantee that the scheme is stable for arbitrary M (see next section and [7]). The absolute
values of coefficients of leading error terms are plotted in Figure 6.1, with ¢, = 2.25, ¢, = 5.25 and various 7
values. It is observed that we can not determine which method performs better for the general case. From Figure
6.1, it’s clear that higher order schemes have smaller dispersion error for 5 = 0,0.01 in the range @ € [0, 3]. This
is no longer true for ¥ = 0.1, 1. The discussion here reveals an interesting fact. For some parameter values, we can
have counterintuitive results that the lower order scheme performs better than higher order scheme when numerical

R \/—1 —€q/€oo + 2U% + 3eq/€coV? + l/\/—4€d/€oo —4(€q/€x0)? + 8€d/€ccV? + (€ /€0 )?

dispersion is present.

7=0 7 =001 7=01 5-1
12 12 1.2 0.25
—M=1 —M=1 ‘“‘ —M=1 —M=1
—M>2 —M>2 \‘ —M>2 . o M>2
1 1 1 ‘
0 0 [ 02 \
I \
\‘
8 8 0.8 [ \
‘ 0.15
O 6 0.6
- [ M 0.1 \
0.4 /N \
a \ / ) —
0.2 L | \ 0.05} \__><
/ N ~
_ - 0 [/ N _ - 0
2 3 0 1 2 3 0 1 2 3

FIG. 6.1. Absolute value of coefficients of leading error terms in (6.6) (denoted by C) for the (2, 2M) leap-frog FDTD scheme.

6.2. Fully discrete dispersion analysis: (2,2M/) trapezoidal-FDTD schemes. We repeat the analysis done
in the previous section for the fully discrete (2, 2M) trapezoidal FDTD schemes. We obtain the numerical dispersion

relation for these schemes by setting the determinant of the matrix

sin (%) AR, 0 0
AT AR, e sin (%) sin (%) 0 ©8)
’ 0 0 1sin (%) %cos (%)
0 %wz COos (%) —%w% cos (%) tsin (%) — vAt cos (%)
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to zero. In the above, we have

M 2M
At Adp—1 . 1 w
A;R{ = 7 E (2}?1!)7_]-) Sin |:<p — 2) k'g]l;,th:| COS (2) .
The numerical dispersion is given by

M TP
[2p =312 . 5ps <’€FDQ2M’1> _ Ly, 6.9)

By requiring W <« 1 and K < 1, we can obtain the physical modes in the form

BE — 1
kg 2nr = £5™ (1 13 (M o 1) W MKQM +O(KMF2 4 g2Myy2 W4>> , M>1.

12 \ e(@; p) 22M(2M + 1)!
(6.10)
For W <« 1 with v = O(1), Taylor expansion gives us
1 (o w;
kFDPhY* 2M = Ew g o’ (6.11)
1+ — (= W?+0 M >2.
(8 (123 ) roow). .
5 - .
This shows second order dispersion error in all cases. When 5 = 0, it is easy to check that (©:p) +1+ <(@:p) >
e(0; p) 2€0012
(@ ~ . .
E;’ g; + 1| for any &w > 0 and v > 0. Hence, the high order FDTD schemes with M > 2 always have smaller
e\w;

dispersion error than the (2,2) FDTD scheme. On the other hand, numerical tests comparing the coefficients of lead-
ing order error terms in the trapezoidal FDTD schemes are provided in Figure 6.2, with various 7 values and the same
parameters as used in Figure 6.1. The plots indicate that it is again difficult to determine which coefficient (for M =1
or M > 2)is larger when 7 is large.

7=0 7 =0.01 7 =01 =1
12 12 1.2 0.4
—M=1 —M=1 I —M=1 —M=1
—M>2 —M>2 | \ —M>2 —M>2
10 10 1 I 035
‘ {
|1 \
I 03 \
8 08 [ \
I \
_ || 0.25 \\
O 6 ‘ 0.6 / | f \
— | / “\ / \ 0.2 -
4 ‘ 0.4 RNV N
‘\ L YA 0.15
) N‘\ 0.2 R\
Il : L ] 0.1
)\ i I
0 _ 0 0.05
0 1 2 3 0 1 2 3 1 2 3

&)
&)
&)

FIG. 6.2. Absolute value of coefficients of leading error terms in (6.11) (denoted by C) for the (2,2M) trapezoidal FDTD scheme.

6.3. Comparison among fully discrete FDTD schemes. Here, we will present comparisons of the relative
phase error for both the leap-frog and trapezoidal FDTD schemes using the parameters values fixed as in (4.16). For
the fully discrete schemes, wi At and wy h are needed to determine kg, 5. As shown in [6, 7], the schemes based on
the trapezoidal rule are uncondltlonally stable, while the leap-frog schemes are conditionally stable, with the stability
condition as v < v2M  with v2M defined as the largest CFL number of the (2, 2M) leap-frog-FD scheme, given by
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the formula [7, 8]

Mo — ; (6.12)
M

Z [(2p — 3)!1]?

= (2p—1)!
We note that as M increases, v2M
(M — o0), v2M approaches 2/7 [8].
First, we will consider the schemes with a normalized CFL number /12 = 0.7 for both types of temporal
discretizations. Relative phase errors are plotted in the range & € [0, 3]. In Figure 6.3, we show errors of LF(2, 2M)
and TP(2, 2M) with Wy = 7/30. The fully discrete schemes do give two peaks near @ = 1 and @ = y/€5/€0o. As
seen in Section 4, the phase errors for schemes based on semi-discretizations in time have two peaks in this range,
while only one peak in observed for the semi-discrete spatial schemes as seen in Section 5.1. Thus, it is reasonable to
believe that the second peak results from time discretization, while the first one is associated with both space and time
discretization. Comparing FDTD schemes with the same time discretization, phase error for the scheme with M = 2
is smaller than that of the second order scheme for M/ = 1. However, there is no significant difference among the
phase errors with M > 2 indicating that dispersion errors are dominated by time discretizations when M > 2. These
observations are consistent with our analysis. On the other hand, difference in phase error plots between LF(2,2M)
and TP(2,2M) is similar to the results obtained for the semi-discrete in time schemes as seen in the second plot of
Figure 4.1.

decreases but is bounded from below by v5°, . = 2/, i.e. in the limiting case

0.18 0.18

—M=1 —M=1

—M=2 —M=2

0.16 M=3 0.16 M=3

—M=4| —M=4

0.14 — M=5 0.14 ——M=5
0.12 0.12
& 04 3 01

= LQ
S 0.08 50.08
0.06 0.06
0.04 0.04
0.02 0.02
0 0
0 1 2 3 0 1 2 3
W W

FIG. 6.3. The relative phase error of fully discrete FDTD schemes for the physical modes with u/u?,{‘gz = 0.7 and W1 = m/30. Left: the
leap-frog scheme; right: the trapezoidal scheme.

In the second experiment, we will consider the fully discrete trapezoidal FDTD scheme with various CFL num-
bers. We give the contour plots of the dispersion error at @ = 1 in Figure 6.4, with W7 € [0.05,0.3] and w1h €
[0.01,0.1]. Here, the vertical coordinate is W = & W; and the horizontal coordinate is | K| = |&+/€(&; p) wihl. In
this coordinate system, for the range of values considered, the dispersion error of TP(2,2) can be improved by both
taking smaller time steps and/or refining the spatial grid. With fixed time step and spatial grid, we can also reduce
the phase error by increasing the scheme to fourth order. The contour lines in Figure 6.4 of higher order (M = 2, 3)
schemes are horizontal, and the contours for TP(2,4) and TP(2,6) have no visible difference. Neither decreasing space
mesh size nor increasing spatial order can reduce the phase error, which also illustrates the dominant role of temporal
errors.

Both our analysis and figures demonstrate that FDTD schemes with M/ > 3 do not improve the phase error of
fully discrete schemes significantly beyond that achieved for M = 2. Hence, LF(2,4) and TP(2,4) seem to be the
“best” schemes to work with from this perspective for most parameter choices (except for materials with large loss, or
low-loss materials with certain range of frequencies as shown in Figures 6.1 and 6.2).

7. Spatial Discretization: Discontinuous Galerkin Schemes. In this section and next one, similar to Section
5 and Section 6, we perform semi-discrete and fully discrete analysis when the spatial variable is discretized by
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FIG. 6.4. The contour plots of relative phase error of fully discrete FD schemes for the physical modes with trapezoidal scheme. @ = 1.

DG schemes. Here, we define the grid as z;,1/2 = (j + 1/2)h, j € Z, with uniform mesh size h. Let I; =
[€;_1/2,%;4+1/2] be a mesh element, with ; = %(xj,% + xH%) as its center. We now define a finite dimensional
discrete space,

VP ={v:vl, € PP(Iy), j € L}, (7.1)

which consists of piecewise polynomials of degree up to p with respect to the mesh. For any v € V}”, let U;:_l (resp.
2

Uj_+ 1 ) denote the limit value of v at z;, 1 from the element I, (resp. I;), [v] i+l = vl denote its jump,

1~ U1
Jjt+3 J+3
and {v}j+% = %(U;r% + vj._+%) be its average, again at 2, 1.
The semi-discrete DG method for the system (2.5) is formulated as follows: find Hy(t,-), Dp(t,-), En(t,-),
Py(t,-), Ju(t,-) € VP, such that V7,

[ auttnds+ [ Bndnods — (Br)yiape + (Bn6)yap =0, Vo€ VL. (7.22)
I I

/ 0, Dy + / Hy 0y — (Bnd )10+ (Hnd*)yo1jp =0, Vo € VP, (7.2b)
0Py = Jhn, (7.2¢)
Oy = —27Jp — wiPy + wiEn, (7.2d)
Dy, = € Ep + Py (7.2e)

Both the terms E}, and ffvh are numerical fluxes, and they are single-valued functions defined on the cell interfaces and
should be designed to ensure numerical stability and accuracy. In the present work, we consider the following general
form of numerical fluxes similar to the ones introduced in [10],

En = {Ex} + alBy) + B [Hal, (7.3a)
Hy, = {Hp} — o[Hy] + B2[En). (7.3b)

Here, «, 31 and 2 are constants that are taken to be O(1), with 5 and (2 being non-negative for stability. For
example, if we take « = 31 = 52 = 0, we have the central flux

By ={Ey}, Hy={H} (7.4)
if « = +1/2 and 31 = 2 = 0, we have the alternating flux
E,=E,, H,=Hf or E,=E, H,=H,: (7.5)

andifa =0, 81 = 1/(2\/€x), and B2 = /€~ /2, we have the “upwind” flux for the Maxwell’s equations neglecting
Lorentz dispersion

H, = () + Y B, 7.6)

Ey = {En} + 5

2 /€
In particular, when using the alternating flux with p = 0, it is easy to check that the DG scheme is equivalent to
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FD2 discretization.

7.1. Semi-discrete in space dispersion analysis. In order to carry out the dispersion analysis for piecewise
PP polynomials, we assume that the semi-discrete system has plane wave solutions of the form

Xp(a,t)|y, = e'Foorih=wh) Xo (2(2 — x;)/h), (7.7)

where Xo(-) € PP[—1,1], and kpg,, representing the numerical wave number of the semi-discrete DG scheme. To
find kmp for any p > 0, we will following the idea given in [1, 4, 3], in which the system will be simplified by using
Jacobi polynomials as the basis functions of PP.

In our analysis, we will transform the interval I; to the reference interval [—1, 1] with s = 2(z — x;)/h. An inner
product is defined on [-1,1] as

< fg>= / F(s)g(e)is

Then, (7.2) leads to the following system for any ¢ € P?([—1,1]):
- %iwh < Hy,¢>— < 0:Ey, ¢ >
i <(O‘ - ;) (e"rorh Bo(=1) = Eo(1)) + By (e"er" Ho(~1) — HO(ID) o
_ ((a n ;) (Eo(=1) — e~i#o00 By (1)) + By (Ho(—1) — e_ikm’tho(l))) ¢(=1) =0, (7.82)
- %iwh < Do, ¢ > — < 9cHo, ¢ >

+ ((a — ;) (e"ror" Ho(=1) 4+ Ho(1)) 4 B2 (™57 By(—1) — EO(l))> ¢(1)

— ((a + 1) (Ho(—1) + e~ "*ear" [ (1)) + B2 (Eo(—1) — e_ikD°=PhEo(1))> P(—1) =0, (7.8b)

2
—iwh < Py, ¢ >=< Jy, d >, (7.8¢)
—iwh < Jo, ¢ >= =27 < Jo,p > —wi < Py, ¢ > +w; < Ey, ¢ >, (7.8d)
<D07¢>:€oo<E07¢>+<P0a¢>' (786)
Note that (7.8c)-(7.8e) give us that
w2
< Do, p>= | € — 55— | <Eo,¢>=¢< Ep, ¢ >, (7.9)
w? — 21yw + wi

with € = ¢(@; p) given in (3.4). Hence, we can have a system only in the variables Ey, Hy and ¢ by plugging (7.9)
into (7.8a) and (7.8b). Furthermore, define two polynomials in P?P([—1, 1])

up =VeEy+ Hy, and wus =+eFEy— Hy,
Then, u; and us satisfy the following system,
< LTut, ¢ > +R ™ (ug, ug, ¢; o, fr, P, €, €6y =, (7.10a)
< Lrug, ¢ > +RF (ur,ug, ¢; a0, i, Ba, €, €02 = 0, (7.10b)
with the differential operators depending on €

1 1
LEv= ¢(§iﬁwh) v+ Ogv = Foikv+ dev, K =k“h. (7.11)

And the second terms R* are given as
- iknG,ph
R (ul,ug,qﬁ;a,ﬁl,ﬂ%ge’ pG.p )

“Lo) { (1 B ) (em0rhuy (—1) — uy (1)) + (za e+ \’}) (et (—1) — u2<1>)}

2
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—%¢(—1) { (—1 + Bive + ié) (ur(—1) — e~ "oarhyy (1)) + <2a — Bive+ \%) (u2(—1) — e—““DGmhuQ(l))} ,
(7.12a)

R+ (uh U2, ¢7 «, 517 ﬁQu €, eikDG’ph)

500 { (20 s1ve - 22 ) (eertun-0) - (@) + (1= Ay Z2) (@t - ()}

NG Ve
—got-{ (204 Ve 2 (uen) - ety @) + (1= ive- 22 (ua(-1) - et ).
(7.12b)

In particular, if the test function vanishes at the two endpoints, i.e., $(—1) = ¢(1) = 0, the second terms R* = 0.
Next, we will look at the system (7.10) instead of (7.8).

When p = 0, u; and uso are constant. Taking the test function ¢ = 1, (7.10) gives us

ﬁi)(A—2+A—1)> u1+1 (204—51\/E+62€

e 5 \[) (A =24+ A" )ug,

1
0=iKu; + 3 (A— A (Brve +

. 1 _ 1 _ _
oz_zKu2+2<2a+ﬁ1ﬁ—\ﬁ/2g) A—2+2A 1)u1+2<)\—)\ 1—(51\/E+\62)()\—2+)\ 1)>u2.

with A\ = e¢?*r6.»" This system has non-trivial solutions u; and us if and only if

1 1
iK + = /\—/\‘1+(ﬁ1ﬁ+é)(>\—2+/\‘1) - 2a-51ﬁ+@ A=2+217h

Det 2 5 Ve 3 Ve 5 —0.
- P2 N -1 s - o -1 P2 N -1
2<2a+fhﬁ ﬁ)()\ 24271 ZK+2()\ A (ﬂlﬁ+ﬁ)(x 24+ A ))

For general p > 1, use the fact that
< LTuy, ¢ >=< LFTug, ¢ >=0, Vo= (1—s)(1+s)w(s), withw(s) € PP72[-1,1],
we obtain that _ _
Loup=a PO+ PO £uy =at PO + 5T PMY,
where P;m’”) denotes the Jacobi polynomial of type (m, n) and degree p. Moreover, recall the following polynomials
of degree p from [1],

PLE(s) = Zp: (iiK)mMP(P—m,P—m+l)(s) (7.13a)
3 m=0 (2]9 + 1)' " ’ .
@2’:&(5) — i (:l: K)m (2p + 1 - m)!P(p*erl,p*m) (S) (7 13b)
! = @+t " ' '
And they have the property that
—al,— (—iK)PT (p+1)! 0,1
o (SR (D)
i K)PHL (p+1)!
rrel+ _ _(Z (0,1)
Ky (p o+ 1)!
croz+(s) = U PO ().
Therefore,
up = a‘@i,’_ + b‘@f,’_, Uy = a+<I>11,’+ + l)"‘(I)ZQ,""7

Then, the coefficients a™ and b* satisfy four algebraic equations corresponding to choosing test function in (7.10)
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with test function ¢ = 1 £ s. This leads a 4 x 4 system
M- (at 0,07, 07)T =0, (7.14)

with the matrix M given as the following

<uwwﬁfgx<AWA+mﬁ+;>—ewmw&ﬁ+ﬁy ~(2a - Aive+ )
Qo+ AVE- TON (F1PRa+BVE- ) —(-DPI-AVE- TN (e aver )
AES - Fy AEf —Fo 0 0
0 0 NF ., — Ff NF; — Fh,
and
- ) (FIK)™ + o (=p— D)y (EHEK)™
mz::o 2p 1)y m! 7 Fon = 'rnz::() (=2p—1)m  m! 7
where (a)o = 1 and (a),, = a(a+1)---(a + m — 1).Then, the numerical dispersion relation can be obtained by

solving Det(M) = 0.
In summary, we have the following theorem which characterizes the dispersion relation satisfied by kpg_p-
THEOREM 7.1. Consider the DG scheme (7.2) with V) as the discrete space. Then, kpg , satisfies the following
equation for any p > 0,

ap (eikDG*h + e*“’”";-ﬁh)2 + by (eik[’G’Ph + e*ikDG’Ph) +c, =0. (7.15)
Here, forp =0,
ag =1 —4(a” + B12),

bo =16(a* + B132) — 4iK (51\/g + ?)

co=—4(1+4(c® + 1)) + 8iK (ﬂl\f+ \[> +4K2.

While for p > 1,
ap =(—=1)" (1 —4(a” + B1B2)) F,F F,,
by =— (=1)" (1 = 4(a® + $162)) (F, Fyfiy + F, Fip)
+ (1+4(a® + B182)) (B, Fyyy + Fy Fiiyy)

+2 (ﬂ1ﬁ+ f;) (FfF, . —F, F),

cp =2(—1)P (1 —4(a® + 182)) (F,f 1 Fpyy — ETF)
= (1=4(0” + 515)) (F)* + (F,)* + (Fhn)” + (Fph0)?)

2@%+iﬁ@%<@)(%y (Fr0)?).

In particular, kpg,p are the roots of a quartic polynomial equation in terms of A = ekl if o2 + BBy # 1/4, and
kpG.p, are the roots of a quadratic polynomial equation in terms of A\ = e**r6:»h when o2 + 318y = 1/4.

By Theorem 7.1, we can see that the dispersion relation is more complicated than that of the FD scheme, caused
by the dependence on the flux parameters «, 51, 52, and the coupling of the local degrees of freedom. For the DG
scheme (7.2) employing the central flux (7.4) (¢ = ;1 = P2 = 0), there are four discrete wave numbers kpg_p,
corresponding to two physical modes and two spurious modes. While for the alternating fluxes (7.5) and the upwind
flux (7.6) (@® + 5132 = 1/4), there are only two discrete wave numbers kpg_p, corresponding to the physical modes.
This conclusion holds for arbitrary p. Unlike the FD scheme, when we increase the order of the accuracy of the scheme,
the number of modes won’t change when the dispersion relation is expressed by representing the discrete wavenumber
as a function of the angular frequency.

Next, with the help of Theorem 7.1, we can obtain the analytical dispersion relation formula for general p > 0
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based on the small wave number limit X — 0. In the following, we write
b=w (61 e(@p)+fa), and szth(m\m \‘}) (7.16)

Note that, b(w) = 0 if and only if 31 = 2 = 0. And we assume B/K = b/k°® = O(1), which means B < 1 as
well. The results are given as follows.
THEOREM 7.2. For the spatial semi-discrete DG method with VP as the discrete space.

o When a = 1 = B = 0, there are four discrete wave numbers. Two of them correspond to the physical

2
p+ 1 p' 9519 _—
+E* 1 K p+ O (K p+ >0 d
Jr2(2p—|—3) <(2p+1)!) + ( ) , p = 0andeven,
oo 2p+1 [ pl \? (7.17)
A ' K% 4+ O (K2+? > 0 and odd.
o When a? + 3132 = 1/4, we have two physical modes
; 1 1
£k (14 5iB + o7 (K2 —9B%) + O(iK*B +iB° + K4)> R
1 R 1
:l:kex 1+ — <> ZK2PB +
R p = 2\(p+1) 2(2p+1)(2p+3) (7.18)
’ 2
P! 2p+2 2p p2
) (KT —=(2p+3)K*B
((2p+1)!) ( (2p +3) K> B)
+0 (’Z:K2p+2B + Z-KQPB?) + K2p+4)) ’ » > L

Proof. The results of &« = 1 = 5o = 0 are special cases of the general results of Theorem in [1]. So we only
consider the second results with a? + 3132 = 1/4 here. In this case, (7.15) gives us

0 = by(etrranh 4 e=ihoarhy 4 = 2p cos(kpg ph) + cp-
When p = 0, this reduces to
8 — 8iB — 4K? 1 1. (B 1 /B\?
kpgph) = —————=1—-K?——i| = | K3+ = [ =) K*+ O(KP).
cos(kpo ph) 8 — 8iB 2 2' (K) T3 (K) +O(K?)

Furthermore, take cos™! on both sides and we can obtain

B 1. (BY ., 1 B\?\ 4 (B\ ., . (B\’ ., .

1

exr 1
=tk h<1+22B+24

(K* —9B?) + O(iBK® +iB® + K4)> :

In the following, we will look at the general p > 1. Denote

+iK
+_ 2 +iK +_ € —[p+1/plexix
I = (F7)%e™™", and O = ,

oEiK
+
with [p 4+ 1/p|o+ix = }’;}1 being the [p + 1/p]-Padé approximation of e**¥. Then
—2 (1L (1 - B (emF 41— +10I, (1+ B (e +e K (1-0,)?)
P K P P K P

cos(kpg ph) = — B

2x2<r1; (1K> (1-e}) +11,; (1+IE§) (1®p)>
~IL} (1—]]?) e + 11, (1+§> e,

B _ B\ ,-
It (1—K)®;+Hp (1+K>@p

=cos(K) —izsin(K) | (6} —©,)+ (6} +6,)
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+0((6;)+(8,)?+6)6,).

Next, we will estimate the second term of the right hand side in the case where K < 1. Corollary 1 in [1] showed that

2 2p+1 2p+1)(2p +2)
Therefore,
| 2

+ — _ _p2pe2 p: 2p+4
of +06, K ((2p+ 1)!) + O(K?P+4), (7.19a)

: LY (2p+2)
of —0; =iK?%*3 ( P ) O K?**5), 7.19b
P~ T o 11) @ity T (7.195)

Note that B/K = O(1). Then, we can obtain the Taylor series expansions in K
B B
1t l1-2) ot - 2)\o-
w1 g)er i (14 7 —(B)+i(s- (B) (D) (i (B) K
H+< B B K K 2p+1 K K (2p+1)2
p

1—K> ey + 11, <1+K> o,
i <1 <1€>2> <2pp+1 - (£)2> (2;(:1)3+(9(K4).

(7.20)

Combing series (7.19), (7.20) and the fact that sin K = K — %KB + O(K?®), we have
cos(kpg ph) = cos(K) — iC1K*13 — Co K1 4+ O (iBK*PH + i B3 K12 4 K10) (7.21)

@ = Z% (fi} ((217111)02’ 2= 2(2p + 1%(2p+3) ((2:0]1 1)!)2 (1 (2 +3) <§>2> '

Finally, take cos~! on both sides
kpgph = £ (K + C1K*1? 4 Co K718 4+ O (iBK?PT? +iBP K1 4 K219))

and the result is proved. 0

REMARK 7.1. These formulas show that, when using the central flux (o« = 1 = B2 = 0 ), the physical modes
have a dispersion error with order

with

(7.22)

2p+ 2, ifpiseven,
2p, if pis odd.

When using the alternating fluxes ( o+ 3182 = 1/4 and B = 0 ), the scheme has a dispersion error of order (2p+2).
In particular, the dispersion errors for o = 1/2 and o = —1/2 are the same. For the upwind flux ( o + 3182 = 1/4
and B # 0 ), we can observe a (2p + 1)-th order dispersion error, which is related to K and B at the same time.

It is clear that the order of dispersion error for DG scheme is higher than that of the L? convergence. This is an
advantage of DG schemes, and differs from FD schemes significantly.

To verify the results above, in Figure 7.1, we study the relative phase error of the physical modes of the semi-
discrete DG scheme (7.2) for p = 0,1, 2, 3, with parameters in (4.16) using the alternating flux (DG-AL) (only the
result of one version of the alternating fluxes is shown, because they are identical to each other), the central flux (DG-
CE) and the upwind flux (DG-UP). The numerical wave number kpg ;, is obtained by solving (7.15) exactly. First, we
fix wih = 7/30, and plot the dependence of relative phase error as a function of @, see the first row of Figure 7.1.
It is clear that DG-AL always gives smallest error when the same discrete space is used. This can also be verified by
comparing the orders and coefficients in (7.17) and (7.18). All schemes have significant larger errors around & = 1.
For DG-AL and DG-CE, the phase errors approach zero near 0 = 4/€5/€~ where K is close to zero. For DG-UP
with p = 0, the error is dominated by B (see equation (7.18)). Therefore, the “zero” point would shift to the “zero”
point of B, which is about \/1 + €4/(2€) ~ 1.291. Comparing FD2 ( Figure 5.3) and DG-AL with P, they have
the same performance. However, once we increase the order to p = 1, DG-AL has significantly smaller error than
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FDA4, resulting from the smaller coefficients in leading error terms, see (5.12), (5.14a) and (7.18). In the second row
of Figure 7.1, we present the errors at &; = 1 with mesh refinement. Slopes indicate the order of accuracy for each

scheme, which agree with our analysis in (7.17) and (7.18).

DG - AL DG - CE DG - UP
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FIG. 7.1. The relative phase error of semi-discrete DG scheme for the physical modes. First row: fix wih = /30 with @1 € [0, 3]; second
row: fix 1 = 1 with different wih € {35, g5 190> 340 )

8. Fully discrete Discontinuous Galerkin Methods. Here, we consider the DG scheme (7.2) coupled with
the leap-frog time discretization (4.1) and the trapezoidal time discretization (4.2). To analyze dispersion relation for
those fully discrete schemes, we assume numerical solutions in the form of

X! (2)lr, = e Foonh=n B0 Xo (2(x — ;) /h),
where, * can be LF and TP.

8.1. Fully discrete dispersion analysis: leap-frog-DG schemes. Here, we define
2 (W 2 (W
uy = VelF By + W sin <2> Hy, wus = VelF By — W sin (2) Hy,

with ¥ = (@""; pLF) given in (4.6). Then, the fully discrete leap-frog-DG schemes reduce to the following

)

problem:
_ _ W/2 sin(W/2) cos(W/2 ik \
< EGLFu17¢ > +R (ul,UQ7¢;06761 tan(v/[//2)752 ( /VI)//Q ( / )76LF7€ khg’p}) =0 (813-)
w/2 sin(W/2) cos(W/2) L
+ + . LE ikpg ph) — 1
< ‘CELFu27¢> +R (ulau27¢7aaﬁltan(W/2)7ﬁ2 W/2 , € , € ) O (8 b)
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Note that (8.1) and (7.10) are given in the same form with different parameters. Hence, (7.15) is still valid for the fully
discrete leap-frog DG scheme, with parameters modified as the following:

w2 B2 — B2

sin(W/2) cos(W/2)
an(W/2)’ '

e— ¥ K Vel¥uh, B —>ﬂ1 W

In this case
ap = (=1)” (1 = 4(a® + B1 B2 cos*(W/2))) .
Therefore, if o = :‘: and 1 = B2 = 0, then kDG p are the roots of a quadratic polynomial equation in terms of

. . . ; 1L.LF
A = eikbaph Otherw1se, kpg,, are the roots of a quartic polynomial equation in terms of A = eiksG.ph

We can see that for the upwind flux, there are four discrete wave numbers k]%gp corresponding to two physical
modes and two spurious modes, which differs from the semi-discrete results in Theorem 7.1.
Below, we analyze numerical dispersion property of the physical modes when W < 1. The formulas can be ob-

b/w
W 1
W

tained by repeating the proof of Theorem 7.2, and details would not be given here. Note that B = bh =
with a fixed CFL number v, with B given in (7.16).

e When using the central flux, i.e. @« = 81 = B2 = 0, we have four solutions, and two of them correspond to
the physical modes,

1 /8@: 1 1
k“<1+12(6&1;’))—2>W2+6K2+0(W4+W2K2+K4))7 p=0,
ex 1 (é(@;p) 1 2 Lo 4 212 4 _
" - +k <1+12(€@7p)2 w —4—8K +O (W +W?K?*+K*) ), p=1,
DGPhys p — ~
1 /(0 1
k& <1 + T2 (;g’g; — 2> W24+ 0 (W4 +K2p+2)) , p > 2, even,
1 w; 1
+ (1 + 5 (igg; — 2) W2 +0 (W*+ K2p)> , p > 2, 0dd,
8.2)

in the case of K < 1 and W < 1. They can be further written as

x L (o@ip) 1 2e(@ip)) 10 Wi _
=k (1+12 (e(@;p) §+ €2 +O< ) » P=0
1 (o(;p) 1 e(w; )
kG oms p = ex — - W2 W = 8.3
par o (1 - 12 (6(5}; P) 2 deqov? O ( ) p=1 ®3
1 (6(w;p) 1 2 4
+E%(1+ — —— | W W > 2
( 12 (6(@;p) 2> o). p==

with W <« 1 and a fixed CFL number v.
e When using the alternating flux, i.e. « = +1/2 and 3; = B2 = 0, there are only two solutions, corresponding
to the physical modes,

Lo <1+1 (5(W5P) 1) W2+214K2+O(W4+W2K2+K4)>7 p=0,

JoLF - 12 \ e(w;p) 2
DGPYs p T ~
1 (6(w;p) 1 2 4 2
+E* (1 + — = K2+2 >1
< + 3 (6@1)) 5 )W +0 (W + ) p>1,
(8.4)
in the case of K < 1and W <« 1, or
1 /6w 1 W
ppe (14 L (0@ip) L c(@ip) w2ioWwh ), p=o,
_ 12 \e(@;p) 2 2ex0v?
kDGphys = | fo@p) 1 (8.5)
HE* 1+ — ’ — 2 > 1
(e (g —2) o), ’

with W <« 1 and a fixed CFL number v.
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e When using the upwind flux, i.e. « =0, 51 = and By = —”;OO, there are four solutions. The two

1
2 /€0

physical modes are

1
+k <1+iB+O(W2+K2)>, p=0,
LF 2
kb L (s@ip) 1 (8.6)
+E> (14 — L W24+ 0 (W +iK*B >1
( 12 (6(@;p) 2) +O Wi )), pz1,
which can also be written as
b/w
:l:kex 1 . 2 —
( +z2@VW+O(W)), p=0,
e, =4 ke (14 L (0@ DYy o )} p=n ®.7)
DG 12\ e@;p) 2 : ’
L (d@;p) 1Y . o 4
ex - - >
+k <1+12(e(w;p) 5 ) WEHoWh) ), p=2

with W <« 1 and a fixed CFL number v.

The formulations above demonstrate that all fully discrete schemes are second order accurate in numerical disper-
sion, except for the upwind flux with P, for which the error is of first order. Comparing the leading error terms with
the same flux but with different p values, we can see that the temporal error would be dominant when p > 2 by upwind
flux or central flux and p > 1 by alternating fluxes. Moreover, it is observed that the leading error terms for high order
schemes, when the temporal error dominates, are the same with the FD schemes (6.5) and (6.6), which come from the
time discretization (4.8). In particular, the leading terms of DG scheme with alternating flux are the same as those of
FD scheme. Hence, we can also have counterintuitive results that the lower order scheme performs better than higher
order scheme when numerical dispersion is concerned for some given dispersive media and discretization parameters.
Similar results are observed for other numerical fluxes as well as for the trapzoidal-DG schemes in next section.

8.2. Fully discrete dispersion analysis: trapezoidal-DG schemes. We define
2 w 2 w
up = VeTP By + Wtan <2> Hy, us=VeTP By — Wtan (2) Hy,

with €TP = ¢ @TP; pTP) given in (4.12). And we can turn the problem in the similar form of (7.10):
g p
W/2

_ _ ) tan(W/2)  1p e py
< ‘CETPulv(b > +R (u17u25¢7a7/31tan(W/2)552 W/2 , € € ’ ) =0 (883)
W/2 tan(W/2 TP
< ‘C:—TPU'Q’QZ) > +R+(U1,U2,¢;Oé,ﬂl tan(é//z)a52 I;//Q/ )7€TpaeszG’ph) = O (88b)

Again, (7.15) is still valid for the fully discrete trapezoidal-DG scheme, with parameters as the following:
w/2 tan(1V/2)

€_>5TPa K — Vet wh, 51—>ﬁlm, Ba — B2 W2

In this case

ap = (~1)? (1 = 4(a® + 1 52))
which is the same as that for semi-discrete scheme. Therefore, k‘g}é)p are the roots of a quartic polynomial equation
in terms of A = eb6.0" if o2 + B1B2 # 1/4, and kpgj, are the roots of a quadratic polynomial equation in terms of
A = 060" when o2 + (182 = 1/4. This is the same as semi-discrete results.

Below, we list the physical modes k:g'é’p for p > 0, and perform an asymptotic analysis when W <« 1 and K < 1.

e When using the central flux, i.e. @« = 51 = B2 = 0, we have four solutions, and two of them correspond to
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the physical modes. When W < 1 and K < 1, the physical solutions have the form as

1 (6@ 1
£k <1+12<5E ’3 1) W2+6K2+O(W4+W2K2+K4)>,
ex 1 (@ ) 2 4 212 4
{14 55 G T K+O(W +W?K?*+K') ),
kDGphys o~
1
o (1 1 (ig; E)) i 1) wEro W +K2p+2)) ’
ex 1 (6(@;p) 2 4 2
{14 15 G )+1 W24+ 0 W'+ K?) |,

and can be further rewritten into

ex 1 6(@,[)) 26( p) 2 4 _
+k (1+12<6@;p)+1+ P~ wW2+0o (W |, p=
1 (6(w;p) €(W; p) 2 4
k phys g X A - =
pam o (”12<e<a;p>“ 1 ) VO )
1 (6(w;p) ) 2 4)
FEF 1+ — + 1| W4+ 0O (W , p>2
( 12(( ;p) (W) P

in the case of W < 1 and with a fixed CFL number v.
e When using the alternating flux, i.e. « = +1/2 and S,
to the physical modes,

1
+£ <1 + —

(5(@;10)
L TP @,p
@

' (s

e(@;p)
in the case of W <« 1 and K < 1, or

DG P p

Tk (1+ —
(1+

+ 1) W2+0 (W*+ K2p+2)> :

ex 1 (d(@;p) €(@;p) \ 12 1
£E( 1+ — 1 -
e k <+12(6@’p)+ t o2 W?+0 (W), p=0,
pGree.p 1 (6(@;p)
5 1+( +1>W2+(’) W4), >1
< 12 \ e(@; p) (W) !

in the case of W < 1 and with a fixed CFL number v.
e When using the upwind flux, i.e. a = 0, f; = 2\/7
sponding to the physical modes,

5 (1 + %iB +0 (W? + K2)) :

p=0,

|
—

p > 2,even,

p > 2,0dd,
(8.9)

(8.10)

= (5 = 0, there are only two solutions corresponding

+1)W2+214K2+(9(W4+W2K2+K4)>, p=0,

(8.12)

and [y = V , there are only two solutions corre-

p =0,

kDGPhys = 5(@;p)
ike"(1+< P +1>W2+0(W4+z'K2PB)>, p>1,
12 \ e(@; p)
which can be rewritten as
. b/w 2
:I: X 1 =
k <+z2@UW+0(W )), p=0,
1 ’\.
kg k& <1 (5(;") +1> W2+O(1'W3)>, p=1,
12 \ e(@; p)
(@;p) > 2 4)
+E 1+( +1 )W +0 (W , > 2,
( 12 \ e(@:p) W9). »

in the case of W < 1 and with a fixed CFL number v.

(8.13)

(8.14)

We have similar conclusions as those for the fully discrete leap-frog DG schemes, except that the leading error
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terms for high order schemes come from the fully implicit time discretization (4.14).

8.3. Comparison among fully discrete DG schemes. In our previous work [6], we have proved that the fully
discrete DG schemes based on the trapezoidal rule is unconditionally stable and the leap-frog schemes are conditionally
stable. Following the proof in [6], we can find v%, .. such that under the condition v < v2 the leap-frog schemes

ax max?

using PP space are stable . Those v?, . values for p = 0, ..., 3, 0o are listed in Table 6.1. For comparison, we also

max

list the CFL condition for FD scheme for various M values in the same table. We can see that the CFL number for DG
scheme is much smaller than that for FD scheme, particularly for high order case.

TABLE 8.1

Uhaz for DG scheme and vZM. . for FD scheme.

p=20 p=1 p=2 p=3 p— 00
DG-CE 1 0.211325 0.101287 0.0605268 0
DG-AL 1 0.192450 0.089115 0.0521629 0
DG-UP 1 0.211325 0.101287 0.0605268 0

M=1 M=2 M=3 M=4 M=5 M-—=oc
FD 1 0.857143 0.805369 0.777418  0.759479  0.636620

In Figure 8.1, we plot the relative phase errors of fully discrete DG schemes with leap-frog discretization for
W1 = 7/30,7/300 using material parameters (4.16). We can observe that the overall behavior of the plot with
W1 = m/30 is quite different from the FD plots and the plots obtained with W; = 7/300, and the magnitude of

the errors is very large. This phenomenon results from w;h = W1 and the tiny CFL numbers restricted by

€oo V
the stability condition which makes the mesh size h extra large. We conclude that the small CFL number is one
disadvantage of high order DG schemes. When comparing the figures obtained with W7, = 7 /300 using the three
numerical fluxes, it is clear that the alternating flux has the smallest error, while the error obtained by the upwind flux
is the largest. The overall dependence of the error on & is very similar to those from the FD schemes.

Next, we consider the unconditionally stable DG scheme with trapezoidal rule and varying CFL numbers. Figure
8.2 shows the contour plots of the dispersion error at w = 1 with (W1, w;h) € [0.05,0.3] x [0.01,0.1]. It is observed
that DG-AL with p > 1 have horizontal contour lines, indicating dispersion errors are dominated by temporal ones. In
comparison, DG-UP and DG-CE have horizontal contour lines when p > 2. The values of numerical dispersion errors
obtained by high order DG schemes are very similar, which also illustrates the dominant role of temporal errors. This
observation is consistent with our theoretical analysis.

9. Benchmark on Physical Quantities. In this section, we will verify the performance of the finite difference
and discontinuous Galerkin methods by plotting quantities that are important for wave propagation such as the nor-
malized ratio between the numerical and exact phase velocity (also refractive index); normalized attenuation constant;
normalized energy velocity; and normalized group velocity, to validate the performance of the numerical methods (see
[17]). The model parameters in (4.16) are used in computing all the quantities and plots below.

We first define 1, given as

N GET)) .1

w

We note that v is the complex index of refraction of the medium, whose real part is the real refractive index of the
medium, whereas the imaginary part is related to the absorption or extinction coefficient [36]. We use R and & to
denote the real and the imaginary parts of a complex number. Let the superscripts £ and N denote the value of
a quantity related to the exact solution of system (2.5) and a numerical approximation, respectively. We have the
following definitions (see [17]):

e Normalized Phase Velocity: We consider the ratio between the real parts of the exact and numerical phase

velocities, with the phase velocity, v, defined as v, = w/k =1 /1. We define

Normalized Phase Velocity = 9.2)

28



DG - AL DG - CE
1.2 1.2
—p=0 —p=0
—p=1 —p=1
1 I p=2 1 p=2
i —p=3 — p=3
I / \ (\
0.8 | 0.8 /
IV / [
5 “ a “ /
=Ro0s6 “ / 5306 | /
> | \‘ /j > Il /’
0.4 “ ‘\ / 0.4 H /
| \‘\ ‘ ‘ Il [
I ‘ “ |
0.2 ‘ ‘H‘ | 0.2 H [
| | | |
| “‘\ | ( ‘wk\ [
‘JJ"L\“ | \/} ‘\\‘ \“ —
0 ) | 0 A S —
0 1 2 3 0 1 2 3
o
-3 DG - AL -3 DG - CE
16 x10 7 x10
—p=0 —p=0
—p=1 —p=1
p=2 6 p=2
12 —p=3 —p=3
T
2 a4
5208 58
> ‘ >3
| 2
0.4
1
0 e —— 0 —
0 1 2 3 0

FIG. 8.1. The relative phase error in physical modes of the fully discrete DG schemes with leap-frog time discretization, using v /Vh, . = 0.7.
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First row: W1 = 7/30 ; second row: W1 = m/300.

e Normalized Attenuation Constant: We consider the ratio between the imaginary parts of the exact and
numerical v, which is also the ratio between the imaginary parts of the exact and numerical indices of

refraction. We define

Normalized Attenuation Constant =

DG - UP
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1 ‘,‘ p=2
\“ —p=3
I\
0.8 ‘
|
5206 ‘
> |
0.4 | “\
|
| }‘H\‘
Hl
0.2 i
| / ! [
0 _
0 1 2
w
_ x10° DG - UP
‘
| / —p=0
| 7}):1
6 | ‘ ‘ =2
/ ‘ ‘ —p=3
5 ‘ [
i
a4 ‘ |
AIIE
=3 \“ L/
2 “‘ 1 2
1 \H ‘
R
N
0 1 2
w

&

as a function of the real and imaginary parts of the quantity ¢ given as
(R (0?) — &) (R (?) — o) + (3 (¢7))?
(65 - 6oo) R (1/1)

Based on the definition of the energy transport velocity, we define the ratio between the exact and numerical
energy transport velocity to be the normalized energy velocity as

e Normalized Group Velocity: We define the normalized group velocity to be the real part of the ratio of

Normalized Energy Velocity =

Energy Velocity = |R(¢) +

(™)

S (¥F)

e Normalized Energy Velocity: The velocity of energy transport of a (monochromatic) plane-wave field is an
important concept of wave propagation in a dispersive medium. In [36] this velocity is defined as a ratio of
the time-average value of the Poynting vector to the total time-average electromagnetic energy density stored

in both the field and the medium. The normalized energy velocity is a quantity that is defined (see [17, 36])
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FIG. 8.2. The contour plot of relative phase error of fully discrete DG schemes for the physical modes with trapezoid rule. & = 1. First row:

DG-AL; second row: DG-CE; third row: DG-UP.

group velocities of the exact and numerical solutions. We have

Normalized Group Velocity = R

9.5)

0
where the group velocity is defined by v, = 8—: Here, both vf and vé\' are obtained numerically by

(Ug)_l
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T 00w
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In Figures 9.1 and 9.2, we plot the four physical quantities defined in (9.2)-(9.5) for the leap-frog and trapezoidal
FD schemes in various ranges of values for @: below resonance (w0 < 1), near resonance (0 = 1), at the upper edge of
the medium absorption band (&0 = 1.527), and far above resonance (w0 > 3). Figure 9.1 offers excellent agreement with
the plots in [17] for the (2,2) Yee scheme (leap-frog FDTD scheme with M = 1) and a (2,4) leap-frog FDTD scheme
(M = 2). Both schemes have large errors at the resonance frequency and the upper edge of the medium absorption
band @ = 4/€4/€x. Higher order schemes have values for the physical quantities that are closer to 1, which indicates
smaller dispersion error with increase in the spatial order of the scheme. We note that, while the increase in spatial



order reduces the four physical quantities near resonance for both the leap-frog and trapezoidal FDTD methods, there
is virtually no change with spatial order at the upper edge of the medium absorption band. This is also true for the
DG schemes. A comparison between Figures 9.1 and 9.2 suggests that the main differences between the two temporal
discretizations can be observed for frequencies below and far beyond resonance. For & < 1, the plots obtained by the
trapezoidal FDTD schemes are monotone. This is not the case for the leap-frog FDTD method as shown in Figure
9.1. The results can be understood by comparing equations (4.8) with (4.14). The leading error coefficients in the
two time schemes are different, with one being monotone on & and the other not. For high frequencies, the leap-frog
FDTD scheme can no longer resolve frequencies beyond 14.8, when the fields start to decay exponentially and have
an increasing phase velocity. This number changes to around 10 for the trapezoidal scheme, which shows different
resolution offered by the two temporal schemes.

In Figure 9.3, we plot the four physical quantities defined in (9.2)-(9.5), obtained by DG-AL scheme using trape-
zoidal time discretization with a fixed CFL number v = 0.7. This choice is made based on previous observations that
the DG-AL performs the best among all three fluxes. The overall behaviors of the physical quantities for FD and DG
schemes are very similar when comparing Figure 9.2 with Figure 9.3. The main difference lies in the last column for
high frequencies. The increasing resolution in the higher order DG scheme is evident, while increasing order does not
impact this much for FD schemes. Thus, high order DG schemes in space can have a better performance in resolving
high frequencies when compared with the FD scheme using the same mesh size. Similar conclusion holds with leap
frog time discretization, and the plots are omitted for brevity.

10. Conclusions. In this paper, we studied the exact and numerical dispersion relations of a one-dimensional
Maxwell’s equations in a linear dispersive material characterized by a single pole Lorentz model for electronic polar-
ization with low loss (i.e. when 7 is small). We consider two different high order spatial discretizations, the FD and
DG methods, each coupled with two different second order temporal discretizations, leap-frog and trapezoidal integra-
tors, to construct both semi-discrete and fully discrete schemes. In addition, for the DG schemes we have considered
three different types of fluxes: central, upwind and alternating fluxes. Comparisons based on dispersion analysis are
made of the FD and DG methods and the leap-frog and trapezoidal time discretizations.

It is well known that the FD and DG (which are a class of finite element methods) schemes, both being very pop-
ular discretizations, differ quite a lot in how they simulate wave phenomenon in their discrete grids. For example, DG
schemes work well for multi-dimensional problems and can be constructed on unstructured meshes for complicated
geometries. The FD schemes are simpler to code, and are mostly defined on structured meshes. The extension of the
FD methods to non-uniform and unstructured meshes are cumbersome.

Both types of spatial discretizations can be designed with high spatial order accuracy. The FD scheme achieves
this by extending the stencil of the discretization, while higher order polynomials are needed for the DG construction.
When we express the dispersion relation for the discrete wavenumber as a function of the angular frequency w, the
number of spurious modes will increase with M (the accuracy order) of the FD scheme, while for DG schemes, the
number of spurious modes is independent of p (the polynomial order). However, as shown in the Appendix of the
FD scheme, using an alternative description of phase error, when the discrete angular frequency w is expressed as a
function of the wave number k the conclusions are reversed. Namely, there are no spurious modes for FD schemes,
while more spurious modes will be present for higher order DG schemes, see [10] for relevant discussions in free
space.

When comparing the order of numerical errors, the FD schemes manifest the same order of accuracy of the
dispersion error and point-wise convergence error, while the DG schemes have higher order of accuracy in dispersion
error than in the L? errors [13, 14] (superconvergence in dispersion error). The CFL numbers for the two methods
when coupled with an explicit time stepping are also different. It is known that the CFL number will approach a
constant other than zero when M — oo for the FD scheme, but the CFL number will go to zero when p — oo for the
DG scheme. Therefore, high order DG schemes require much smaller time steps than high order FD schemes.

Based on the numerical dispersion results in this paper, we observe that the physical dispersion of the material
plays an important role in the numerical dispersion errors. For the low-loss materials considered, we can observe that
the error is largest near the resonance frequency. This is no longer true for materials with high loss (i.e. when 7 is
not small). An interesting finding is that for some materials and discretization parameters, we observe counterintuitive
results that the dispersion error of a low order scheme can be potentially smaller than that of high order schemes (see
for example Figure 6.1). This demonstrates that the dispersion analysis conducted for free space may not be revealing
for general dispersive media.

We find that the second order accuracy of the temporal discretizations limits the accuracy of the numerical dis-
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FIG. 9.1. Results for the leap-frog time discretization and FD2M with CFL number v /vZM. = 0.7. First row: Normalized phase velocity;
Second row: normalized attenuation constants; Third row: normalized energy velocity; Fourth row: normalized group velocity.
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FI1G. 9.3. Results for the trapezoidal time discretization and DG-AL with CFL number v = 0.7. First row: Normalized phase velocity;
Second row: normalized attenuation constants; Third row: normalized energy velocity; Fourth row: normalized group velocity.
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persion errors, and is a good motivator for considering high order temporal discretizations, which are non-trivial to
construct for the case of dispersive Maxwell models [48]. This limiting behavior in the medium absorption band is
made clear by the difference in errors in the semi-discrete schemes versus the fully discrete schemes. In our future
work we will investigate higher order temporal discretizations.

Appendix A. An Alternative Dispersion Analysis for Semi-Discrete Finite Difference Schemes.

In this appendix, we provide an alternative method of analyzing the dispersion error of the semi-discrete in
space high order FD schemes (FD2M). We express the discrete angular frequency w as a function of the continu-
ous wavenumber k € R, and measure the relative errors that result for different M, M € N, with 2M being the spatial
accuracy of the schemes.

We introduce the following definitions

~ (2p =32  , [k
k:=kh F =2 P — . Al
; 2 ( pzl 1 o (A.D

For the exact dispersion relation of Maxwell’s equations in a one spatial dimensional Lorentz dielectric, by solving
det(A) = 0 with A given by (3.3), we get the following quartic equation for the continuous angular frequency

~EX

w07 = w™fwy,

2 _ 2 ~2
@) +2i5 (@) — - (es + (k)> (@)% — %ﬁ(ka"‘ PN (A2)

o wih)? €o  (w1h)? €00 (W1h)?
Similarly, considering the dispersion relation of semi-discrete FD2M scheme (5.10), we have
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(A3)

Clearly, both (A.2) and (A.3) have four (complex) roots each. Therefore, the FD scheme has no spurious modes
for the discrete angular frequency. To better understand the errors, similar to previous sections, we first consider the
lossless material ( = 0) as an example. In this case, only even order terms appear in (A.2) and (A.3), and we can get

) 11/2
1 7::2 € /];2 i 4/]52
~ €
O R = 4 — | & M -t - — A4
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and O7%*Y (k) = @ (Fan (k)), - @557 (k) = @54 (Fan (k).
In Figure A.1, we present the relative dispersion errors with ke [0, 27] and the parameter values
€ =525, € =225, wh= %.
In this figure, we can observe the decrease of error when M (order of the scheme) increases. The numerical error in
the first and second solutions of the discrete angular frequency, are smaller than that of the third and fourth solution,
which can be understood if we consider the small wavenumber limit. In this case, we can derive expressions for the
relative phase error as

[(2M — ]2 ~2m M2 '
Wi (k) = 220 (2] + 1)1 —1,2
Urp 2 (k) == | = (k) — &> (k) _ ) 22M(2M +1)! + Ok ): i=1,2, (A.5)
, % (k) [(2M — D)2 eq k% ~2m oMo

oo =k + Ok | =3,4
gzt T ) =34

which indicates a dispersion error of order 2M and is consistent to our previous conclusion (see Theorem 5.1). By
comparing the coefficients, we verify that, for the parameters we consider, the leading error coefficient corresponding
35



to @{;‘?ﬁM(%) is indeed much larger than that for @fg’zM (k).

=1
0.9 —M=2

M=3
—M=1
—M=5

FIG. A.1. Relative phase error (A.5) for the spatial discretization FD2M with 5 = 0. ke [0,27). Left: © = 1,2; The inset in the left plot

displays a zoomed-in region of the relative phase error for low values of E Right: © = 3,4.

For low-loss material, e.g. ¥ = 0.01, the conclusions are very similar. The error plots show no visible difference

from the no loss case, and are thus omitted.
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