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Abstract

This master thesis is a study of space groups with a point group isomorphic to the image of an irreducible
Q-representation of the alternating group of degree 5. From these space groups the irreducible represen-
tations over C are described. These are the representations given by the periodic boundary condition
for real crystals. Also the conjugacy classes of these groups are calculated. The theory that is used to
calculate this data is described in a general setting so that it can also be used for other space groups.

This master thesis consists of two parts. In the first part the theory of space groups, especially
representations over C and conjugacy classes, is described. In the second part the theory is applied
to the space groups with a point group that is an irreducible Q-representation. After an introducing
chapter the basic algorithms for space groups are studied. In the third chapter the induction and
restriction theory of representations of general groups is described and then applied to space groups. In
the fourth section of this chapter a generalization of the well know fact that the order of the group is
equal to the sum of the squared dimensions of its irreducible representations is proven. To get a set
of mutually non-isomorphic representations fundamental domains and sets of orbit representatives are
studied in the fourth chapter. In the fifth chapter a method is given to determine a set of representatives
for the conjugacy classes. In the second part of the master thesis the group theoretic data of Ay is given
in chapter six. The seventh chapter is a manual for the data given in the appendix of the space groups.
Since the data of the actual results of the calculation on the space groups are to much to set in the thesis
they are given in an appendix.



1 Introduction

The mean object of study of this master thesis are space groups. Space groups are the automorphism
groups of certain sets in R™. The automorphisms are affine maps, a linear map composed with a
translation. Before a definition of a space group can be given, the affine maps are studied and lattices
in R™ are defined.

Definition 1. An affine map is a map ¢ : R® — R" such that there is a linear map g4 and a vector
ty € R™ such that for all v € R™, ¢(v) = gy(v) + L.

An affine map ¢ will by denoted by {gy | to}.

The group A, :={¢: R™ = R" | ¢ is a bijective affine map} is called the affine group of degree n.

Remark that the composition of two affine maps: {g|t,} o {h|ty} is equal to the affine map
{gh | tg + gtn}
Lemma 1. Define GL,, := GL,(R). Define I1: A,, — GL,, by II({g | t4}) = g.
Then 11 is a surjective group homomorphism.
The kernel of 1 is equal to T,, := {{id | t} : t € R™}, the set of translations. The complement of T, is

{{g10}|g€GLn}
So the group A,, is a semidirect product of T,, and GLy,.

Definition 2. Let T < T, then L(T) := {t € R™ : {id | t} € T'} is called the set of translation vectors
of T.

Definition 3. The group E, := {{g |t} € A, | ¢""g = id} is called the Euclidean group of degree n.
The Euclidean group is the group of isometrices on R™.

Definition 4. A subgroup L < R™ is called a lattice if there is an R-basis B = (by,...,b,) such that
L={>"abi:a; € Z}. The basis B is in that case called a lattice basis.

Example. Let e, es be the standard basis of R2.
Then {aﬂel + bes : a,b € Z} is a lattice.
But {av/2e; + be; : a,b € Z} is not a lattice, since the set lies dense in the one dimensional R-vector

space generated by e.

Also {(2a + 3b)es + (3b+ c)es : a,b,c € Z} is a lattice, since the set is equal to {Ae; + Bes : A, B € Z}.

Definition 5. Let L < R™ be a lattice, then the symmetry group of L, Aut(L) is {g € O,, | gL = L}.
Example. Let e, ep be the standard basis on R?, let L := (e1, e3) as lattice.

An element of Aut(L) preserves the distance in R?, since it is in O,,. So if ¢ € Aut(L), then ||¢(e;)|| =1

for ¢ = 1,2. The elements of L with absolute value 1 are: e;, —eq, €3, —e3. Since ¢ must be invertible,

the vector space generated by ¢(e;) must be different from the vector space generated by ¢(ez). Thus if
for example ¢(e1) = e, then ¢(es) € {ea, —ea}. So the only possibilities for ¢ are the following:

d(er) = (=1 e, dlez) = (—1)'ep 1
with j,k,1 € {1,2} and e3 := e;.
These element form a group of maps isomorphic to Dy.

So Aut(L) = << (1) _01 > , < (1) _01 >>, with the linear maps written as matrices on the basis e;, es.

Definition 6. Let R < E,,, T := RN T, be the translation subgroup of R and L := L(T).
Then R is called a space group if L is a lattice.
The group G :=1II(R) is called the point group of R.

s = (2 5 0143 %) 0] o (4} (4))

is a space group. This is a space group which is a semidirect product of its translation subgroup and its
point group. Such a space group is called a symmorphic space group. There are also non-symmorphic
space groups, see for example:

s () MG S M (O ()

. . . . . . 1
Since the second generator is a glide reflection, there is no pre-image {g | ¢4} of ( 0 _01 ), such that

{g] tg}2 = {id | 0}. Thus S is not a symmorphic group.



Theorem 1. Let R be a space group with translation lattice L and point group G. Then G < Aut(L),
so G is isomorphic to a finite subgroup of GL,(7Z).

1 1
Example. Let R be a space group with point group G generated by r := ( \% \/32 > and t :=
S 1
( _01 _01 ), and T < R the translation subgroup such that L(T) := (by := ( (1) ) ,bo 1= ( \% ))
2
The linear map r is a rotation of order 6, thus G = Dg. The lattice L(T) is the so called hexagonal

lattice.
Writing the matrices of r and ¢ on the basis b1, by one gets the following matrices:

0 -1 -1 0

1 1 ’ 0o -1
These are indeed in GL,(Z). Remark that these matrices are not orthogonal any more, but there is of
course a G-invariant inproduct. Below a picture of the lattice L.

Let R < FE, be a space group and G its point group. Then R has a set of coset representatives with
respect to T(R). In such a set, every linear part g € G occurs precisely once. Such a set r has affine
maps of the form {g | ¢,} with g € G and t, € R™. The set {t,: g € G} is called a vector system for R.

From now on the space groups are written on a basis such that T" = Z™. By theorem 1 then
G < GL,(Z). The inproduct wrt the lattice basis is no longer the standard inproduct, but a G-invariant
inproduct. An example of a G-invariant inproduct is the following:

(v, w) =0 (Y g g)w

geaG

The notations throughout this master thesis:

R is the space group.

G is the point group.

GL,, are the invertible n x n-matrices over R

G* :={g'"|g € G} is the dual point group.

id is the identity matrix of G.

II: R — G is the natural projection to the linear parts
T = ker II is the translation subgroup.

ty is a vector system of G.

L is the lattice of the space group.



2 Smith, Wyckoff and Zassenhaus

In this section a few algorithms that are useful when studying space groups are treaded. The first
algorithm calculates the Smith normal form of a matrix. This algorithm is then used to calculate the
Wyckoff positions of a space group. The Wyckoff positions classify the points in R™ according to their
stabilizers. The Smith normal form is also used in the Zassenhaus algorithm. This algorithm calculates
the possible space groups with a given point group up to isomorphism. At least some comments are made
about the conjugacy of two point groups in GL,(Z), the calculation of generators for Ny, (z)(H) and
an algorithm to find all the point groups up to conjugacy in GL,(Z) that are isomorphic to a particular
group.

2.1 Smith Normal Form

Notation. A diagonal matrix D € Z"™*™ has d;, := D;; for 1 < i < min(n,m) and D;; = 0. So
Dij = (5ljd1

Definition 7. Let A € Z"*™, then the Smith normal form of A is a diagonal matriz D with d;|d;41,
such that there are matrices P € GLy(Z), Q € GLy(Z), with PAQ = D.

Lemma 2. [Sm61] Every matriz A € Z™*™ has a Smith normal form.

The algorithm for calculating the Smith normal form is as follows:
Define dy := ged(A;j|1 < i < n,1 < j < m). With elementary row and column operations one can
substitute A7 by di. Now one can sweep the first row and column with A;;. The problem has been
reduced to a (n — 1) x (m — 1) matrix. The matrices P and @ can be calculated simultaneously by
keeping track of the row and column operations on two identity matrices (I

The calculation of the Smith normal form of a matrix is very useful algorithm for the study of
particular space groups. It is used to calculate linear congruences modulo Z, thus of the form Ax = b
mod Z™.

Corollary 1. Let L be a lattice and L' be a subgroup of L, then there is a lattice basis by,...b, and
integers dy, . . .,d, with d;|d;+1, such that

L:={by,...,by) and L' :== (d1b1,...,dpby).
The bases by, ...b, and diby,...,d,b, are called compatible bases for L and L'.
Take v1,...,v, such that
L" = {Z av;ta; €2} < L' < {Z a;v; : a; € R}.
i=1 i=1

Since there are only finitely many points of L in the set {d_!_, a;v; : 0 < a; < 1} , the group L” has
finite index in L'. Hence L’ is finitely generated. Let A be the matrix of the generators of L’. Take P
and @ such that D := PAQ is the Smith normal form of A. The columns of P~! are the vectors that
form the basis for L and the columns of P~'D are the vectors that form the basis for L’. O

2.2 Wyckoff positions

Definition 8. If R is an n-dimensional space group and x € R™, then R, := Stabgr(x) is called the site
symmetry group of x.
The points x,y € R™ belong to the same Wyckoff position if R, and R, are conjugated in R.

The goal is to calculate all Wyckoff positions of a given space group. This can be done by an algorithm
described in [EGN97]. Below is a brief summary of that algorithm.

Lemma 3. Let S < R with TI(S) generated by g1 ...gs € II(R) and {g1|t1},...{gs|ts} € R. Let x € R™.
Then II(S) < II(Ry) © V; (9; — id)x = —t; (mod Z™).



= For all g; there is a u; € Z™ such that {g;|t; + u;} € S and © = {g;|t; + w; }(z) = giz +t; + u;. So
(g; — id)x = t; (mod Z).
<: It is clear that z is a fixed point for a pre-image of II(s) for each s € S. O

The next algorithm for calculating Wyckoff positions with II(R,) generated by g1, ..., gs is described
in [EGN97].
Join the matrices g; vertically to a ns x n matrix A. Do the same for the vectors —t; to get a vector b.
By lemma 3: H <II(R,) iff Az = b(mod Z").
Calculate P € GL,s(Z) and Q € GL,(Z) such that D := (dy,...,d;,0,...,0) = PAQ is the Smith
normal form of A. Then Az = bmod Z" < D(Q~'z) = Pbmod Z". This has only a solution if Pb; € Z
i<

zj ifj>r

for j > r. If so, then the solutions are the set of vectors Qv, where v; := { with
ij EZandxj € R.

So far one knows that H < II(R,) by lemma 3, but it is still possible that II(R,) is greater than H. To
check if II(R,) = H calculate the orbit of +Z" in R”/Z™ under R. If the orbit has [G : H] elements then
II(R,) = H. The orbit gives also the other Wyckoff positions with II(R,) a to H conjugated subgroup.

2.3 Zassenhaus algorithm

The space group is an extension of its point group with its translation subgroup, since G = R/T. The
goal is to classify the space groups for a given point group. For each g € G there is a t, € R" such that
{g9|ty} € R. The set {t, : g € G} is called a vector system.

Definition 9. Let M be a G-module. Then 7 : G — M is called a derivation of G with values in M if
7(gh) = 7(g) + g7(h). The set C1(G, M) is the Abelian group of derivations, with the addition inherited
from M.

Let m € M, then 17, : G — M is defined as follows: 7, : g — (g — id)m. Such a derivation is
called an inner derivation and the subgroup of inner derivations is noted by BY(G, M). The factor group
HYG, M) :=CYG,M)/B*(G, M) is the first cohomology group of G with values in M.

Let R be a space group, G < GL,(Z) its point group and Z™ its translation subgroup. A vector
system {t, : g € G} corresponds with a derivation 7 : G — R", g — t,. The inner derivations correspond
to translations of the origin. Let ¢, and s4 be two vector systems. If t;, — s, € Z", then the correspond-
ing groups are the same. So for classifying the different space groups the derivations are with values in
R™/Z"™. Thus a first step in the classification is calculating H'(G,R™/Z").

The next algorithm gives all elements of C*(G, R"/Z").

Give for the group G a set of generators Xy, ..., X, and a set of defining relations 71, ..., 7 (the kernel
of F(X)— G, X; — X, is generated by 71, ...,7). Now every relation gives in G the identity, thus in R
an element of the translation subgroup: Z™. The idea is to evaluate the relations for a vector system in
indeterminates. Define x;; variables for 1 <i <m, 1 < j < n. The vector system is tx, := (@i1,..., Tin).
For a relation r = H;Zl X, this gives in R the product ngl {Xij | tXi]} ={id| Cr(z11,- -y Tmn)},
with C. a mn x n-matrix. Thus C,.z = 0 (mod Z™). The set of congruences module Z™ for every relation
are called the Frobenius congruences. Set the matrices C;. below each other and call this matrix A.
Thus ty, is a possible vector system iff Az =0 (mod Z™). The solution space of Az =0 (mod Z") can
then be calculated by taking the Smith normal form of A.

. . .. 1 . . 1
With a translation of the origin by @dec t, all the translation parts t, are in @Z”. So

H'(G,R"/Z") is finite. The action of the inner derivations on C'(G,R"/Z") corresponds with the
infinite part of the solution of the Frobenius congruences.

Lemma 4. Let A be the integral matriz for the Frobenius congruences. Take P,Q such that D := PAQ
is the Smith normal form of A, then

aldleel +...+ ardr_lQer
with 0 < a; < d; are representatives of H'(G,R"/Z")

Theorem 2 (L.Bieberbach [Biell]). Two space groups are affine equivalent if and only if they are
isomorphic.



Let N := Ngp, (z) be the normalizer of G in GL,(Z). Then R is affine equivalent with nRn~" for
all n € N. On the point group the action of N is just conjugacy. So N acts on H'(G,R"/Z") by
(n-7)(g9) :=n7(n"tgn) forn € N.

Theorem 3. The affine equivalence classes of the space groups with point group G are in bijection with
the orbits of N := Ngy, (z)(G) on H'(G,R"/Z").

The method described above is called the Zassenhous-algorithm [Za48].

2.4 Splitting a Q-class in Z-classes

For a given point group the Zassenhaus-algorithm gives the different space groups. To classify the space
groups one can set the groups with isomorphic point groups in one class. The point group of the space
group can then be seen as a Z-representation of the abstract group. For fields with character 0 the
representation theory has standard methods to find all the representations of a certain abstract group.
This gives a good reason to classify the Z-representations by their Q-representation.

Definition 10. Let G, H < GL,(Z). The group G is in the same Z-class as H if they are conjugated in
GL,(Z). If G and H are conjugated in GL,(Q), then they are in the same Q-class. If G and H are in
the same Z- resp. Q-class, then they are called Z- resp. Q-equivalent.

Whether two groups are Q-equivalent can be calculated by standard methods. The difficulty is to
split the Q-class in Z-classes.

Lemma 5. Every Q-representation of G can be written with matrices over Z.

Let M be an irreducible Q representation and v € M. Now {gv : g € G} is complete since M is
irreducible. Take a basis for the Z-lattice generated by the gv’s. Writing the matrices with respect to
this basis gives a representation over Z. O

The question whether two finite linear groups are in the same Q-class or Z-class can be made equiv-
alent to a couple of homogeneous polynomials f; being not all 0 resp. having solutions f; = 1 in Z.
If two groups are is the same Z- or Q-class they are certainly isomorphic. Let ¢ : G — H be a group
isomorphism. Let g; be a set of generators of G. Then G is in the same Z- respectively Q-class as H,
if there is a matrix M in GL,(Z) respectively GL,,(Q) with Mg; = ¢(g;)M. This gives a set of linear
equations that can be solved with the Smith normal form. For M being in GL,(Z), the determinant
of M must be £1. Let (by,...,b,) be a basis for the matrices M € GL,(Z) such that Mg, = ¢(g;)M.
A matrix written on this basis has then as determinant a homogeneous polynomial of degree n in m
variables. Let f(x1,...,2m) := det(z1b1+. ..+ Xmby). So there is a matrix M € GL,(Z) respectively in
GL,(Q) so that Mg; = ¢(g;)M if f(x1,...,2m) = £1 has integral solutions respectively f is non-zero.
The isomorphisms that must be studied correspond with representatives of Out(G) := Aut(G)/Inn(G).
If for all these isomorphisms there is no solution, then H and G are not in the same Z- or Q-class. For
deciding if two groups are in the same Q-class this works very well, since it is only deciding if a polynomial
is 0. Unfortunately for Z-equivalence it is a Diophantine equation, which can be very difficult to solve:
i.e. finding all solutions or show that there are none. In the case that the groups are as Q-representations
absolutely irreducible the polynomial has one variable. So then it can be easily seen if there are solutions
in Z. This is the case for the 4- and 5-dimensional representations of As.

Example. Let G := << (1) 701 )> and H := <( 701 i >>, both are isomorphic to C5. The

solution space of matrices M such that M 10 > = ( -1l >M is of dimension 2 and has

0 —1 0 1
. 1 0 0 1 . .. . .
basis b := 2 0 and by := 00 ) So the determinant of a matrix in the solution space is
|zby + ybo| = —2zy. So G and H are is the same Q-class. Since 2| — 2zy for all z,y € Z, there is no

matrix in GL2(Z) that conjugate G in H. So G and H are in different Z-classes.

The general algorithm for checking if two point groups are conjugated in GL,(Z) is described in
[OPS98] and the calculation of the normalizer in [Opg01]. Both algorithms are implemented in CARAT
[OPS98] and MAGMA [BCP97]. These algorithms are to complicated too describe here. In [OPS98] also
an algorithm is described that for a given QQ-class calculates its Z-classes.



Theorem 4. [EGNY7] Let G be a finite group and L a G-lattice. If M < L is a mazimal G-invariant
sublattice, then [L: M| =p® and L/M = Cp, x --- x Cp. Also L/M s an irreducible F,G-module.

To show that [L : M] = p* at first will be shown that [L : M]is finite. Let e1,...,e, and dieq,...,d e,
be compatible bases for L and M. If r # n, then M < dyeq,...,d e,,2e, < L. Since M is maximal, r =
n. If d|d;, then M < (dieq,...,di—1€;_1,de;,...,dey) < L. Thus [L: M| =p®and L/M = Cpx---xCp.
Assume that V is a submodule of L/M and V' # L/M. Then the pre-image N of V in L is a G-invariant
sublattice. Thus N = M, because M < N and M maximal. So V = 0. Concluding that L/M is an
irreducible F,G-module. O

Theorem 5. If p[ |G|, then the space groups of the G invariant lattices M with [L : M] = p® are
isomorphic to the space group R.

Now one can calculate step by step the maximal G-invariant lattices. In each step one calculates
which of the found point groups are Z-equivalent.

Example. Let r3 = (1) :1 and t = ( (1) (1) ) Thus D3 = (rs,t). Since the representation is

2-dimensional the non-trivial submodules are of dimension 1 and therefore common eigenvectors of ¢t and

. a a a —a a a
r3. The eigenvectors of ¢ are ( a ) and( —a ) Now 73 ( a ) = ( 0 )andr;),( —a ) = ( 9% )

So the only case that there is a non-trivial submodule is when —a = 2a, thus when p := 3.
Thus a Ds-invariant sublattice L’ is spanned by <3) , <g> , G) This has basis G) , <g) and on

that basis r3 acts like s3 := _12 _13 > and t acts like u := _21 _32 . Since Out(D3) = 1, it is

enough to calculate a basis for the set of matrices that conjugate r3 and t respectively to s3 and u. So

letM::<a b)ﬂshen

c d
0o -1\ (-2 =3 a b\ [ —2a—3c —20—3d
1 -1/ 1 1 c d ) a+c b+d
0 1Y\ 2 3 a b\ ([ 2a+3c 2b+3d
1 0/) \ -1 =2 c d) \ —a—2c —-b-—2d

One sees that —2a — 3¢ = b = 2a + 3¢, so b = 0 and 2a = 3¢. Then a = 3d and ¢ = —2d. Thus the

solution space has basis by := < _32 (1) ) Since b; has determinant 3, the two groups are not in the
same Z-class.
Now the maximal modules of s3 := _12 _13 JU = _21 _32 > must be calculated. The eigen-

—3a a —3a 3a a a .
vectors of u are < a ) and (a)' Now 33< a ) = (2(1) and s3 (a) = (0> So only if p =3

the representation is reducible. The Ds-invariant sublattice is spanned by <g> , (g) , (?) This has as

basis (g) , ((1)> On this basis s3 acts like ( _32 _11 > and T acts like ( _23 _12 ) One sees that

1 . .
( _9 (1) > conjugates the group generated by r3,t to the group generated by those two matrices.

So Dj splits in two Z-classes: (rs,t) and (ss3,u).

1
0 -1

£ 50 th msima G-t ave (). (2, (%5 ((2). (2)- () ((2). ) ()

For the first two lattices the action of g is the same as on L. On the last one, one takes the basis

((2)> , <1) and g acts on this basis like h := < (1) _11 ) Now h and g are not Z-conjugated, since h

acts non-trivially on Z?2/2Z? and g acts trivially on Z?/2Z?. The maximal G-invariant lattices of (h) is:

Example. Look at the group generated by g := ( ) For p = 2, g acts like the identity on



2 0 1 . . 1 0 . 1 2 .
<<0) , (2) , (0>> With the basis ((0> , (2)>, h acts on the lattice as k := ( 0 1 ) Now k is equal

to g conjugated with < (1) 1 )

10



3 Induction and Restriction of Representations

The following is a brief summary of the theory of induced and restricted representations. This theory is
used to induce the linear representations of T' for the irreducible representations of R.

Definition 11. Let G = (¢1,...,9n) and My, ..., M, € GL,,(C), then (M, ..., M,) is a representation
if gi — M; is a group homomorphism. A representation A will be denoted with (A(g1),-..,A(gn))-

Example. For D3 = (r,t) and A the representation A(r‘t/) = (—1)7 of D3, A is given by (1, —1).

Theorem 6. Let A be a representation of H, g1, ...,gm a transversal of H in G, then AY is defined by

Algrtgq) - Algr9gm)
A%(g) = : :

Algmtgg) - Algn'99m)

where A(h) := A(h) if h € H and 0 otherwise.
This gives a representation of G and is called the induced representation of A.

The matrices of the induced representation are often given by a permutation p € S, and a sequence

L of m matrix blocks of size deg A. Let p(i) be the unique j such that gj_lggi € Hand L; := A(g;é)hgi).

Then A%(g) = (P ® I)D, where P(e;) = (i), I is the n x n identity matrix and D = @, L;. Often
the permutation p will be given by the sequence [p(1),..., p(m)] and the sequence of matrix blocks by
B(Ay,--- A,), so that the induced representation is notated in the form [k, - , k], B(A1,--- , Ap)

Example. D3 = (r,t) has subgroup C5 := (r) with transversal r,t. Let A(r) := (5. Then

With the permutation notations these become [1,2],B((3,(2) and [2,1],B((3,¢3). The corresponding
matrices P,D are then:

forr:(é ?),(%)’ C%),fort:(? é),(%)’ Cog?)

Example. Assume H <G and G/H = (gH) a cyclic group of order n. Let A be a representation of H.
Now id,g,...,g" ! is a transversal for H in G. If h € H, then

AC(R) =[1,...,n], BIAR), Alg~ hy), ..., A(g "hg™1)).

Also A%(g) =[2,...,n,1],B(1,...,1,A(g")). For n = 3 this is then:

A(h) 0 0 0 0 A(g®)
A%h)y= 0  A(g'hg) 0 A% g =10 0
0 0 A(g~2hg?) 0 1 0

Theorem 7 (Frobenius reciprocity). Let H < G be a subgroup, x and ¢ representations of G respectively
H7 then (Xa ¢G)G = (X|H7 QS)H

Definition 12. Let H<G and ¢ a character of H, then ¢9 is the character defined by ¢9(h) := ¢(g~thg).
The group Ig(¢) :={g € G | ¢9 = ¢} is called the inertia group of ¢ in G.

Theorem 8 (Clifford’s theorem). Let H < G, x an irreducible character of G and ¢ an irreducible
constituent of x|m. Let T := Ig(¢) be the inertia group of ¢ in G. Then x|g = e(> ", ¢i) where
m =[G :T] and ¢; = ¢9 for a transversal g1,...,gm of T in G. Moreover define

A := {4 irreducible character of T'| (¥, ¢) # 0} and B := {x irreducible character of G| (xm,®) # 0},
then v — % is a bijection of A onto B.

Theorem 9 (Mackey). Let H <G, with G/H = (gH), and A an n-dimensional irreducible represen-
tation of H which is G-invariant. Then there is a T € GL,, such that A9 = TAT~'. The irreducible
representations of G that extend A are g — (icT for a c € C.

11



Since A9 = A there is a T € GL,, such that A9 = TAT~!. Because g" € H one has A(g~"™)T" €
Endgp(W). By Schur’s lemma there is a ¢ € C such that A(g~")T™ = ¢". This is the asked constant
in the theorem.

Let y; be the representation with g — ¢.¢T'. Then y; = x; if and only if i = j, since by Schur’s lemma

The only problem is now to find a matrix 7. One way of solving this problem is the following: let
hi,...,hs be generators of H. Then a matrix T has the property A9 = TAT 1 iff A9(h;) = TA(h;))T!
for 1 <4 <s. The second statement is equivalent with A9(h;)T = TA(h;). This gives a set of linear
equations for the entries of T. By parameterizing the solutions of the linear equations one can choose
an invertible matrix in the solution space.

Example. The representations of A4 can be calculated with the use of Mackey’s theorem. Define
¢ := (12)(45), b := (14)(25) and e := (124). The normal subgroup V4, = (c¢,b) has the following
irreducible representations: ((—1)%,(=1)7) (e.g. ¢~ (=1)1,b > (=1)7 for i,j € {1,2}). For the orbits
of the irreducible representations first the action of the conjugation by e on V4 will be calculated:
e~ lce = be and e~tbe = c¢. Thus (1,1) is fixed by e and (1,—1) — (—1,1) — (=1,—1). Thus the
irreducible representations of A4 are:

_ 1 0 0 -1 0 O 0 01
(1,1,¢5),([ 0 =1 0 , 0 1 0 ./ 1 0 0 |)
0 0 -1 0 0 -1 010

3.1 Induction of representations on Z"

Since the space group R is infinite it is more difficult to calculate the representations of R than in the
finite case. The finite representations can be calculated. These representations factor through mzZ"™ for
a certain m € N. The periodic boundary condition for real crystals gives representations of the group
R/mT for a large m € N. Since Z™ < R and the representations of Z™ are well known, there the induction
of the representations starts.

Let I" be a finite representations of Z™ and I(I') be its inertia group. The problem is now to find all
irreducible representations of I(T') which restricted to Z™ have T' as constituent. Let A be such an
irreducible representation. Let 6§, be the characters of A respectively I', then by Clifford’s theorem
0|y = ey. Thus A(t) = I'(¢)id, for all t € Z™. So the irreducible representations of I(I") that restricted
to T have I' as constituent, let T" act as diagonal matrices.

By theorem 9 the induction over a cyclic factor group is solved. This gives reason to look at the
composition series of the inertia group. For solvable inertia groups the representations can be calculated
through the composition series by applying at each level theorem 9. For non-solvable inertia groups the
composition series ends at a perfect group. Thus the question is reduced to finding representations for
that perfect group. Now one looks at maximal subgroups of the perfect group and tries to split the
induced irreducible modules of the maximal subgroups.

3.2 Representations and Wyckoff positions

To find all the irreducible representations of a space group one looks at all the irreducible representations
of Z™. Since there are infinitely many irreducible representations of Z", the method described above
can not be applied separately to each irreducible representation. Because the point group is finite the
possible inertia groups are also finite. Thus instead of calculating for each linear character its inertia
group one calculates for a group which linear characters have that group as inertia group.

Definition 13. Let k € (R")* := {¢: R™ = R | ¢ a linear map }, define T'y(t) := exp(2mwik(t)).
The dual lattice of a lattice L is L* := {k € (R")* | Ve k(t) € Z}.
Assume G C GL,(R), then the dual group of G is G* := {(¢g71)"" : g € G}.

Lemma 6. The linear representation Ty is fived by {g | t,} iff k — (g7 ")k € T*.
Let {g | t4} € R, then:

PV ) =Th(g ™ | =g Y I 183 {g [t }) = T({I | g7 ()}) = Dig-ryer gy ({1 | £})

Now Fle = Fk'|T < k— kK e T*. Thus F}Eg | t9}|T = Fk|T if k — (gil)trk eT* O
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Theorem 10. Let H < G, then the linear representation of T that have H as inertia group are the
linear representations of T that have H* as stabilizer.
Assume that k and k' have the same stabilizer in R* :== G* x T, then

U : {¢: ¢ representation of H | d|7 = @Fk} — {¢ : ¢ representation of H | |7 = @Fk/}

defined by W(d)({h | tn}) := exp(2mi(k’ — k)(tn))d({h | tn}) is a bijective function.
So the irreducible representations of the inertia group extended from Ty, differ only by a factor from the
irreducible representation extended from T'y/.

Let h* € H* then k = {h* | t} k = h*k+t and k' = {h* | t} k' = h*k’+t, thus {h* | O} (K'—k) = k' —k.
Now W(¢) is a representation of the inertia group:

U(o)({h | tn}) ¥ (D) ({g | tg}) = exp(2mi(k —k)(ty +tn))p({h | ta})d({g | t4})
= cap(@mi(K — )ty + t))0({hg | tn + hty))
= exp(2mi(k’ — k) (ty — hty))¥(¢)({hg | tn + gt4})

Since h™ (' — k) = k' — k, one has W(¢({h | 1, })(8)({g | t4}) = ©(6)({h | th + gty }.

Now () ({id | t}) = eap(2mi(k — k)(t))p({id | t}) = exp(2mik’(t)).

So U(¢) is a representation that restricted to T has I'ys as constituent.

The inverse of U is just U’, defined by ¥'(¢)({h | tn}) := exp(2mi(k — k") (tr))d({h | tn}). O

So the linear representations of T' that are in the same Wyckoff position of R* have up to a factor the

same extensions of the irreducible representations to the inertia group.

Thus an algorithm to find all the irreducible representations of R is the following:

Calculate the Wyckoff positions of R* := G* x T. For each Wyckoff position calculate for one point &

in the Wyckoff position the extensions of the irreducible representations to the inertia group. For the

other points in the Wyckoff position that have the same stabilizer as k set the factor for it. Now the to

the group R induced irreducible representations are the desired irreducible representations of R.

Example. The representations of the space groups with point group generated by ¢ := ( Bl (1) ) b=
0 -1

There are three non-isomorphic space groups with the following generators:

( 10 > are studied. The point group is isomorphic to Vj.

Ry={c|0},{v]0}

Let C' and B denote the representatives of ¢ respectively b in the space group. Thus in the space group
Ry, C={c| (3,00}, B={b|(3,0)}.

The subgroups of the point group are the cyclic groups generated by c¢,b and bc.

It turns out that the dual group of the point group is the same as the point group since ¢ and b are
orthogonal matrices. The Wyckoff positions of the dual point group are:

For ¢ there are two: (0,z), (1,z).

For b there are two: (z,0), (z, 1).

For bc there are none.

For Vj there are four: (0,0), (0, 3),(3,0), (3, %)

For each of these Wyckoff positions the representations must be extended to the inertia group. That is
the group generated by the stabilizer and the translations subgroup.

For Ry, the symmorphic case: ¢: C +— +£1, b: B+ £1 and Vj: (£1,£1).

For Ry: ¢: now C? = {id | 0}, thus C' +— +1, b: B2 = {id| (1,0)}, thus B ~ *exp(miz). For Vj it is a
little more complicated. The strategy is to use the induction theory for the cyclic case. The composition
series that is chosen is (c)<{c, b). For all four positions the extensions up to ¢ is C'+— £1. To calculate the
action of B on these representations look at the conjugation of C: B~*CB = {id | (—1,0)} C. Thus if
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A is an extension to C then AB(C) = A({id | (—1,0)})A(C). So AP = Aiff A({id | (—1,0)}) = 1. The
representations (0,0) and (0, %) have {id | (—1,0)} in their kernel. Thus for these representations the
induced representations are respectively (+1,+1) and (£1,4). In the case that A({id | (=1,0)}) # 1 the

representation can just be induced. Thus for (%, 0) there is one representation: (( (1) _01 > , ( (1) (1) >)

For (3, %) there is one representation: (( (1) _01 ) 7 < g —01 ))

For R3 now C? = {id | (0,1)} thus C +— Fexp(wiz), b: B> = {id| (1,0)}, B — Fexp(miz). Again for V,
the action of B on the representations up to C' must be calculated. Now B~'CB = {id | (-1,-1)}C.
In this case the representations (0,0) and (3, 3) are fixed thus have respectively (+1,+1) and (i, =)
as irreducible representations. For (0, %) and (3,0) the representations just must be induced so they are

respectively((é _OZ)<‘1) é))and((é _01><‘1) 01)).

The data is listed in the tables below. The first table gives for subgroups the translation vector for
the generators by space group and for these groups the relations calculated in the space group with the
chosen representatives. The second table gives the representations of the inertia group for the linear
representations.

group R1  Rs Rs R 3
c 0 (?0) (%,%) c 0 0 (0,1)
b 0 (570) (575) b2 0 (170) (170)
¢ b b=lcb=c 0 (-1,0) (=1,-1)
group Wryckoff Ry Ry R
c (0,z) +1 +1 +exp(mix)
(3,2) +1 +1 +exp(miz)
b (x,0) +1 +exp(miz) +exp(mix)
(z, %) +1 +exp(miz) +exp(miz)
b 0,0)  +1,+1 41,41 41,41
) 10 0 1 1 0 0 -1
(3,00 #1+1 (0 -1)°\1 0 0 -1)°\1 0
A . i 0 0 1
0,1)  £1,+1 +1,+i (0 _i),<1 0)

—
N
N
~—

1 0 0 -1 .
+1,+1 <0 _1>,(1 o> +i, i
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3.3 Induction to a space group

After extending the irreducible representations of T' to the inertia group, these extended representations
must be induced to the space group to get all the irreducible representations of the space group. Before
the induction can be started a transversal must be chosen.

Definition 14. Let ¢1,...9, € G and s1,...,5, € N. If for every element of g € G there are unique
0 <m; < s; such that g = g{"* --- g"~, then the sequence g1, ..., g, together with the sequence s1,... Sy
is called a presentation sequence of G.

A presentation sequence of G gives rise to an enumeration of the elements of G:
E:G—={1,...,|G|}, ¢/ - g0 = 1+ my + Mp_1S, + Mp_28p8n—1 + ... +ma(sp - $2)

The multiplication action of g on G can then be seen as a permutation of order |G| defined by pg : m —
mp—1

E(g(E~*(m)). If H := (g, ..., gn) is a group of order sy --- s, then gi"*,..., gp "' is a transversal of
H in G. Analogously to above the cosets can then be enumerated by

EH:G/H—){l,...,[G:H}},

g7 g U H = L mpy + Mig_2Sk—1 + Mk—35k—15k—2 + .. + M1 (sk—1 - 52)
The multiplication of g on the cosets can then be seen as a permutation defined by pf imo EH(g(Eﬁl (m)).
Define Ty : {1,...[G: HI} = {g"* --- g7 | 0 <my < s;} to be the inverse of the following function

m Mg —1
g1t gty L mp_ + mg_2Sp—1 + Mpg—35k—15k—2 + ... + my(sp_1---52)

Ty gives for every coset E;Il(z) a representative Ty (i). Thus the image of Ty is a sequence of coset
representatives.
If H = (id) then one writes T instead of Ty. Remark that T = E~1.

Example. Let D5 = (r := (12345),t := (25)(34)) and H := (t). Then r,t with 5,2 is a presentation
sequence of Ds.
Thus E(r™t") =1+ n+2m for n € {0,1} and m € {0,1, 2, 3,4}.
The action of r on D® is 7™t" s r™¥1¢" So p, = (13579)(246810).
The multiplication of r on the cosets of H gives then: pf := (12345). The coset representatives are
TH (Z) =r.

Lemma 7. Let g1,...,gn with s1,...,S, be a presentation sequence of G, H = (gx,...,gn) and |H| =
Sk Sn. Let I ={gi,...,gn) and |I| = s;--- 8, such that H < I.
Let g € G and define N :=[I : H| = s;-+- Si—1, then fort > 0:

{pg ()G € {1+t —DN,....tN}} = {pg()N —j : j € {0,...,N - 1}}
Thus if one has already calculated pf, then pé can be extracted from pg{ in a numerical way.

Let gT (14 (t —1)N) =g -+ g7 with 0 < m; < s;.
Since N = ;- sp_1, the element Ty (1+ (t —1)N) = gt -+ - g™ = g{* -~ g, ", ie for i > I the numbers
n; = 0. Since gi,...,gk—1 € I, the coset Ty (tN)I = Ty (j)I for j € {1+ (t —1)N,...,tN}. Thus the
representatives of the cosets T (j)H for j € {1+ (¢—1)N,...,tN} have in their canonical expression all
the same first part g"* --- g,"'[ ', e for j € {1+(t—1)N,...,tN}if 0 < n; < s; and gTy(j) = g7* -+~ g7*",
then for 1 <4 <1 — 1 the number n; = m;. Thus pf(j) € {p{(t)N —j : j € {0,...,N —1}}. Because
pgl is injective the two sets have the same order. So they are equal to each other. (I

Example. The group Dy = (r,t | r*,¢2,t1rt = r~!) has presentation sequence r,72,¢ with 2,2,2. For
the calculation of p, the values T'(¢) and rT'(i) are evaluated:

i |12 3 4 5 6 7 8
TG) [id ¢t 2 2t r vt rr? orr’t
rT@E) | v ot rr?2 o2t 2 %t id t
@) |5 6 7 8 3 4 1 2
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Define Cy := (t), then one has the following table for the calculation of p&2

3 4
To,(@) |id 2 v rr?
r?  id
pS2(i) |3 4 2 1

One sees that this table is up to the last row exactly the columns of the first table headed by the odd
numbers. One gets p&2(i) by dividing the even number of the p,.(2i — 1) and p,.(2i) by 2. eg p.(1) =5
and p,(2) = 6, thus p<2(1) = § = 3.

Lemma 8. Let g1,...,9, and s1,...S, be a presentation sequence of G.
Let H < G such that N := |H| = s+ s, and 1 <i < ||chf‘\
If one takes 0 < mj < s; such that gT'(1+ (i — 1)N) = g -+~ g, """ gi™* -+ - g™, then

T (py' ()" 9Tu (i) = gi™* -+ g
Thus if one induces a representation ¢ of H to G, then the i-th matriz block is equal to ¢(g,'* --- gir).

Let A be a linear representation, S its inertia group in R and II(S) = G. Let I" be an extension of A
to S. Let g1,...,9, and s1,..., 8, be a presentation sequence of G := II(R), such that H = (gx, ..., gn)
and |H| = sj - - - s, Now one wants to calculate I'%.

Since the to S extended linear representations of the same Wyckoff position differ by a constant, it is
handy to evaluate I'”? for one linear representation in the Wyckoff position and then calculate the factors
for the different matrix blocks.

As transversal one takes: {g1 |t} -+ {gr—1|tg_,} = with the same enumeration as on the cosets
of H, thus II(Ts(i)) = Ty (i). This choice of enumeration gives the same permutation matrix for S as
for H.

To look how the induction of the representation I relates to a representation that differs only by a factor
from I" the following situation is studied:

Let T : S — GLj be a representation and Mg, ..., A\p—x € C. Define A : {gx,...,gn} — GLyi to be the
function such that T'({g+i | tg.,. }) = NiA(grs) for 0< i <n—k.

So I'(Ts(p(i)) " {g | t4} Ts(i)) must be calculated for the matrix block. Take my,...,m, such that
0 <m; < s; and

my Me—1 My

9Tu (i) = g¢

Mn

9k—1 9k “In
This gives in the space group:

Ts(p(0) ™ {g [ tg} Ts(i) = (g [ tg, )™ - {gr—1 [ tge i } ) " Ho It} Ts(i) € S
So

D(Ts(p(i)) ™ {9 | tg} Ts()) = D(({g1 [t 3™ -+ {gn-1 [t} ) 7 o [ 1} Ts())
=T{gr |t

(
(n |t )™ g | 10, )™) .

F(({gl | tg1}7n1 {gk—l | t%cq} o {gk | tgk}mk {gn | tgn}mn)_l {9 | tg}TS(i))
=00 A A (g [t 3™ {ge—1 Ttgr ) o Ttg 3™ - {gn [, 3™) " g [ tg} Ts ()]
“A(ge)™ - Agn)™

Thus if one has a list of matrices A(gg)™* --- A(gn)™" then one only has to multiply the matrix block
with the constant

AT A AT [t Y™ {gr— [ g} gk [t 3™ - {gn [ 0, 3™) " {g | tg} Ts(4)]

to get the matrix block I'(Ts(p(i)) ™' {g | t4} Ts(i)).

The function A determines an irreducible projective representation of H. So one only has to calculate
the matrices A(gg)™* - - A(gyn)™* for the non-isomorphic irreducible projective representations of H.

The constants
AT A A [({gn [t Y™ {gn [0, 3™) " g | 1} Ts(i)]

are calculated for every Wyckoff position and space group in the general coordinates of the Wyckoff
position.
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Note that the induction of irreducible representations in the symmorphic case is on the point group the
same as the induction of the regular irreducible representations of a subgroup.

On the translation subgroup the induced representation is a matrix with on the diagonal matrix blocks
that are diagonal with the orbit of A under G*. So

tes (1, [G: H||B(eX™*t ... 2milTu(G:H) ™)kt
Example. In this example we study irreducible representations of the space groups with point group

generated by r := < (1) _01 ) and t := < (1) _01 ) This point group is D4. The space groups with

point group D4 up to isomorphism are:
Ry :={r|0},{t |0}
11
re=trl0p o1 G
The Wyckoff positions for R* = R; are:

for ¢: (x,0) and (z, %)
for rt: (z,x)

for r2 none

for ¢t,7%: (1,0)

for » none

for Dy: (0,0), (3,3)

The representations for R;, the symmorphic case. The groups generated by ¢ and rt are isomorphic to
Csy, thus these have —1 and 1 as irreducible representations. The group generated by ¢, 72 is isomorphic
to Vy, thus has (£1, £1) as irreducible representations. For the irreducible representations of D, use the
composition series (r) <Ds. Now 7 is of order 4, thus the group generated by r has the irreducible repre-
sentations ¢y, (r) := i* for k € {0,1,2,3}. For the action of ¢ on the representations first the action of ¢ on
r: now trt~! = r~1 Thus ¢} (r) = i~*. If k is 0 or 2 then ¢} = @x. So in that case the representations
must be extended. That gives respectively (1,1),(1,—1) and (—1,1),(—1,—1). The representations i and

) . . 1 0 0 1
—1¢ must be induced. That gives then o —i L1 o)
For the space group Ry: define @ :={r |0} and S:= {¢t | (3,3)}

The representation for ¢: since S? = {id | (1,0)} the representations are S +— exp(miz)

for rt: take Q- S = {rt|(—3,3} as representative. Now (Q - S)? = {id | 0}. Thus the representations

are QS — =£1.

for t,72: the representatizve for r? is Q2. The representations up to S are +i. Now Q 25Q% =

{id | (-1,-1)}S. So AQ°(S) = —A(S). Thus the representations are swapped by R%. So there is

. i 0 0 1

one representation: ( 0 —i ,( 10 )

For D,: the representations extended to Q are ¢J. Now S7'QS = {id | (=1,0)} Q~'. Thus AS(Q) =

A({id | (—=1,00HA(Q™Y). So for (0,0): A%(Q) = A(Q™'). Thus one has four one dimensional repre-
.0 0 1

(Z) =i )by oo ) And for (4,1) one has four one

sentations: £1,+1 and one two dimensional

0 -1 1 0
of above is in the tables below. The first table gives for elements of D, representatives. The translation
part of the last element of the sequence in the first column is given in the next two columns by space
group. So t,r?> 0 means that {r2 | 0} is an element of the space group. In the last two columns the
relations are calculated for the representatives in @. For the relations r—2tr? = t and t~'rt = r—!
the vectors u respectively v are given such that Q=25Q?% = {id | u} S and S™'QS = {id | v} Q~ . For
each group up to conjugacy that is an inertia group, the Wyckoff positions are calculated. The linear
representation in the column headed Wyckoff is extended to the irreducible representations given in the
columns headed R; and Rp. In the column of R; are the extended irreducible representations to the
inertia group in R; of the linear representation in the column headed Wyckoff. Again +¢, with ¢ € {1,4}
indicates that the generator can be mapped both to c as to —c to get the different extended irreducible

. . . L . . 1 1
dimensional representations: +¢,+¢ and one two dimensional 0 ) , ( 0 ) The summary
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representation.

group Ry R, rel Ry R,
t 0o (1) t? 0 (1,0)
rt 0 (3.3 (rt)? 0 0
t,r2 0 0 r—2tr? =t,r? 0 (-1,-1),0
r,t 0 0 t~rt=r=1r* 0,0 (-1,0),0
group Wyckoff Ry R
t (z,0) +1 exp(mix)
(z,1) +1 exp(mix)
rt (z, ) +1 +1
tr2 (3,0 +1,+1 ( é BZ. >( (1) (1) >
rt (0,0) +1,+1 +1,+1
i 0 0 1 i 0 0 1
(5 5)(1a) (6 5) (1)
%)) +1,+1 +i, +i

(o 5) () G 2) (0 )

Define e : C — C by e(z) := exp(2miz) for all z € C.
For the induction to the whole space group of the representations of Cy := (t) and Vj := (¢,72) we take
the presentation sequence r,72,¢ with 2,2,2. For r we have then the following table

i |12 3 4 5 6 7 8
TG) |id t % %t r vt rr? rrit

TG | v vt o2 o2t 2 %t id t

Pr (Z) 5 6 7 8 3 4 1 2

<

Thus p¢2 = [3,4,2,1] and pY* = [2,1]

T T

For ¢ we have then the following table

) ‘ 1 2 3 4 5 6 7 8
TG) [id t 2 7%t r ot orr? ot
tT@) |t id vt v orr?t orr? ot r
g2 1 4 3 8 T 6 5

Thus p&? = [1,2,4,3] and p}* = [1,2].
First the induction to the symmorphic space group R; is calculated for the representation of Cy and Vj.
The representations ¢; : t +— (—1)°.
For the values of (t1,t;) € T one must calculate the orbit of k := (z,0) and k" := (z, ):
g id r? r r
(gil)trk} (CC,O) (—SC,O) (07 —CC) (0,1‘)
(gil)trk/ ($,%) (_1‘7_%) (%7_1‘) (—%,1’)

Thus ¢P*(t1,t2) = [1,2,3,4]B(e(aty), e(—xt1), e(—xtz), e(xta))

Since in the table of r for all odd 4 the 7T'(¢) involve no ¢, for all ¢ the following holds:

TCz (pEZ (i))_erCQ (Z) = id.

So P (r) = p2 B(1,1,1,1) = [3,4,2,1]B(1,1,1,1)

In the table of ¢ for all odd i the tT¢, (i) involve ¢, so for all i the following holds: T, (p¢2 (7)) " *rTc, (i) = t.

So P4 (t) = pC* B((=1)", (—1)1, (—1)', (1)) = [2,1,4,3)B((=1)}, (—1), (~1)}, (~1)").

The representations of Vy are ¢;; : t — (—1),r% — (—1).

Now 7T(1) = r thus the first matrix block is ¢;;(id) = 1. Since rT(5) = r? the second matrix block is
¢ij(r?) = (=1)7. .

Thus ¢;;(r) = [2,1]B(1, (-1)7)

Because tT'(1) = ¢ the first matrix block is ¢;;(t) = (—1)". Now ¢T'(5) = rr?t, thus the second matrix
block is ¢;;(r?t) = (—1)%(—1)7.

Thus ¢y;(t) = [1,2]B((—1)", (=1)7*7).
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The induction to Ry of the extension of the representation of k to C5 is calculated.
The representation I'; : S+ (—1)’e(%) must be induced to Rs.
Now I';(S) = e(5)¢i(t), thus the representations differ by the factor e(§) and the algorithm to calculate
the factors can start.
Since for the odd ¢ the rT'(i) € (r), all the factors are 1.
So TP4(r) = §P4(r).
The factors for S are now calculated for each matrix block.

Since tT'(1) = ¢, one has the factor e(%)k[T~'Tid] = klid] = e(%).
Since tT'(3) = r?t, one must calculate S~*Q25Q?:

= facrtson (D)o ()

Since k[(—1,0)] = —a and r%¢ has a ¢ the factor is e(%)e(—x) = e(—%).
Because tT'(5) = rr%t, one must calculate S~1Q3SQ:

igrssa -t e o (D) fur ()}

Since k[(—1,0)] = —z and 772t has a ¢ the factor is e(£)e(—=
Now t7T'(7) = rt, thus one must calculate S™1Q~1SQ?:

riaso- i s ()} fur ()

Since k[(0,1)] = 0 and rt has a t the factor is e(5)e(0) = e(
Thus TP (1) = 2,1,4,3]B((=1)"e(5), (=1)’e(5), (~1)'e(=5), (~1)"e(5)).

For k' = (z, %) the image of S is the same. Thus one wants to induce I'; : § — (—1)’e(%). The induced
representation has the same image of @ as for k. For S one gets the factors £'[(0,0)], ¥'[(—1,0)], k'[(—1,0)]

and £'[(0,1)]. Thus

~—
I
s
—~
\
N
N

2)-
)

'PYQ) = [3,4,2,1]B(1,1,1,1)
T'PH(S) = [2,1,4,3]B((=1)%e(5), (~1)'e(

. . ) —(=1)ie(3))

), (~1)'e(~ 5

L
2

1
2

F:Sn—><é i)i)vQQ'_)(? é)

iy k
For g € {r,t} if gTv, (n) = r*(r?)7t* then the n-th matrix block is < (1) (1) > < ! Oz' > :

0 —
This gives for @ the matrix blocks T'(id), ['(Q?).

For S gives this the matrix blocks I'(id), T'(Q*)I'(S). Since (3,0) - (—1,0) = —3 the second matrix block
has factor —1. Thus

We calculate the induction of the from (5,0) extended projective representation

P (Q) = [2, 1]B<(

ro(s) = .215(
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3.4 The dimensions of the extended irreducible representations

The following is about a proof of the next theorem that is a generalization of the well known fact that the
order of a group is equal to the sum of the squares of the dimensions of its irreducible representations.
The representations are over K a splitting field of both G and N <« G.

Theorem 11. Let N <G and A an irreducible G-invariant representation of N. Let Uy, ... W, be the
irreducible representations of G that restricted to N have A as irreducible constituent. Then:

(dim A)?|G/N| =) (dim ¥;)?

i=1
In the case that G/N is solvable there is a short proof of the theorem.
Theorem 12. If G/N is solvable, then preceding theorem holds.

With induction on |G/N| the theorem will be proven. Let A be a G-invariant representation of N.
Take G’ < G such that [G'/N : G/N] = p. Let O be an orbit of irreducible representations of G’ and B
the set of irreducible representations of G that restricted to G’ have a character of O as constituent.
Now p > yeo(dim¥)? =3 o (dim A)?, because

if Ic(¢) = G', then |O] = p, |B| = 1 and $25 = p.

if I(¢) = G, then |O| = 1, |B| = p and 4ma — 1.
Let Wy,..., ¥, be the irreducible representations of G’ that restricted to N have A as constituent and
A1, ..., Ay the irreducible representations of G that restricted to N have A as constituent. Since A is

G-invariant it is also G’-invariant. So by induction (dim A)?|G’/N| = >"7_,(dim ¥;). Thus

k
(dim A)?|G/N| = p(dim A)?|G'/N| = pz (dim¥;)* =p Z (dim ) = "(dim A;)

i=1 j=1Ve0,; j=1

The proof of the general case will be analogue to the proof of the fact that the sum of the squares of
the dimensions of the irreducible representations is equal to the order of the group. The proof of that is
split into two parts. The first part is that representations are in one to one correspondence to modules
of the group ring KG. The irreducible representations correspond exactly with the simple modules. The
correspondence is illustrated by the diagram below: For every representation ¥ on a vector space V,
there is a unique ring homomorphism ¥ such that the diagram commutes.

G —KG

|
(573
S

End(V)

The second part is that the group ring is semisimple and hence the theory of semisimple rings can be
used. In particular the following theorem is used:

Theorem 13. If K is the splitting field of the semisimple K-algebra A, then the sum of the squares of
the dimensions of the irreducible A-modules is equal to dimg (A). If K is algebraically closed then it is
a splitting field.

In the text below N <G and V is an irreducible G-invariant K N-module with representation A.

So first find a ring which irreducible modules are exactly the irreducible representation of G that
restricted to N have A as constituent. By Clifford’s theorem V| = eA. Thus the ring must force n € N
to act on the modules like A(n). For an appropriate algebra A the following must hold. For each KG-
module W that as K N-module is isomorphic to a direct sum of V’s with representation ¥ : G — GL(W),
there is a unique ring homomorphism ¥ : A — End(W) such that the diagram below commutes.

NC G A
\\\z\\ |
v
A y
End(W)
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For n,m € N and g,h € G the following holds: W(ngmh) = A(n)A(gmg=1)¥(gh). Now A(n) generates
as K-vector space the simple ring of n x m-matrices M, «,. The action of G on A can be extended
linearly to M, xn.

Lemma 9. For M € M, «,, and g € G define MY as follows:

Forn € N take a, € K such that Y,y anA(n) = M. Now M9 :=3%" v anAlgng™t).

This definition is independent of the choice of the a,’s. Let M, L € My«,, k € K and g,h € G, then
M9h = (M")9, (ML) = MILI, (M + L)9 = M9 + L9 and (kid)? = kid.

Also if n € N, then M™ = A(n)MA(n)™1.

Since G = Ig(A), one has A = AY. Thus there is a T' € GL,,(K) such that for all n € N:
TAn)T-! = A(gng™1). So M9 = TMT~!. The statements of the lemma follow from this. O

With the comments above in mind one comes to the following definition.

Definition 15.
MnAan = {Z agg 1 g € G, ag € Mnxn}
geG

With the addition and multiplication defined by:

Z agg + Z bgg = Z(ag +bg)g

geG geG geG
(Z agg)(z beg) = Z (agbi)gh = Z(Z agbzflgg)
geG geG g,heG geG heqG
Let I := (n — A(n)|n € N) generated as two-sided ideal in M2, G

nxn N

A8 = MA

So Aé will play the same role as KG for the special case.
Lemma 10. M2, , G is an associative algebra.

Only the associativity of the algebra will be proven. Let a,b,c € M,,«, and ¢1, 92,93 € G. Then by
lemma 9:
(ag1bgz)cgs = (abrgig2)cgs = ab9tc9192 g1 gags = a(bc??)9 g1 9293 = ag1(bc??)g2gs = agi(bgacgs). U
With a chosen transversal of N, one sees that A% is isomorphic to a kind of M, (G/N) ring.

Lemma 11. Let g1,...,9s be a transversal of N. Define nigj € N and 6(i,5) by gig; = ni;jgsa,5)- Then
B :={}"]_, aigilai € My xy} with addition and multiplication defined by:

S

D aigi+ Y bigi =Y (ai+bi)gi
=1 =1

i=1

(D aig)(Q_bigi) =D (aib{* Anig))gs.5)
i=1 i=1

(2%
is an associative algebra and isomorphic to Aé.

The associativity of B: let a,b,c € My, x, and 1 <1,j,k < s, then:

(agibgj)egr = ab¥ A(nij)gs(,jycgr = ab?* A(n;)c? D A(nse jyi)9s(5(i,5),k)
agi(bgjcgr) = agibc” A(njx) g5 k) = a(bc? A(nr))? Anis k) ) 9s(i,5(,k)

Now
9565 = (Mg 9i95 — A(ni;) " e A(n;)
and by the associativity of the group multiplication:

—1
NijNs(i,5)k = 9iTjkG;  Tis(j5,k)

95(5(i,5),k) = 95(i,6(5,k))
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Thus (agibg;)cgr = ag;(bgjcgr). Therefore B is an associative algebra.
For g € G define i(g) and ny € N such that g = nyg;).

Define ¢ : MnAXnG — B, by (b(deG agg) = deG agA(ng)gi(g)-
It is clear that ¢ is additive. For the multiplicativity of ¢:

d(agbh) = ¢(ab?gh) = abgA(n.qh)gi(gh)
¢(ag)d(bh) = al(ng)gi(g)bA(nn)gi(n) = al(ng)(bA(ns))?? A(ni(g)in))9s(i(g),i(h)

Now
bIite) = b 9 = A(ng) 09 A(ny)
and by the fact that ngng;gn) = gh = nggi(g)nngi(n):

Ngh = NgGi(g) MG (g)Vi(a)i(h)
Gilgh) = 95(i(g),i(h))

Thus ¢(agbg) = ¢(ag)d(bh), concluding that ¢ is a ring homomorphism. Since ¢(A(n) —n) = 0,
I C ker¢. Tt is clear that B as Abelian group can be embedded in M2,,G and B/I = A5. Thus
ker¢ =1I,s0 B = AS. O

Corollary 2. dimg A5 = (dimg A)?|G/N]|
So the dimension of A% is as desired.
Lemma 12. Let ® be a representation of G such that ®|n = e/, then ® induces an Aé—representation.

Let M =3 cnanA(n), then define ®(M) := >y a,®(n). This is independent of the choice of
the a,,’s, since ®|y = eA. Let L =5 bnA(n), then

nenN

QML) = Y apnbm®(nm) =Y an®(n) Y _ by®(n) = &(M)D(L).

n,meN neN neN

Thus & is a ring homomorphism. Also

(M) = (Y anlAgng ")) = Y an®(gng™") = (g)B(M)P(g)""
nenN neN

Now ¢ : M2,,,G — End(W) is defined by:

(> agg) =Y (ag)®(g).

geG geG

It is clear that ¢ is additive. The multiplication:

$(D ag9)d(D_byg) =Y Plag)®(g) D B(by)P(g) = Y P(ag)®(g)@(br)2(h)

geG geG geG geG g.heg

(D agg)(D beg)) = > Daghf)@(gh) = > D(ag)®(g)@(by)®(g)” ' ®(gh)

geG geG g,heG g,heG
=) B(ag)@(9)@(bn)®(h
g-h€g

So ¢ is a ring homomorphism. Now I C ker ¢, since ¢(n) = ®(n) = ¢(A(n)). Thus ¢ factors through
I. O

Thus the irreducible K G-modules that have A as constituent are also A5-modules.

Lemma 13. Let W be an A5-module, then W =gy @;_, V.
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W is also a M, x,-module. Since M, ,, is semisimple and V is its only simple module, W =),

nxn

@::1 V. Because W is an Aé—module7 KNv=M,x,v for every v € W. Thus W =g xn @;:1 V. O

By lemma 12 and lemma 13 the ring Aé is the correct ring for the representations that have restricted
to N only A as constituent.

Lemma 14. Let W be a Aé—module, then W is also a KG-module and U <aa W iff U <ga W.

Also if V is a A5 -module, then Homya(V,W) = Homga(V,W).

E.g. the morphisms of modules and the submodules of a module are the same when consideerd as Aé-
modules or as KG-modules.

Since KG < M2, G, W is a KG-module. For g € G define g - v := (g + I)v. Thus the image is the
same, since A(n) spans M, xp,.

Let ¢ : V — W, then ¢(gv) = go(v) iff ¢((g+ I)v) = (g + o (v). O
Corollary 3. Aé 18 a semisimple ring.

Theorem 14. Let N <G and V a G-invariant K N-module with representation A.

The KG-modules that as KN -modules have only V as constituent are in one-to-one correspondence to
the A5 -modules.

Moreover the simple KG-modules that as KN -modules have V as constituent are in one-to-one corre-
spondence to the simple Aé—modules.

The theorem is a direct consequence of the lemmas 12, 13 and 14 and Clifford’s theorem. (|
The theorem 11 follows now from corollary 2 and 3 and theorem 14.

The theorem is also a direct consequence of the following theorem of Karpilovsky in the projective
representation theory.

Theorem 15. [Ka85] Let V be a G-invariant absolutely irreducible projective representation. Then there
is a projective representation ext(V) of G on the same vector space. Moreover if {Uy,...,Up} is a full
set of non-isomorphic irreducible projective representations of G/N of a certain factor system, dependent
of V., then {U; ® ext(V)} is the full set of non-isomorphic irreducible projective representations whose
restriction to N is a direct sum of copies of V.

Just like in regular representation theory one has in projective representation theory that the sum of
the squares of the dimensions of the irreducible representations is equal to the order of the group. Thus

> (dim U; @ ext(V))* = _(dim U;)*(dim V) = |G/N|(dim V)?

i=1 i=1
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4 Calculating Orbit Representatives

To have a picture of the irreducible representations of a space group it is natural to categorize them by
the linear characters occurring in the restrictions to 7. The goal of finding all irreducible representations
of a space group is of course a little vague. With the method described in the previous chapters it
is possible to calculate all the irreducible representations. But the set of irreducible representations
contains isomorphic representations. The representations are isomorphic because their linear characters
lie in one orbit under the symmorphic space group with point group G*. The goal is to find a set of
orbit representatives for the affine action of the space group. The orbit representatives are found with
the theory of fundamental domains.

4.1 (G-actions and fundamental domains

Definition 16. Let X C R™ be a G-space and let F C X, then F is a fundamental domain of X with
respect to G iff:

1. F is closed and convex
2. for all x € X there exists a (g,y) € G X F with gy = x
3. FY has for each orbit at most one representative.

The second part of the definition says that a fundamental domain contains a set of orbit representa-
tives. Thus for each orbit there is at least one point in the orbit that is also in the fundamental domain.
The third one says that a point in the interior of a fundamental domain has in its orbit no other points
that are also in the interior. However, the boundary of a fundamental domain can have multiple points
of the same orbit. A fundamental domain is an approximation of the set of orbit representatives.

Theorem 16 (Voronoi-Dirichlet). Let d be a G-invariant metric on X. For z,y € X define H(x,y) :=
{z € X|d(x,2) < d(y,2)}. Let x € X, such that the stabilizer Stabg(x) of = is trivial and the orbit ¢
is discrete in X. Then D(z,z%) := Nyec H(x, gz) is a fundamental domain. i.e. the intersection of the
halfspaces of points which are closer to x than to any other orbit point is a fundamental domain.

Since H(x,y) is closed and convex for all .y € X, also D(z,z%)
then gH (z,y) = H(gz, gy). Since

is closed and convex. Let g € G,

gH(z,y) = {9z € X |d(z,2) < d(y,2)} = {z € X |d(z,97"2) < d(y,97'2)}

={z e X |d(gz,z) < d(gy,2)} = H(gz, gy).

Let z € X. There is a point y in the orbit of x, such that z is as close or closer to y as to any other
point in the orbit of x. Let g € G be such that y = gz. Now g~z € D(x,2%). Thus D(x,2%) contains
a set of orbit representatives.

Let y € D(z,2%)°, then for all z € 2%, one has y € H(z,2)°. Thus d(x,y) < d(z,y), for all z € 2% — 2.
Let g € G—id. One has d(z, gy) = d(g”'x,y) > d(x,y) = d(gx, gy), therefore gy ¢ D(x,2%). Concluding
that D(z,2%)° has for each orbit at most one representative. O

Corollary 4. Let x € X, then

Building a fundamental domain for the whole group from fundamental domains of subgroups is more
difficult. There is however a special case where this can be done.

Theorem 17. Let x € X and S := Stabg(x). Assume that S has a complement T in G, i.e G = ST
and SNT = {e}. If y € X such that Stabs(y) is trivial, then D(y,y°) N D(z,z7) is a fundamental
domain. Thus the points that are closer to y than any other orbit point of y° and also closer to x than
any other orbit point of T are a fundamental domain.
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The fist step is to show that sD(z,2”) = D(z,2T) for s € S. For t € T define s, € S and u; € T
such that st = u;s;. Notice that ¢ — u; is a bijection. Now

sD(z,27) =5 ﬂ H(z,tx) = ﬂ H(sx,stx)

teT teT
= ﬂ H(z,sts; ' ﬂ H(z,ux) = D(z,z7)
teT teT

If z € X, then there is one t € T such that tz € D(z,z7). For tz there is one s such that stz € D(y,y”).
Since D(x,z") is S invariant stz € D(y,ys) N D(z,27).

Assume that z € (D ( y)ND(z,27))°. Assume also gz € (D(y y)ND(z,27))°. Now z, g9z € D(y,y*)°
and z,9z € D(:E 2T, because ACB= A" C BY. Take s’ € S and t’ € T, such that g = s’t’. Then
t'z € s71D(z,x )0 D(x,2T)°. Thus t' = id. Now s'(z) € D(y,y°)?, thus s’ = id. Concluding that
g =id. So D(y,y°) N D(x, xT) is a fundamental domain. O

Corollary 5. If G = N x H, with Stabg(r) = H and Staby(y) = 1, then D(y,y™) N D(x,z"V) is a
fundamental domain.

So for calculating fundamental domains of symmorphic space groups one can first calculate the
Voronoi cell with respect to the translation lattice and then consider the action of the point group on
the Voronoi cell. This is the usual way of finding a fundamental domain for the linear representations of
T.

Since there is already an algorithm for calculating a Vonoroi cell the only question is to calculate a
fundamental domain of the point group on hyperplanes.

In both theorems the G-space X is fixed.

The following method applies the concept of base and strong generating set from computational group
theory to the construction of fundamental domains.

Definition 17. Let xz1,...,z, € X, then G; and F; for 0 < i <n are defined inductively:
Go =G, Giy1:= Stabg,(z;) = Stabg(x1) N...N Stabg(x;)
Fy:=X, Fi1:=Dp (2,27

The sequence (x1,...,x,) is called a base if G, = 1. If also G; # Giy1 for 0 < i < n —1, then it is
called non-redundant.

Thus G; fixes the points x1,...,x;. The set Fj; is the set of points in X that for 0 < j <i—1 are
closer to x;41 then to any other point in the orbit :17?_{_1

Lemma 15. Let (z1,...,x,) be a base, then F,, is a fundamental domain of X with respect to G.

For every x € X there is a (g,y) € G x F, such that gy = x, since for every = € F; there is a
(9i,yi) € G; x Fiy1 sucht that g;y; = .
With induction on i one can prove that for x,y € F? and g, h € G if gx = hy, then g~ 'h € G;:
For i = 0, Go = G, thus the conclusion is obvious. Assume that if z,y € F? and gz = hy, then g~ 'h € G;
Assume that z,y € F+1 and gx = hy, then by the induction hypothes1s g th € G;. Now g7 1th(y) =
g 'gx = x. Thus g 'h(F?,) = F, (corollary 4). So g~ 'h(z;) € 2% N F?,, = {z;}. Combining this
with g='h € G; it follows that g7 'h € G, 1.
Because G,, = 1, since (x1,...,%,) is a base, F,, is a fundamental domain. O

The preceding lemma gives rise to an algorithm for finding a fundamental domain. The problem is
to calculate the vertices of the objects given by inequalities. This can be done with linear algebra and
will be considered in the next paragraph.

4.2 Polytopes

The goal of this section is to describe an algorithm that calculates vertices of spaces given as intersections
of half-spaces.

Definition 18. Let X C R", then the convex hull C(X) is defined as follows:

C(X) := N 1%

XCV,V convex
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Lemma 16. [Call] C(X)={>1", cuz;:meN,z; € X,a € [0,1]™, 5" oy =1}
Thus a point v € R™ is in the convex hull of X iff there is a finite set S C X such that v is in the convex
hull of S.

Definition 19. A polytope is a convex hull of a finite set of points.

Besides this definition a polytope is also often defined as an intersection of halfspaces. An intersection
of finitely many halfspaces is a convex hull of a finite set of points if and only if it is bounded, see [GR67]
3.1.3. Since the fundamental domains of the space groups are bounded, this definition is chosen.

Definition 20. Let P C R"™ be non-empty then the dimension of P is defined as follows:
Dim(P) := inf{dim(V)|V linear subspace of R"|3zern P C V + x}
Notation: dim is only used for vector spaces, but Dim for all subsets of R™.

Lemma 17. Let X = {z1,...,2,} CR™ and V := (z1 — 2;|1 <i <m). Then Dim(X) = dim(V).
Assume that V,W are linear spaces and z,y € R™ such that P CV +x and P C W +y. If dim(V) =
dim(W) = Dim(P), then V+z =W +y and V =W.

Thus the dimension of P is the dimension of the smallest vector space V' such that P C V + x for a
xz e R”.

The first statement is a consequence of the observation that Dim(P) = Dim(P + ), for z € R™.
WLOG assume that 0 € P. Then V4+z =V and W+y=W. So P C VNW. Thus dim(VNW) =
dim(V) = dim(W), so V =W. O

Definition 21. Let P be a polytope and V' a linear space such that P C V + x and Dim(P) = dim(V).
The boundary of P denoted by OP and the interior of P denoted by P° are defined as the boundary
respectively the interior of P in the topology of V + = induced by R™.

Definition 22. Let p € R™ and c € R. Then:

o hyo:={xeR"| (x,p) <c} is called a half space,
o H, :={zecR"|(z,p) =c} is called a hyperplane.

Definition 23. Let P := C(X) be an n-dimensional polytope. Q C P is called a face of P if Q C OP
and there is a hyperplane H such that H N P = Q.

e 0-dimensional faces are called vertices. V(P) is the set of vertices of P.
e 1-dimensional faces are called edges.
e (n — 1)-dimensional faces are called facets.

The faces of P are themselves also polytopes, since a face is equal to the convex hull of the points of X
that are on that face.

Theorem 18. [St35] Let X = (z1,...,%m) such that P = C(X), then C(V(P)) = P. So the set of
vertices of P is the smallest set Y C P, such that P is the convex hull of Y.

Definition 24. Let P be a polytope, the boundary hyperplanes PI(P) are defined as follows:
Pl(P) :={(p,c):peR*, ce R| PN Hp. is a facet of P}
Lemma 18. The following statements are equivalent:
e (p,c) € PI(P)
o Dim(C({v e V(P)|(v,p) =c})) =n—1and P C {z € R"|(z,p) < c} or P C {z € R"|(z,p) > c}.

Thus (p,c) is a boundary hyperplane iff P is on one side of the hyperplane Hp . and the intersection
PN H,. is (n — 1)-dimensional.

= Let @ be the facet such that Q C {x € R"|(x,p) = ¢}. Then Dim(Q) =n—1and V(Q) C V(P),
so Dim C({v € V(P)|{(v,p) = ¢}) = DimC(V(Q)) = Dim@Q = n — 1, by theorem 18. Let v,w € P
such that (v,p) < ¢ and (v,p) > c¢. Then the line segment vw intersects @, which is a contradiction with
Q C OP.
<«: The intersection P N Hy, . is (n — 1)-dimensional. Also PN H,, . is on the boundary of P, since P is
on one side of the half space hy, . g
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Theorem 19. Let P be an n-dimensional polytope and x € R™. Then x € P iff (x,p) < ¢ for all
(p,c) € PI(P). Thus polytopes are intersections of half spaces.

See [GR67] 3.1.1 blz 31. O

Definition 25. Let P C R™ be an n-dimensional polytope. A set In(P) C {(p,c) | p € R™,c € R} C
R™ x R. In(P) is called a set of inequalities for P if the following hold:

1. if (p,c) € In(P), then either P C Hy, . or PN Hp . is a facet of P,

2. if Q is a facet of P then there is exactly one (p,c) € In(P) such that Q = PN Hy .

3. there are exactly m —n elements (p;,c;) € In(P), such that P C (\y<;<p_n Hp,,c; and
Dimm1<i<m—n sz‘,Cz‘ =n. o

If P is a polytope, In(P) will denote a set of inequalities of P.

The set of inequalities of P defines the polytope as intersection of halfspaces. Thus x € P if and only
if for all (p,c) € In(P) the following holds: (z,p) =cif PNH,.= P or (z,p) < cif PN H, . is a facet
of P. The set of inequalities is useful for the calculation of intersections between polytopes.

Lemma 19. A face of a face of a polytope P, is a face of P.
Moreover, a facet of a facet of P is an intersection of two facets of P.

See for example [GR67] 3.1.5 blz 33. O

Lemma 20. If In(P) is a set of inequalities and (p,c) € PI(P). Then In(P) contains a set of inequalities
of PNHp..

This is a direct consequence of the fact that facets of facets are intersections of two facets. O
Theorem 20. Let P C R™ be an n-dimensional polytope and Q a k-dimensional polytope. TFAE:
1. Q is a face of P
2. dim (p: (p,c) € In(P) | Vyeq{q,p) = ¢) =m —k and
V(Q) ={z e V(P) |Vp,cyern(p) [Veeql(a: p) = ] = (z,p) = ]}
i.e. the vertices of Q are the vertices of P that are in the intersection of the facets of P that contain
Q.
= With induction on the dimension of P this will be proven. If n = 0, then k¥ = 0 and
dim (p: (p,c) € In(P) | Y4eq{g,p) = ¢) = m.
Let R be a facet of P such that Q@ C R. Take In(R) C In(P). Then by induction
dim (p: (p,c) € In(R) | Vyeq (¢;p) =¢) =m — k.

Now (p: (p,c) € In(R) | Vqeq (g,p) =c>) C (p: (p,c) € In(P) | (Q,p)), thus

dim (p: (p,c) € In(P) | Y4eq{q,p) = ¢) > m — k. Because @ is k-dimensional, then

dim (p: (p,c) € In(P) | Yeeq{a,p) = ¢) = m — k.

Let € V(P) such that ¥, o)ern(p) [Vee@(¢, p) = ] = (2,p) = ¢|. Because R = PN H, . for a (p,c) €
In(P) and Q C R, then z € V(R). Thus by induction

V(Q) ={x € V(P) | Yp0emp) Vaeql(e, p) = c] = (z,p) =}

< Now @ is at least in the intersection N of n — k facets. The intersection of facets is a face since faces
of faces are faces. Looking at the vertices of N one sees that V(N) = V(Q). Thus N = Q, so that @ is
a face of P. O

Theorem 21. Let P C R™ be an n-dimensional polytope and @Q C P a polytope, then:
Q is on a k- and not on a (k —1)-dimensional face iff dim (p : (p,c) € In(P) | Yqeq (¢,p) =¢) =n—k.

It is enough to prove that @ is on an k-dimensional face iff
dim (p : (p,¢) € In(P) | Voeq {¢,p) = ¢) 2 n — k.
By the preceding theorem if @ C R is an m-dimensional face of P, then
dim (p : (p,¢) € In(P) | Veer (r,p) = ¢) =n —m.

Let R be the intersection of the facets that contain (), then R is at most k-dimensional and a face of
P.
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Corollary 6. Let x € P, then x € V(P) if and only if dim (p : (p,c) € In(P) | (z,p) = ¢) = n.

Lemma 21. Let P C R"™ be a polytope and S := {(p, c) € R®" xR} a finite set such that P = ﬂ(p,c)es H,.,
then for all facets Q of P, there is a (p,c) € S such that PN H, .= Q

WLOG P is an n-dimensional polytope. By the assumption 0P C U(p,c)ES Hp.. Let v € QY then
take (p,c) € S such that v € H,.. Now R := PN H, . is a face of P. Since v € RN Q% R=Q. So
PNnH,.=Q. O

Theorem 22. Let P C R™ be a polytope and hy, . a half space, then Q := PN hy . is a polytope with the
following vertices:

V(P) N hy . and the points on the intersection of the hyperplane Hy, . and the edges e := C({z,y}), such
that x,y € V(P), x € hyp . and y & hy, ..

The boundary hyperplanes of Q are the boundary hyperplanes (q,d) of P, such that dim{v € V(Q) |
(v,q) =d} = Dim Q — 1 and the hyperplane H, . if Dim{v € V(Q) | (v,p) =c} =Dim Q — 1

The following polytopes are the edges of Q:

1. The edges of P that are in hy ¢,

2. For the edges C({z,y}) of P, with x € hyp. and y & h, .. The segment xz, where z is the point in
the intersection of Hp . and C({z,y}).

3. The segments vw, where v,w € V(Q) N Hp . and dim(p : (p,c) € In(Q) | (v,p) = (w,p) =¢) =
m— 2.

Let v € V(Q), then the normal vectors of the hyperplanes through v form an n-dimensional space.
Remove from the normal vectors p, then the other vectors form an n-dimensional or an (n—1)-dimensional
space. If it is n-dimensional then v € V(P). If it is (n — 1)-dimensional then v is on an edge of P and
v € V(P). Thus there are z,y € V(P), such that v € C(x,y).

The points in both sets have the property that Dim{p|(p,c) € Pl(Q)|{x,p) = ¢} = n. Thus they are
vertices of Q).

By lemma 21 the boundary hyperplanes of @ are in the set S := PI(P) U {(p,c¢)}. By lemma 18
(p,c) € PI(Q) if dim{v € V(Q) | (v,q) =d} = Dim Q — 1.

Let C(v,w) be an edge of Q.

If v ¢ Hy ., take (¢,d) such that C(v,w) = Q N Hy 4. Then there is a z € P, such that w is on vz and
vz=PNH,g:

Assume that p € P such that p € PN Hy 4, then C(p,v) N Q C QN Hyq. Thus C(p,v) NQ C C(v,w).
Since v € Hp ., C(p,v) N Q is 1-dimensional. Therefore p is on the line through v and w. Take z to be
the other point than v on the line through v and w that is on the boundary of P.

If also w &€ H,, ¢, then the z above is equal to w.
Thus the edges with a vertex not in Hy, . are in the first and second set of edges. The edges with both
vertices in Hp, . are the third set by theorem 20. O

So a polytope defined as intersection of halfspaces can be calculated by starting with a polytope that

contains the intersection and then intersect the halfspaces one by one with the polytope. By keeping
track of the vertices, edges and hyperplanes one can calculate the intersection by using the preceding
theorem.
For calculating a fundamental domain for the symmorphic group one calculates first the Voronoi cell
with respect to the translation lattice and then takes a point in the Voronoi cell with trivial stabilizer.
The Voronoi Dirichlet construction will give a fundamental domain. To calculate D(x,z%) one slices
one half space at the time from the polytope as described in the preceding theorem. In every step one
calculates the edges, vertices and the facets of the new polytope.

4.3 From fundamental domain to set of representatives

For calculating the orbit representatives the fundamental domain is an approximation of a set of orbit
representatives. Only the boundary of the fundamental domain can have multiple representatives for
the orbits. The following goes about the problem of choosing the set of orbit representatives on the
boundary of a fundamental domain.

The problem of finding a set of orbit representatives on the boundary of a fundamental domain will be
investigated for two types of fundamental domains. The first one is a fundamental domain constructed
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by taking first the Voronoi cell V' of 0 wrt L with a G-invariant metric. The fundamental domain in R™
is then the fundamental domain in V' of G for a point in general position in V.

For a fundamental domain constructed in such a way I have no working algorithm that calculates a set
of orbit representatives.

The second construction of a fundamental domain is to take a Voronoi cell for a point in general position
wrt its orbit of R in R™ and a G-invariant metric. This gives a fundamental domain for which I have a
working algorithm that calculated a set of orbit representatives.

The following examples and statements indicate what can happen for fundamental domains.

Definition 26. Let F' be a fundamental domain in X of G. F is face intersecting if for all g € G the
intersection gF N F is a face of F' or empty.

Not all fundamental domains are face intersecting. The following example shows that.

0 -1 0
Example. The octahedron with group G generated by g:= [ 1 0 0 and points
0 0 -1

(1)070)3 (71707 O)a (0’ 170)3 (0’ 717 O)a (0707 1)3 (0,07 *1)

If one takes z7 := (0,0,1) and then z5 := (1,0,0) one has a fundamental domain F», where the inter-
sections of the fundamental domains aren’t faces. See the figure below. The points that are closer to x;
than to gz, are in the pyramid with the green base. The points as close to x5 as g?z, chops this pyramid
in half by the red triangle. Fj is then the convex hull of the points (1,0, 0), (0, 1,0), (0,—1,0), (0,0, 1).
The blue triangle is the polytope gFy N g>F,. One sees that gFy N Fy is the triangle of the points
(1,0,0),0,(0,1,0), which is the half of the facet with vertices (1,0,0), (0,1,0), (0,—1,0).

Theorem 23. If P is a 2-dimensional polytope and G acts linearly on the polytope, thus P is invariant
under the action of G, then every fundamental domain in P of G is face intersecting.

Let F be a fundamental domain of P. Since F' is convex F'N JP is a fundamental domain of 0P
( with the induced topology of OP). The center of the polytope O := WlP)I ZUEV(P) v is an element
of gF for all ¢ € G. Take the circle C' around O for a G-invariant metric. The intersection C' N F' is
a fundamental domain of C. Now the only possible fundamental domains are arcs. The intersection of
two arcs is empty or a point. If it is a point the intersection of F' N gF is the line through O and that
point. If it is empty it is O. (]

We now go back to the orbit representatives for the linear characters of T. Now the whole R™ plays
a role and one has reduced it to the fundamental domain of the Voronoi cell of 0. But the faces of the
Voronoi cell may have multiple representatives for an orbit of 7. The following example shows that even
in the 2-dimensional case {g | t} F' N F does not have to be a face of F, due to the affine action.

Example. Take L = (2ej,e3) and ¢ = —1. The Voronoi cell of L has vertices (il,i%). The or-
bit of (1,1) contains also (—1,—1). The points closer to (1,%) are in the polytope F' with the ver-
tices (—1,2),(3,-2),(1,3) and (1,-1). Now FN{-1|(0,1)}F = C((-3%,3).(3,3)) is not a facet

4072 ’ 2 472
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of F. A possible set of orbit representatives of the edges of F is C((0,%),(1,4)) U C((1,3),(1,0)) U

C((0,0),(—%,3)) — {(=1,3)}- In the figure below: the Voronoi cell is the rectangle with the blue corner

points, the fundamental domain F' is yellow and in green a couple of gF for g € R.

Lemma 22. Let F' be an n-dimensional fundamental domain, gF N F and hF' N F different (n — 1)-
dimensional polytopes. Then gF NhE N F is on the boundary of gF N F.

Else there is a point v that is not on the boundary of F' but in both gF and hF. Then gF N hF is
n-dimensional which is in contradiction with F' being a fundamental domain. [l

For lower dimensional faces it is possible that the intersection of their interiors is not empty. If ¢ and
P are intersections of F' with a gF for some g € R and Dim @ < Dim P, it is also possible that

(PN c@’and PNQ # Q.
Example. Let R be a symmorphic space group with point group G generated by:
-1 0 -1

0
g:= 0 1 0 Jh = 0
0 0 -1 0

0 O
1 0
0 -1
The Voronoi cell of the lattice L = (2eq,2eq,2e3) is the cube with vertices (£1,£1,41). Let z :=

(—%, —1,1) and F the set of points that are closer to z than to any other point in the orbit 2%. Then
F has the following vertices:

1 1
07 (*17*171)7 (177131% (17*175% ( 1 17 3)
1 11 1 1 1 1
-1,-,1),(-1,=,2), (-1,—=,—=), (1,—=,1), (1,-1,
(~15. 1), (“Lgi g (L—g.—3). (L=g.1), (1L-1.3)

The Voronoi cell and the F are in the figure below. The green lines are the edges of F', the blue lines
are the edges of polytopes in the orbit of F.

One sees that F N {g|(2,2,0)} F is the edge (—1,—1,1), ( ,—1,—%) and FN{g](0,2,0} F the con-
vex hull of the points (—1,—-1,1),(=1,-1,3), (1, -1 1) (1,—1,1),(0,0,—1). So their intersection is the
segment (—1,—1,1), (-1, — 7) This is half of the edge FN{g | (2,2,0)} F.
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If one wants to calculate a set of orbit representatives in the boundary of a fundamental domain, one
must somehow find out which points are in the same orbit. One idea to handle this problem is to calcu-
late all the non-empty intersections of F' with 7F for all » € R. Then one knows which polytopes in the
boundary of the fundamental domain are mapped to each other. This doesn’t work well, since a point
on the boundary could be in multiple polytopes of the same dimension. To avoid this one can calculate
also the intersections of the polytopes and their orbits, but this may require a large computational ef-
ford. At this point, I have no working algorithm that calculates a set of the orbit representatives in the
general case. However if the fundamental is face intersecting there is an algorithm. There are also other
arguments for choosing a face intersecting fundamental domain. Besides that the description of the set
of orbit representatives is in general not very nice, the filling of the space with the fundamental domain
is nicer if it is face intersecting. So it is better to choose the fundamental domain such that it is face
intersecting.

Lemma 23. Let z € X, such that Stabg(z) = 1 and F := D(x,2%), then F is face intersecting.

The points that are in F'N gF are the points that are in F' and are as close to = as to gx. So FNgF
is an intersection of a hyperplane with F. Since F' is a fundamental domain the intersection is on the
boundary of F. Thus F'NgF is a face of F. (|

If a fundamental domain is face intersecting, then a set of orbit representations on the boundary can
be found as follows. One first looks which facets are in the same orbit and selects facet representatives.
One looks at the stabilizer of the facet representatives and calculate their set of representatives. From
these facet representatives one calculates the facets. One calculates the orbit representatives of these
facets of facets and goes so on.

A couple of lemmas which can be useful for the calculation of a set of orbit representatives when the
fundamental domain is face intersecting are given below.
Definition 27. Let P be a polytope then the barycenter of P, denoted by B(P), is defined as follows:
1
B(P) := v
V(P)| 2

veV(P)

Lemma 24. Let P be a polytope, then the mapping Q@ — B(Q) is a bijection between {Q : Q a face of P}
and {B(Q) : Q a face of P}.

Let b= B(Q) = B(R), then b € RN Q. Assume R # Q, Dim(Q) > Dim(R). Since R # Q, RNQ is
a face of Q. But then b € Q¥ and b € RN Q = JQ, which is a contradiction. So B(R) # B(Q). O

Lemma 25. Let g be an affine map and P, P’ be polytopes with gP = P’. Let b be the barycenter of the
face Q of P. Then gb is the barycenter of a face gQ of P'.

Affine maps preserve hyperplanes, therefore also the faces of a polytope. So Q' := gQ is a face of P’.
Also V(Q') = gV (Q), so the barycenter of Q' is gb. O

Corollary 7. If F is face intersecting, then the barycenters of the faces of F' are mapped to each other.
For g € R and Q, Q' faces of F with barycenters b,b' respectively, gQ = Q' iff gb =V'. The stabilizer of
a face is the stabilizer of its center.
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A couple of lemmas which could be useful for calculating a fundamental domain of a point in general
position and a Voronoi cell of 0 with respect to a lattice are given below.

In the following V is the Voronoi cell of 0 with respect to a lattice.

Lemma 26. If (V +t) NV is non-empty then 1t € V.

Let v,w € V such that v +t = w. Now also —v € V, thus %t =%rel. O

So for calculating the Voronoi cell of a lattice one can look at the points of the lattice %L in a polytope
which contains the Voronoi cell.

Theorem 24. Let x be a point in general position and V' the Voronoi cell of 0 wrt L. The points of the
orbit of x that are neighbors of x are in 2V + x.

Let y and = be in general position such that the intersection of their fundamental domains is non-
empty. Since the fundamental domain of y resp x are in V + y resp. V + x, the set V + (y —x) NV is

non-empty. By lemma 26 5% € V. Soy € 2V + . O

In general, 2 is the lowest number 7 such that the relevant orbit points are in V. For calculating the
fundamental domain with z, a point in general position. The points that are closer to x than the orbit
points of x that are in 2V + z is the fundamental domain by preceding theorem.

Theorem 25. Let F be a face intersecting fundamental domain of a space group R in R™. Then a facet
has either a stabilizer of order 2 or is in an orbit with only one other facet of F.

Let P be a facet of F. Since the orbit of F' covers the whole space, there is a unique g € G, such that

P =gFNF. Now if gP = P, then P has stabilizer of order 2. If P # ¢gP, then it is in an orbit with
—1

g P. O

Lemma 27 (special case fundamental theorem of stereohedra). The mazimal number of hyperplanes of
a Voronoi cell wrt a lattice in R™ 4s 2T — 2.

The center of a hyperplane is in %L. A point in the interior of the hyperplane is represented twice in
the Voronoi cell. [L : %L] = 2" and 0 is not on a hyperplane, thus the maximum number of points that
are on a hyperplane is 2" — 1. So the maximum number of hyperplanes of a Voronoi cell is 2"*+! —2. O

So the algorithm begins with a point in general position. The shape of the fundamental domain
depends on the position of this point. For the calculation and description of the fundamental domain
it is better that is has as little hyperplanes and vertices as possible. By studying some 2-dimensional
cases a general rule emerges: the more closest lattice points a point in general position has, the less
hyperplanes and vertices its fundamental domain has. This is purely an educated guess. I have no idea
if it is in general true and how it could be proven. The number of closest lattice points is much faster
calculated, than a fundamental domain of a point in general position. The following lemmas give small
hints to the general rule.

Lemma 28. Let v be a point in general position and F' its fundamental domain. Ift € L is a closest
lattice point of v, thent € F.

Assume that 0 is a closest lattice point of v and that R™ = (gv : g € G), then 0 € V(F).

Thus if K is a subfield of R, such that v € K™ and K™ is as KG-module irreducible, then 0 € V(F).

Define d(L, p) := min{d(¢,p) : t € L} to be the closest distance of p to the lattice L.
Because both the metric and L are R-invariant, the action of the space group respects the closest distance
of a point to L: for all {g |t} € R, d(L,p) =d(L,{g | t} p).
Take {g | s} € R, such that t € {g | s} F. Then d(¢,{g | s}v) > d(L,{g | s}v) = d(L,v) = d(¢,v). Thus
teF.
Assume that 0 is a closest lattice point of v. The polytope P := NyeqgF contains of course 0. Since
dim(gv : g € G) =n, P = {0}.
Another proof for the last case. The polytope P := NgeqgF is of course G-invariant. Since F' is a
fundamental domain Dim(P) < n — 1. Thus the G-invariant vectorspace generated by P N K" is not
equal to K. Since K" is irreducible, P N K must be equal to {0}. Since v € K", one has V(P) C K™.
So V(P) = {0} and therefore P = {0}. Since F is face intersecting, P is an intersection of faces and
therefore a face of F. So 0 € V(F). O
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Example. The following example shows that it is necessary for v to be in K such that K™ is an
irreducible KG-module to have that 0 € V(F). Let G be the group generated by

000 -1
100 -1
9710 1 0 -1

00 1 -1

As QG-module, Q™ is irreducible. So for every v € Q" in general position the fundamental domain
F := D(v,v"), one has 0 € V(F). As RG-module, R* is reducible. With a change of the basis g acts
like:

cos(¢) —sin(¢) 0 0
sin(¢)  cos(¢) 0 0
0 0 cos(2¢) —sin(2¢)
0 0 sin(2¢)  cos(2¢)

where ¢ = %’T Let v € R*, such that the RG-module generated by v is 2-dimensional. Take w := Av such
that 0 < ||w]|| < % Now gw # w for all g € G, since the RG-module generated by w is 2-dimensional.
Fort € L —0and g € G, one has d({g | t} w,w) > %, since ||w|| < § and [|t]| > 1. So w is in general
position. Since |[w|| < 1, 0 is a closest lattice point of w. To check in what kind of face 0 lies, the points
in the orbit of w that have the same distance to 0 as w must be calculated. Since ||w|| < %, these are
only the points in w®. Since these points span a 2-dimensional space, 0 is on an 2-dimensional face of F

and not on a lower dimensional face. So 0 is not a vertex of F.

Lemma 29. The point t € L is a closest lattice point of v iff t € V 4+ v.
If there are two or more closest lattice points of v then they are all on the boundary of V + v.

If ¢ is a closest lattice point of v then certainly t € V 4 v.
Assume that s € L and s € V + v. Since t is a closest lattice point of v, s is a closest lattice point of
v+ (s—t). Thusse V+ (v+(s—t))NV +v. So s is as close to v as to v + (s — t), therefore s is also
a closest lattice point of v. If s # t, then s is on the boundary of V + v. O

4.4 Counting the representations

Counting the representations of R/mT of a particular kind can be seen as counting the number of orbits
in %Z that have an element that is fixed by a particular subgroup. This section is actually about
counting the number of linear representation of T'/mT that have a particular inertia group. First some
statements about counting orbits which an element fixed by a subgroup in general. Later the application
to the counting of the representations.

Definition 28. Let H,L < G, then ey = #{gLg~ ' : g€ G | H < gLg~'}.
Let X be a finite G-space, then
Fiz(H) :={rc X | 2" =z}
ng =#{x e X |G, =H}
o =#{z% 2 X |G, = H}

If Ly := H, Ly, ..., L, has the property that for each L > H there is a unique ¢ such that there is a g € G
so that L = gL;g™ ", then L1,..., L, is called a set of supergroup representatives above H.

The definition of egy, is the opposite of the table of marks, in the sense that the table of marks goes
about the number of to H conjugated subgroups in L and eg; about the number of to L conjugated
supergroups of H.

If X = (--Z")/Z" then oy is the number of orbits in =Z" in the Wyckoff positions with stabilizer H.
The goal of this sections is calculating ogy. The number of orbits in X of the whole group can be
calculated with Burnside’s lemma:

Theorem 26 (Burnside). The number of orbits is equal to 3 o Fiz(g).

Lemma 30. Assume that H is the stabilizer of both x and y. If gr =y, then g € Ng(H).
Also Ng(H) acts on the points with stabilizer H.
So og, the number of orbits with a point with stabilizer H, is equal to []VG’?iII:II)I'I]
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Take g € G such that gz =y, then G, = gHg~'. Since G, = H, one has g € Ng(H).
Assume g € Ng(H), then Gy, = gHg™' = H. 0

Lemma 31. Let Lq,...,L, be a set of supergroups representatives, then
n
ng = |FZ$(H)‘ - ZeHLinLi
i=1

If L and L' are conjugated subgroups, then ny, = np,. Also |Fiz(H)| =", ynL. O

Let m € N and H < G. The goal of this paragraph is to calculate the number of representations that
come from linear representations of 7/mT that have H as stabilizer.

Lemma 32. Let H < G and m € N. Then take X = Z"/(mZ"™). Let D := (dy,...,d;,0,...,0) be the
Smith normal form for the calculation of the Wyckoff positions of H. Then:

|Fiz(H)| =m™™" H ged(m, d;)

i=1

If N is the number of H-irreducible representations in ¢, where ¢ is a linear representation of T/mT
with inertia group H, then the number of representations that come from linear representations of T /mT
that have H as stabilizer is N - og.

In the section about Wyckoff positions, a point z is fixed by H if Az =2 0 mod Z"™. The number of
points of this congruence in %Z” /Z™ is equal to the number of points in Z"/(mZ™) that are fixed by
H. Now the number of points in %Z"/Z" of Ax 2 0 mod Z" is the same as the number of points in
%Z"/Z" of Dz =2 0 mod Z". The last congruence is just a couple of congruences: for 1 < i < n, then
d;x; =20 mod Z". Now the number of x € %Z such that 0 <z < 1 and d;xz € Z is equal to
ged(d;,m). O
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5 Conjugacy Classes of Space Groups

The conjugacy classes of space groups are interesting for at least two reasons. Elements of the same
conjugacy class have as affine maps the same geometric property. The conjugacy classes are also im-
portant in the representation theory, since they are in one-to-one correspondence with the irreducible
representations. The periodic boundary condition gives representations of the group R/mT for a large
m € N. The goal is to calculate the conjugacy classes for all the factor groups R/mT for m € N.

The conjugacy classes are orbits of the conjugacy action of the group. Therefore first a useful lemma
about actions.

Lemma 33. Let G be a group acting on X XY, w: X XY — X the projection map onto X. Assume
that the action factors through'Y, ie n(g(z,y)) = n(g(z,y")) for allz € X and y,y’ € Y. Then G acts
on X by gx := g(n(x,y)). For x € X, the stabilizer G, of x acts on {x} x Y.

Let Y, be a set of representatives for the orbits of G, on {x} x Y. If S is a set of representatives for the
orbits of G on X then |J,cg Yz is a set of representatives for the action of G on X x Y.

Preceding lemma splits the problem of finding orbit representatives into subproblems where the
space is smaller and the group is typically smaller. This method applied to conjugacy classes and group
homomorphisms gives the following lemma.

Lemma 34. Let ¢ : G — H a surjective group homomorphism, N := ker ¢. Let h € H and g such
that ¢(grn) = h, then

1. the pre-image C := ¢~ 1Cg(h) of the centralizer of h acts on N by n g,:lgghng_1 forgeC
2. forn,m € N, gpn is conjugated with gym if and only if n and m are in the same orbit of C

3. define (h) g := ¢~ ((h)), then (h);<C and QC = C/ (h)s = Cg(h)/ (h) acts on the set of orbits
of (h)e on N

4. the orbits of (h), on N are the same as the orbits of N on N

Moreover if hi, ..., hy is a set of representatives for the conjugacy classes of H, Ry, a set of represen-
tatives for the orbits of ¢~ 1Cr(h;) on N and g1,...,gm a set of pre-images in G of hi,...,hy, then
{gin |1 <i<m,n € Ry,} is a set of representatives for the conjugacy classes of G.

1. C acts on ¢~ 1(h) by conjugation and n ~ gpn is a set isomorphism from N to g, N = ¢~!(h). Thus

C acts on N by n — g, 'ggnng™".

2. Assume ggpng~' = gnm, then ¢(g)h¢(g)~! = h and g; 'ggnng™ = m.

Assume gﬁlgghng’1 = m, then gghng’1 = gpm.

So gpn is conjugated with gpm if and only if n and m are in the same orbit under C¢(h).

3. The group (h) < Cg(h), since h is in the center of Cg(h). The pre-images of (h) and Cg(h) are

respectively (h). and C, thus (h),<C and C/ (h), = Cg(h)/ (h). Because (h), <C, the group C/ (h)

acts on the sets of orbits of (h), on N.

4. Let g € (h), then take k € N and n € N such that g = gFn. Then
(grn)gnm(gin)~" = (gin(gnm) =" (gnm)*)gnm(gnn(gnm) " (gnm)

= (ghn(gnm)~"*)(gnm)* gnm(gnm)~* (grn(gnm)
—1

k)—l
—k)—l
= (gin(gnm) ") (gnm)(gfn(gnm) %)

Now gkn(gnm)=* € N, since ¢(gin(gnm)=*) = hkh=* = e. Thus the orbits of (h), on N are the same
as the orbits of IV on V.

By lemma 33 and the second point of this lemma {g;n | 1 <i < m,n € Ry, } is a set of representatives
for the conjugacy classes of G. ]

The conjugacy classes of G can now be calculated through the conjugacy classes of H. For calcu-
lating the conjugacy classes of a space group it is natural to divide the elements of R first by the
conjugacy classes of the point group G. Since the point group is finite its conjugacy classes can be
calculated by standard methods. Let gi,..., g, be representative for the conjugacy classes of G. For
the conjugacy classes of the space group R the lemma is applied to the morphism II : R — G. Thus
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Holty+1t} : g € Calgi),t € T} acts on {{g; |ty +t} : t € T} by conjugation. The representa-
tives for the orbits of {{g|t,+t} : g € Ca(gi),t € T} on {{gi |ty +t} : t € T} are then the
representatives for the conjugacy classes of R. For the space group it is more natural to ask when
{g |ty +1t} ={id|t}{g | ty} is conjugated to {g |ty +t'} = {id | t'} {g | t4} with ¢,¢' € T, the transla-
tion subgroup, because the group’s elements are written that way. Therefore the action of IT"1(Cg(g)) on
T by {id |t} — {h|tp} {id |t} {g |t} {h* | —h"tn} {g7' | — g 't4} is examined for the conjugacy
classes of g. The element {g | t, 4t} is conjugated by {h |t} for the conjugacy action. The resulting
element is multiplied by the inverse of {g | t,} to get an element of T' again.

Definition 29. Let g € G, define My := T/(id — g)T. The group M, is as set exactly the set of orbits
of T on T by the action of conjugacy on {g |ty + s} by {id | t}:

{id | s} = {id [t} {g |ty +s}{id | —t} {-g7" | —g7'ty}
For m € N define the following set
H :={(h,x):h € Cq(g),r € My | tem, v = (1 = g)tn + (h — 1)t, + mt}
Let (h,x) € H". Because h(id — g)T = (id — g)T, (h,z) denotes an affine function on M, by
(hyz+ (id — ¢)T)t + (id — g)T = ht + « + (id — g)T
Lemma 35. H)" is a group isomorphic to Ca(g) x mMy and Cq(g) = H) < H".
Since {id |t} {g |ty +s}{id| —t} {971 | —g~'tg} = {id | s+ (id — g)t}, the orbits of T on T are
{t+(id —g)T |t € T} = M,. The action of Cg(g) on M, corresponds with the action of H;" on M:
{1t {g | tg} fid | 3 {h™" | =7 n} {g7 | — g7 g} = {id | ht + (1 — g)tn + (h — 1)ty}

Thus by lemma 34 the set H) = {(h, (1 —g)ty+ (h—1)ts) | h € Ca(g)} is isomorphic to C(g). Because
mM,y < H* and Hg is a transversal of mM,, the group H" = Cg(g) x mM,,. O

Theorem 27. The group elements {g |ty +t} and {g |ty +t'} are conjugated in R/mT iff t+ (id—g)T
and t' + (id — g)T in My are in the same orbit of H;".

Assume {g |ty +t} and {g |ty +t'} are conjugated in R/mT then thereis a {h|t,+ s} € R and a
r € T such that

(] b+ sHg g+ 0} B | =Bt +5)} = (id | mr} {g | £y + 1)
Thus h € Ce(g) and {id | (1 — g)(tn +s) + (h — 1)ty + ht} = {id | mt +¢'}. So
(h,(1 = g)tn + (h— )ty —mr)(t + (id — g)T) =t + (id — g)T.

Thus t + (id — g)T and t' + (id — g)T are in the same orbit of H;".
Assume that ¢ + (id — g)T and t' + (id — g)T are in the same orbit of H*. Take a h € Cg(g) and r € T
such that:

(hy (1 = g)tn, + (h— L)ty +mr)(t+ (id — g)T) =t' + (id — g)T

Now take a s € T such that:
{R (L =g)th+ (h— 1ty +mr}{id |t} = {id | t}{id | (g —1)s}

But then {h |ty +s}{g|ty+t} {7 | =7 (th+s)} = {id| —mr}{g |ty +t'}. Thus {g|t,+1t}
and {g | ty +t'} are conjugated in R/mT. O

Thus by preceding theorem the problem of representatives of conjugacy classes is replaced by a
problem of finding orbit representatives of H;* in M. If P, D,Q € GL,(Z) are such that D = P(id—g)Q
is the Smith normal form of (id—g), then PM, = T/DT = @', Zq,. It turns out that if m and m’ are the
same modulo max;.; d;, the conjugacy classes can be described in the same way. That is the reason to
put the translations (id, mt) in the group H" instead of defining a space like M;" = T'/((id — g)T +mT).
The group M, has a torsion and a free part. To look how to deal with the free part the conjugacy classes
of R lying in T and of R/mT lying in T'/mT are considered.
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5.1 The conjugacy classes of R lying in 7" and of R/mT lying in T'/mT

Definition 30. The dual group G* of G is defined as follows G* := {(¢g~ )" | g € G}. The dual group
also acts on T and hence on the linear characters of T.

The conjugacy classes having as linear part the identity have a connection with the linear represen-
tations of space groups with the dual group as point group.

Theorem 28. The orbits of G* on the linear characters of T/mT are in one-to-one correspondence to
the representatives of the conjugacy classes of R/mT lying in T.

One can see that the conjugacy classes of T in R/mT are in one to one correspondence to the orbits
of G in T/mT. Tt is well known that the group of linear characters of T//mT is isomorphic to T/mT.
The orbits are exactly the orbits of G* on the linear characters of T'//mT. g

A fundamental domain of the Voronoi cell of 0 with respect to Z™ and a G-invariant metric on R™
defines the set of orbit representatives on the linear characters. That gives the following theorem.

Theorem 29. Let R be a space group with point group G. Let ® be a set of orbit representatives on R™
of G x T.
The set {mz |z € dN %Z”} is a set of representatives for the conjugacy classes of R/mT with m > 0.

Since Cg(id) = G and M;q = T, the group HJ' = G x mT. The group H" acts on R™. The inter-
section of a set of orbit representatives in R™ and T is a set of representatives for the conjugacy classes
of R lying in T'. The linear map: L,, : x +— %x for x € R™ maps Z" to %Z". Now LmH;”L;ll =GxT.
Thus the set {ma | x € ® N -LZ"} is a set of representatives for the conjugacy classes of R/mT with
m > 0. O

When studying the representations of certain space groups it is almost always the case that space
groups with point group G and space groups with point group G* are both examined. The representations
are grouped by the orbits of the linear characters on T//mT and hence already calculated.

5.2 Calculating representatives of the conjugacy classes

For calculation of My, = T'/(id — ¢g)T there will be chosen a different basis for T. Take P,Q € GL,(Z)
such that D := P(id — g)Q is the Smith normal form of id — g. Change the coordinates by v — Pv. Now
PT/P(id — g)T = PT/DT = T/DT. The situation depends strongly on the form of D. Let d; be the
elements on the diagonal of D. Thus M, = @ ,(Z/d;Z). Let r be the lowest i such that d; = 0. So
dry...,d, =0. Let h € C(g), then h acts on T with v — PhP v+ P((1—g)t,+(h—1)t,). This action
factors through DT, hence PhP~! = ( ‘%h gz
and Cj, an r — 1 x n+ 1 —7 matrix. Thus the action of C(g) factors through M := @~ Z,,. Now the
method of lemma 33 will be used. Cg(g) acts on Z"'~" = M, /M! and therefore also on R"*1~". The
action of h on R"™17" is the action of the affine map {By, | s} with (s5); = P((1—g)tn+(h—1)tg)rri—1
on R"1=". Since Cg(g) is finite it has a fixed point: IC'Tl(g)I 2hecq(g)h - w for w e R"F1=7. So with
a translation in R" ™17 the action of h is By, for all h € Cg(g). Take a set of orbit representatives and
one has in the same way as in the case of the conjugacy classes of T' representatives for the orbits of H"
in Z"t1=7. The stabilizers of the orbit representatives must be calculated. This is done by calculating
the Wyckoff positions of the symmorphic space group {{By |t} | h € Cg(g),t € Z"} on R"1~". The
stabilizer of a point p of My/(M! +mM]) acts on M. Assume that h is in the stabilizer of p, then h
acts on M} x {p} as follows:

A, Oy v n w\ [ A+ Chp+w
0 By, P u | p+mt

So the action of the stabilizer of p on Mé only depends on p modulo dr,lMg/Mg. Since Mg is finite the
representatives for the orbits of the stabilizer can be calculated by standard methods.

>,WithAh anr—1xr—1,Bpann+1—rxn+1—r

1 0

0 -1 > in the point group V; generated

Example. The conjugacy classes with linear part b = (

-1 0

bybandc::< 0 1

) will be calculated. The image of (b—id)Z? is (0,2x). Thus M, = Z®Zs. Since
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Cv, (b) = Vi, Vi acts on M. The action of b is of course trivial, but the action of ¢ is (u,i2) — (—u,i2).
So the representatives of the conjugacy classes are {b | (u,i2)}, with iz € {0,1} and u € N. The Voronoi
cell in Mg/M; s0<z< % Both 0 and % are fixed points. If m is odd the second coordinate doesn’t
matter and the representatives are {b | (u,0)}, with 0 < u < m74 If m is even then the representatives
are {b | (u,i2)}, with 0 < u < 2 and iy € {0,1}.

For the space group generated by C' := {c| (%,O)} ,B = {b | (%,0)} the action of C is (u,is) —
(—u — 1,i3). Again the representatives of the conjugacy classes are {b| (u,i2)}, With io € {0,1} and
u € N. The action of C has fixed point —5 Thus the domains are translated by s to the left. If m is
odd the representatives are {b | (u+ %,O } with 0 <u < m L If m is even then the representatives are
{b| (u+3,i2)} with 0 < u < ™22 and iy € {0,1}.

1

For the space group generated by C : {c| 3.3)},B = {b|(3,%)} the action of C is (u,is)
(—u—1,ip — 1). Thus C has fixed point —%. Thus if m is odd the representatives are {b | (u+ 3, %)}
with 0 < w < 2L If m is even the representatives are {b| (u+ 4,42+ 1)} with 0 < u < ™2 and
ig € {0, 1}

Example. Look at a cubic group generated by:

0o 1 -1 0 -1 1 -1 0 0 -1 0 0
Ry:=| -1 1 0 ,Reye=1 1 0 0 |,8:= 0 -1 0 WORES 0 1 -1
0 2 -1 0 0 1 0 0 -1 0 0 -1
-1 0 1
The conjugacy class of elements with linear part R? := 0 —1 1 | are calculated.
0 0 1
1 0 0
The Smith normal form of R? —id is D := (1,2,0) and P:= | 1 —1 0 |. So the image of R} —id
0 0 1

is (z,2 — 2y,0). Thus (0,42,u) with 0 < iy < 1,u € Z are representatives of Mgz in T. The central-
izer of R7 is generated by Ry, S, E. For the action of the generators on Mp, conjugated them with P:

-1 1 1 -1 0 0 -1 0 0
PR,P7! = -2 1 1 |,PSP!t= 0 -1 O ,PEP~! = -2 1 1 . The action
0 01 0 0 -1 0 0 -1

on the representatives is then the 2 x 2 matrix in the bottom right corner. So (ig,u) is mapped by
Ry, S, E respectively to (i2 + u,u), (iz, —u), (iz + u, —u). The action on Z are thus u, —u, —u. Therefore
0 < w is a set of representatives in Z of that action. If u = 0 then the stabilizer is the centralizer. If
u # 0 then the stabilizer of u is generated by R4, S- E, which both have the action (i2, u) — (i2+u, u) on
Zy x Z. Thus the representatives are { R | (0,0,u)} for 0 < u and {R4 (0,1,2u)} for 0 < u. Now the
calculation of the conjugacy classes of R/mT. Note that 0 < u < 1 5 is a Voronoi cell for the action on Z.
If ged(m,2) = 1, then (0,u) and (1,u) are in one orbit under Hp' . So if m is odd the representatives are
{R%](0,0,u)} for 0 < u < ™= If m is even, then the representatives are { R% | (0,0,u)} for 0 <u < 2
and {R% | (0,1,2u)} for 0 <u < 2.

For the group generated by {Rs | 0}, {R4 | (3,0,2)},{R31(0,3,0)},{S|0},{E | (3,0,0)}, the conju-
gacy classes with linear part R? are calculated. Now the actions of Ry, S, E are respectively: (ig+u+1,u),
(i2 + 1, —u), (iz + v+ 1,—u). Again the action on Z are u, —u, —u. So 0 < u is a set of representatives.
If w = 0, then the stabilizer is the centralizer. If u # 0 then the stabilizer is generated by R4, S - F,
which have the action (is +u + 1,u), (i2 + u,u). Thus the representatives are {R4 0, 2, } for 0 < .
If m is odd, then again the representatives are {R4 | (O } for 0 <u < 75— L If m is even, then the
representatives are {Ri | (0 } for 0 <u < 3.

7§7
727
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6 Data for As

A summary of the group theoretic data of As is given in this section.
The presentation used throughout this master thesis is (a,b|a®, b%, (ab)®).
The letters a, b, ¢, d, e, f stands for the following elements of As:

a b c d e f
(123) (14)(25) (12)(45) (13245) (124) (13254)

The permutations ¢, d, e are chosen such that the following series is a composition series of Ay:
(c) <{c,b) < {c,b,e)

For D3 the composition series is (a) < (a, ¢)
For Ds the composition series is (d) < (d, ¢)
For the representatives of the conjugacy classes is besides d another 5-cycle needed, there is chosen for

f

6.1 The irreducible representations of A;

The alternating group of degree 5 has 60 elements. The character table of As is stated below:

Colg) |60 4 3 5 5
c;l |1 15 20 12 12
gi id b a d f
i |1 1 1 1 1
Xe |3 -1 0 155 125
Ya 3 1 0 172\/5 1+2\/5
ya |4 0 1 -1 1
s |5 1 -1 0 0

For the character and the representation the same symbol is used. Thus the representation of y; is a
representation with character x;. The Q-irreducible representations are x1, x2 + X3, x4 and x5. The
representation yo comes from the action of A5 on the dodecahedron. The algebraic conjugate of xo is
x3- The representation xs+ X3 is equivalent to the linear representation of Dy, d — 1, ¢+ —1 induced to
the whole group. The representation y4 + x1 is the permutation action on the cosets of A4, the natural
representation on 5 elements. The representation ys5 + x1 is the permutation action on the cosets of Ds.
The irreducible representations over Z are given in the appendix.

The representation of y and x3 are from the isomorphism of As with the symmetry group of the
dodecahedron:

o O =

0 0 0 1
x2:a— | 0 1 ],b=| 1 o ¥t
1 0 0 0

o = O

0 1 01 =4
xz:a— [ 0 0 b=l 1 0 =Bl
1 0 0 0

The projective representations of As for a® = 1,62 = —1,(ab)® = 1. This are the faithful ordinary
representations of 2.A5 = SLy(5). Each representation is given by two matrices: a is mapped to the
matrix on the left and b is mapped to the matrix on the right.

The 2-dimensional representations

(—Cs—l C§>< ¢? 5’)
G+l G )\ —G—-¢G ¢

<—C52—1 C5> < G G )
g1 ¢ )\ -dte —u

and
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The 4-dimensional representation

i+1 -1 —i+1 —i 0 0 1 —i+1
-1 —1 141 1 0 1 0 0
—t+1 71+1 -1 1 ’ 1 1—1 =27 —i—1
-1 -2 i+1 1 —i—1 1 1—1 1

The 6-dimensional representation

0 0 00 -1 0 0 1. 0 0 0O
1 0 00 0 O -10 0 0 00
0 0 0 ¢« 0 O 0 0 0 0 1 0
0 0 00 0 -1 | 0 0 0 —2 0 O
0 -1 00 0 O 0 0 -1 0 0 O
0 0 ¢« 0 0 O 0 0 0 0 0 ¢

6.2 The subgroups and their representations

In this section all the data needed for the subgroups of A5 are given. First the subgroups are given.
The normalizers of the subgroups and the numbers ey, are given in the following two tables. These two
tables are needed for the calculation of the number of representations of R/nT as described in section 4.4.
For the induction of the irreducible representations of the inertia group the irreducible representations
and irreducible projective representations of the subgroups are induced.

The subgroups of As up to conjugacy are the following:

H gen ord
Co (12)(34) 2
Cs (123) 3
Vi (12)84),(13)20) 4
Ds (123), (12)(45) 6
Cs (12345) 5
D5 (12345), (25)(34) 10
Ay (12)(34),(13)(24),(123) 12
As (12)(34), (135) 60

The normalizers of the subgroups of A5 are:

group Normalizer [Ng(H): H]
Cy Vi 2
Cs Ds 2
Vy Ay 3
Ds Ds 1
Cs Ds 2
Ds Ds 1
Ay A4 1

The extension table for the subgroups of As is below. In the cell of the row of subgroup H and the
column of subgroup L is stated how many subgroups of As which are conjugate to L contain H, ie in
(H, L) is the number epr. A — indicates that there is no to L conjugated subgroup that contains H, ie
CHL = 0.

H\L e 02 Cg ‘/21 D3 C5 D5 A4 A5
e 1 15 10 5 10 6 6 o5 1
¢ - 1 - 1 2 — 2 1 1
c; - — 1 — 1 - — 2 1
Vi - - — 1 - - — 1 1
Dy - — — — 1 - - - 1
C; - — — - — 1 2 — 1
Dy - — — — — — 1 - 1
Ay, - - — — — — - 1 1
As — — — — - - - - 1
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To induce the irreducible representation of the inertia group one must calculate a transversal and
the action of a and b on the elements written on the transversal. Therefore the theory of presentation
sequences as described in section 3.3 is used.

Example. For the group As, the sequence e, b, ¢, d with 3,2,2,5 is a presentation sequence.
The coset representatives of D5 = (¢, d) and the action of a on the coset representatives are:

i 1 2 3 4 5 6
Tp, (7) id b e eb € €%
aTp.(i) ebed* e*bcd® cd ed® bd*> e*cdt

Since aTp,(1) = a = ebed?, pP3(1) = T]:_,S1 (eb) = 4. If one goes on, one sees that pP> = (143)(265). For
the induction of the representation ¢ : d — 1, ¢+ —1 one has already the permutation, but the sequence
of matrix blocks must be found. Now the i-th matrix block is equal to ¢(Tp, (p(i)) taTp,(i). Since
aTp, (1) = ebed*, Tp. (p(i)) " taTp, (i) = cd*. Thus the first matrix block is equal to ¢(cd*) = —1. So

0 0 -100 0

0 0 0 01 0

Aapn L o0 0o 10 0
¢(a) = [4,6,1,3,2,5, B(-1,-L-LL,L-1)= | | o o o o
0 0 0 00 -1

0 -1 0 00 0

A transversal for Ay is di. A transversal for V4 in A4 is €¥. A transversal for Cy in Vj is b and

a transversal for id in Cy is ¢™. So the elements of As can be written uniquely as d’eFblc™ with
i €{0,1,2,3,4},k € {0,1,2},1,m € {0,1}. So d,e,b,c with 5,3,2,2 is a presentation sequence for As.
The permutations p,,pS?, p¥s, pA+ are given in the 2-nd up to 5-th table below as sequences. ie the
i-th element of the sequence is p(i). The sequences are written from left to right and then from top to

bottom. eg the sequence Sq,...Sy is given as follows:
S1 S S
Sy S5 Se
Sz Sg S

The first table is E~!p,. The first column gives aT4,, thus the elements a - d’ written on the transversal.
The columns with on both sides lines give a7y, (join the columns horizontally to get the table for aTy,),
thus the elements a - d’e* and the odd columns give aT¢, (i), thus the elements a - d’e*b!.

d*e?b | d*e?be  d*e?  d*e?c| dic d* d*be  d* | d*ebe | deb diec die
ebc eb ec e e%b e%be e2 e2c c bc b
d?ec d’e d?ebe  d?eb | d?e?be | d?e?b  d%e?c dPe? | d?b d?be d? dc
dBe2c| dPe?  dPe®be d3e?b | dPbe d3b d3c a3 d3eb | d3ebc  d3e dPec

db dbc d dc dec de debc  deb | de?bc | de?b  de*c  de?

59 60 57 58 50 49 52 51 56 55
%4 53 8 7 6 5 11 12 9 10
2 1 4 3 30 29 32 31 36 35

L= 4 34 33 27 28 25 26 46 45 48 47
40 39 38 37 43 44 41 42 15 16
13 14 18 17 20 19 24 23 22 21
30 29 25 26 28 27 4 3 6 5
Cy — As 1 2 15 16 18 17 14 13 23 24
20 19 22 21 8 7 9 10 12 11
15 13 14 2 3
Vi — As 1 8 9 7 12
10 11 4 5 6
Ay — As 5 1 3 4 2
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The same tables, but then for b.

b be c ec e ebe eb e2be e2b e2c e2
d2e?b | d3e?be dPe?  dPe?c | dBe d? d3be  d3b | d3ebe | d®eb  dBec dle
d*ebc | d*eb d*ec d*e | d*?b | d*e?be d*e? dY¢?c| dic d* d*be  d*b
dec de debc deb | de?bc | de?b  de*c  de? db dbc d dc
2e%c | d?e®  dPe®be d?e?b | d%be d?b d?c d? d?eb | d%*ebc  d*e dPec
3 4 1 2 6 5 8 7 12 11
10 9 47 48 45 46 38 37 40 39
1= Ay 44 43 42 41 56 55 54 53 59 60
57 58 50 49 52 51 18 17 20 19
24 23 22 21 15 16 13 14 34 33
36 35 28 27 26 25 31 32 29 30
2 1 3 4 6 5 24 23 19 20
Cy — As 22 21 28 27 30 29 25 26 9 10
12 11 8 7 17 18 14 13 16 15
1 2 3 12 10
Vi — Asg 11 14 15 13 5
6 4 9 7 8
A4—>A5 1 4 5 2 3

For the induction of the representations of D5 and C', the following presentation sequence of As is chosen:
e,b,c,d with 3,2,2,5. This gives the same tables for Dy as for As: E~1p, p5 and pP5. The columns in
the first table for C5 are between the lines and the first column is the sequence for Ds.

For a:

ebed? ebe ebed  ebed?  ebed® | ebd ebd?  ebd® ebd* eb
e2bed? | e®bed®  e?bed*  €%be  e®bed | €2bd® | e2bd*  e2b e2bd  e2bd?
cd cd? cd® cd* c d* d d? d3
ed? ed* e ed ed? ecd® | ecd® ecd* ec ecd
bd> bd? bd* b bd bed® | bed* be bed  bed?
e2ed* e?c e2ed  e2ed? e2ed® | e3d e2d?  e2dd 24t €2
8 7 12 11 2 1
Cs = 4s 56 3 4 10 9
D5 — A5 4 6 1 3 2 5
For b:
b bd bd? bd® bd* be | bed  bed?  bed®  bed*
d d? &3 d* c cd cd? cd® cd?*
ec ecd ecd? ecd® ecd?* e ed ed? ed? ed*
ebe | ebed  ebed?  ebed®  ebed* | eb | ebd  ebd®?  ebd®  ebd*
ebe | e?bed  e2bed?  e2bed®  e%bed* | €2b | e2bd  e?bd?  e2bd®  e2bd*
e2c | e?cd e2ed?  Qed® QPed* | €2 | e2d  e2d® e2dd Adt
34 1 2 6 5
Cs = 45 8§ 7 12 11 10 9

For the induction of the representations of D3 and C3 the following presentation sequence of Ay is chosen:
d,b,c,a with 5,2,2,3. The second and third table are respectively p©® and pPs. The first table is E~!p.

This time the columns between the lines are for C3 and the first column is the sequence for Djs.

For a:

a a? ca’? c ca
d3ca | d3ca?® d3c | d3a? d3 d3a
dPbca | d?bea®  dPbe | d*ba® | d?b d?ba
d3bea? | d3be  d3bea | dPba | d3ba® AP
bea? be bea ba ba? b
d*bea | d*bea®  d*be | d*ba® | d*b d*ba
d?a? d? d?a | d?ca | d?ca® d?c
d*ca? d*c d*ca | d*a | d*a® d*
db dba dba? dbc dbca  dbea?
d da da? dc dca dea?
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s A 1 2 14 13 12 11 16 15 4 3
3 ° 20 19 9 10 18 17 7 8 5 6
D3 — Asg 1 7 6 8 2 10 5 9 4 3
For b:
b ba ba? be bea  bca?
a a? c ca ca?
d*a d*a? d* d*ca® | d*¢ d*ca
d?ca | d?ca? d?c | d?a? d? d?a
dbca | dbca?® dbe dba? db dba
d?beca?® | d?be d?bea | d*ba | d?ba?  d2b
d*bea? | d*be  d*bea | d*ba | d*ba®  d*b
d3bea | d3bea®  PBbe | dB®ba? | d3b  d®ba
da? d da dca deca? dc
d3ca? d3c d3ca | d3a | da? d3
Oy A 3 4 1 2 17 18 10 9 8 7
> 12 11 20 19 16 15 5 6 14 13
D3 — As 21 9 5 4 6 10 8 3 7

The matrix blocks of the induced representations.

The representations of the subgroups of As are induced to As. The permutations are given above. The
sequence of matrix blocks is given for every representation first for a¢ and then for b. There are also
a couple of projective representations that are induced in the same way as the regular representations.
The precise definition of the matrix blocks listed for the projective representations will be made clear
for each projective representation separately.

C2
c—1
1 1 1 1 1 1 1 1
1111111111
1111111111
1111111111
1 1 1 1 1 1 1 1
1111111111
c— —1
1 1 -1 -1 -1 -1 -1 -1 1 1
-1 -1 -1 -1 -1 -1 1 1 -1 -1
-1 -1 1 1 1 1 -1 -1 -1 -1
1 1 -1 -1 -1 -1 1 1 -1 -1
-1 -1 -1 -1 1 1 -1 -1 -1 -1
-1 -1 1 1 -1 -1 -1 -1 1 1
Vy
c,b—1
1 1 1 1 1
1 1 1 11
1 1 1 11
1 1 1 11
1 1 1 11
1 1 1 1 1

c—1,b— —1
-1 1 -1 -1 -1

-1 1 -1 -1 1
-1 -1 -1 1 1
-1 -1 1 -1 -1

43



c——-1,b—1

-1 -1 -1 1 -1
-1 1 1 -1 -1

1 -1 -1 1 -1

c— —1,b— —1
-1 -1 1 1 -1
-1 -1 1 -1 -1
1 -1 -1 -1 1
-1 -1 1 -1 -1
1 1 -1 -1 -1
1 -1 -1 1 -1

A projective representation of V; with the following relations ¢?,b? = —1,b"'cb = —c.
1 0 0 1 _ ANy — . i .
cr < 0 -1 ) b= < 10 ) For (EV41(PZ4 (1)) "*hEy, (i) = b%2ct | the matrix block
0 1\?/1 o0 \". .
10 0 —1 is given.
0 1 1 0 0 -1 0 -1 0 1
-1 0 0 -1 -1 0 -1 0 -1 0
1 0 1 0 0 -1 0 1 1 0
0 -1 0 -1 -1 0 -1 0 0 -1

0 1 1 0 0 -1 0 1 1 0
-1 0 0 -1 -1 0 -1 0 0 —1
0 -1 0 -1 0 1 1 0 1 0
-1 0 -1 0 -1 0 0 -1 0 -1
0 -1 0 1 1 0 0 -1 0 1
-1 0 -1 0 0 —1 -1 0 -1 0
Ay
c,ber— 1
1,1,1,1,1
1,1,1,1,1
c,b—1le— (3
C327<37C37<§51
1a<§v<37€37€§
c,br 1e (3
C3a<327g??a<3a1
1;(3,<§7C323C3
1 0 0 -1 0 0 0 0 1
cs |0 =1 0 |b=| 0 1 0 Je=s|100
0 0 -1 0 0 -1 01 0
0 1 0 0 0 1 0o 0 -1 0 -1 0 -1
0 -1 -1 0 O 1 0 0 0 0 -1 0
-1 0 0 0 -1 0 0 -1 0 1 0 0 0
-1 0 0 0 1 0 0 0 1 0 0 -1 0
0 1 0 0 0 -1 -1 0 0 1 0 0 0
0 0 -1 -1 0 0 0 -1 0 0 -1 0 1



The projective representation with

A =10 =-1,b""cb=—c,e 'ce = —che 'be =ic,e’ = 1.
o 1 0 b 0 1 oy 1 i—1 —i+1
0o -1 )’ -1 0 )’ 2\ —i—-1 —i-—-1
For Q;hl(i)hgi = e®b2¢ht the matrix block

1/ i-1 —i+1\\*/ 0 1\*/1 0 \"

2\ —i—1 —i—1 -1 0 0 -1

i—1 —i+1 i-1 i-1 —i—1 —it1 0 1
i+1 i+l )2\ -1 i1 )2 irr ik )0 -1 0

is given.

L -+l i1
2\ —i+1 i+l )

N|—=
N[ =
—

0 1N o =i+l —i—1Y y(i-1 —i+1\ 1 i=1 i-=1Y\ ;[ —i—1 —i+1
-1 0 )’2 —2+1 ++1 2\ 441 i+1 2 —3—1 44+1 )2 i+1 —i+1
Cs
d—1
1 11 1 1 1
1 1 11 11
1 11 1 1 1
1 1 11 11
dl—><5
AN CERCENCENCINE;
GG G G & G G
1 1 11 11
1 1 11 11
d— (2
g’(;i G G ¢ ¢
G G G G GG
1 1 1 1 1
1 1 11 11
d— ¢3
G G G ¢ ¢ ¢
G G G G ¢ ¢
1 11 1 1 1
1 1 11 11
d— (3
TEREE
G G G ¢ G G
1 11 1 1 1
1 11 1 1 1
Ds
d,c— 1
1,1,1,1,1,1
1,1,1,1,1,1

d—1l,c— —1
-1,-1,-1,1,1,-1

) ) )

1,1,-1,-1,—1,-1

0 G 0 ¢ 0 ¢ G o G o 0 G
2o )\ o)\ o) Lo @)oo @) \¢ o
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a—1

CL’—)Cg

2
a— Q3

a,c— 1

a—1l,c— —1

G3

2
3

2
3

3

C3

2
3

3

G3

G
G3

2
3

1 1 1 1
1 1 1 1
1 1 1
1 1 1 1
G G G
3 G G
11 G
3 GG
;i GG
(3 G G
11 ¢
G G G
1 1
1 1
1 1
1 1
1 -1
—1 1
1 1
1 -1
3 0
0 (3
0 0
(s 2
0 (3
1 0
(3 ) 0
0 (3

2
3

G

2
3

3

3

G
G

-1
-1

1

-1
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7 Manual for the appendix

In the appendix the irreducible representations over C of the space groups with point group As are
described. Also the conjugacy classes are described in the appendix. For each space group there are a
couple of tables that describe the space group and the representations.

point group table
space group table
relations table
representations table
conjugacy class table
the induction tables

IZEGAE

Throughout the tables, a, b, ¢, d, e, f will be the following elements of As: (123), (14)(25), (12)(45), (13245),
(124), (13254).
The following generators are chosen for the subgroups:

Cy C3 V4 D3 Cs Ds Ay As
c a ¢b ac d d,c cbe ab

In the point group table and space group table the different space group are defined. In the relations
and representations table the irreducible representations up to the inertia group are calculated. In the
induction tables the irreducible representations of the space groups are given as a list of factors. In the
conjugacy class table the conjugacy classes of the space groups which are not in the translation subgroup
are calculated.

Point group table

The point group table gives the relevant point group elements for the representations. For the elements
a,b,c,d, e the image of the representation ¢ : A5 — G is given. In the second row the image of the dual
representation ¢! : A5 — G* is given.

Space group table

The space group table gives the different space groups for the point group given in the point group table
up to conjugacy with translations in R™. The space groups are listed by R;. So for every space group R
with the given point group there is a ¢ € R™ and a space group R;, such that {id | t} R{id | —t} = R;.
In the column headed R; the translation vectors of ¢(a) and ¢(b) are given in the rows of respectively
a and b. In the column headed R; the translation vectors that give the symmorphic space group are
given by the general coordinates x,y, z,u,v,w. This is done by translating the origin with ¢, a vector
in general coordinates ie conjugating the space group with {id | t}. In the column headed a stands
the translation part of {id |t} {a|0}{id| —t} and in the column headed b the translation part of
{id |t} {b| 0} {id | —t}. If the space groups R; and R; are isomorphic, then that will be indicated
below the table with R; = R;. The Zassenhaus algorithm [Za48] described in section 2.3 gives the
different space groups for a point group.

Example. In the point group table of the first 4-dimensional group stands:

g ‘ a b
01 0 O 0 -1 0 1
0 0 1 0 0 -1 0 O
YW1 00 0 0 -1 1 0
000 1 1 -1 0 0
The space group table is:
Rl R2 RB
a (r—y,y—z,—x+2,0) (0,0,0,%) (0,0,0,%)
b (z+y—u2yy,—v+y+u) 0 0
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Thus space group R, is generated by the translation subgroup and the following representatives of the
point group in the space group:

01 00 0 -1 0 1
0 010 1 0 -1 0 O
1 0 0 0O ‘ (0’0’075) ) 0 —=1 1 0 | (0307070)
00 01 1 -1 0 0

Relations table

In the relations table for each space groups for the generators of the subgroups pre-images are chosen
and their relations are evaluated. In the first column the generators of the subgroups of As are listed.
For all except the last group, corresponding to Ajs itself, the generators are chosen such that they form
a composition series. ( e.g. g1, 92,93 stands for the composition series (g1) < (g1, 92) < {91, 92,93)). In
the following columns for each space group a pre-image of the last element of the sequence is chosen and
denoted by their translation vector if there is not yet a pre-image chosen for this element. See the table
below:

group R
g
91,92 2

In space group R, the pre-image of gy is {g1 | t1} and the pre-image of go is {g2 | t2}.

The column headed rel gives the defining relations for the subgroups. Only the relations with the last
element are given, since the other relations are already given for smaller subgroups. So if g;, g; generates
a subgroup, then the defining relations are the one given in the column headed rel which consist only of
gi and g;. In the columns that follow the relations are evaluated in the space group for the pre-images.
Let w = u be a relation, then ¢ € T is given so that w = tu in R. If the relation is ¢”, then t € T is
given such that {g | t,}" =t.

group R rel R
g 3] g° 51
gh 2 R hTlgh=g7" sa.s3

The pre-image in space group R for g is {g | t1} and the pre-image in R for h is {h | t2}. The relation for
the group generated by ¢ and h are g° and h%, h~'gh = ¢g—!. In the second row of the last column one
sees that ({g | t1})® = {id | s1}. In the third row of the last column one sees that: ({h | t2})? = {id | s2}

and ({h | t2})"" {g1 [ 1} {h | to} = {id | s3} ({or | t21}) 7"

Representation table

In the representation table the linear representations of T are extended to their inertia groups as de-
scribed in section 3.2. For the linear representations of 7' the inertia groups are calculated and the
representations extended to the inertia groups are given. The representations induced to the space group
are given in the factor table for the non-symmorphic space groups. For each subgroup the points that
are fixed by the dual group are given in the column headed Wyckoff. The conjugation action of G on
the linear representations of T' corresponds with the action of the dual group G* on R™. The Wyckoff
positions for G* are given. A vector k corresponds with the representation t — €™t For each space
group the irreducible representations of the inertia group which restricted to T have the Wyckoff position
as irreducible component are given. The representation is denoted by a sequence of matrices that are the
images of the sequence of generators. (e.g. if ¢ : G — GL,, is a representation of G and ¢, g2, g3 are the
generators of G, then the representation will by denoted by ¢(g1), #(g2), #(g3).) The general coordinates
are given with x,y, z, u. The representation depends on the general coordinates and these are given in
the representation. Thus the linear representation f(z,y, z,u) has been extended to the irreducible rep-
resentation ¢(x,y, z,u) of the inertia group. For the solvable subgroups, then the theory about induction
and restriction is used to calculate the irreducible representations up to the inertia group. The inproduct
of the vector that indicates the Wyckoff position and the vector of the relation in R gives the conjugacy
action of the last element.

Explanation of the symbols e(-), +, (i, ¢}
If » € C, then e(r) := exp(27r). The symbols +, (%, (¢ are introduced to write down representations
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that look very similar in one sequence. The generator can be mapped to the matrix after the symbol
multiplied to any integral power of —1, (3 respectively (5 to get another irreducible representation. Let
g1 92, g3 be generators of the group G and Ay, A, A3 matrices, then the sequence +A4;, ({45, ({ A3 stands
for 2 x 3 x 5 representations, namely (—1)?Ay, (3 As,(FA, fori=0,1,j=0,1,2 and k = 0,1,2,3,4. Let
Vi := (¢, b), then the 4 irreducible linear representations of Vy: (1,1),(1,-1),(—1,1) and (—1,—1) are
abbreviated with (£1,£1).

Example. See the tables below for the second space group of the third 5-dimensional group:

group R rel R
c  (0,3,04,1) ? (—1,1,-2,0,0)
cb (%,0,0,0,0) b2, b~ tch = c (1,0,0,0,0),(—1,-1,1,0,-1)
Cabae (Oa%aoa%a%) 63767106:017767166:6 (373333073)7( ) 37 7070) (O 71771a1771)
group Wyckoff R
02 (Za —QZ—Q—QLOJL@ ie(W)
. 2ytx
o 1 ie(5) 0 0 —e(—y—2x)
V4 ( Y $+2,y7073/,$) 0 _ie(2y2+:v) ) 1 0
11012 icg 0 0 =1\ if —i—1 i-1
A4 (273707373) < 0 _ch ’ 1 0 ’ C32 74+ 1 i—1

Define C := {¢(c) | (0,3,0%,3)},B :={6(b) | (3,0,0,0,0)} and E := {¢(e) | (0,2,0,%,2)}.
The linear representation k; := (z, —2z—y—2z, 0, y, x) has stabilizer Cs, thus inertia group of k; is (C, T)).
Let I' be a to the inertia group extended representation of k;. The first relation ¢? gives that C? = {id | ¢},

with ¢ := (—1,1,-2,0,0). Thus ['(C?) = e?"h1t = ¢(=32 — y — 2z). So I': C' s fe(—21=22),

The linear representation ko := (—y — x + %,y, 0,y, ) has stabilizer Vj, thus the inertia group of ko is
(B,C,T). In the same way as for k; one extend the representation to (C,T). The representation ko
has the following extended representations to (C,T): v; : C — (— )Jz'e(zy%) for j € {0,1}. Now one
looks at the action of B on the representations 7y and 71 to get the representations of ko extended to
(B,C,T). In the relation table one sees that B~*CB = {id | (-1,—1,1,0,—1)} C, thus

4yt —2)(C) = —(0)

’YJB(C) = ’yj(B_ICB) = lyj((_]-v -1,1,0, _1))’%(0) = 6(—1(—y -+ 9

Thus v& = 71, so 4o is not invariant under B. Thus one must induce the representation o to get the
irreducible representations of (B, C,T) that is the extension of the representation ko. The irreducible
2y+x

representation sends C' to ( ie( 02 ) gyﬂg) ) Because B? = {id | (1,0,0,0,0)}, the irreducible

1 0
For A4 and Wyckoff position (%

representation sends B to ( 0 —el=y—2) ), where —e(—y —x) =e(ky-(1,0,0,0, 0)) .
1
27 370> 33

way as for ko. The irreducible representation up to V4 is I' : C,B — ( 283 ?CQ > , ( (1) _01 >
—63

There must now be found a matrix M, such that: M3 =T'(e?) = —1, M~I'(C)M = —-I'(C)I'(B) and

M~IT(B)M = ¢3T(C). It turns out that M is equal to % < _2.:__11 z: } >

) the linear representation is first extended to V4 in the same

Wyckoff position with stabilizer As
The Wyckoff positions with stabilizer As are given by iv where n € N and v € L. This means
that there are n Wyckoff positions: 0, %1}, = 11) For every space group there are given two fac-
tors ¢y, co, such that for every irreducible representatlon a — Ab — B of As, the representations
{a|ta} = c1A,{b]| ty} — c2B is an irreducible representation of the space group. If for all the Wyckoft
positions the factors are equal to 1, then they are not given.

Example. The first 4-dimensional point group has in the relation table the following data:

group Wyckoff R1 Ro
A5 (1a15171) E%Zvl

So there are 5 Wyckoff positions:

(0,0,0,0), (=,



There are no constants in the column of the space group Rj, so for all these Wyckoff positions the
representations are {a |0} — &(a),{b|0} — &(b), for ¢ an irreducible representation of As. In the
column of Ry stands (2%, 1, so for the Wyckoff position ( %, %, %, %) the irreducible representations are
{a|ta} = CEo(a),{b| ty} = ¢(b) for ¢ an irreducible representation of As.

Not all the irreducible representations differ by a factor from the irreducible representations of As. Some-
times the irreducible representations are projective representations of As. All the j such that %v gives in
the space group a projective representation are given by P(j1,j2,js). This stands in front of the factors.
Thus if the factors for %’U are c1, co, then:

If j € {j1,42,43}, then the irreducible representation are {a |t,} — c1I'(a),{b]|ts} — c2I'(b) for all
irreducible projective representations I' of As.

If j & {j1,j2,j3} then the irreducible representation are {a | t,} — ci1¢(a),{b | tp} — cag(b) for all irre-
ducible representations ¢ of As

Example. The first 5-dimensional point group

group Wyckoff R, '

As %(1,1,171,1) P(1,3,5) : ¢4, ¢5 "
The P(1,3,5) means that for (%, %, %, %, %), (%, %, %, %, %), (%, %, %, %, %) the projective representations
are needed. The two constants mean the same as in the regular representations, but instead of the

regular now the irreducible projective representations of As must be used. So for (%, %, %, %, %), the

constants are 1,—1. Thus for every irreducible projective representation I" of A5 the representation
{a|ta} = T(a),{b] ty} — —I'(b) is an irreducible representation for the space group.
17111 1y (22222

For the Wyckoff positions 0, (3, 3,3,3,3),(5,5: 3,3, 3) the constants are respectively 1,1, (3,(¢3 and

(3,(2. These constants must be multiplied with the regular representation.

The conjugacy class table

The representatives for the conjugacy classes of the space groups are found by the theory in chapter 5.
The conjugacy classes are first listed by the conjugacy classes of the point group As. The representatives
are a, b, d, f and of course id. For each representative except for the identity the conjugacy classes are
described in the column below it. Let g € {a,b,d, f}. The vector in the column headed g and in the row
with alg is in general coordinates ¢(x,y, z,u) and the vector in the column headed g and in row with rep
is in general coordinates s(u, w, v, iy, jm). The vectors ¢ such that for s € T, {g | t, + s} is in the same
conjugacy class as {g | ty +t + s} by reason of conjugation of {g | t, + s} with T" are the following:

{t(.’l},y, Z,’U,) + S(O’ 0; Oamima m.]m) LY, 25U, @mvjm € Z}

This set is the space (id — ¢g)T'. In the row with rep the representatives of My = T/(id — g)T are given.
The representatives are given in general coordinates u, v, w and bounded coordinates i.,, j,, for m € N.
Let t(u,v,w,%m, jm) be a vector written in these coordinates, then the representatives of M, are:

{t(uavawaim7jm) UV, W E Za me]m € {07 ) T — 1}}

For g € {a,d, f} these are representatives for the conjugacy classes. These are the vectors such that
{g| ty +t} are the representatives of the conjugacy classes that have a group element with g as linear
part, since Ca,(g) = {g). To get the conjugacy classes of g in R/nT one must also consider the actions
t— t+ns on My for s € T. This results in taking the vectors modulo Z,,. So the representatives of the
conjugacy classes are:

g |ty +t(uw,v,w,0m,5m)} 1 0 <w,v,w <n—1, 0 <y, jmn < ged(m,n) — 1}

For b the centralizer is equal to Vj so ¢ acts also on M;. The action of ¢ on M, is given in the row headed
a as action on the representatives. If for a space group the action of c is different than the action of ¢ in
the symmorphic group, the action is denoted with the point group in the first column. In the fourth row
of the column headed b the representatives that represent elements of M, that are fixed by the action of
Vi are listed. The vector could have a fraction % For this fraction the numbers m € Z,, that satisfies
2m = ¢ mod n are inserted to get the representatives. Thus if ¢(u,v, %, %) is in the fourth row of the
column headed b then the following representatives of M, are fixed by conjugacy of C'in M:

{t(u,v,m,k) : u,v,m,k € Z | 2m =12k = j}
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In R/nT the elements {b | t, +t} that are mapped by C to an element that is also the conjugacy of
{b| tp + t} with an element of T are the following:

{{b ]ty + t(u,v,m, k)} s u,o,mk €Z|2m=i2k=j mod n}

If however there are in the fifth column three polynomials, then only if ged(n, 4) = 4 there is inserted 3.
So then if ged(n, 4) = 2 the elements fixed by C in M, are:

{t(u,v,0,0) : u,v € Z}
and if ged(n, 4) = 4 the elements fixed by C in M, are:
{t(u,v,m, k) : u,v € Z,m,k € {0, g}}

The representatives for b are given in the text below the table. The first inequality is for the whole space
group and the next inequalities are for R/nT. For space groups with different representatives than the
symmorphic space group the representatives will also be given.

The representatives with id as the point group element can be derived from the linear representations of
the dual group. These are the representatives of the fundamental domain.

The number of conjugacy classes with an element with linear part g are in the last row as polynomials
of n. With the i,,’s the relevant numbers are described. The polynomial is the same for n’s who have
the same common divisor with m. The polynomials are listed in the order of the divisors of m from 1
up to m. For the conjugacy classes with b the polynomials are for ged(n,2) = 1, then for ged(n,2) = 2
and if necessary for ged(n,4) = 4.

Example. The first 5-dimensional point group has the following conjugacy table.

g a b d f
alg  (x,y,3z 4+ 2y + 2z, 2,2z + 3y + 3x) (y, z, 9,2y — x, 2y) (z,—z,v—dz —y,y —x,—v—2) (r,—2,v—4z—y,y—x, —v—y)
rep (0,0, u — i3, 0,2u — ig) (0,0, u, v, w) (0,0,0,0,u) (0,0,0,0, u)
{—u,v — 2u, w — 2u} (0,0,0,v, w)
n,3n %(n3 + n2), %(n3 + 2n2) n n
Ro {—u—1,v—2u—1,w—2u—1} (0,0, St v, w)

1,3 2y 1,3
z(n% 4+ n%), 5n

n
0<u,0<v,w<<n—-—1,0<u< —
2

n 1

0<u,0<v,w<<n—-—1,0<u<
2

For the symmorphic space group the table gives the following information.
The action of ¢ on M, is thus (u,v,w) — (—u,v — 2u,w — 2u). The representatives for the conjugacy
classes of ¢ are:
{a|te +(0,0,u—14,0,2u—14)} i€{0,1,2}
{b]ty+ (0,0,u,v,w)} 0<u
{d] 1+ (0,0,0,0,u)}
{f | tf + (07 Oa 07 07“)}

The description of the representatives for the conjugacy classes of R/nT depends on the value of ged(n, 6).
If the ged(n,6) = 1, then the representatives are:

{a|te+(0,0,u,0,2u)} O<u<n—1
{b|ty+(0,0,u,0,w)} 0<u<20<v<n-1,0<w<n—1
{d|tq+(0,0,0,0,u)} 0§u§n—1
{f|ty+(0,0,0,0,u)} O0<u<n-1

The number of elements in the conjugacy classes are respectively n, (n +n?),n,n
If the gcd(n, 6) = 3, then the representatives are:

{a]te+(0,0,u+1,0,2u+1)} O<u<n—1 0<i<2

{b]ty+ (0,0,u,v,w)} 0<u<i Lo<v<n—-1,0<w<n-1
{d|tqa+(0,0,0,0,u)} O§u§n—1

The number of elements in the conjugacy classes are respectively 3n, (n +n?),n,n
If the gcd(n, 6) = 2, then the representatives are:

{a|ts+(0,0,u,0,2u)} 0<u<n-—1
{b]ty+(0,0,u,v,w)} 0<u<F,0<v<n-1,0<w<n~-1
{d]ta+(0,0,0,0,u)} O0<u<n-—1
{f|ty+(0,0,0,0,u)} O0<u<n-—1
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The number of elements in the conjugacy classes are respectively n,

2(n®+2n%),n,n

And if the ged(6,n) = 6, then the representatives are:

{a|te+(0,0,u+10,2u+1)}
{b | tb+(0707u )}
{d] td+(0,0,0,0 u)}
{f ‘ tf+(0707070 u)}

The number of elements in the conjugacy classes are respectively 3n,

0<us<n—-1,0<:1<2
0<u<5,0<v<n-1,0<w<n-1
0<u<<n—-1

0<u<n-1

$(n®+2n%),n,n

The action of ¢ on My, is for space group Rs the following: (u,v,w) + (—u—1,v —2u — 1, w — 2u — 1).
The representatives for Ry are the same as for RB; up to the ¢, except for the representatives with linear
part b. For the space group R the representatives with linear part b are the following;:

gcd(n,6) rep
1,3 {b]ty+(0,0,u,0,w)} 0<u<27L0<v<n-1,0<w<n—1
2,6 {b]ty+(0,0,u,0,w)} 0<u<2:20<v<n-10<w<n-1

If the ged(n,6) is equal to 1 or 3, then the number of conjugacy classes with linear part b is equal to
l(n3 + 2n?)

5 .

If the ged(n,6) is equal to 2 or 6, then the number of conjugacy classes with linear part b is equal to
nd

Example. The third 6-dimensional space group has the following values relevant for b in the conjugacy
class table:

g a b
alg (Sﬁ’,y7 —35—%2'7%—2’—2/) (_an _xa()?xvy"i_ma_x)
rep (0,0,IU,0,0,U) (12 +2.72 +u?0a _iQ,U,O, _.]2)
{i2+2j2+u7 —jg—u—v,—u, _U} (i25j27%7%)
n? 3(n? +1),3(4n? + 4), 3(4n? + 16)
Ry {ia + 2j2 +u, —jo —u—v — 2, —u, —v} (i2,52, 5 3)
3(n? +1),3(4n? +4), 3(4n? + 16)
If (u,v) = (0,0) mod 2
0<u, Oguggﬁgvgn—l
If (u,v) = (1,1) mod 2
in = 0, Oguggﬂgvgn—l
If (u,v) = (0,1),(1,0) mod 2
j2=0, 0<u<Z,0<v<n—1

In the column headed a the fourth row gives the action of ¢ on M; for the symmorphic space group. So
the action of ¢ on My = Zs X Zy X Z X Z in the symmorphic space group is:

(ilana Uu, U) = (ZQ + 2.]2 + u, _j2 —-—u—-7,-u, _U)

In the following column stands (iz, jo, %, %) and three polynomials of n. This means that (0, 0) is fixed by
cif gde(n,4) = 1, (i2, j2,0,0) is fixed by c if ged(n,2) = 2 and (iz, j2, 5, §) is fixed by c if ged(n,4) = 4.
For the space group one has the following representative for the conjugacy classes with b:

For Z x Z the representatives are (u,v) with 0 < u.

For (u,v) with w =v =0 mod 2 the representatives are:

{b]|ty + (4,0,0,v,0,0)},{b]| ty + (1 + w,0,—-1,v,0,0)},
{b]ty+ (2+u,0,0,v,0,—1)},{b | tp + (3 +w,0,—1,v,0,—1)}
For u =v =1 mod 2 the representatives are:
{b ]ty + (4,0,0,0,0,0)},{b | tp + (1 +u,0,-1,v,0,0)}
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And for u =v =1 mod 2 the representatives are:
{b|tp+ (u,0,0,v,0,0)},{b | tp + (2 4+ u,0,0,v,0,—1)}

For the group R/nT with ged(n,2) = 1 one has the representatives {b | ¢, + (u,0,0,v,0,0)} for 0 < u <
5,0<v<n—1

For the group R/nT with ged(n,2) = 2 one has the same representatives as for the whole space group
except that 0 <u < § and 0 < v < n—1. The number of conjugacy classes with b in R/nT" are %(n2 +1)
if ged(n,4) = 1, (4n? + 4) if ged(n,4) = 2, and 1 (4n* 4 16) if ged(n,4) = 4.

The number of orbits in a Wyckoff position

For the Wyckoff positions of the dual space group R* = G* x T the number of orbits on Z" with that
Wyckoff position is calculated with lemma 32 in section 4.4. For each group the number of orbits in
a Wyckoff position with that group as stabilizer is given as polynomial of n. The polynomial depends
on the ged(60,7n) and is given for all these cases. The number of representations can be calculated by
multiplying the number of orbits in a Wyckoff position for a subgroup with the number of extended
representations of one linear representation in the Wyckoff position, see again lemma 32.

The induction tables

The irreducible representations of the inertia groups are induced to the space group as described in
section 3.3. For every Wyckoff position the orbit of the vector is given. The orbit is given in the order
in which the transversal for the induction is chosen. Thus if wy, ws, w3, wy, ws € R™ are given, then the
induced representation ¢ has on the translation subgroup the following matrix:

2wt ) 0 0 0
0 627riu12~t 0 0 0
o({id | t}) == 0 0 eXwst 0
0 0 0 vt g
0 0 0 0 st

For every non-symmorphic subgroup the induced representation is the same as a one of the standard
representations given in section 6.2 up to a constant with absolute value 1 for every matrix block. For
every Wyckoff position the logarithm of these constants are given by two sequences. The first sequence
is for {a | t,} and the second for {b|ty}. So if A;,...,A,, is the sequence of matrix blocks, p the
permutation of the induction and ¢y, ..., ¢, the sequence of constants, then e2™1 Ay, ..., e2™m A, pis
the image of {a | t,} of the irreducible representation.

Example. The Wyckoff position of (2, —2x,0,0,0) has stabilizer D5. The orbit of (z, —2z,0,0,0) is:

(z,—2,0,0,0) (2,0,0,—2x,0) (z,0,—2x,0,0)
(—5x, 2z, 2z, 22, 22) (x,0,0,0,—2x)  («,0,0,0,0)

The sequence of constants are:

13 _T 1 _ 13
-5 3T 3T 5x 2z 5 &
0 o 2z -2z L 1,

2 2

These tables stands for 4 representations. For example the induced representation of the representation
d— l,c— —1. ¢({Zd | (tl,tg, ts, t4, t5)} =

o2mi(wt —2ats) 0 0 0 0 0
0 eQwi(mt1—2mt4) 0 0 0 0
0 0 627r72(zt172xt3) 0 0 0
0 0 0 e27r7,'(751t1+2:Jc(t2+t3+t4+t5)) 0 0
0 0 0 0 e27ri(mt1—2wt5) 0
0 0 0 0 0 e2mivts

The permutation of a is:
4 6 1 3 2 5
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and the sequence of matrix blocks is:

-1,-1,-1,1,1, -1
so o({a | tq}) =
0 0 —e2mizr 0 0
0 0 0 0 e 2mi2e 0
0 0 0 e2misT 0 0
—e—2migw 0 0 0 0 0
0 0 0 0 0 —emife
0 —e2mizw 0 0 0 0
The permutation of b is:
2 1 3 4 6 5
and the sequence of matrix blocks is:
1,1,-1,-1,-1,-1
so ¢({b | tp}) := A
0 e2mic 0 0 0 0
1 0 0 0 0 0
0 0 —e2rize 0 0 0
0 0 0 —e—2mijw 0 0
0 0 0 0 0 e2mie
0 0 0 0 e"2mig e 0

Since the translations, {a | t,} and {b | ¢,} generate the space group this determines the irreducible rep-
resentation.

If the inertia group is V4 or Ay it is possible that the representations are projective. This can be seen
from the dimension of the induced representation. One has the projective case iff the representation is
2-dimensional. In that case one must take the sequence of matrices for the projective case.

Example. The second space group of the third integral group of dimension 5 has Wyckoff position

(3,%,0,%,2). The orbit is:

12021 19212 1211 11201 11122
(ﬁagaoagag) (570757575) (§7§7§7§70) (ﬁagagaoag) (§7§7§7§7§)
The sequence of constants are:
15 3 7 1
6 12 4 12 3
3 1 3
00 3 7 1

Let ¢ be the irreducible representation. The representation extended to the inertia group is 2-dimensional,
thus ¢({id | (t1,ta,t3,t4,t5)} is equal to the diagonal matrix with on the diagonal:

(_1 t1 C2t2+2t4+t5 1)t <2t2+2t4+t5 1)t <2t3+t4+2t5 1)t 42t3+t4+2t5

2to+t3+t 2to+tz+t to+2t3+t to+2t3+ts
(—1)“% it j—2t4+2t -1 “C% it 12t4+2t (=D (m)hgT
(_1)t1C32 3 4 5 (_1)t1<32 3 4 5

The permutation of a is:
51 3 4 2

and the sequence of matrix blocks is:

Ay Ao As Ay As
L mil o —im 1 g i=1 o —i 1\ g =1 =1\ [ —i—1 il 0 1
2 —1+1 ++1 2 i+1 41 2 —1—1 141 2 i+ 1 —1+1 -1 0

So ¢({a | ta}) :=

0  —iG3As 0 0 0
0 0 0 0 GAs
0 0  —id; 0 0
0 0 0 iGGAs 0
— (34, 0 0 0 0



The permutation of b is:
1 4 5 2 3

and the sequence of matrix blocks is:

Bl BQ B3 B4 B5
0 1 1 —1+1 —1-1 1 i—1 —i+41 1 i—1 1—1 1 —1—1 —i+1
-1 0 2\ —i+1 i+1 i+1 i+1 2\ —i—1 i+1 2 i+1 —i+4+1

So ¢({b [ tn}) :=

=

By 0 0 0 0
0 0 0 1By 0
0 0 0 0 —iBy
0 By 0 0 0
0 0 —iBy O 0

7.1 A set of orbit representatives

For each point group a set of orbit representatives for the symmorphic group is calculated as described
in chapter 4 especially section 4.3. A fundamental domain F' is calculated by calculation a Voronoi cell
of a point v with respect to the points in its orbit. The fundamental domain is given by a sequence
of inequalities for the facets and the vertices of the domain. The inequalities are given by a vector
p € R™ and a constant ¢. The p and ¢ are given such that V,er(x,p) < ¢. The inproduct is the
standard inproduct on R™ NOT a G-invariant one. Thus the inequality ; + 225 + 323 < 4 in
R3 is denoted by (1,2,3) 4. The vector p and the constant ¢ are chosen such that they are both integral.

It is possible that there are multiple points of one orbit on the boundary. For the boundary a set
of representatives is chosen by looking at the orbits of the faces of the fundamental domain. For each
dimension m there is a set of orbit representatives chosen for the m-faces. For the chosen m-faces a
set of orbit representatives for the stabilizer for that m-face is chosen. The inequalities necessary for a
fundamental domain on the m-face are called additional inequalities and is sometimes abbreviated with
ad. ineq.. A additional facet is a facet of a fundamental domain of an m-face that lies in the hyperplane of
an additional inequality. Sometimes additional facet is abbreviated with adfacet. Only the interior points
of the m-face in that set of orbit representatives for the stabilizer are in the set of orbit representatives
for the symmorphic group. The facets are given by their number. The other faces are unless otherwise
stated given by the numbers of the vertices that are on the face. An m-face P is fixed by H < Aj if
there is a group S in G x T isomorphic to H such that sP = P for all s € §. The face P has stabilizer
H if P is fixed by H.

Example. A set of orbit representatives for the symmorphic group with point group Cjy:
0 -1
(r:= ( i >>

The fundamental domain is the Voronoi cell of the point (%, %)
The faces:

is described by the following.

1. (1,-1) 0 2. (0,-1) 0 3. (1,1) 1

The vertices:

The incidence table in given below:

v\p 1 2 3
1 X X
2 X X
3 X X

The representative facets are 1, 2.
The facet 2 has stabilizer Cs.
The representative vertices are 2 and 3. The vertices 2,3 are fixed by Cj.

So the set of orbit representatives is the union of the following points:
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1. The interior of the fundamental domain: {(z,y) |z —y <0,—y <0,z +y <1}
2. The interior of facet 1: {(z,y) |2 —y=0,—y <0,z +y < 1}
3. The interior of facet 2: {(z,y) |z —y<0,—y=0,z+y <1}

4. The vertices (3, 1) and (1,0)

In the next figure the points inside the triangle, the green lines and the red dots are in the set of orbit
representatives.

05 F 4

il |
o2k _

o1k .:A.=“' 4

Example. A set of orbit representatives for the symmorphic group with point group generated by
-1 0
0o -1

The fundamental domain is the Voronoi cell of the point (1, 1).
The faces:

has the following description.

1. (4,-4) —2 2. (4,4) 4 3. (=4,4) —2 4. (-4,-4) 0

The vertices:

The incidence table:

1 X X
2 X X

3 X X

4 X X

The representative facets are 1,2,3,4. All are fixed by C5. The fundamental domain on the facets are
the following:

face ver ad. ineq. vertices vertices on adfacet
L1 @22 1 L) 0.3)
2 3 (27_2) 0 3?(%75) (%aﬁ)
3 3 <_25_2) -1 37(§?O> (5,0)
4 1 (—2,2) 0 1,(0,0) (0,0)

The representative vertex is 1. This vertex has trivial stabilizer.

So the set of orbit representatives is the union of the following points:

1. The interior of the fundamental domain:
{(z,y) |22 -2y < —l,z4+y<1l,—2x+2y<—1,—xz—y <0}

2. The interior for face 1: {(x,y) |20 —2y=—-1,20+2y < 1,—x —y < 0}
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3. The interior for face 2: {(z,y) |z +y=1,2—y <0,—2zx+2y < —1}

4. The interior for face 3: {(z,y) | -2+ 2y =-1,—2z -2y < —l,x +y < 1}
5. The interior for face 4: {(z,y) | -z —y=0,—z+y < 0,2z — 2y < —1}

6

. The vertex (—1, 1)

The points (0,0), (1,0), (3, %) and (0, 3) have stabilizer Cs.
In the next figure the orbit representatives are given. The points inside the square are in the set of orbit
representatives. The green lines are the representatives for the facets. The red dot is the representative

for the vertices.

075 /\
05} \
N\,
Y
\\
025 | « }ﬁ\
\ {)s{)‘f
“ #
Wy, f‘
oy F 4
D- \/
025}
-0.25 0 0.25 05 0.75
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