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We study duality of regular weak multiplier Hopf algebras
with sufficiently many integrals. This generalizes the well-
known duality of algebraic guantum groups. We need to
modify the definition of an integral in this case. It is no longer
true that an integral is automatically faithful and unique.
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AN SVD-BASED FAST ALGORITHM FOR 3D MAXWELL'S
EQUATIONS WITH PERFECT ELECTRIC CONDUCTOR AND
QUASI-PERIODIC BOUNDARY CONDITIONS"

XING-LONG LYUT, TIEXIANG LI*, JIA-WEI LIN', AND WEN-WEI LINY

Abstract. This paper presents a fast algorithm, FAME, to caleulate the band stroctures of
three=dimensional (3DD) photonic crystals with supercell structures ar perfect electric conductor
and guasi=periodic mixed boundary conditions. The obligque Yee finite difference method i ased
to discretize the frequency=domain source=free Maxwell’s equations uniformly with different Bravais
lattices., We derive the explicit singular value decomposition (SVD) of the discrete curl operator by
leveraging the SVD of the discrete differential operator in each direction, in which the FFT structure
is implied. With the help of the explicit basis of the range space of the discrete curl operator embedded
in its SVD, we transform the Maxwell cigenvalue problem into a null space=free generalized cigenvalue
problem, which can be readily solved by the conjugate gradient method. The discrete cosine/sine
transform operations induced by the perfect electrie conductor boundary conditions in each matris-
vector multiplication operation are accelerated by the FFT with O(N log V) complexity, as well as
the gquasi-periodic boundary condition MNumerical experiments are conducted to demonstrate the
efficacy and effectiveness of FAME, and surface state phenom of 3D photonic erystals with gyroid
supercell structures are realized,

Key words. 31 photonic erystals, obligue Yee scheme, perfect electric conductor, singular value
decomposition, FFT
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1. Imtroduction. Numerical simulations involving Maxwell's equations in var-
ious media often require the computational domain to be confined to a finite area.
Typically, this domain is defined by assuming the corrective physical behavior of the
electromagnetic field at its boundaries. When ealculating the photonic band structure
of a photonic crystal (PhC), the quasi-periodicity of the electromagnetic field [14, 26],

=Sul tted to the journal's Software. High-Performance Computing, and Computational Science
and Engineering section October 23, 2023; accepied for publication (in revised form) July 30, 2024;
published electronically December 17, 2024,

https: )/ fdolorg/10. 1137 /230161 1038

Funding: The first author was partially supported by Jiangsu Provinee Excellent Post-Doctoral
Program 20237ZB142 in China. The second author was partislly supported by the National Natu-
ral Science Foundation of O a (NSFC), 12371377, and the Jiangsu Provincial Scientific Rescarch
Center of Applied Mathematics under grant BK20233002, The fourth aunthor was partially sup-
ported by the Minisiry of Science and Technology, 112-2115-M-A489-010-, Taiwan. This research
was funded partially by the Shanghai Institute for Mathematics and Interdisciplinary Sciences under
grant SIMIS=-11D=-2024-1.C3.

TSchool of Mathematics and Shing-Tung Yau Center, Southeast University, Nanjing 211189,
amd Nanjing Center for Applicd Mathematics, Nanjing 211135, People's Hepulblic
[le_'rnuthﬂﬂ n.edu.en),

FCorresponding author, School of Mathematics and Shing-Tung Yau Center, Southeast University,
Nanjing 211188, Nanjing Center for Applicd Mathematics, Nanjing 211135, People's Republic of
China, and Shanghai Institute for Mathematics and Interdisciplinary Sciences. Shanghai 200433,
People's Republic of China (txlifiseu.edu.cn).

f Department of Applicd Mathematics, Tunghai University, Taichung 407224, Taiwan (jiaweilin
thued . tw ).

T M 1 Center for Applied Mathematics, Nanjing 211135, People’s Republic of China, Shs
Institute for Mathematics and Interdizciplinary Sciences, Shanghai 200433, People’s Republic
China, and Department of Appliecd Mathematics, National Yang Ming Chiano Tung University, Taiwan
(wwlin@math.netu.edu, tw).

of China

Bu25

Copyright @©) by SIAM. Unauthorized reproduction of this article is prohibited.

KRS T — R PRE SR DU T U AT R 45 M A0 5 55 vl 3 A DL HE
R ST =4 TR I RE R 45 . R Yee ATIRZE D JTIEHH T4t Bk
WTIRIIGZE e i J7FE, AT LTS A B 54 A o 4 A% o 38 X b o3 it

19



AU ST B I 3L A A R R A T, ORI AR TR AL
PN B O E T B A A . BT Z R EORA FRT 880K, el 1
=G T R REATT S5 A 1Y) R ROR A o

(a) Gyroid lattices. (b) 1 x 12 x 1 supercell. (c) 6 x 6 x 1 supercell.

(d) Band structures of the SG (e) Band structure of 1 x 12 x 1 (f) Band structure of 6 x 6 x 1
and DG. supercell. supercell.

Fi1G. 4. Geometric structures of SG, DG, 1 x 12 x 1 supercell, and 6 X 6 x 1 supercell and their
calculated band structures with ny = ny = ng = 120.
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(a) |E]* for w = 0.5240 at k = M for the .
z

1 % 12 % 1 supercell structure in Figure 4b,

-~

o]
=

™

wEFvasarrsl b

(b) |E|* for w = 0.3156 at k = M for the (e) |E]* for w = 0.5201 at k = M for the
1% 12 % 1 supercell structure in Figure 4b. fi 2 6 » 1 supercell structure in Figure dc.

Fie. 5. .‘:'urfncu slates for two di'ﬁ'r.'n'.'rll supercell structures utilizing qyroid lattices.
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