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The wide-range application of photonic crystals and metamaterials benefits from the enormous design
space of three-dimensional subwavelength structures. In this Letter, we study the space group constraints
on photonic dispersions for all 230 space groups with time-reversal symmetry. Our theory carefully treats
the unique singular point of photonic bands at zero frequency and momentum, which distinguishes
photonic bands from their electronic counterpart. The results are given in terms of minimal band
connectivities at zero (M) and nonzero frequencies (M 0 ). Topological band degeneracies are guaranteed to
be found in space groups that do not allow band gaps between the second and third photonic bands
(M > 2). Our Letter provides theoretical guidelines for the choice of spatial symmetries in photonics
design.
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Introduction.—A photonic system with translational
symmetry is described by a band structure showing the
frequency spectrum as a function of the lattice momentum.
The appearance of band gaps, where the density of states
vanishes, is the most prominent feature in photonic band
structures. How bands connect to each other over the
Brillouin zone and whether band gaps can open at specific
frequency levels are highly constrained by the symmetry of
the underlying lattice. Similar symmetry constraints on
electronic band structures were recently studied for space
groups [1–3]. However, these results are only translatable
to nonzero-frequency bands of photonics. The standard
treatment fails for photonic crystals because their band
structure has an intrinsic singularity at zero frequency and
momentum, as illustrated in Fig. 1. Understanding of
whether these two gapless bands can be separated from
the higher-frequency bands is important for constructing
photonic crystals with targeted properties. Low-frequency
bands also have high priority in practice because their
features are quite forgiving for fabrication imperfections. In
this Letter, we develop a group theoretic approach for
photonic bands and determine the possible gap positions
and band connectivities of time-reversal-invariant photonic
crystals for all 230 space groups. Our results will guide the
choice of space groups in designing photonic crystals,
metamaterials, and topological photonic lattices.
Motivations.—The study of photonic crystals began with
the search for three-dimensional band gaps [4–6]. The first
complete gap was discovered between the second and third
bands in the diamond lattice (space group 227) [7], and it
has remained the largest gap in dielectric photonic crystals
ever since [8–11]. (Hereafter, we refer to a space group by
its number assigned in Ref. [12] in bold italic font.) It is
0031-9007=18=121(26)=263903(6)

reasonable that the largest gap opens between the lowest
bands, where the density of states is the lowest. We find that
227 is actually the largest space group that allows separation between the second and third bands. This justifies
why no larger gaps than that of the diamond lattice have
been found using dielectrics.
Metamaterials of periodic metal composites [13] can be
understood as metallic photonic crystals (or plasmonic
crystals) [14,15]. Some of our results also apply to them, as
we discuss in a later section.
Topological photonics started by realizing that photonic
band structures could be distinct in their global configurations of wave functions below a band gap [16,17]. Therefore,
knowing the general condition of band gaps is a prerequisite
in the search for topological photonic bands. Our results
show space groups in which topological band degeneracies,
such as Weyl points [18] and nodal lines, can be found
between the second band and higher bands.
Minimal connectivity: M and M 0 .—Minimal band connectivities M and M 0 , illustrated in Fig. 1, are the key
quantity to be determined in this Letter. They represent the

FIG. 1. Two types of band connectivities (M and M 0 ) are
⃗ ¼ 0.
distinguished by whether they are connected to ω ¼ jkj
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minimal number of bands that are required to connect with
each other somewhere in the Brillouin zone as a result of
the spatial symmetry and the time-reversal symmetry [19].
⃗ ¼ 0.
M denotes the set of bands connected to ω ¼ jkj
Obviously, M ≥ 2 for dielectric photonic crystals because
of the existence of the two gapless modes. M 0 ≥ 1 denotes
the rest of the bands with higher frequencies. Throughout
the Letter, a band gap means that the two bands below and
above do not touch at any momentum in the entire
Brillouin zone.
We obtain M and M 0 for each space group by examining
its compatibility relations and making use of its sub- and
supergroup relations. These principles are valid regardless
of the details of the system, such as unit-cell shapes
and material dispersions in permittivity or permeability.
The compatibility relations, reviewed in Sec. V of our
Supplemental Material [20], are relations among symmetry
representations at high-symmetry momenta. They require
that the combination of representations used in the band
structure is globally consistent over the entire Brillouin
zone. M and M0 are the minimal number of bands that
satisfy the compatibility relations.
A translationengleiche (t) subgroup [12] is a subgroup in
which the translation symmetry is preserved while other
group elements are removed; t supergroup is also defined
likewise. The identical translation implies the same
Brillouin zone structure. Intuitively, a higher symmetry
(t supergroup) implies a larger band connectivity and,
conversely, a lower symmetry (t subgroup) implies a
smaller band connectivity. For example, if a space group
allows M ¼ 2, all of its t subgroups have M ¼ 2, while all
of its t supergroups have a connectivity ≥ M.
Space-group constrains on M 0 .—Recently, a similar
approach has been applied to electronic band structures,
where the possible connectivities of bands are determined
for all space groups [1–3]. Our M 0 values can be readily
obtained by halving the values in Ref. [1] (labeled ν in
Table S2 of Ref. [1]) to take into account the lack of spin in
the photonic problem. We show the results in Table S1 in
the Supplemental Material [20]. For symmorphic space
groups (containing neither screw nor glide), M 0 ¼ 1
because of the existence of 1D representations. For nonsymmorphic space groups, M0 ≥ 2, as we explain below.
This table applies to any bosonic band structure.
It is important to note that M ≠ M 0 in general. For
example, the single gyroid (belonging to space group 214)
has a band gap between the second and third bands (i.e.,
M ¼ 2) [18]. However, according to Table S1, M 0 ¼ 4 for
this space group. This apparent mismatch motivated us to
revisit the band theory for photonic crystals. The key
⃗ ¼ 0.
difference lies at the singularity at ω ¼ jkj
Singularity at zero.—Maxwell’s equations in free space
do not have a converging eigensolution exactly at
⃗ ¼ 0. Around this point, electric and magnetic fields
ω ¼ jkj

⃗ polarize in the plane perpendicular to k
⃗
for a wave vector k
⃗ → 0.
⃗ Therefore, wave functions at
and do not converge as k
this singular point may not form a representation of the
symmetry of the system, and the standard band theory and
group theory fail in general. In comparison, electronic band
structures do not have such singularities. Phonons also
disperse linearly at zero, but they can have a converging
solution with three branches representing a vector in three
dimensions [21], in contrast with photons, which have only
two transverse gapless branches.
Fortunately, anywhere away from the singular point,
wave functions are smooth and representations can be
assigned. We argue that, in dielectric photonic crystals, two
gapless modes transform in the same way as plane waves
under spatial symmetries around the singular point. This
can be understood through a thought experiment, in which
we adiabatically increase the dielectric constant from the
free-space unity (ϵ ¼ 1) to any values of ϵ ≥ 1 for any point
in space, while maintaining the assumed spatial symmetries. In this adiabatic process, the dispersion curves
can move, but their symmetry representations never
change. Consequently, the two gapless photon dispersions
have the same symmetry eigenvalues as the plane waves of
uniform vectorial electric fields (or pseudovectorial magnetic fields). They are ei½ð2πÞ=n% and e−i½ð2πÞ=n% for an n-fold
rotation and þ1 and −1 for a mirror along each high⃗ ¼ 0. We use these rules to
symmetry line around ω ¼ jkj
study M.
Metallic photonic crystals.—The properties of the lowest-frequency bands of some metallic photonic crystals are
different than those for dielectric crystals. Here, we classify
metallic photonic crystals into three classes according to
their low-frequency dispersions. Our results in this Letter
apply to the first two classes, but not the third one.
The first class of metallic photonic crystals has the same
low-frequency dispersion as dielectrics. An example is
given by a periodic arrangement of isolated metallic
elements that are disconnected from each other in every
spatial direction. Our results for M and M0 clearly apply to
this class. The second class has a band gap toward the zero
frequency, which can be interpreted as M ¼ 0. Our M0 still
applies in this case. Examples include a single metallic
network connected in all three dimensions. The third class,
discovered recently [22–24], has exotic low-frequency
bands. Although our results for M0 still apply, the M
values of this class require a separate treatment.
Nonsymmorphic examples of M > 2.—Below, we discuss two sets of examples (nonsymmorphic and symmorphic space groups) to explain how the above photonic band
theory is applied to derive M for 230 space groups.
First, we demonstrate that a twofold screw symmetry
protects crossings of the lowest four bands somewhere
along a high-symmetry line (i.e., M ¼ 4), while a glide
symmetry does not. To this end, let us start with reviewing
the basics of a twofold screw symmetry. Space group 4
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(P21 ) is generated by translations and a twofold screw
rotation S2z that maps ðx; y; zÞ to ½−x; −y; z þ ðc=2Þ% (a, b,
and c are the lattice constants). The line Γ-Z connecting
Γ ¼ ð0; 0; 0Þ and Z ¼ ½0; 0; ðπ=cÞ% is invariant under the
screw operation. Because ðS2z Þ2 ¼ T z is the unit lattice
translation in z, the eigenvalues of S2z are ' eikz c=2 . The
factor of 1=2 in the exponent implies that the two
eigenvalues interchange when kz increases by ð2π=cÞ. As
a result, a branch with an eigenvalue of þeikz c=2 must cross
with another branch with −eikz c=2 somewhere along this
line. Therefore, the band connectivity (M and M0 ) must
always be even. In the presence of time-reversal symmetry,
the crossing point is pinned to the Z point, where the Sz
eigenvalues are purely imaginary and form a pair under
time-reversal symmetry.
Now, recall that the fields around Γ transform in the same
way as plane waves. Thus, they flip signs under the πrotation part C2z ∶ ðx; y; zÞ ↦ ð−x; −y; zÞ of the screw. This
implies that both of the gapless branches have the screw
eigenvalue −eikz c=2 . As a result, in total, four bands have to
cross each other, resulting in a linear crossing between the
second and third bands, as shown in Fig. 2(a). This
conclusion holds in any space group that contains 4 as a
t subgroup. The crossing becomes a nodal line when the t
supergroup contains the inversion symmetry; otherwise, it
is a Weyl point, as in 4.
Let us compare this result for a twofold screw with a
glide reflection symmetry. Although a glide and a twofold
screw usually result in the same band connectivity in
electronic band structures, the effect is clearly different
in photonic bands. To see this, let Gz be the glide operation
transforming ðx; y; zÞ to ½x; −y; z þ ðc=2Þ%. Eigenvalues of
Gz along the line Γ-Z are ' eikz c=2 , the same as S2z , as
ðGz Þ2 ¼ T z ¼ eikz c . However, only one of the two gapless
photons flips sign under the mirror part M z ∶ ðx; y; zÞ ↦
ðx; y; −zÞ of Gz , unlike the twofold rotation part of S2z . As a

consequence, there is a consistent assignment of glide
eigenvalues with only two bands, as shown in Fig. 2(b).
Therefore, M ¼ 2 for space group 7 (Pc), generated by
translations and the glide symmetry.
Symmorphic examples of M > 2.—Next, let us demonstrate that a band gap between the second and third bands
can be prohibited, even for symmorphic space groups. We
discuss space group 23 as an example and show that it has
M ¼ 3. Space group 23 (I222) has three π-rotations C2α
about α ¼ x, y, and z axes, in addition to the lattice
translations defined by the primitive lattice vectors
a⃗ 1 ¼ 12 ð−a; b; cÞ, a⃗ 2 ¼ 12 ða; −b; cÞ, and a⃗ 3 ¼ 12 ða; b; −cÞ.
The corresponding reciprocal lattice vectors are b⃗ 1 ¼
½0; ð2π=bÞ; ð2π=cÞ%, b⃗ 2 ¼ ½ð2π=aÞ; 0; ð2π=cÞ%, and b⃗ 3 ¼
½ð2π=aÞ; ð2π=bÞ; 0%. Because ðC2α Þ2 ¼ 1, the eigenvalues
⃗ unlike the nonζα ¼ ' 1 of C2α do not depend on k,
symmorphic symmetries discussed above.
Let us first focus on the line connecting Γ to
X1 ¼ ½ð2π=aÞ; 0; 0%, which is symmetric under C2x. The
two gapless dispersions have the −1 eigenvalues of C2x
on the entire line. Similarly, the line Γ-X2 [X2 ¼
½0; ð2π=bÞ; 0%] has the C2y symmetry and −1 eigenvalues
for the two gapless dispersions. The line connecting Γ to
X3 ¼ ½0; 0; ð2π=cÞ% is also similar. Now, note that X 1 , X2 ,
and X3 are actually identical points in the Brillouin zone, as
X1 − X2 ¼ b⃗ 2 − b⃗ 1 , for instance, is a reciprocal lattice
vector. We call this point X (¼ X1 ¼ X2 ¼ X3 ), and there
are three inequivalent lines connecting Γ to X. As a result,
the X point has all three π rotations with the multiplication
rule C2x C2y ¼ C2z . However, the two gapless photons both
have the eigenvalues ζ x ¼ ζ y ¼ ζ z ¼ −1 and cannot fulfill
ζz ¼ ζ x ζy by themselves. Therefore, there must be at least
one extra band supplying a þ1 eigenvalue; Fig. 3 shows
one such possibility.
In this 23 example, X1 ¼ X2 ¼ X3 is a property of the
body-centered lattice. In contrast, other symmorphic space
groups with the identical point group but with different
lattice translations do not share the same conclusion. For
example, 22 (F222) of the face-centered lattice, 21 (C222)

FIG. 2. Consequence of a nonsymmorphic symmetry on band
connectivities. (a) M ¼ 4 for 4 (P21 ) containing a twofold screw.
(b) M ¼ 2 for 7 (Pc) containing a glide. The numbers aside the
vertical axes and the colors of the dispersions indicate the
eigenvalue of the nonsymmorphic symmetry.

FIG. 3. A possible band structure of space group 23 (I222)
along three different lines connecting Γ and X. The numbers aside
the vertical axes indicate the eigenvalues ζ α of the C2α rotation for
α ¼ x, y, z. The three eigenvalues at the same point X must satisfy
ζ x ζ y ¼ ζ z , except at Γ.
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of the base-centered lattice, and 16 (P222) of the primitive
lattice all have M ¼ 2 (see the following list).
Space groups possible of M ¼ 2.—Applying a similar
analysis, we determine 104 space groups that allow a band
gap of M ¼ 2, as follows:

All of these space groups are the t supergroups of at least
one of the following 22 key space groups:

1; 2; 3; 5; 6; 7; 8; 9; 10; 12; 13; 15; 16; 21; 22; 24; 25; 27; 28;

We explain why it is not possible to realize M ¼ 2 for these
key space groups one by one in Sec. V in the Supplemental
Material [20].
Our results are consistent with the band structures of
known photonic crystals in which no band gaps are found
between the second and third bands, such as the hexagonal
close packing (194) [27], tetrahedral (224) [28], facecentered cubic (225) [29], body-centered cubic (229)
[30], and double-gyroid (230) [18] dielectric photonic
crystals.
To further verify our prediction, we provide a new
example of 223 with M > 2. In the example shown in
Fig. 4(b), the lowest two bands are a part of a sixdimensional representation at R [31]. This is a new type
of topological band-crossing point beyond the Weyl
and Dirac points [32–34]. Gapping these topological
degeneracies by lowering the symmetry can generate
topological band gaps and interfacial states in three
dimensions [35–38].
Outlook.—This Letter presents a systematic symmetry
analysis of photonic bands for 230 space groups, which has
been lacking since the discovery of photonic crystals. The
results in Tables S1 (M 0 ), S2 (M ¼ 2), and S3 (M > 2) in
Secs. I–III of the Supplemental Material [20] provide useful
design insights for photonic crystals, metamaterials, and
topological lattices. Future studies are expected toward a
more exhaustive knowledge of space group constraints on
photonic bands. First, satisfying the compatibility relations
is only a necessary condition for band gaps, as it only

30; 32; 34; 35; 37; 38; 39; 40; 41; 42; 43; 44; 45; 46;
47; 48; 49; 50; 65; 66; 68; 70; 74; 75; 77; 79; 80; 81;
82; 83; 84; 86; 88; 89; 93; 98; 99; 100; 101; 102; 105;
107; 108; 109; 111; 112; 115; 119; 122; 123; 131; 141;
143; 146; 147; 148; 149; 150; 155; 156; 157; 160; 162;
164; 166; 168; 174; 175; 177; 183; 187; 189; 191; 195;
196; 199; 200; 203; 207; 210; 214; 215; 216; 221; 227:
In Sec. VI of the Supplemental Material [20], we derive the
solution to the compatibility relations for M ¼ 2 for the 16
key groups underscored in the above list. All of these space
groups here are a t subgroup of at least one of the 16
key space groups, as summarized in Table S2, which
implies M ¼ 2.
Our results are consistent with the known photonic band
gaps between the second and third bands. For example, the
three highest space groups of M ¼ 2 are diamond (227) [7],
simple cubic (221) [25], and single gyroid (214) [18]. To
further verify our prediction, we provide a new example of
131 with M ¼ 2. Its band structure and density of states
[26] are plotted in Fig. 4(a), showing a full band gap
between the lowest dielectric bands.
Space groups of M > 2.—One can also show that a band
gap between the second and the third bands is not allowed
by the compatibility relations for the rest 126 space groups.
(a)

120; 144; 145; 158; 159; 161; 201; 208:

(b)
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FIG. 4. Examples of new photonic crystals with M ¼ 2 and M > 2. (a) Space group 131 (P42 =mmc) with rod radius 0.15a. There is a
full band gap of 5% between the second and third bands. All bands along A-Z are doubly degenerate. (b) Space group 223 (Pm3̄n) with
rod radius 0.1a. There is a sixfold degeneracy point at R. All bands along R − X are doubly degenerate. Insets are the real-space
structures of dielectric constant ϵ ¼ 13 in the cubic unit cell of lattice constant a.
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concerns the representations of high-symmetry momentum
points, lines, or surfaces. Topological degeneracies of Weyl
points and nodal lines can take place at general momenta.
Second, M > 2 values can be further pinpointed for all 126
space groups with M ≠ 2. Third, instead of the minimal
connectivity, all intrinsic band connectivity values can be
worked out. Last, the minimal band connectivities of
metallic photonic crystals with irregular zero-frequency
bands [22–24], the only case where our current results do
not apply, could be determined by extending the analysis in
this Letter.
We thank Chen Fang, Hoi Chun Po, Qinghui Yan,
and Hengbin Cheng for useful discussions. H. W. is
supported by JSPS KAKENHI Grant No. JP17K17678.
L. L. was supported by the National key R&D Program
of China under Grants No. 2017YFA0303800 and
No. 2016YFA0302400 and by NSFC under Project
No. 11721404.

*

haruki.watanabe@ap.t.u-tokyo.ac.jp
linglu@iphy.ac.cn
H. Watanabe, H. C. Po, M. P. Zaletel, and A. Vishwanath,
Filling-Enforced Gaplessness in Band Structures of the 230
Space Groups, Phys. Rev. Lett. 117, 096404 (2016).
H. C. Po, A. Vishwanath, and H. Watanabe, Complete
theory of symmetry-based indicators of band topology,
Nat. Commun. 8, 50 (2017).
B. Bradlyn, L. Elcoro, J. Cano, M. G. Vergniory, Z. Wang,
C. Felser, M. I. Aroyo, and B. Andrei Bernevig, Topological
quantum chemistry, Nature (London) 547, 298 (2017).
E. Yablonovitch, Inhibited Spontaneous Emission in SolidState Physics and Electronics, Phys. Rev. Lett. 58, 2059
(1987).
S. John, Strong Localization of Photons in Certain Disordered Dielectric Superlattices, Phys. Rev. Lett. 58, 2486
(1987).
J. D. Joannopoulos, S. G. Johnson, J. N. Winn, and R. D.
Meade, Photonic Crystals: Molding the Flow of Light
(Princeton University Press, Princeton, 2011).
K. M. Ho, C. T. Chan, and C. M. Soukoulis, Existence of a
Photonic Gap in Periodic Dielectric Structures, Phys. Rev.
Lett. 65, 3152 (1990).
M. Maldovan, C. K. Ullal, W. C. Carter, and E. L. Thomas,
Exploring for 3d photonic bandgap structures in the 11 fcc
space groups, Nat. Mater. 2, 664 (2003).
M. Maldovan and E. L. Thomas, Diamond-structured photonic crystals, Nat. Mater. 3, 593 (2004).
K. Michielsen and J. S. Kole, Photonic band gaps in
materials with triply periodic surfaces and related tubular
structures, Phys. Rev. B 68, 115107 (2003).
H. Men, K. Y. K. Lee, R. M. Freund, J. Peraire, and
S. G. Johnson, Robust topology optimization of threedimensional photonic-crystal band-gap structures, Opt. Express 22, 22632 (2014).
International Tables for Crystallography, 5th ed., edited by
T. Hahn, Vol. A: Space-Group Symmetry (Springer, New
York, 2006).

†

[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]

[12]

[13] W. Cai and V. M. Shalaev, Optical Metamaterials (Springer,
New York, 2010), Vol. 10.
[14] A. Raman and S. Fan, Photonic Band Structure of
Dispersive Metamaterials Formulated as a Hermitian
Eigenvalue Problem, Phys. Rev. Lett. 104, 087401 (2010).
[15] A. P. Raman, W. Shin, and S. H. Fan, Metamaterial band
theory: fundamentals & applications, Sci. China Inf. Sci. 56,
1 (2013).
[16] L. Lu, J. D. Joannopoulos, and M. Soljačić, Topological
photonics, Nat. Photonics 8, 821 (2014).
[17] T. Ozawa, H. M. Price, A. Amo, N. Goldman, M. Hafezi, L.
Lu, M. Rechtsman, D. Schuster, J. Simon, O. Zilberberg
et al., Topological photonics, arXiv:1802.04173 [Rev. Mod.
Phys. (to be published)].
[18] L. Lu, L. Fu, J. D. Joannopoulos, and M. Soljacic, Weyl
points and line nodes in gyroid photonic crystals, Nat.
Photonics 7, 294 (2013).
[19] L. Michel and J. Zak, Connectivity of energy bands in
crystals, Phys. Rev. B 59, 5998 (1999).
[20] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.121.263903 for tables
0
of minimal photonic band connectivities (M and M) for all
230 space groups and how we reached these conclusions.
[21] M. B. Walker and J. Zak, Site Symmetry and Band
Representations for Phonons, Phys. Rev. Lett. 74, 3824
(1995).
[22] J. Shin, J.-T. Shen, and S. Fan, Three-dimensional electromagnetic metamaterials that homogenize to uniform nonMaxwellian media, Phys. Rev. B 76, 113101 (2007).
[23] W.-J. Chen, B. Hou, Z.-Q. Zhang, J. B. Pendry, and C.-T.
Chan, Metamaterials with index ellipsoids at arbitrary
k-points, Nat. Commun. 9, 2086 (2018).
[24] M. J. A. Smith and P. Y. Chen, Violating the EnergyMomentum Proportionality of Photonic Crystals in the
Low-Frequency Limit, Phys. Rev. Lett. 121, 103902 (2018).
[25] H. S. Sözüer and J. W. Haus, Photonic bands: Simple-cubic
lattice, J. Opt. Soc. Am. B 10, 296 (1993).
[26] B. Liu, S. G. Johnson, J. D. Joannopoulos, and L. Lu,
Generalized gilat–raubenheimer method for density-ofstates calculation in photonic crystals, J. Opt. 20, 044005
(2018).
[27] K. Busch and S. John, Photonic band gap formation in certain
self-organizing systems, Phys. Rev. E 58, 3896 (1998).
[28] Z. Yang, M. Xiao, F. Gao, L. Lu, Y. Chong, and B. Zhang,
Weyl points in a magnetic tetrahedral photonic crystal, Opt.
Express 25, 15772 (2017).
[29] H. S. Sözüer, J. W. Haus, and R. Inguva, Photonic bands:
Convergence problems with the plane-wave method, Phys.
Rev. B 45, 13962 (1992).
[30] C. Luo, S. G. Johnson, and J. D. Joannopoulos, All-angle
negative refraction in a three-dimensionally periodic photonic crystal, Appl. Phys. Lett. 81, 2352 (2002).
[31] C. J. Bradley and A. P. Cracknell, The Mathematical Theory
of Symmetry in Solids: Representation Theory for Point
Groups and Space Groups (Oxford University Press,
Oxford, 1972).
[32] B. Bradlyn, J. Cano, Z. Wang, M. G. Vergniory, C. Felser,
R. J. Cava, and B. Andrei Bernevig, Beyond dirac and weyl
fermions: Unconventional quasiparticles in conventional
crystals, Science 353, aaf5037 (2016).

263903-5

PHYSICAL REVIEW LETTERS 121, 263903 (2018)
[33] Z. Song, T. Zhang, and C. Fang, Diagnosis for Nonmagnetic
Topological Semimetals in the Absence of Spin-Orbital
Coupling, Phys. Rev. X 8, 031069 (2018).
[34] K. Shiozaki, M. Sato, and K. Gomi, Atiyah-hirzebruch
spectral sequence in band topology: General formalism
and topological invariants for 230 space groups, arXiv:
1802.06694.
[35] L. Lu, C. Fang, L. Fu, S. G. Johnson, J. D. Joannopoulos,
and M. Soljačić, Symmetry-protected topological photonic
crystal in three dimensions, Nat. Phys. 12, 337 (2016).

[36] A. Slobozhanyuk, S. H. Mousavi, X. Ni, D. Smirnova,
Y. S. Kivshar, and A. B. Khanikaev, Three-dimensional
all-dielectric photonic topological insulator, Nat. Photonics
11, 130 (2017).
[37] L. Lu and Z. Wang, Topological one-way fiber of second
chern number, Nat. Commun. 9, 5384 (2018).
[38] T. Ochiai, Gapless surface states originating from accidentally degenerate quadratic band touching in a threedimensional tetragonal photonic crystal, Phys. Rev. A 96,
043842 (2017).

263903-6

Supplementary Materials for “Space group theory of photonic bands”
Haruki Watanabe1 and Ling Lu2, 3
2

1
Department of Applied Physics, University of Tokyo, Tokyo 113-8656, Japan
Institute of Physics, Chinese Academy of Sciences/Beijing National Laboratory for Condensed Matter Physics, Beijing, China
3
Songshan Lake Materials Laboratory , Dongguan, Guangdong 523808, China

I.

MINIMAL CONNECTIVITY OF NONZERO-FREQUENCY BANDS (M 0 ) OF 230 SPACE GROUPS

TABLE S1. Minimal band connectivity (M 0 ), of nonzero-frequency bands, of a time-reversal-invariant photonic crystal (both dielectric or
metallic) for all 230 space groups. We listed M 0 for all 157 nonsymmorphic groups. Those not listed are symmorphic space group whose
M 0 = 1.
No. M 0 No. M 0 No. M 0 No. M 0 No. M 0 No. M 0 No. M 0
4 2 39 2 66 2 100 2 129 2 165 2 201 2
7 2 40 2 67 2 101 2 130 4 167 2 203 2
9 2 41 2 68 2 102 2 131 2 169 6 205 4
11 2 43 2 70 2 103 2 132 2 170 6 206 4
13 2 45 2 72 2 104 2 133 4 171 3 208 2
14 2 46 2 73 4 105 2 134 2 172 3 210 2
15 2 48 2 74 2 106 4 135 4 173 2 212 4
17 2 49 2 76 4 108 2 136 2 176 2 213 4
18 2 50 2 77 2 109 2 137 2 178 6 214 4
19 4 51 2 78 4 110 4 138 4 179 6 218 2
20 2 52 4 80 2 112 2 140 2 180 3 219 2
24 2 53 2 84 2 113 2 141 2 181 3 220 6
26 2 54 4 85 2 114 2 142 4 182 2 222 2
27 2 55 2 86 2 116 2 144 3 184 2 223 2
28 2 56 4 88 2 117 2 145 3 185 2 224 2
29 4 57 4 90 2 118 2 151 3 186 2 226 2
30 2 58 2 91 4 120 2 152 3 188 2 227 2
31 2 59 2 92 4 122 2 153 3 190 2 228 4
32 2 60 4 93 2 124 2 154 3 192 2 230 8
33 4 61 4 94 2 125 2 158 2 193 2
34 2 62 4 95 4 126 2 159 2 194 2
36 2 63 2 96 4 127 2 161 2 198 4
37 2 64 2 98 2 128 2 163 2 199 4

A.

73 symmorphic space groups

1-3, 5, 6 , 8, 10, 12, 16, 21-23, 25, 35, 38, 42, 44, 47, 65, 69, 71, 75, 79, 81, 82, 93, 87, 89, 97, 99, 197, 111, 115, 119, 121,
123, 139, 143, 146-150, 155-157, 160, 162, 164, 166, 168, 174, 175, 177, 183, 187, 189, 191, 195-197, 200, 202, 204, 207, 209,
211, 215-217, 221, 225, 229
B.

62 centrosymmetric space groups

2, 10-15, 47-74, 83-88, 123-142, 147, 148, 162-167, 175, 176, 191-194, 200-206, 221-230

2
II.

SPACE GROUPS ALLOWING M = 2 (MINIMAL CONNECTIVITY OF ZERO-FREQUENCY BANDS)

TABLE S2. List of 104 space groups that a band gap between the second and the third bands (M = 2) of a time-reversal invariant dielectric
photonic crystal is not forbidden by the compatibility relations. They are listed according to their 16 supergroups. P means centrosymmetric
space groups (with inversion) and S means symmorphic space groups.
Key group
39 (Aem2)
48 (P n2 n2 n2 )
2
49 (P 2c 2c m
)
2 2 2
50 (P b a n )
68 (C 2c 2c 2e )
86 (P 42 /n)
100 (P 4bm)
101 (P 42 cm)
102 (P 42 nm)
107 (I4mm)
108 (I4cm)
131 (P 42 /mmc)

P S M
2
P
2
P
2
P
2
P
2
P
2
2
2
2
S 2
2
P
2

191 (P 6/mmm) P S 2
214 (I41 32)
221 (P m3̄m)

2
P S 2

227 (F d3̄m)

P

2

t-subgroups
1, 5, 7, 8, 39
1, 2, 3, 7, 13, 16, 34, 48
1, 2, 3, 6, 7, 10, 13, 16, 27, 28, 49
1, 2, 3, 7, 13, 16, 30, 32, 50
1, 2, 3, 5, 7, 9, 13, 15, 21, 37, 41, 68
1, 2, 3, 7, 13, 77, 81, 86
1, 3, 7, 8, 32, 35, 75, 100
1, 3, 7, 8, 27, 35, 77, 101
1, 3, 7, 8, 34, 35, 77, 102
1, 2, 5, 8, 42, 44, 79, 107
1, 2, 5, 8, 9, 42, 45, 79, 108
1, 2, 3, 5, 6, 9, 10, 15, 16, 21, 25, 37, 40, 47, 66, 77, 81, 84, 93,
105, 112, 115, 131
1, 2, 3, 5, 6, 8, 10, 12, 35, 38, 143, 147, 149, 150, 156, 157, 162, 164
168, 174, 175, 177, 183, 187, 189, 191
1, 5, 22, 24, 80, 98, 146, 155, 199, 214
1, 2, 3, 5, 6, 8, 10, 12, 16, 21, 25, 35, 38, 47, 65, 75, 81, 83, 89,
99, 111, 115, 123, 146, 148, 155, 160, 166, 195, 200, 207, 215, 221
1, 2, 5, 8, 9, 12, 15, 22, 24, 43, 44, 46, 70, 74, 80, 82, 88, 98, 109,
119, 122, 141, 146, 148, 155, 160, 166, 196, 203, 210, 216, 227

Space groups of M = 2 allowed by compatibility relations:
1, 2, 3, 5, 6, 7, 8, 9, 10, 12, 13, 15, 16, 21, 22, 24, 25, 27, 28, 30, 32, 34, 35, 37, 38, 39, 40, 41, 42, 43, 44, 45,
46, 47, 48, 49, 50, 65, 66, 68, 70, 74, 75, 77, 79, 80, 81, 82, 83, 84, 86, 88, 89, 93, 98, 99, 100, 101, 102, 105,
107, 108, 109, 111, 112, 115, 119, 122, 123, 131, 141, 143, 146, 147, 148, 149, 150, 155, 156, 157, 160, 162,
164, 166, 168, 174, 175, 177, 183, 187, 189, 191,195, 196, 199, 200, 203, 207, 210, 214, 215, 216, 221, 227.

3
III.

SPACE GROUPS OF M > 2 (MINIMAL CONNECTIVITY OF ZERO-FREQUENCY BANDS)

TABLE S3. List of 126 space groups of (M > 2), in which a band gap between the second and third bands is forbidden by the compatibility
relations in a time-reversal invariant dielectric photonic crystals. There must be band crossings between the second and third bands along a
high-symmetry momentum line. We listed them according to their 22 t-subgroups. P means centrosymmetric (with inversion) and S means
symmorphic (without screw nor glide). “M >” represents the lower-bound of M .
Key group
4 (P 21 )

P S M>
4

23 (I222)
67 (Cmme)
69 (F mmm)
73 (Ibca)
85 (P 4/n)
87 (I4/m)
103 (P 4cc)
104 (P 4nc)
106 (P 42 bc)
110 (I41 cd)
116 (P 4̄c2)
117 (P 4̄b2)
118 (P 4̄n2)
120 (I 4̄c2)
144 (P 31 )
145 (P 32 )
158 (P 3c1)
159 (P 31c)
161 (R3c)
201 (P n3)
208 (P 42 32)

S

3

P
P S
P
P
P S

4
3
4
4
3
4
4
4
4
4
4
4
4
3
3
4
4
4
4
4

P

t-supergroups
11,14,17-20,26,29,31,33,36,51-64
76,78,90-92,94-96,113,114,127-130
135-170,173,176,178,179,182
185,186,193,194,198,205,212,213
71,72,97,121,139,140,197
204,209,211,217,225,226,229
125,129,134,138,224
139,140,202,225,226,229
142,206,228,230
125,126,129,130,222
139,140,225,226,229
124,130
126,128,222
133,135
142,228,230
124,130,132,138
125,127,133,135
126,128,134,136,222,224
140,142,219,226,228,230
151,152,169,172,178,181
153,154,170,171,179,180
165,184,185,188,192,193
163,184,186,190,192,194
167,218-220,222,223,226,228,230
222,224
223,224

Space groups of M > 2 :
4, 11, 14, 17, 18, 19, 20, 23, 26, 29, 31, 33, 36, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 67, 69, 71, 72,
73, 76, 78, 85, 87, 90, 91, 92, 94, 95, 96, 97, 103, 104, 106, 110, 113, 114, 116, 117, 118, 120, 121, 124, 125, 126,
127, 128, 129, 130, 132, 133, 134, 135, 136,137, 138, 139, 140, 142, 144, 145, 151, 152, 153, 154, 158, 159, 161,
163, 165, 167, 169, 170, 171, 172, 173, 176, 178, 179, 180,181, 182, 184, 185, 186, 188, 190, 192, 193, 194, 197,
198, 201, 202, 204, 205, 206, 208, 209, 211, 212, 213, 217, 218, 219, 220, 222, 223, 224, 225, 226, 228, 229, 230.

4
IV.

COMPATIBILITY RELATIONS.

Consider a crystal with a space group G. An element g 2 G maps ~r = (x, y, z) to pg ~r + ~tg where pg 2 O(3) is a 3 by 3
~ that changes ~k
orthogonal matrix. For each ~k in the Brillouin zone, we define the little group G~k = {g 2 G | pg~k = ~k mod G}
P
3
~
~
~ =
only by a reciprocal lattice vector G
↵=1 n↵ b↵ . Here, n↵ are integers and b↵ are the reciprocal primitive vectors.
The wavefunctions at a high-symmetry point K (= , X, Z, . . .) in the Brillouin zone belong to irreducible representations
UiK (i = 1, 2, . . .) of GK . The dimension of the irreducible representation dim[UiK ] generically indicates the order of the
degeneracy at the point K, but the degeneracy might be enhanced due to the time-reversal symmetry. The full list of irreducible
representations for each space group G and each high-symmetry momentum K is available in Ref. [1].
Let us consider a set of M bands separable from both higher and lower P
bands by full band gaps. Suppose that an irreducible
K
K
representation UiK appears nK
(>
0)
times
in
these
bands.
By
definition
i
i ni dim[Ui ] = M . The possible combination of
K
integers {ni }i=1,2,··· at two high-symmetry points K = K1 , K2 are constrained by the symmetry along the line(s) connecting
K1 and K2 , as we will see below through several examples. These constraints are called the “compatibility relations” and one
has to check them for every combination of high-symmetry momenta. The compatibility relations in turn restrict the possible
values of M — one cannot separate an arbitrary number of bands as there may not be any solution to the compatibility relations
for a given M [2].

V.

THE ABSENCE OF THE M = 2 BAND GAP FOR THE KEY 22 SPACE GROUPS

As we explained in the main text, we need to prove that a full band gap at M = 2 is prohibited for the following 22 space
groups:
4, 23, 67, 69, 73, 85, 87, 103, 104, 106, 110, 116, 117, 118, 120, 144, 145, 158, 159, 161, 201, 208.
In the main text, we presented the proof for 4 and 23. Also, the argument in Ref. [2] that disproves a full band gap at M = 2
can be applied to 73, 106, 110, 144, and 145, since the argument did not involve the singular point . In the following, we will
discuss the remaining 15 space groups.

A. 103, 104, 158, 159, and 161

For these five space groups, the only line one should look at is the one connecting and Z = (0, 0, ⇡c ). (For 158 and
159 belonging to the hexagonal lattice, the Z point is called the A point.) There are several 1D representations and one 2D
representation all the way along this line [1], and the two gapless photons belong to the 2D representation because of the rotation
eigenvalue. At the Z point, the 2D representation must appear twice to implement the time-reversal symmetry [1], but that
requires in total 4 bands. Therefore, M = 2 is prohibited.
To prove the absence of M = 2 band gaps by contradiction for the remaining space groups, we will assume a full gap between
the second and the third bands and then derive a contradiction based on the wrong assumption.

B.

67

The space group 67 (Cmme) belongs to the base-centered orthorhombic system with the primitive lattice vectors
~a1 = 12 (a, b, 0),
1
2 (a, b, 0),

~a2 =
~a3 = (0, 0, c).

(1)
(2)
(3)

The corresponding primitive reciprocal lattice vectors are
~b1 = ( 2⇡ , 2⇡ , 0),
a
b
~b2 = ( 2⇡ , 2⇡ , 0,
a
b
~b3 = (0, 0, 2⇡ ).
c

(4)
(5)
(6)

5
The space group is generated by a ⇡-rotation C2x , a screw S2y , the inversion I,
C2x : (x, y, z) 7! (x, y, z),
S2y : (x, y, z) 7! ( x, y + 2b , z),
I : (x, y, z) 7! (x, y, z),

(7)
(8)
(9)

⇡
2⇡ ⇡
and the lattice translations by ~a1 , ~a2 , and ~a3 . The = (0, 0, 0), Y = (0, 2⇡
b , 0), Z = (0, 0, c ), and T = (0, b , c ) points have
all of these symmetries and the representations are all one-dimensional at these points [1]. We examine the several lines among
them.
2⇡
There are two lines connecting and Y , (0, ky , 0) (ky 2 [0, 2⇡
b ]) symmetric under S2y and C2x I and (kx , 0, 0) (kx 2 [0, a ])
~
symmetric under C2x and S2y I (recall that ( 2⇡
a , 0, 0) = Y + b1 is equivalent with Y ). These lines states that one of the two
gapless photons has (C2x , S2y , I) = ( 1, +1, +1) and the other has (C2x , S2y , I) = ( 1, +1, 1) at Y . Both of these modes
have the 1 eigenvalue of S2y C2x , while one of the two modes have the eigenvalue +1 and the other has 1 eigenvalue of
C2x I.
⇡
Now consider the line (0, 2⇡
b , kz ) (kz 2 [0, c ]) from Y to T , symmetric under S2y C2x and C2x I. The number of ±1
eigenvalues of these symmetries must be conserved along this line. Therefore, one of the two modes has (C2x , S2y , I) =
(⇠1 , ⇠1 , ⇠1 ) (⇠12 = 1), and the other has (C2x , S2y , I) = (⇠2 , ⇠2 , ⇠2 ) (⇠22 = 1) at T .
Next, we consider the line (0, 0, kz ) (kz 2 [0, ⇡c ]) from to Z, symmetric under S2y C2x and C2x I. From the same reason,
one of the two modes have (C2x , S2y , I) = (⇠3 , ⇠3 , ⇠3 ) (⇠32 = 1), and the other has (C2x , S2y , I) = (⇠4 , ⇠4 , ⇠4 ) (⇠22 = 1) at
Z.
Finally, we look at two lines connecting Z and T , (0, ky , ⇡c ) (ky 2 [0, ⇡b ]) symmetric under S2y and C2x I and (kx , 0, 2⇡
c )
(kx 2 [0, 2⇡
])
symmetric
under
C
and
S
I.
By
the
conservation
of
the
eigenvalues,
we
have
2x
2y
a

S2y : ⇠1 ⇠2 =
C2x I : 0 = 0,
S2y C2x I : ⇠1 + ⇠2 =

( ⇠3

⇠4 ),

( ⇠3 + ⇠4 )

(10)
(11)
(12)

and
C2x : ⇠1 + ⇠2 = ⇠3 + ⇠4 ,
S2y I : 0 = 0,
S2y C2x I : ⇠1 + ⇠2 = ⇠3 + ⇠4 .

(13)
(14)
(15)

The unique solution to these simultaneous equations are ⇠i = 0, which violates ⇠i2 = +1. This is a contradiction.
C.

69

The space group 69 (F mmm) belongs to the face-centered orthorhombic system with the primitive lattice vectors
~a1 = 12 (0, b, c),

(16)

1
2 (a, 0, c),
1
2 (a, b, 0).

(17)

~a2 =
~a3 =

(18)

The corresponding primitive reciprocal lattice vectors are
~b1 = ( 2⇡ , 2⇡ , 2⇡ ),
a
b
c
~b2 = ( 2⇡ , 2⇡ , 2⇡ ),
a
b
c
~b3 = ( 2⇡ , 2⇡ , 2⇡ ).
a

b

c

(19)
(20)
(21)

The space group is generated by ⇡-rotations C2x , C2y about x, y axes, the inversion I
C2x : (x, y, z) 7! (x, y, z),
C2y : (x, y, z) 7! ( x, y, z),
I : (x, y, z) 7! (x, y, z),

(22)
(23)
(24)

2⇡
2⇡
and the lattice translations by ~a1 , ~a2 , and ~a3 . The = (0, 0, 0), X = ( 2⇡
a , 0, 0), Y = (0, b , 0), and Z = (0, 0, c ) points have
all of these symmetries. We examine the several lines between these points.

6
There are two lines connecting = (0, 0, 0) and X = ( 2⇡
a , 0, 0). The line (kx , 0, 0), symmetric under C2x , IC2y , and IC2z
(C2z ⌘ C2x C2y ), demands that the two linear gapless modes have (i) two 1 eigenvalues of C2x and (ii) one +1 and one 1
2⇡
eigenvalues of IC2y and IC2z at X. Also, the line (0, k, k) between and X + ~b1 = (0, 2⇡
b , c ) requires that one of the two
modes have one +1 and the other has 1 eigenvalue of IC2x at X. This, in turn, means that the eigenvalue of C2y of the two
modes are the same. Therefore, both of the two modes have the same rotation eigenvalue ( 1, ⇣y , ⇣z ) with ⇣z = ⇣y = ±1 at
X. One can derive similar conditions for the Y and Z points in the same way; i.e., (⇣x0 , 1, ⇣z0 ) at Y and (⇣x00 , ⇣y00 , 1) at Z
2⇡
2⇡ 2⇡
~
There is also a line ~k = ( 2⇡
a , ky , 0) connecting X = ( a , 0, 0) and Z + b3 = ( a , b , 0), which means that the eigenvalues
of C2y at X and Z are identical, ⇣y00 = ⇣y . Similarly, ⇣x00 = ⇣x0 and ⇣z0 = ⇣x . All in all, both of the two modes have the following
eigenvalues of the three ⇡-rotations,

Here, ⇣↵ = ±1 must satisfy ⇣y ⇣z =
contradiction.

1, ⇣z ⇣x =

X: ( 1, ⇣y , ⇣z ),
Y : (⇣x , 1, ⇣z ),
Z: (⇣x , ⇣y , 1).

(25)
(26)
(27)

1, and ⇣x ⇣y =

1, but they cannot hold simultaneously. This is a

D. 85

The space group 85 (P 4/n) belongs to the primitive tetragonal lattice system with the primitive lattice vectors and the primitive
reciprocal lattice vectors
~a1 = (a, 0, 0),
~a2 = (0, a, 0),
~a3 = (0, 0, c).

(28)
(29)
(30)

~b1 = ( 2⇡ , 0, 0),
a
~b2 = (0, 2⇡ , 0),
a
~b3 = (0, 0, 2⇡ ).

(31)

C4z : (x, y, z) 7! ( y + a2 , x, z),
I : (x, y, z) 7! (x, y, z),

(34)
(35)

c

(32)
(33)

The group is generated by

and the lattice translations.
Along the line (0, 0, kz ) (kz 2 [0, ⇡c ]) connecting and Z = (0, 0, ⇡c ), each band can be labeled by the eigenvalue of C4z . At
Z = (0, 0, ⇡c ), one of the two linear gapless modes must have the eigenvalue (C4z , I) = (+i, ⇠) (⇠ = ±1) and the other must
have (C4z , I) = ( i, ⇠) due to the time-reversal symmetry. Both of the two modes have the eigenvalue (±i)2 ⇠ = ⇠ of the
2
glide Gz ⌘ C4z
I : (x, y, z) 7! (x + a2 , y + a2 , z).
Next, we look at the R = ( ⇡a , 0, ⇡c ) point, where Gz and I generates the Z2 ⇥ Z2 symmetry. Note that Gz and I do not
commute at R; they satisfy Gz I = Tx Ty IGz = IGz where Tx and Ty are translations in x, y by a and hence take the value
Tx = +1 and Ty = 1 at R. Their 2D representation is given by the Pauli matrix, which are traceless except for the identity.
Finally, we consider the line (kx , 0, ⇡c ) (kx 2 [0, ⇡a ]) connecting Z and R. The line is symmetric under Gz . The eigenvalue
⇠ of Gz at Z becomes +⇠ at R due to the nonsymmorphic nature of Gz . However, this is still in contradiction since the 2D
representation at R is traceless. Therefore, there must be at least two more bands that have the eigenvalues (C4z , I) = (±i, ⇠)
at . In total four bands must cross with each other along -Z-R.
E. 87

The space group 87 (I4/m) belongs to the body-centered tetragonal lattice system with the primitive lattice vectors and the
reciprocal vectors
~a1 = 12 ( a, a, c),

(36)

1
2 (a, a, c),
1
2 (a, a, c).

(37)

~a2 =
~a3 =

(38)

7
~b1 = (0, 2⇡ , 2⇡ ),
a
c
~b2 = ( 2⇡ , 0, 2⇡ ),
a
c
~b3 = ( 2⇡ , 2⇡ , 0).

(39)

C4z : (x, y, z) 7! ( y, x, z),
I : (x, y, z) 7! (x, y, z),

(42)
(43)

a

a

(40)
(41)

The group is generated by

and the lattice translations.
2⇡
We have to look at two lines connecting = (0, 0, 0) and Z = (0, 0, 2⇡
c ). The first line is (0, 0, kz ) (kz 2 [0, c ]), which
requires that, just as in the case for 85, one of the two linear gapless modes has the eigenvalue (C4z , I) = (+i, ⇠) and the other
2
has (C4z , I) = ( i, ⇠) (⇠ = ±1) due to the time-reversal symmetry at Z. Hence, their eigenvalue of the mirror Mz ⌘ IC4z
at
Z is ⇠(±i)2 = ⇠.
2⇡
~b1 + ~b3 is equivalent with Z), which is symmetric
The second line is (kx , 0, 0) (kx 2 [0, 2⇡
a ]) (recall that ( a , 0, 0) = Z
under the mirror Mz . Therefore, the two modes must have one +1 and one 1 eigenvalue of Mz . However, this contradicts
with the fact that the two modes have the same eigenvalue ⇠ of Mz .
F. 116

The space group 116 (P 4̄c2) belongs to the primitive tetragonal lattice system [Eqs. (28)-(33)]. The group is generated by
C̄4z : (x, y, z) 7! (y, x, z),
Gy : (x, y, z) 7! (x, y, z + 2c ),

(44)
(45)

and the lattice translations.
Consider the path from to A = ( ⇡a , ⇡a , ⇡c ) via M = ( ⇡a , ⇡a , 0). The line (k, k, 0) (k 2 [0, ⇡a ]) between and M requires
that the two gapless photons have the 1 eigenvalue of the ⇡-rotation Gy C̄4z : (x, y, z) 7! (y, x, 2c z) at M . There are four
1D representations and one 2D representation at M , and representations consistent with this rotation eigenvalue are the two 1D
2
representations with (C̄4z , Gy ) = ( 1, 1) and (1, 1) [1], for which C̄4z
= +1. Then the line ( ⇡a , ⇡a , kz ) (kz 2 [0, ⇡c ]) between
2
M and A indicates that the two modes belong to the 2D representation at A, since that is the only representation with C̄4z
= +1
2
at A [1]. This 2D representation is traceless except for the identity and C̄4z [1].
There is another route going to A. The line (0, 0, kz ) (kz 2 [0, ⇡c ]) between and Z = (0, 0, ⇡c ) demands that one of the two
modes has the 1D representation with (C̄4z , Gy ) = (+i, i⇠) (⇠ = ±1) and the other has (C̄4z , Gy ) = ( i, i⇠) at Z. Hence, the
two modes have the same eigenvalue of Gy C̄4z = ⇠. Since the line (k, k, ⇡c ) connecting Z and A is symmetric under Gy C̄4z ,
this contradicts with the traceless nature of the 2D representation.
The argument for the space group 118 (P 4̄n2) is more or less identical. The group also belongs to the primitive tetragonal
lattice system [Eqs. (28)-(33)] and is generated by
C̄4z : (x, y, z) 7! (y, x, z),
Gy : (x, y, z) 7! ( a2 + x, a2 y, a2 + z),

(46)
(47)

The path from to A = ( ⇡a , ⇡a , ⇡c ) via M = ( ⇡a , ⇡a , 0) demands that the two linear gapless modes have two 1D representations
2
with (C̄4z , Gy ) = ( i, i) and (i, i) at M and that they belong to the 2D representation at A because of the C̄4z
= 1
eigenvalue. Then the second path from to A via Z cannot satisfy the traceless nature of the 2D representation at A.
G. 117

The space group 117 (P 4̄b2) belongs to the primitive tetragonal lattice system [Eqs. (28)-(33)]. The group is generated by
C̄4z : (x, y, z) 7! (y, x, z),
Gy : (x, y, z) 7! ( a2 + x, a2 y, z),

(48)
(49)

and the lattice translations.
Consider the path from to A = ( ⇡a , ⇡a , ⇡c ) via Z = (0, 0, ⇡c ). The line (0, 0, kz ) (kz 2 [0, ⇡c ]) between and Z demands
2
that both of the two gapless photons have the 1 eigenvalue of the ⇡-rotation C̄4z
. Thus the two modes belong to the 2D

8
2
representation at Z, since that is the only representation with C̄4z
= 1 [1]. This 2D representation is traceless except for the
⇡
2
identity and C̄4z [1]. Then the line (k, k, c ) connecting Z and A, symmetric under a screw Gy C̄4z : (x, y, z) 7! (y + a2 , x +
a
2 , z), tells us that the screw eigenvalues +1 and 1 come in pair at A.
There is another route going to A from . The line (k, k, 0) (k 2 [0, ⇡a ]) between and M = ( ⇡a , ⇡a , 0) requires that the two
modes have the +1 eigenvalue of the screw Gy C̄4z at M . The M point have four 1D representations and one 2D representation.
Among them, those consistent with this requirement of the screw eigenvalue are the two 1D representations (C̄4z , Gy ) = (i, i)
and (C̄4z , Gy ) = ( i, i), which come in pair due to the time-reversal symmetry. Lastly, the line ( ⇡a , ⇡a , kz ) (kz 2 [0, ⇡c ]) is
2
2
symmetric under C̄4z
and Gy , and the eigenvalues of these symmetries (C̄4z
= (±i)2 = 1 and Gz = ±i) are preserved along
this line.
There are four 1D representations and one 2D representation at A, and the 2D representation is inconsistent with the negative
2
eigenvalue of C̄4z
[1]. The four 1D representations at A are labeled by (C̄4z , Gy ) = (i⇠1 , i⇠2 ) with ⇠1 = ±1 and ⇠2 = ±1.
Due to the time-reversal symmetry at A, the representation (i⇠1 , i⇠2 ) must come with ( i⇠1 , i⇠2 ). But then they have the same
eigenvalue ⇠1 ⇠2 of Gy C̄4z . This is in contradiction with our conclusion of the first path that the screw eigenvalues +1 and 1
come in pair at A.

H. 120

The space group 120 (I 4̄c2) has the same symmetries C̄4z , Gy as 116 but belongs to the body-centered tetragonal lattice
system [Eqs. (36)-(41)].
The P = ( ⇡a , ⇡a , ⇡c ) point is not time-reversal invariant, but still the time-reversal symmetry T has a nontrivial consequence.
The P point is invariant under the C̄4z symmetry and there are four 1D representations labeled by C̄4z = ( 4 = +1). Consider
the combined symmetry T 0 = T Gy that preserves the P point modulo a reciprocal lattice vector. T 0 is an anti-unitary symmetry
that squares into (T 0 )2 = G2y = Tz = 1 at P . Therefore, the band structure always exhibits two fold degeneracy at P .
Moreover, if | i has the eigenvalue of C̄4z (i.e., C̄4z | i = | i), then T 0 | i has the eigenvalue ( ⇤ )3 of C̄4z . Indeed,
3
using C̄4z Gy = Tz 1 Gy C̄4z
, we get
3
C̄4z (T 0 | i) = T (Tz 1 Gy C̄4z
| i) =

(

⇤ 3

) (T 0 | i).

(50)

Therefore, the representation always comes with ( ⇤ )3 . Namely, not only +i and i are paired, but +1 and 1 are also
2
2
paired under T 0 . As a result, the two bands have the same eigenvalue of C̄4z
= ±1, i.e., C̄4z
= 1 for the ±i pair, and
2
C̄4z = +1 for the ±1 pair.
2
On the other hand, X = ( ⇡a , ⇡a , 0) is invariant under C̄4z
and Gz C̄4z , which commute at X. There are four 1D representations
2
2
2
(C̄4z , Gz C̄4z ) = (⇠1 , ⇠2 ) (⇠1 = ⇠2 = 1). Lines connecting , X, and Z = (0, 0, 2⇡
c ) require that one of the two gapless photons
2
has the representation (C̄4z
, Gz C̄4z ) = (+1, 1) and the other one has ( 1, 1) at X.
2
2
must be
Finally, the line ( ⇡a , ⇡a , kz ) connecting X and P is invariant under C̄4z
. Hence, the number of eigenvalues ±1 of C̄4z
preserved along this line. However, there are one +1 and one 1 eigenvalues at X, but there are two +1 or 1 eigenvalues at
P , provided the M = 2 gap. This is a contradiction.
I. 201

by

The space group 201 (P n3̄) belongs to the primitive cubic lattice system [Eqs. (28)-(33) with c = a]. The group is generated
C2z : (x, y, z) 7! ( x + a2 , y + a2 , z),
C3 : (x, y, z) 7! (z, x, y),
I : (x, y, z) 7! (x, y, z),

(51)
(52)
(53)

Let us start with the line connecting and R = ( ⇡a , ⇡a , ⇡a ) invariant under C3 . There are 1D and 3D representations at R [1],
but if we assume M = 2 gap, the 3D representations are irrelevant. The diagonal line suggests that one of the two gapless
photons has the 1D representation with (C2z , C3 , I) = (1, !, ⇠) (⇠ = ±1) and the other has (C2z , C3 , I) = (1, ! 2 , ⇠), where
! 3 = 1.
Next, the line connecting R = ( ⇡a , ⇡a , ⇡a ) and M = ( ⇡a , 0, ⇡a ) symmetric under C2z I. Along this line, the number of eigenvalues of C2z I must be conserved. At R, both of the two modes have C2z I = ⇠. However, at M , there are only two 2D
representations, both of which are traceless for C2z I [1]. Hence, there must be at least four bands connecting with each other
along the line -R-M .
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J. 208

by

The space group 208 (P 42 32) belongs to the primitive cubic lattice system [Eqs. (28)-(33) with c = a]. The group is generated
S4y : (x, y, z) 7! (z + a2 , y + a2 , x + a2 ),
C3 : (x, y, z) 7! (z, x, y),
I : (x, y, z) 7! (x, y, z).

(54)
(55)
(56)

There are two 1D, one 2D, and two 3D representations at R = ( ⇡a , ⇡a , ⇡a ) [1]. The line (k, k, k) connecting and R, invariant
2
under C3 , demands that the two linear gapless modes belong to the 2D representation, in which S4y
is represented by identity [1].
⇡
⇡
There are four 1D and one 2D representations at M = ( a , 0, a ) [1]. The line (k, 0, k) connecting and M , invariant under
2
C32 S4y C32 , indicates that the two linear gapless modes belong to 1D representations, in which S4y
= +1 [1].
⇡
⇡
2
4
2
2
The line ( a , ky , a ) connecting M and R is invariant under the screw S4y . Since S4y = Ty = ei2ky a , the eigenvalues of S4y
iky a
have the momentum dependence of e
. Hence, the eigenvalues flip sign when moving from M to R. However, both of the
2
two modes have the eigenvalue +1 of S4y
at M and R. This is a contradiction.
VI.

THE POSSIBILITY OF THE M = 2 BAND GAP FOR THE 16 KEY SPACE GROUPS
A.

131 and 227

This is proven by examples.
B.

39, 100, 101, 102, 107, and 108

We prove this by showing that there exists a tight-binding model that has the same symmetry eigenvalues as required for
photonic band structures. These tight-binding models produce bands that are gapped in the entire Brillouin.
As the simplest example, let us look at 39 (Aem2) generated by

and lattice translations

G2x : (x, y, z) 7! ( x, y + 2b , z),
C2z : (x, y, z) 7! ( x, y, z),

(57)
(58)

~a1 = (a, 0, 0),
~a2 = 12 (0, b, c),

(59)
(60)

~a3 = 12 (0, b, c).

(61)

There are several lattice structures consistent with this symmetry. Here we look at the one with a site at ~x1 = (0, 0, 0) and
another site at ~x2 = (0, 2b , 0) within the unit cell spanned by ~a1 , ~a2 , and ~a3 . We put one py orbital on each site and consider the
tight-binding model of these two orbitals per unit cell.
Let us ask how these orbitals transform under the symmetry operations in order to determine the representation of the band
structure of the tight-binding model. In particular, we are interested in the representation at the point, where additional
constraints are imposed for photonic crystals.
Under the C2z symmetry, the py orbital on the site ~x1 just flips sign. The py orbital on ~x2 also flips sign and moves to
~x2 ~a2 ~a3 . But since we are interested in the symmetry representation at the point at which translations are all represented
trivially, we can just neglect this position shift. Therefore C2z is represented by
0 ( 0 is the identity matrix).
Under the G2x symmetry, the py orbital on ~x1 and the one of ~x2 interchange with each other. Hence, the representation of
G2x = 1 ( 1,2,3 are the Pauli matrices).
The line (kx , 0, 0) is symmetric under the mirror G2x C2z represented by 1 ( 0 ) =
1 . As required for photonic crystals,
these two bands have one +1 and one 1 eigenvalue of the mirror. The line (0, 0, kz ) is symmetric under C2z =
0 . Again, as
required, both of the two bands have the 1 eigenvalue of C2z . One can verify the line (0, ky , 0) too. Hence, the band structure
of this tight-binding model fulfills all the requirements of the symmetry eigenvalues imposed for phonic crystals.
More generally, lattices consistent with the assumed space group symmetry are classified by Wyckoff positions. In the above
discussion of 39, we put a p orbital on each site of the Wyckoff position labeled a in [3]. Similarly, the tight-binding mode built
from one p orbital of each lattice site of the Wyckoff position in Table S4 generates a band structure that satisfies all symmetry
requirements for photonic crystals.
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TABLE S4. Wyckoff positions used in the proof.
Space group No. Wyckoff position
39
a or b
100
b
101
a or b
102
a
107
b
108
b

C.

48, 49, 50, 68, 86, 191, 214, and 221

Here we present the solution of the compatibility relations consistent with a M = 2 photonic gap. We list the trace of the
irreducible representations tr[UiK (g)]. The symmetry element g is arranged in the order of Ref. [3]. In these tables, x̄ means x
and “⇤” means that the momentum K is not symmetric under the corresponding symmetry operation.
For example, let us look at Table S8. According to Ref. [3], the group has eight symmetry elements in addition to the
translations. The momentum K = S = ( ⇡a , ⇡b , 0) is invariant under the following symmetry operations:
(1) : (x, y, z) ! (x, y, z),
(2) : (x, y, z) ! ( x + a2 , y + 2b , z),
(5) : (x, y, z) ! ( x, y + 2b , z̄ + 2c ),
(6) : (x, y, z) ! (x + a2 , y, z + 2c ),

(62)
(63)
(64)
(65)

where the numbers in parenthesis are assigned in Ref. [3]. At this momentum, the gapless photons belong to the 2D representation which is traceless except for the identity operation (1). Hence, in the entry of K = S in Table S8, we have 2, 0, 0, and 0 for
the symmetry elements (1), (2), (5), and (6), respectively, and “⇤” for (3), (4), (7), and (8).
TABLE S5. Solutions of the compatibility relations for 48 (P nnn). ⇠12 = ⇠22 = ⇠32 = 1, ⇠1 ⇠2 ⇠3 = 1.
High-sym. momentum tr[U (g)] in the order of Ref. [3]
Y = (0, ⇡b , 0)
(2, 0, 2̄, 0, 0, 0, 0, 0)
⇡
X = ( a , 0, 0)
(2, 0, 0, 2̄, 0, 0, 0, 0)
Z = (0, 0, ⇡c )
(2, 2̄, 0, 0, 0, 0, 0, 0)
U = ( ⇡a , 0, ⇡c )
(2, 0, 2⇠2 , 0, 0, 0, 0, 0)
T = (0, ⇡b , ⇡c )
(2, 0, 0, 2⇠1 , 0, 0, 0, 0)
S = ( ⇡a , ⇡b , 0)
(2, 2⇠3 , 0, 0, 0, 0, 0, 0)
R = ( ⇡a , ⇡b , ⇡c )
(1, ⇠3 , ⇠2 , ⇠1 , 1, ⇠3 , ⇠2 , ⇠1 )
(1, ⇠3 , ⇠2 , ⇠1 , 1̄, ⇠¯3 , ⇠¯2 , ⇠¯1 )
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TABLE S6. Solutions of the compatibility relations for 49 (P ccm). ⇠12 = ⇠22 = ⇠32 = 1, ⇠1 ⇠2 ⇠3 = 1.
High-sym. momentum tr[U (g)] in the order of Ref. [3]
Y = (0, ⇡b , 0)
(1, ⇠2 , 1̄, ⇠¯2 , 1, ⇠2 , 1̄, ⇠¯2 )
(1, ⇠2 , 1̄, ⇠¯2 , 1̄, ⇠¯2 , 1, ⇠2 )
⇡
X = ( a , 0, 0)
(1, ⇠1 , ⇠¯1 , 1̄, 1, ⇠1 , ⇠¯1 , 1̄)
(1, ⇠1 , ⇠¯1 , 1̄, 1̄, ⇠¯1 , ⇠1 , 1)
Z = (0, 0, ⇡c )
(2, 2̄, 0, 0, 0, 0, 0, 0)
⇡
⇡
U = ( a , 0, c )
(2, 2⇠1 , 0, 0, 0, 0, 0, 0)
T = (0, ⇡b , ⇡c )
(2, 2⇠2 , 0, 0, 0, 0, 0, 0)
S = ( ⇡a , ⇡b , 0)
(1, ⇠3 , ⇠¯1 , ⇠¯2 , 1, ⇠3 , ⇠¯1 , ⇠¯2 )
(1, ⇠3 , ⇠¯1 , ⇠¯2 , 1̄, ⇠¯3 , ⇠1 , ⇠2 )
⇡ ⇡ ⇡
R = (a, b, c)
(2, 2⇠3 , 0, 0, 0, 0, 0, 0)

TABLE S7. Solutions of the compatibility relations for 50 (P ban). ⇠12 = ⇠22 = 1.
High-sym. momentum tr[U (g)] in the order of Ref. [3]
Y = (0, ⇡b , 0)
(2, 0, 2̄, 0, 0, 0, 0, 0)
X = ( ⇡a , 0, 0)
(2, 0, 0, 2̄, 0, 0, 0, 0)
Z = (0, 0, ⇡c )
(1, 1̄, ⇠1 , ⇠¯1 , 1, 1̄, ⇠1 , ⇠¯1 )
(1, 1̄, ⇠1 , ⇠¯1 , 1̄, 1, ⇠¯1 , ⇠1 )
⇡
⇡
U = ( a , 0, c )
(2, 0, 0, 2̄⇠1 , 0, 0, 0, 0)
T = (0, ⇡b , ⇡c )
(2, 0, 2⇠1 , 0, 0, 0, 0, 0)
S = ( ⇡a , ⇡b , 0)
(2, 2⇠2 , 0, 0, 0, 0, 0, 0)
⇡ ⇡ ⇡
R = (a, b, c)
(2, 2⇠2 , 0, 0, 0, 0, 0, 0)

TABLE S8. Solutions of the compatibility relations for 68 (Ccce). ⇤ means that the corresponding operation is not a symmetry.
High-sym. momentum tr[U (g)] in the order of Ref. [3]
Y = (0, 2⇡
, 0)
(1, 1̄, 1̄, 1, 1, 1̄, 1̄, 1)
b
(1, 1̄, 1̄, 1, 1̄, 1, 1, 1̄)
Z = (0, 0, ⇡c )
(2, 2̄, 0, 0, 0, 0, 0, 0)
2⇡ ⇡
T = (0, b , c )
(2, 2̄, 0, 0, 0, 0, 0, 0)
S = ( ⇡a , ⇡b , 0)
(2, 0, ⇤, ⇤, 0, 0, ⇤, ⇤)
R = ( ⇡a , ⇡b , ⇡c )
(2, 0, ⇤, ⇤, 0, 0, ⇤, ⇤)

TABLE S9. Solutions of the compatibility relations for 86 (P 42 /n). ⇤ means that the corresponding operation is not a symmetry.
High-sym. momentum tr[U (g)] in the order of Ref. [3]
M = ( ⇡a , ⇡a , 0)
(2, 2, 0, 0, 0, 0, 0, 0)
Z = (0, 0, ⇡c )
(2, 2̄, 0, 0, 0, 0, 0, 0)
A = ( ⇡a , ⇡a , ⇡c )
(1, 1, 1, 1, ⇠, ⇠, ⇠, ⇠)
¯ ⇠,
¯ ⇠, ⇠)
(1, 1, 1̄, 1̄, ⇠,
⇡ ⇡
R = (0, a , c )
(2, 0, ⇤, ⇤, 0, 0, ⇤, ⇤)
X = (0, ⇡a , 0)
(2, 0, ⇤, ⇤, 0, 0, ⇤, ⇤)
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TABLE S10. Solutions of the compatibility relations for 191 (P 6/mmm). In this table, ⇤ means that the corresponding operation is not a
symmetry. 1̄ is a shorthand for 1.
High-sym. momentum
tr[U (g)] in the order of Ref. [3]
0
2⇡ p
2⇡
K = ( 4⇡
,
0,
0),K
=
(
,
,
0)
(2,
2,
2,
⇤,
⇤,
⇤,
2̄, 2̄, 2̄, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, 0, 0, 0, ⇤, ⇤, ⇤, 0, 0, 0)
3
3
3
⇡
p
, 0)
3
0
2⇡
M = (0, p3 , 0)
M 00 = ( ⇡, p⇡3 , 0)

(2, ⇤, ⇤, 2, ⇤, ⇤, ⇤, ⇤, 2̄, ⇤, ⇤, 2̄, 0, ⇤, ⇤, 0, ⇤, ⇤, ⇤, ⇤, 0, ⇤, ⇤, 0)

M = (⇡,

A = (0, 0, ⇡)
H = ( 4⇡
,
0, ⇡),H 0 = ( 2⇡
,
3
3
⇡
p
, ⇡)
3
2⇡
L = (0, p
, ⇡)
3
00
⇡
L = ( ⇡, p3 , ⇡)

L = (⇡,
0

(2, ⇤, ⇤, 2, ⇤, ⇤, ⇤, 2̄, ⇤, ⇤, 2̄, ⇤, 0, ⇤, ⇤, 0, ⇤, ⇤, ⇤, 0, ⇤, ⇤, 0, ⇤)
(2, ⇤, ⇤, 2, ⇤, ⇤, 2̄, ⇤, ⇤, 2̄, ⇤, ⇤, 0, ⇤, ⇤, 0, ⇤, ⇤, 0, ⇤, ⇤, 0, ⇤, ⇤)
2⇡
p
, ⇡)
3

(2, 1̄, 1̄, 2̄, 1, 1, 0, 0, 0, 0, 0, 0, 2, 1̄, 1̄, 2̄, 1, 1, 0, 0, 0, 0, 0, 0)
(2, 2, 2, ⇤, ⇤, ⇤, 0, 0, 0, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, 2̄, 2̄, 2̄, ⇤, ⇤, ⇤, 0, 0, 0)
(2, ⇤, ⇤, 2, ⇤, ⇤, ⇤, ⇤, 0, ⇤, ⇤, 0, 2̄, ⇤, ⇤, 2̄, ⇤, ⇤, ⇤, ⇤, 0, ⇤, ⇤, 0)

(2, ⇤, ⇤, 2, ⇤, ⇤, ⇤, 0, ⇤, ⇤, 0, ⇤, 2̄, ⇤, ⇤, 2̄, ⇤, ⇤, ⇤, 0, ⇤, ⇤, 0, ⇤)
(2, ⇤, ⇤, 2, ⇤, ⇤, 0, ⇤, ⇤, 0, ⇤, ⇤, 2̄, ⇤, ⇤, 2̄, ⇤, ⇤, 0, ⇤, ⇤, 0, ⇤, ⇤)

TABLE S11. Solutions of the compatibility relations for the two gapless photonic bands of 214 (I41 32) except for the singular
this table, ⇤ means that the corresponding operation is not a symmetry. 1̄ is a shorthand for 1.

point. In

High-sym. momentum
tr[U (g)] in the order of Ref. [3]
H = (0, 2⇡
,
0)
(2,
2,
2,
2,
1̄,
1̄,
1̄, 1̄, 1̄, 1̄, 1̄, 1̄, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0)
a
⇡ ⇡
N = ( a , a , 0)
(1, 1, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, 1̄, 1̄, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤)
(1, 1̄, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, 1̄, 1, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤)
P = ( ⇡a , ⇡a , ⇡a )
(2, 0, 0, 0, 1̄, 1̄, 1̄, 1̄, 1̄, 1, 1, 1, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤)

TABLE S12. Solutions of the compatibility relations for 221 (P m3̄m). In this table, ⇤ means that the corresponding operation is not a
symmetry. 1̄ is a shorthand for 1.
High-sym. momentum
tr[U (g)] in the order of Ref. [3]
X = ( ⇡a , 0, 0)
(2, 0, 0, 2̄, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, 0, 0, 0, 0, ⇤, ⇤, ⇤, ⇤, 2⇠, 0, 0, 2̄⇠, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, 0, 0, 0, 0, ⇤, ⇤, ⇤, ⇤)
¯ ⇠,
¯ ⇠,
¯ ⇠,
¯ ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇠, ⇠, ⇠, ⇠, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤)
M = ( ⇡a , ⇡a , 0)
(1, 1, 1, 1, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, 1̄, 1̄, 1̄, 1̄, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇠,
¯
¯ ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇠,
¯ ⇠,
¯ ⇠, ⇠, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤)
(1, 1, 1̄, 1̄, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, 1̄, 1̄, 1, 1, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇤, ⇠, ⇠, ⇠, ⇠,
⇡ ⇡ ⇡
R = (a, a, a)
(2, 2, 2, 2, 1̄, 1̄, 1̄, 1̄, 1̄, 1̄, 1̄, 1̄, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 2̄⇠, 2̄⇠, 2̄⇠, 2̄⇠, ⇠, ⇠, ⇠, ⇠, ⇠, ⇠, ⇠, ⇠, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0)

13

[1] Christopher John Bradley and Arthur P Cracknell, The Mathematical Theory of Symmetry in Solids: Representation Theory for Point
Groups and Space Groups (Oxford University Press, 1972).
[2] Haruki Watanabe, Hoi Chun Po, Michael P. Zaletel, and Ashvin Vishwanath, “Filling-enforced gaplessness in band structures of the 230
space groups,” Phys. Rev. Lett. 117, 096404 (2016).
[3] Theo Hahn, ed., International Tables for Crystallography, 5th ed., Vol. A: Space-group symmetry (Springer, 2006).

