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Abstract. Homological invariants or homological functors of groups have their roots in
algebraic K-theory and homotopy theory. They were first used in algebraic topology,
but are common in many areas of mathematics. The homological invariants are also
used in group cohomology to classify abelian group extensions. Researches on homo-
logical invariants have grown intensively over the years. In this paper, recent updates
of the homological invariants of Bieberbach groups with certain point groups will be
presented. Furthermore, some of the homological invariants of a Bieberbach group of
dimension six with quaternion point group of order eight are computed.
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1. Introduction

Homological invariants are useful tools in mathematical areas such as in algebraic
number theory, block theory of group algebras and classification of finite simple
groups. A Bieberbach group is a torsion free crystallographic group in which
all elements are of infinite orders except its identity. It is an extension of a
free abelian group, L of finite rank by a finite group, P. In other words, there

is a short exact sequence L % G % P such that G/¢(L) = P where ¢ is a
monomorphism and ¢ is an epimorphism. Furthermore, the image of ¢ is the
kernel of o.

Being one of the torsion free crystallographic groups, Bieberbach group has
the symmetry structure. It widely covers the enumeration of the symmetry
structure which can be formed in a crystal and as for that a crystal has a close
relation to group theory and geometry. One visualizes a crystal as an interlocking
system of atoms that can move indefinitely in any way filling up all space and
at the same time developing the regular pattern. Our mathematical approach is
to replace the regular pattern by the group G with rigid motions on Euclidean
space that preserve it. When one contemplate a crystal as a regular pattern, all
solid motions which transform this pattern into itself are symmetry transform
in which it can be given a group structure such as homological invariants. Each
subgroup of orthogonal group is called a point group, because it leaves the origin
invariant. Thus, any point group which transforms a lattice into itself is called
a crystallographic point group [8].

A technique developed by Blyth and Morse [4] which is v(G) will be used
where

v(G) = (G,G?|R, R?,[g,h¥]" = [¢", (h")?] = [9,h¥]"" Y, 9, h € G)

where g" = h='gh and [g,h] = g~'¢". This technique is applied in which the
polycyclic presentations were constructed by using their matrix representation
and then were tested to be satisfying its consistency relations. It is necessary to
show the consistency of the presentation before its homological invariants can
be determined.

Researches on the homological invariants of various groups have gained sig-
nificant interest over the years. Algebraic K-theory and homotopy theory were
the origin of these studies while extending the ideas of Whitehead [22]. It was
started by the study of the nonabelian tensor square which is one of the homo-
logical invariants by Brown and Loday [5]. Then, Brown et al. [6] introduced
the homological invariants of a group G in Figure 1. (see Figure 1).

In this paper, the homological invariants which are considered are the non-
abelian tensor squares (G ® G), the kernel of the nonabelian tensor square
(J(G)), V(G), the exterior square (G A G) and the Schur multiplier (M (Q)).
Furthermore, the computation of the central subgroup of a Bieberbach group
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Figure 1. The commutative diagram of the homological invariants.
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of dimension six with quaternion point group of order eight will be shown. All
definitions and propositions that are used throughout this research are stated in

the following.

Definition 1.1. [1] The nonabelian tensor square of a group G, denoted as GG,

is generated by the symbols g ® h for all g,h € G subject to the relations

gh@k= (3" k") (h®@k) and g ® hk = (g © k)(¢" @ h¥)

for all g,h,k € G, where g" = h='gh.

The group G acts naturally on the nonabelian tensor squares by (g ® k)" =
(¢"®k") and there exists a homomorphism x : GRG — G’ defined by k(g®@h) =
lg, h] where [g,h] = g~'h~1gh. Another homological invariant, known as J(G),
which is the kernel of the nonabelian tensor square is defined as in the following:

Definition 1.2. [2, 15] Let G be a group. Then, J(G) is the kernel of the homo-
morphism of the nonabelian tensor square with k : G ® G — G’ and kernel(k)

= {z € G|kernel(k) = 1}.

Next, a central subgroup of G ® G, known as V(G), is defined as follows.
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Definition 1.3. [2] Let G be a group. Then, V(G) is the subgroup of J(QG)
generated by the elements x @ x for all x € G.

Besides, another three homological invariants are stated in the following def-
initions.

Definition 1.4. [2] The exterior square of a group G, denoted as GAG, is defined
to be
GNG = (G® G)/V (G)

For g and h in G, the coset (¢ ® h)V(G) is denoted by g A h.
Definition 1.5. [2] The Schur multiplier of a group G, M(G), is defined to be

M (G) =TG5 ()

Definition 1.6. [7] ( Polycyclic Presentation) Let F), be a free group on generators
Gis- -+, 9n and R be a set of relations of group F,,. The relations of a polycyclic
presentation E n/p have the form.:

i Ti,i in ;
9 =91 - gnt foriel,
1 Yijj i . .
g]. glg] = gj+JlJ+1 e zﬂv fO’f’] < 7,
1 Zij,j iim .. .
959:9; = g;y07 " gnh forg<iandj &l

for some I C{1,...n}, certain exponents e; € N fori € I and ; ;,Yi jk, %ijk €
Z for all i,j and k.

Blyth and Morse [4] proved that if G is polycyclic, then G ® G is polycyclic.
Hence, G ® G has a consistent polycyclic presentation. The following definition
is needed in order to check the polycyclic presentation of a group that has been
constructed using the above definition satisfies all the consistency relations in
order to compute its homological invariants later.
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Definition 1.7. [7] (Consistent Polycyclic Presentation) Let G be a group gen-
erated by gi,...,9n and the consistency relations in G can be evaluated in the
polycyclic presentation of G using the collection from the left as in the following:

9r(959:) = (9r95)9: for k> j > i,
(gje'j )gi = gjjil(ngi) forj>i,jel,
9i(95") = (9590095 " forj>iiel,
(95)9i = 9i(95") foriel,

95 = (9597 )gs forj>iiél

for some I C {1,...,n}, ¢ € N. Then, G is said to be given by a consistent
polycyclic presentation.

Theorem 1.8. [16] Let G be a group. Then, the map 0 : GG — [G,G¥]|<v(G)
defined by o(g ® h) = [g,h¥] for all g,h in G is an isomorphism.

The theorem above indicates that G ® G is isomorphic to [G, G¥]. Hence, in
this paper, [G, G¥] is computed in order to find the nonabelian tensor square of
a group.

To find the exterior square of a group, G AG, the next theorem that indicates
G NG is isomorphic to [G, G¥],(q) is stated. Before that, the following definition
is needed.

Definition 1.9. [4] Let G be any group. Then 7(G) is defined to be the quotient
group ¥ (G) o (V(G)) where 0 : G ® G — [G,G¥] is as defined in Theorem 1.8.

Theorem 1.10. [4] Let G be any group. Then, the map
c:GNG — [G,GLP]T(G) < T(G)
defined by 6(g A h) = [g,h¥]() is an isomorphism.
Hence, in this research, [G, G¥],(q) is computed in order to find the exterior
square of a group. Since 7(G) is a subgroup of v(G), [g, h¥]; () coincides with

[g, h?]. Therefore, in this paper, for simplification, [g,h¥] is used instead of
[ga hw]T(G) .

Theorem 1.11. [4] Let G be a polycyclic group with a polycyclic generating se-
quence g1, ...,gk. Then [G,G?], a subgroup of v(G), is given by

(G, G?] = (l9:9¢1, 197, (9)°], [9i, 97 Vg 91)
and [G,G%]. (@), a subgroup of T(G), is given by

(G, Gy = (197, (99)7), (95, (9)°])
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for 1 <i<j <k, where

+1 if |gil = o0

and

i gl =

Theorem 1.12. [3] Let G be a group such that G is finitely generated. Assume
that G is the direct product of the cyclic groups (x;G'), fori=1,...,s and set
E(G) to be ([zi,x¥]|i < j)[G,G"?]. Then the following hold:
(i) V(G) is generated by the elements of the set {[x;,xf], i,z
1<i<yj<s};
(ii) [G,G?] =V(G)E(G).

Fl

][xjazi

The next theorem is used to identify the order of the elements.

Theorem 1.13. [9] Let G and H be groups and let g € G. Suppose ¢ is a
homomorphism from G onto H. If ¢(g) has finite order then |¢(g)| divides |g|.
Otherwise the order of ¢(g) equals the order of g.

In the next theorem, some properties of the ordinary tensor product are
presented.

Theorem 1.14. [23] Let A, B and C be abelian groups and Cy the infinite cyclic
group. Consider the ordinary tensor product of two abelian groups. Then

(ii) Co® Cy = Cy,

(iii) Cn ® Ci = Cyed(n,m), for n,m € Z, and

(iv) A (BxC)=(A®B) x (A ().

Theorem 1.15. [6] Let G and H be groups such that there is an epimorphism
n: G — H. Then there exists an epimorphism o : G ® G — H ® H defined by

a(g ® h) =n(g) @n(h).

2. Recent Advancements on Homological Invariants of Bieberbach Groups

This section provides some results on the homological invariants of Bieberbach
groups with certain point groups, namely Cs, C5, C5, Dy and S3. The pre-
sentation of the groups can be found in Crystallographic Algorithms and Table
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(CARAT) package [24]. The following are results of some homological invariants
for two Bieberbach groups with point group C found by Masri [9] in which their
nonabelian tensor squares are abelian and the results can be extended to find
the nonabelian tensor squares for this group of the same family up to dimension
n. The research was then extended by Mat Hassim [10].

Theorem 2.1. [9, 10] Let Bi(n) and Ba(n) be the first and second Bieberbach
groups of dimension n with cyclic point group of order two. Then their polycyclic
presentations are

Bi(n) = (a,l1,lz, ..Dnla® = 1o, 1y = 171,01 = 13,1 1 = 1),
BQ(n) = <a/)ll7l2) "'l’rLlaQ = Z37a ll = Z27a l3 = l3)a Zk = lk7li l] = l])

foralll1 <i<j<mnandk=4,5,..n respectively. Then, Table 1 summarized
the results for their homological invariants.

Table 1: The Homological Invariants of two families of Bieberbach Groups with
Point Group Cs

Bi(n) =1 =2
Bi(n) @ Bi(n) | C2" 3 x Ca x C"V  for n > 2| Cox "V for n > 3
CE=SY) w(n=1)
V(B;(n)) Cy 7 xCuxCyitforn>3 Cy 2 forn>4
1 == - P CERIGE)
Bi(n) ANBi(n)| C, 2 x Cy~“forn>3 |C, 2 x Co forn >4
=2 ("=D =2 ("=D)
M(B;(n)) C, ?2 x Cy—2 C, 2 x Cy

The results for other homological invariants of B;(n) in which their non-
abelian tensor squares are not abelian can be summarized in Table 2.

Table 2: The Homological Invariants of two families of Bieberbach Groups with
Point Group C5 with Nonabelian Nonabelian Tensor Square

B;(n) i=3,n=3 |[i=4n=>5
B;(n) ® B;(n)| Nonabelian | Nonabelian
J(Bi(n)) [C3xCixC3| CJxC3
M(B;(n)) Co C3 x C3
B;(n) A Bi(n)| Nonabelian | Nonabelian

Theorem 2.2. [10] Let G;(n) be the it Bieberbach groups of dimension n with
cyclic point group of order three. Then, the following table are the results for the
homological invariants of these groups.
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Table 3: Homological Invariants of all Bieberbach Groups with Point Group Cj

Gi(n)  |Gi(n) ® Gi(n) | V(Gi(n) | J(Gi(n)) | M(Gi(n)) | Gi(n) A Gi(n)
i=1,n=3]| Nonabelian |[Co x C3|C§ x C3 Co Nonabelian
i=2,n=4]| Nonabelian |C3 xC5|CH x C5| C3 x C3 | Nonabelian
i =3,n=4| Nonabelian Cc3 C3 C? Nonabelian
i=4,n=>5 | Nonabelian |[Co x C3|Cj x C3 Cg Nonabelian
i=6,n=>5| Nonabelian CS clo Cs Nonabelian
i=T7,nmn="7]| Nonabelian |C3 x C3|C§ x CY| C3 x C2 | Nonabelian
i=8n=6| Nonabelian [Cj x C3|C§ x C3 Cq Nonabelian
i =10,n = 6| Nonabelian clo cir Ccy Nonabelian

Theorem 2.3. [10] Let H;(n) be the it" Bieberbach groups of dimension n with
cyclic point group of order five. Then, the results for the homological invariants
of these groups are given in Table 4.

Table 4: Homological Invariants of all Bieberbach Groups with Point Group Cj

Hi(n) | Hi(n)® Hi(n) |V(Hi(n)|J(Hi(n)) | M(Hi(n)) | Hi(n) A Hi(n)
i=1,n=>5| Nonabelian |Cox Cz|Cs x C? C3 Nonabelian
i=2,n=6| Nonabelian |[Cs xC5|CE xC3 | C3 xCs Nonabelian
i =3,n=6| Nonabelian Cc3 CS Cc3 Nonabelian

Further research on Bieberbach groups had grabbed interests of some other
researchers which include Mohd Idrus [11, 12], Mohammad et al. [13], Wan Mohd
Fauzi [21] and Tan et al. [18]. They computed some homological invariants for
Bieberbach groups with nonabelian point group, namely the dihedral point group
of order eight. The homological invariants of these groups are presented in the
following theorem.

Theorem 2.4. [11, 12, 13, 21, 18] Let D;(n) be the it" Bieberbach groups of
dimension n with dihedral point group of order eight. Then, Table 5 shows the
results of some homological invariants of the groups.

Table 5: The Homological Invariants of Some Bieberbach Groups with Point
Group Dy

D;(n) i=1l,n=4 i=2,n=5 | i=3,n=>5 i=4,n=>5
D;(n) ® D;i(n) | Nonabelian | Nonabelian | Nonabelian Nonabelian
V(D;(n)) CZ x C4 C2xCy |C3xCixCi| CixCixC:
J(D;(n)) C3xCy |[CoxCixCo|lCaxCixC3]C3xC3xC3xCy
M(Dz (n)) 1@ Co Co Co
D;(n) A D;i(n) | Nonabelian | Nonabelian | Nonabelian Nonabelian
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In 2014 onwards, Tan et al. [19, 17, 20] focused on Bieberbach group with
symmetric point group of order six and the following theorem summarized the
homological invariants that have been computed by them.

Theorem 2.5. [19, 17, 20] Let S;(n) be the it" Bieberbach groups of dimension n
with symmetric point group of order six. Then, Tables 6 and 7 show the results
for the homological invariants of these groups.

Table 6: The Homological Invariants of Bieberbach Groups with Point Group
Ss forn >4

Si(n i=1,n>4 1=2,n>4
Si(n) ® Si(n) Nonabelian Nonabelian
(n=2)(n—=3) (n=2)(n=3)

V(5in) o xC3 P xCs | Gy X Cr 3 x C37% x Cy
J(Si(n)) C(()n_s)Q x 370 % Oy Cé"_3)2 x C2"3) 5 o) w0y
=) " R 5 -
M) Gy *  xCy Cy x O3 x O~
Si(n) A Si(n) Nonabelian Nonabelian

Table 7: The Homological Invariants of Bieberbach Groups with Point Group
S3 forn>5

Si(n)) Co °

Nonabelian Nonabelian

Si(n) i1=3,n>5 i1=2,n>5
Si(n) ® Si(n) Nonabelian Nonabelian
"=2)(n=3) =2 (n=3) 5
V(S;i(n)) C, ° Cy 2 x C3~
J(Si(n) R EE R SR e e s
m—3)(n=1) 3 (n=3)(n=1) 5 -
(Si xC5 | Cy 2 x C5 x CF
Si(n) A S;(n)

3. Main Results

The isomorphism types of space groups were designed by Opgenorth et al. [14]
and the tables were given in CARAT package [24] to enable the user to construct
and recognize space groups. Based on [24, 14], a Bieberbach group of dimension
six with point group Qg is isomorphic to one of these groups, namely G; where

(1)

G1 = {ag,a1,l1,12,13,14,15,16),

where

[0 0 1000 0] (0000100 0
0 00100 0 00-1000 0
-1 00000 0 0100000

ap=1{0-100000|, a=|-100000 0],
0 00010-1 000001—3
0 00001 1% 0000100
[0 00000 1 | (000000 1|
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(100000 1] (100000 0]
0100000 0100001
0010000 0010000
0001000, Ib=0001000],
0000100 0000100
0000010 0000010
000000 1] 000000 1]
(100000 0] (100000 0]
0100000 0100000
0010001 0010000
0001000, IL=0001001],
0000100 0000100
0000010 0000010
000000 1] 000000 1]
(100000 0] [1000001]
0100000 0100000
0010000 0010000
0001000, andlg= (0001000
0000101 0000100
0000010 0000011
000000 1] 000000 1]

G1 = (ag,a1,l1,l2,13,14,15,1ls) has been shown to be isomorphic to Q1(6) =
{a,b,¢,11,12,13,14,15,16) with ¢ = a3ls"'. Hence, the polycyclic presentation of
Q1(6) is established as

Q1(6)={a,b,c,l1,la,13,14,15,ls|la® =clg, b* =c, 2 =15 g+, b =be g !,

=c, =l =13, =1y, 1§ =17 15 =14, 15=151 15=15",
lg:ll_lvlg:lelg:lii_lalzzlglaZZ:ll_lalizlzlalg:lu’nl?:lﬁa
IE=15,18 =16, 18 =15,15 =15, 15 =1, 15 =13, 15 =14, 15 =15,
lél:Z67lé2:Z?nlff:Z4alé2:l5alé2:l6alfl3:l4all53:l5’lé3:l6’ (2)
s =l 1 =g, 115 =1, 15 =lo, 1 =g, 1 =14, 1 =1

5 —U5ylg —Ul6ylg —U6ylg 2,03 —Ui3,ly —Ui4,l5 =15,
RS N R S LR Y - S (R ) R

6 U6ty —U3,ly —U4,lg —U5,lg —l6yly —l4,tyg —1U5,

—1 —1 —1 -1
1 =161k =1s5,10 =1,15 =Ig).

Next, all relations as given in (2) have been shown to satisfy the five consistency
relations as given in Definition 1.7, therefore Q1(6) has a consistent polycyclic
presentation.

In Lemma 3.1 and Lemma 3.2, the computations of the derived subgroup

and abelianization of Q1(6) are presented, respectively.

Lemma 3.1. Let Q1(6) be a Bieberbach group of dimension six with quaternion
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point group of order eight. Then, the derived subgroup of Q1(6) is (Q1(6)) =
(cls, izt Tyl 1515 0.

Proof. By the relations of Q1(6), Q1(6) is generated by a,b,c,li,ls,ls,
l4,15, and lg. There are 72 commutators of Q1(6), namely [a, b], [a, ], [b, ], [a, l1],
[a, lg], [a, l3]7 [a, l4]7 [a, l5]7 [a, lg], [b, 11], [b, 12], [b, 13], [b, l4]7 [b, l5], [b, ZG]; [C, 11], [C, 12],
[C l3] [C l4] [Cv 15]7[07 16]7[1)7 a] [ ] [ ] [Zlv ] [ZQva]v[Z?na]v[Z47a]7[l57a]7[lﬁ7a]7
[lla ] [l2a ] [lB,b]a[l4ab]a[l5ab] [lﬁa ] [llv ] [l27 ] [lg,c],[14,6],[15,6],[16,6],[11,l2],
[llv l3] [llv 14]7 [llv 15]7 [llv lG] [l27 l3] [l27 14]7 [l27 l5] [l27 lG]v [ldv 14]7 [ldv 15]7 [ldv lG]v [l47 15]7
[l4716]7[l5716]7[l27l1]7[l3al ] [l47 ] [l57 ]7[l67 ] [ldle]a[l47l2]7[l5712]7[l6712]7[l4al3]7
[l5,13], [, 13], [I5, L], [l6, la], and [lg,l5]. By collecting and excluding repeated
terms, the derived subgroup of Q1(6) is found to be

(QI(G))/ :<Cl57 lll:;la 1214 ) l l3; 12147 l l4 1; 12137 12 137 l l4; 151 151167 l%; lga l%? lzv
O e P P Y Pt o el S P Il AT Pl Pt el PO St It S Y

g 5,072, 05%,15212).

However,

() hi? =) s = )it =),
1

*11 1 =(I5 ) = (cls)~ since ¢ and l5 commutes,
Il =(lalg )l = (ol ) I = Wl e = (15 )7
U =) i = () 15 = (lals) 7Y
iy 1:(1 2 hlelst = (sl ) s s = (15 e) T
1§ =(hla) (i3 ); 13 = (lala)(laly 1) 3 = (lals) (15 13); 13 = (Lly ) ™" (Lala);
1516 =(Islg )7 1t = (1) 7H (10l ) () Lals = (Ils) (Lals) ~ (Ials);
lals =(laly V) (Iila) (3 ) 505 My = (Lol ) 7 (W) ™ (lls);
Lol =15 5) " (Iyls) (I ls) !
Hence,

(Ql(G))I - <CZ57lll;;17lll3;11147l5l51>- ]

Lemma 3.2. Let Q1(6) be a Bieberbach group of dimension siz with quaternion
point group of order eight. Then, the abelianization of Q1(6) is found to be

(Q1(6)*" = (a(Q1(6))',b(Q1(6))', 11(Q1(6))") = Co x C3.

Proof. The abelianization of Q1 (6), (Q1(6)) is the factor group @1 (6)/(Q1 (6))"
Then, using Lemma 3.1,

(Q1(6)) =Q1(6)/(Q1(6))’
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(a b C, ll,Z27l3,l4,l5,l6>/(Q1(6))
=(a(Q1(6))",b(Q1(6))", c(Q1(6))", 11(Q1(6))", 12(Q1(6))", 1s(Q1.(6))',
14(Q1(6))',15(Q1(6))", 16(Q1(6))")-

However, some of these generators can be written in terms of the other genera-
tors. By the relations of Q1(6), b* = c. This implies that

(b(Q1(6))")* = c(Q1(6))"-

Next,
1(Q1(6)) = 13(Q1(6))’, since 113" € (Q1(6))’
12(Q1(6))" = 1(Q1(6))', since lol; ' € (Q1(6))’
I5(Q1(6)) = 1(Q1(6))’, since I3l 1 € (Q1(6))

Moreover, by using a? = clg and b? = ¢, then a? = b?lg implies that lg = b~ 2a?
Hence

l6(Q1(6))’ :(b(Ql(ﬁ))’)*Q(a(Ql(6))’)2,

11(Q1(6)) =14(Q1(6))"  since l11;+ € (Q1(6))
=12(Q1(6))"  since l4(Q1(6))" = 12(Q1(6))", la =11

Therefore, the independent generators of (Q1(6))?° are a(Q1(6))’,b(Q1(6))’, and
11(Q1(6))’. Next, the order of a(Q1(6))",b(Q1(6)), and 1;(Q1(6))" are deter-
mined. [1(Q1(6))" is of order two since I3 € (Q1(6))’. Be51des b(Q1(6))" is of or-
der two since b?> = c and ¢ € (Q1(6))". However, a(Q1(6) ﬂc(Ql( ) Nig(Q1(6))’
is not trivial since a?(Q1(6))’ = clg(Q1(6))’ by the relations of Q1 (6) that implies
22(Q1(6)) = Pls(@:1(6)) — (a(Q1(6)))* = (B(Q1(6)))*L6(@1(6))). Suppose
the order of a(Q1(6))" is finite. Then, for an arbitrary integer r, a”(Q1(6))" is
trivial, which implies that a” € (Q1(6))’. However, this is a contradiction since
by the relations of Q1(6), a” cannot be written as any element in (Q1(6))" due
to the fact that a is independent of b, Iy, lo, I3, 4 and [5. Hence, since all non-
trivial elements in (Q1(6))" have infinite order, thus a(Q1(6))’ has infinite order.
Therefore,

(Q1(6)*" = (a(Q1(6))',b(Q1(6))', 11(Q1(6))") = Co x C3.

This lemma shows that (Q1(6))%" is finitely generated. n

Next, the computation of a homological invariant which is the central sub-
group of the nonabelian tensor square for Q1(6), denoted as V(Q1(6)), is pre-
sented in the following theorem.
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Theorem 3.3. Let Q1(6) be a Bieberbach group of dimension siz with quaternion
point group of order eight. Then, the central subgroup of Q1(6), denoted as

V(Q1(6)) is given as

V(Q1(6)) ={a®a,b®@b,l1 @11,(a®b)(b®@a),(a®1)(l1 ®a),(b@11)(l1 @)
= CO X Cé X C4.

Proof. By Lemma 3.2, the abelianization of Q1(6) is generated by a(Q1(6))’
which is of infinite order and b(Q1(6))’, [1(Q1(6))" which are of order two.
Then, based on Theorem 1.12(1), V(Q1(6)) is generated by [a, a?], [b, b¥], [I1,1T],
[a,b?][b, a?], [a,({][l1,a¥] and [b,I{][l1,b?]. Since V(Q1(6)) is a subgroup of
Q1(6) ® Q1(6) and the mapping o : Q1(6) ® Q1(6) — [Q1(6), Q1(6)¥] defined by
o(g®h) =g, h?] for all g,h € Q1(6) is an isomorphism by Theorem 1.8. Thus,
V(Q1(6) =(a®a,b@b,l1 ®11,(a®b)(b®a), (a®)(lh ®a),
(b®11)(l1 @b)).

Next, the order of each generator for V(Q1(6)) is computed. The abelianization

of Q1(6) is denoted by (Q1(6))? with has mapping n : Q1(6) — (Q1(6))*®
Since (Q1(6))% is finitely generated, then its nonabelian tensor square is just
the ordinary tensor product of Q(6)®. By using Theorem 1.14,

(Q1(6))" @ (Qu(6)**

(CO X 02 X CQ) (CO X CQ X CQ)
(

(

[

Co ® (Co x Cy x 03)) X (Ca @ (Cy x Cy x Cq)) x (Co @ (Cy x Cy x Cy))

Co® Cp) X (Co®Cs) x (Cop® Ca) x (Co ®@Ch) x (Ca®Ca) x (Co @ Ch)
X (Cy ® Cp) x (C2 @ C) x (Ca @ Cy)

Oy x Cy x Oy x Cy x Oy x Cg x Cy x Cq x Cy

=Cy x C5.

Then, Lemma 3.2 provides that (Q1(6))? is generated by n(a) of order infinite
and 7(b), n(l1) are of order two. Again, by Theorem 1.14,

(n(a) @ n(a)) = Co.

By Theorem 1.15, there is a natural epimorphism a : Q1(6)®Q1(6) — Q1(6)?°
Q1(6). Therefore, the image a(a®a) = n(a) ®n(a) has infinite order. Thus by
Theorem 1.13, a ® a has also infinite order. By the relations of Q1(6), [b,b?]* =
[b%,b%?] = 1. This means that the order of [b, %] divides four. Hence the order
of b ® b is four. By Theorem 1.14,
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(n(a) ®@n(l1)) = Ca,
(n(lh) ®@n(a)) = Cs,
(n(b) @ n(l)) = Co,
(n(l1) ®@n(b)) = Co.

So, the order of [ ® 1, (a®b)(b®a), (a®11)(l1 ®a) and (b®11)(l1 ®b) are two.
Finally, the desired result is obtained, namely

V(Qi1(6) =(a®a,b®b,li ®11,(a®b)(b®a),(a®l1)(li ®a),(b®1)(1 ®b))
= (CypxCy x CyxCyxCyxCy
=Cy x Cy x Cy. "

Thus, a homological invariant namely the V(G) for a Bieberbach group of
dimension six with quaternion point group of order eight has been computed
manually.

The computation of J(Q1(6)) is presented in the following theorem.

Theorem 3.4. Let Q1(6) be a Bieberbach group of dimension siz with quaternion
point group of order eight. Then, J(Q1(6)) is given as

J(Q1(6))
=(a®a,b@b,l1 ®l1,a®¢,(a®b)(b®a),(a®li)(l; ®a),
(a®)(l2®a), bR1)(11®b),(bxl)(l2®b),(b®15)(I5s @D)).
~Co* x C§ x Cy.

Proof. By Definition 1.2, J(Q1(6)) has a mapping x : @1(6) ® Q1(6) — Q1(6)
defined by k(g ® h) = [g,h] = 1, for all g,h € Q1(6). The nonabelian tensor
square of @1(6) is generated by

Q1(6) ® Q1(6)
=(a®a,b@b,l1 ®l1,a®@b,a®@c,a®1l1,a@1l2,bR11,bR12,b® 5,
bRlg,cRl1,c®la,(a®b)(b®a),(a®1)(l1 ®a),(a®l2)(la ®a),
b)), be)(la®b), b)) (ls ®b),(c®1)(l1 ®c), (c®2)(la ® c)).
By the relations of Q1(6) and the derived subgroup, the image of each generator
can be computed as in the following:
k(a®a) =[a,a) =a ta taa =1,
k(b ®b) = [b,b] = 1b Yoo =1,
klh®l) =[h,l4] = Z Ul = 1,
k(a®b) =la,b] = _1b Yab = lsc = cls # 1,

-1
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kla®c) =[a,c] =a e tac =1,
kla®l) =[a,li] =a ' aly = 151 # 1,
k(a®1y) = [a,ls] = a 5 taly = 17y # 1,
k(b 1) = [b,1] = b 70l =171 #1,
k(D@ 12) = [b,lo] = b7 5 bly = lalz # 1,
k(b 1s) = [b15] = b~ g bls = 1515 # 1,
k(b®lg) = [b,lg] = b~ g blg = 15 g # 1,
kle@l) =[c,l)]) =c itely =13 #1,
Klc®la) = [c,lo) = c My tely =13 #1,

Then, since x is a homomorphism,

K(a®b)(b®a)) =k(a®b)k(b® a)

- [aa b] [bv a]
= [a, b][a, b]il
=1

kK(a®@l)(li ®a)) =kla®l)k(l ®a)
= [a, l1][l1, d]
= [a,11][a, 11] "
=1,
K(a®l2)(la®a)) =kla®la)k(la ®a)
= [a, I2][l2, d]
= [a,12][a, 1] ~*
=1,
K(b®@11)(lh ®@b)) = k(bR 11)k(l; ®b)
= (b, 11][l1, 0]
= [b,l4][b, 1] !
=1,
K(b@12)(la ® b)) = Kk(b®I2)k(la @ b)
= [b, l2][l2, 0]
= [b,12][b,12] !
=1,
k(b 15)(ls @ b)) = k(b® I5)k(l5 @ b)
= [b,5][l5, b]
= [b,15][b, I5] !



744 N.H. Sarmin et al.

= 17
k(c®l)k(l ®c)
[e,1][l1, ]
= [C, 11] [C, ll]_l
=1,
K(c®1)(la ®c)) = k(b®Iz)k(la @ b)
= [C, 12] [12, C]
= [C, 12] [C, lg]_l
1.

k((c® )1 ®¢))

But, (C X ll)(ll X C) = ((b X 11)(11 X b))2
[Ca Zf] [Zlv qu] = [b27 lf][llv b2(p]
= ([0, 17][l1, 7))
=((b@h)(h ®b))*
(C ® lg)(lg ® C) = ((b ® lg)(lz ® b))Q.
[Ca Zg] [Z27 qu] = [b27 lép][127 b2(p]
= ([b, 15][12, b°)?
(b@ )12 ® b))%

Therefore, by collecting all images that are equal to 1 according to the definition
of the kernel,

J(Q1(6) ={(a®a,b@b,l1 ®11,a@¢,(a@b)(b®a),(a®;)(l1 ®a),
(a®1)(la®a),(b@11)(lh @b),(bR12)(l2 @b), (b 15)(l5 @ b)).

Therefore, based on the order of the generators found in Theorem 3.3 it is found
that a ® a has infinite order. Besides, a ® ¢, (a ® I2)(l2 ® a) and (b ®I5)(l5 ® b)
are also of infinite order since 7(a) is of infinite order and ¢,y and I5 are not
independent. Meanwhile, the order of b ® b is four whereas I; ® I3, (a ® b)(b ®
a),(a®l)(l1 ®a), (b 11)(l; ®b) are two.

By Theorem 1.14,

(n(b) @ n(l2)) = Ca,
(n(l2) @ n(b)) = Ca.

So, the order of and (b ® l3)(l2 ® b) is also two. Finally, the desired result is
obtained, namely

J(Q1(6)) =(a®a,b®b,l1 ®l1,a®¢,(a®b)(b®a),(a®l1)(l; ®a),
(a®@l2)(l2®a), (b@)(l1 ®b), (b®l2)(l2@b), (b®5)(l5 ®b)
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%JCOXC4XCQXCOXCQXCQXCOXCQXCQXCO

:CO4XC§XC4. n

The homological invariants such as V(G) and J(G) of a Bieberbach group of
dimension six with quaternion point group of order eight have been computed.
On top of that, the abelianization of the group is found to be finitely generated.
As aresult, V(G), J(G) and M(G) are found to be abelian since they are in the
center of the nonabelian tensor square of the group.
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