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Abstract

In [14], Mislin define the genus G(N) of a finitely generated nilpotent group N to be the set of iso-
morphism classes of finitely generated nilpotent groups M such that the localizations M, and NN, are
isomorphic at every prime p. In [6], Hilton and Mislin define an abelian group structure on the genus set
G(N) of a finitely generated nilpotent group N with finite commutator subgroups. Let o be the class of
finitely generated groups with finite commutator subgroup. For a y(-group G, the non cancellation set
of G, denoted by x(G), is the set of isomorphism classes of groups H such that G xZ = H x 7. Warfield,
in [19], proved that, if N is a nilpotent x,-group, then G(NN) = x(N). In [20], the author showed that,
for a xo-group G the non- cancellation set x(G) has a group structure similar to the group structure on
the Mislin genus of a nilpotent x,-group. Let R be a binomial ring. The nilpotent R-powered group,
first introduced by P. Hall in [5], is a nilpotent group G extended by a binomial ring R. Many results
that are found in the theory of nilpotent groups carry over to the class of nilpotent R-powered groups.
In particular, Majewicz and Zyman in [13], showed that the P-localization of a nilpotent R-powered
group G, for a set of primes P in R can be obtained. We study the genus of a finitely R-generated
nilpotent R-powered group. We show that the for any two finitely R-generated nilpotent R-powered
groups G and H and some finitely R-powered abelian group A, if G(G x A) = G(H x A) then we have
G(G) = G(H).
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Chapter 1

Introduction

In this study, we will investigate and expand on the studies of a genus of a group. In particular, we

study the genus of a nilpotent R-powered group. We first give a brief history:

Let P be a set of primes and let P’ be the set of all primes not in P. The authors, in [7], studied the

P-localization of a nilpotent group. A group G is called P-local if for every product n = p{'ps*...p:*

™ is a bijective mapping. A

of primes p1,pz...pr € P, the mapping ¢ : G — G defined by ¢(g) = ¢
mapping e : G — Gp is called a P-localization mapping if Gp is P-local and e is universal, in the sense
that, for any P-local group K and a homomorphism ¢ : G — K, there exists a unique homomorphism
a: Gp — K such that ¢ = aoe. We call Gp the P-localization of G. If P = {p}, we write Gp as
G)p and call it the p-localization of G. The main result from [7], is the Fundamental Theorem on the
P-Localization of nilpotent groups, which states that, for every nilpotent group G and for any set of

primes P, the P-localization G p exists.

For a finitely generated nilpotent group N, the Mislin Genus G(N) is defined in [14] to be the set
of all isomorphism classes of finitely generated nilpotent groups M such that they have the same p-
localization, that is, N, = M), for every prime p. Let M and N be finitely generated nilpotent groups.
The author, also in [14], showed that if G(N x A) = G(M x A) for some finitely generated abelian group
A, then G(M) = G(N). In addition, if M and N have finite commutator subgroups then G(M) = G(N)
if and only if there exists a finitely generated abelian group A such that M x A = N x A.

Let xo be the class of finitely generated groups with finite commutator subgroups. In [6], Hilton and
Mislin describe the structure of G(IN) for a xo group N. The non cancellation set of any group G,
denoted by x(G), is the set of isomorphism classes of groups H such that G x Z =2 H x Z. Warfield
showed in [19], that, if IV is a Nilpotent xo group, then G(N) = x(N).

Let R be a binomial ring. The nilpotent R-powered group, first introduced by P. Hall in [5], is a
nilpotent group G extended by a binomial ring R, to define a unique R-exponentiation g“ for each

g € G and o € R. Many results on nilpotent groups carry over to nilpotent R-powered groups.

In [9], Majewicz defined what is meant by a nilpotent R-powered group of finite type. In particular,
the author explored a nilpotent R-powered group for the case when R is the ring Qxz], the set of all
polynomials with rational coefficients. The author showed that these nilpotent Q[z]-powered groups

have similar properties to the usual nilpotent groups.

In [11] and [12], Majewicz and Zyman explore the root extraction of a nilpotent R-powered group.

In particular, the authors investigate the case when a nilpotent R-powered group contains unique



roots, or when each element of a nilpotent R-powered group has at least one root. In addition, they
also considered root extraction on the set of elements created by a set of primes P in R, called P-

members.

Let G be a finitely R-generated nilpotent R-powered group. In [13], Majewicz and Zyman explored the
localization of a nilpotent R-powered group G. The authors, show that the Fundamental Theorem on
the P-Localization holds for nilpotent R-powered groups if the binomial ring is a unique factorization
domain. In addition, the authors showed that, if there is an extra requirement on R, that R is a
principal ideal domain with a subring isomorphic to the rational numbers, then every P-localization

map is a P-isomorphism.

Since, for a nilpotent R-powered group G we can get the p-localization of G, similarly, we can define

the genus of a finitely R-generated nilpotent R-powered group and investigate its properties.
This work is subdivided as follows:
x In Chapter 2, we give preliminaries on groups and rings.
x In Chapter 3, we introduce and explore some basic results on nilpotent R-powered groups.
x In Chapter 4, we investigate P-localization of a nilpotent R-powered group.

x In Chapter 5, we define and give results on the genus of a nilpotent R-powered group.



Chapter 2

Preliminaries

In this chapter, we give some preliminaries on groups and rings. We begin by exploring groups by
giving definitions and results on groups and subgroups. In Section 2.2, we recall when a subgroup is
said to be normal and explore the quotient group and in Section 2.3, we explore homomorphism and
the Isomorphism Theorems. In Section 2.4, we introduce the commutator subgroup and from this, we

investigate nilpotent groups in Section 2.5.

In the second half of this chapter we recall notions on rings. In Section 2.6, we start by giving the
definition of a ring and some basic results. Then, we recall principal ideal domains and unique factor-
ization domains. In Section 2.8, we recall the definition of prime elements of a ring and show that the
greatest common divisor and the lowest common multiple can be defined in a principal ideal domain.

Lastly, we give a quick overview of R-modules and in conclusion we introduce the binomial ring.

The definitions and results for groups can be found in [3], [4], [15] and [17], while the definitions

and results for rings can be found in [3], [4] and [8].

2.1 Groups and Subgroups

In this section, we define what is meant by a group and a subgroup. We prove some results that follow

immediately from them. Some of the basic proofs can be found in [3], [4], [15], and [17].
Firstly, we state the definition of a group and subgroup.

Definition 2.1.1 (Group)
A non-empty set G is called a group under the binary operation * : G x G — G if for any x,y,z € G
the following properties hold:

(1) z*xy € G, (Closure)
(i1) @ * (y*z) = (x xy) * 2z, (Association)

(7i1) there exists a specific element called identity denoted by e with property xxe = exx = x, (Identity

element)

1

(iv) for each x € G, there exists a unique element ! € G such that x~ vz = xx27! =e. (Inverse)

(v) Further, if x xy =y *x for any x,y € G, then G is called an abelian group.
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Definition 2.1.2 (Subgroup)
Let G be a group under a binary operation x and let H be a non-empty subset of G. Then H is called
a subgroup of G, denoted by H < G, if H is a group under .

Notation 2.1.3 e If multiple groups are involved, we take caution in specifying which group the

identity element is from by using subscript eq.

e Special attention is given to a group G if its binary operation is addition. In particular, we call

G an additive group, and denote eq =0 and x~' = —z for any z € G.

e However, if group G is not an additive group, we will write the product x xy as plainly xy for

ease of notation.
Next, we prove that the direct product of groups is also a group.

Proposition 2.1.4
Let n € N and let G; be a group with binary operation *; for oll i = 1,2,...,n. The direct product

G1 X Gy X -+- X Gy 15 a group under the binary operation * defined as component-wise:

(@1, 22,y Tn) * (Y1, Y2, - -+, Yn) = (T1 %1 Y1, T2 %2 Y2, - -+, T *p Yn), With
(a) the identity element given by e = (eq,,€qG,, - --,€aq,) and
(b) the inverse of (x1,x2,...,x,) is given by (xz7 a5t .. anh).

Proof. We will show that the four axioms of Definition 2.1.1 hold.
Let (x1,22,...2n), (Y1,Y2y - - Yn), (21,22, ..., 2n) € G1 X Ga X -+ X G.

(1) We have that (x1,xo,...,2n) * (Y1,Y2, -, Yn) = (T1 %1 Y1, T2 *2 Y2,. .., Ty *p Yp). Since each Gj
is a group, we have z; x; y; € G; for i = 1,2,...,n and any x;,y; € G;. Thus, (x1,x2,...,2,) *

(yl,yg,...,yn) = (xl *1 Y1, T2 %2 Y2, ...,Tp *nyn) EGl X G2 X oo X Gn.

(74) Since each G} is associative, we have the following:

[(xla'--xn)*(yla--~ayn)]*(zla---azn): x1 *13/1)7"'7(xn*nyn))*(Zla--~azn)

—~~

T K1 Y1) K1 215 -« (T *n Yn) *n 2n)

(

(

= (21 %1 (Y1 %1 21)5 - - - » Ty *n (Yn *n 2n))

= (1,...2n) % [(Y1 %1 21, - - -, Yn *n 2n)]
(

Tl Tn) * [(Y1s oy Yn) * (21,0, 20)]-

Thus, [(Z1,...2n) * (Y1, .-, Yn)] * (21, .y 20) = (@1, @n) * [(Y1, -+ Yn) * (21, ..., 20)].

(7it) We have that (eg,, €qys - - -»€G,)*(x1, T2, ... Tn) = (€, %171, €Gy %22, . . ., €6, *nTn) = (T1,T2,. .. Tp).
Furthermore, (z1, z2,...2n)*(€q,, €Gys - - - s €6, ) = (T1¥1€6G,, T2%2€G,, - - - s TnFneq, ) = (T1, T2, ... Tp).
Thus, (eqy,€qG,,---,€q,) is the identity.

(iv) We observe that (xfl,xgl,...,xgl) x (x1,x9,...2p) = (mfl *1 x1,$51 ¥ T2, .. Tyl Ky Tp) =
(eGys€Gyy---,€aG, ). Also, (x1,ma,...2y,) * (a;l_l,xg_l, oo ryt) = (21 % acl_l,xg %9 x;l, ey T *n
xrjl) = (eleer"' ,GGn).

Thus, (z1,22,...,7,) ! = (xl_l,xz_l, ce ).

Therefore, G1 x G2 X --- x (G, is a group under the binary operation x. O
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Notation 2.1.5

For sake of notation we will omit the operations in the direct product G1 X Go X ...Gy, and just write:

(1,22, .., Tn) (Y1, Y2, - - - Yn) = (Z1Y1, T2Y2, - - -, Tn¥n)-

Theorem 2.1.6
A subset H of G is a subgroup of G if and only if

(a) H is non-empty and

(b) zy~' € H for all z,y € H.

Proof. For the forward implication, assume H is a subgroup of G.

By Definition 2.1.2, we have H is non-empty group. Thus, for any element y € H, there exists y~' € H.
In addition, by closure, we have zy~! € H, for any other element 2 € H. Therefore, xy~! € H for any
z,y € H.

For the converse, assume H is a non-empty subset of a group G such that zy~' € H for all =,y € H.

We show that H is a group under the same operation as G.

e Firstly, since H is non-empty, there is at least one element h € H. Furthermore, since zy~' € H

for all ,y € H, we have e = hh™! € H. Hence, we have the identity element e € H.
e Thus, we have h,e € H and h~' = eh™' € H. The inverse element exists.

e Further, for any z,y € H, y~! € H and x(y~')~! € H. Therefore, zy € H as z(y~ 1)~ = zy.

Hence, we have closure.

e Lastly, since G is a group, the elements of G are associative. Thus, all elements in H are

associative, since H is a subset of G.

Therefore, H is a group and H is a subgroup of G. O

Next, we give the conditions for when the intersection and union of subgroups of a group is also a

subgroup.

Proposition 2.1.7
Let G be a group and let {H; : i € I} be a family of subgroups of G for some index set I. Then, the
intersection H = ﬂ H; is also a subgroup of G.
i€l
Proof. Let G be a group and let {H; : i € I} be a family of subgroups of G, for some index set I.

Let H = mHZ Since, H; < G for all i € I, thene € H; foralli € [ and e € H = ﬂHz Thus, H is
i€l el
non-empty.

Let g,h € H = (]Hz Then, g,h € H;, for all i € I and H; < G for all ¢ € H. By Theorem

el
2.1.6, gh—' € H; for all i € I.
Therefore, gh~' € H, for any g,h € H and H = m H; is a subgroup of GG, by Theorem 2.1.6. O

iel
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Proposition 2.1.8
Let G be a group and let Hy < H; < Hy < H3 < --- be a sequence of non-empty subgroups of G. We
[o¢]

have U H; is a subgroup of G.
=0

Proof. Let G be group and let Hy < H; < Hy < Hs < --- be a sequence of subgroups of G.
o0

Let H = U H;.
i=0

Since Hj is a subgroup of GG, we have e € Hy. Therefore, e € H and H is non-empty.

Let z,y € H. We have z € H; and y € Hj, for some j, k € I ={0,1,2,...}.

Let m = max{j,k}. Then, H; < H,,, H, < H,, and z,y € H,,. Since Hy, is a subgroup of G, by
oo

Theorem 2.1.6, we have 2y~ € H,, and zy ' € U H; = H, for any z,y € H. By Theorem 2.1.6, we
i=0

oo
have H = U H; is a subgroup of G. O
i=0

Lastly, we recall when a group is said to be finitely generated and explore the generated subgroup of a

subset S of a group G.

Definition 2.1.9 (Finitely Generated Group)
Let G be a group. The group G is said to be finitely generated, if there is a finite subset S of G such
that G = (S). The set (S) is the intersection of all subgroups of G containing S.

Proposition 2.1.10 (Generated Subgroup)

Let G be a group and let S C G. Then the intersection of all subgroups containing S, denoted by (S),
is a subgroup of G. Moreover, (S) is the smallest subgroup of G containing S.

We call S the set of generators of (S).

Proof. Let G be a group and let S C G.
Let H= {H | H < G such that S C H} be the set of all subgroups of G containing S. By Proposition

2.1.7, we have that (S) = ﬂ H is a subgroup of G and by Definition of (S), we have (S) contains S.

HecH
Assume (S) is not the smallest subgroup of G containing S.

Let @ be the smallest subgroup of G containing S. Then, @ € H and (S) = ﬂ H mQ. Therefore,

HecH
(S) C @, a contradiction.

Thus, (S) is the smallest subgroup of G containing S. O

Proposition 2.1.11
Let G be a group and let S C G.
Then we have (S) = {s{*s5%...s3" | s; € S where a; € {1,—1} and i =1,2,...,k}.

Proof. Let G be a group, S C G and let C' = {s{'s5? ... % |s;€ S; s € {1,-1}and i =1,2,...,k}.
Let H={H |H <G ; S C H} be the set of all subgroups of G containing S. Then (S) = ﬂ H.

HeH
For any H € H, we have S C H and H is a subgroup. Let x € C such that x = s"s52 ... s;* for some

s; € S where a; € {1,—1} for i =1,2,...,k. Since S C H, we have that each s; € H for i =1,2,... k.
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Since H is a subgroup, H is closed and z = s"'s5? ... s.* € H. Therefore, C C H.
Since H € H was arbitrarily chosen, we have C C H for all H € H and C C ﬂ H = (S).

HecH
For the reverse containment, we will show that C is a subgroup of G that contains S.
Firstly, note that e = s7's € C and C is non-empty.
Let z,y € C where x = a{"a5?...ap*, y = b?lbg2 ... bP* for some a;,bj € S and ay, 5; € {1,—1} for i =
1,2,...,kand j=1,2,...,m.
We have that zy™1 = (a$'a$? ... a‘,i”“)(b'f1 ng bl = aflag? ... agk’bfnﬁ’“ . -562 bf'Bl. However, 3; €
{1,-1},80 —B; € {1,—1} for j = 1,2,...,m. Consequently, zy~ = a{ad?... az’“b;f’“ . -2_62 bl_ﬁ1 eC.
Therefore, by Theorem 2.1.6, C' is a subgroup of G.
Furthermore, for any s € S, s = s' € C and S C C. Hence, C is a subgroup of G containing S and
C eH.
Since (S) = ﬂ H, we have (S) C C and (S) = {s{*s5%...s7%|s; € S where oy € {1,—1} and i =

HeH
1,2,...,k}. O
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2.2 Normal Subgroup

In this section, we recall when a subgroup is said to be normal and we recall the quotient group. The
section was adapted from [3], [15] and [17].

Firstly, we need to define the left and right cosets of a subgroup and when a subgroup is said to be

normal.

Definition 2.2.1 (Cosets)
Let G be a group, H a subgroup of G and let g € G.

(i) The set gH = {gh|h € H} is called the left coset of H generated by g.
(1) The set Hg = {hg|h € H} is called the right coset of H generated by g.

Definition 2.2.2 (Normal Subgroup)
A subgroup H of a group G is called a normal subgroup, denoted by H I G, if gH = Hg for all g € G.

Now, we define the centre of a group G and take note that, by [15, 1.5.3], the centre of G is always a

normal subgroup of G.

Definition 2.2.3 (Centre)
Let G be a group. The centre of G, denoted by Z(G), is defined as Z(G) = {g € G|gh = hg for all
h € G}.

The next theorem, called the Test for Normality, gives equivalent condition for a subgroup to be

normal.

Theorem 2.2.4 (Test for Normality)
Let G be a group and let N be a subgroup of G. Then, N is a normal subgroup of G if and only if
gNg= ' C N forall g € G.

Proof. Assume, N is a normal subgroup of G. By Definition 2.2.2, we have gN = Ng for all g € G.
However, gNg~! = (¢gN)g~! = (Ng)g~! = Ngg~! = Ne = N and by definition of equality of sets we
have gNg~! C N.

For the converse, assume gNg~! C N for all ¢ € G. Let z € G. By assumption, ztNz~! C N
and N = zNz 'z = (tNz~ Y2z C Nz. Therefore, tN C Nz. In addition, since 27! € G, we have
7 IN(@ "' C N = 2"'Nz C N. Then, Nv = xz27 !Nz = 2(z"'Nx) C N and Nz C zN. Conse-
quently, Nx = zN. Since, x was arbitrarily chosen, by Definition 2.2.2 we have NN is a normal subgroup
of G. O

Given a normal subgroup N of GG, we can consider the set of all cosets of N generated by elements of

G. The next proposition tells us this set is actually a group and is called the quotient group.

Proposition 2.2.5 (Quotient Group)
Let G be a group and let N be a normal subgroup of G. The set of all cosets of N in G, {zN |z € G},
is a group under the binary operation (xN)(yN) = (xy)N with

(a) the identity element being N and

(b) (N)"' =z IN.
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In particular, this group is called the quotient group of G modulo N and is denoted by G/N = {xN |z €
G}.

Proof. We will show that the four axioms of definition of a group hold.

(1) Let aN,bN € G/N. Then, ab € G and (ab)N € G/N.
Therefore, (aN)(bN) = (ab)N € G/N and G/N is closed.

(13) For any aN,bN,cN € G/N, since G is associative, we have (aNbN)(cN) = ((ab)N)(cN) =
(ab)cN = a(bc)N = (aN)((bc)N) = (aN)(bNeN). Therefore, (aNON)(cN) = (aN)(bNeN) and

G/N is associative.

(tit) For any aN € G/N, we have NaN = eNaN = (ea)N = aN and aNN = aNeN = (ae)N = aN.
Also, (aN)N = aN.
Therefore, NaN = aNN = aN, and N is the identity element of G/N.

(iv) For any aN € G/N we have aNa !N = (aa ')N = eN = N and a !NaN = (a"'a)N = eN =
N.
Therefore, aNa™'N = a~*NaN = N and (aN)~! = a~!N. Thus, any aN € G/N has an inverse.

Therefore, G/N is a group under the binary operation (zN)(yN) = (zy)N. O

Lastly, we give a relationship of how equal cosets relate to each other.

Proposition 2.2.6
Let G be a group, N a normal subgroup of G and let gN,hN € G/N. Then gN = hN if and only if
there exists n € N such that g = hn.

Proof. Let G be a group, N a normal subgroup of G and let gN,hN € G/N.
Assume gN = hN. Then, gN = hN = (hN)"}(gN) = N = (h"'N)(gN) = N = (h"'gN) = N =
h™'g € N = h~'g=n for some n € N and g = hn.

For the converse, assume there exists n € N such that g = hn. Let gny € gN. Then, gny = (hn)ny =
h(nni) € hN and gn; € hN. Therefore, gN C hN.

In addition, h = gn~! since g = hn. Therefore, for any hny € hN, we have hng = (gn~)ny =
g(n~'ny) € gN and hN C gN. Thus, gN = hN. O
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2.3 Isomorphism Theorems

In this section we recall group homomorphisms and group isomorphisms. We will state the three

Isomorphism Theorems.
The definitions and results for this section can be found in [3], [15] and [17].

We start by stating the definition of a group homomorphism and giving some characteristics that follow

immediately from the definition.

Definition 2.3.1 (Group Homomorphism)
Let G and H be groups. A mapping 0 : G — H is called a group homomorphism if 0(gh) = 6(g)0(h)
for any g,h € G. Further, we have:

(i) If 0 is injective then, 6 is called a group monomorphism.
(1i) If 0 is surjective then, 0 is called a group epimorphism.
(tit) If 0 is a bijection then, 6 is called a group isomorphism and we denoted G = H.

Note 2.3.2
We take note of the fact that the homomorphism 6 : G — G /N, defined by 0(g) = gN is usually called

the canonical epimorphism.

Proposition 2.3.3
Let G and H be groups and let o : G — H be a group homomorphism. Then the following properties
hold:

(a) plec) = emn,
() ¢lg™") =w(g)", for any g € G.
Next, we introduce the kernel and image of a group homomorphism.

Definition 2.3.4 (Kernel and Image)
Let G and H be groups and let ¢ : G — H be a group homomorphism.

(i) The kernel of ¢, denoted by Kery, is defined as Kerp = {x € G|p(z) =ep}.
(1) The image of ¢, denoted by Ime, is defined as Imp = {p(z) |z € G}.

We state the three Isomorphism Theorems, of which the proofs of them can be found in [17, Chapter
2] and [3, Section 34].

Theorem 2.3.5 (1! Isomorphism Theorem)

[17, Theorem 2.24] Let G and H be groups. If 0 : G — H is a group homomorphism, then we have:
(a) Ker® is a normal subgroup of G,
(b) G/Kerf = Imf and
(¢) if 0 is a group epimorphism, then G/Kerf = H.

Theorem 2.3.6 (2"? Isomorphism Theorem)
[17, Theorem 2.26] Let G be a group, H a subgroup of G and let N be a normal subgroup of G. Then

we have the following:
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(a) HN s a subgroup of G,

(b) N is a normal subgroup of HN,

(¢) HN N is a normal subgroup of H and
(d) HN/N = H/(HNN).

Theorem 2.3.7 (3" Isomorphism Theorem)
[17, Theorem 2.27] Let G be a group, N a normal subgroup of G and let K be a normal subgroup of N.
Then, we have the following:

(a) N/K is a normal subgroup of G/K and
(0) (G/K)/(N/K)=G/N.
Now we recall the definition of an equivalence relation as given in [3].

Definition 2.3.8 (Equivalence Relation)
[3, Definition 0.18] A relation =~ on a set S is called an equivalence relation if the following properties

hold for any x,y,z € S:

(i) x =z (Reflexive),

(1i) =~ vy, if and only if y = = (Symmetry) and
(1i1) if v =y and y = z, then x ~ z (Transitive).

We have that group isomorphisms on the set of all groups is an equivalence relation (see [15, Chapter
1.1]). We can define equivalence classes and by [3, Theorem 0.22] we have that the set of all groups

can be partitioned into equivalence classes.

Definition 2.3.9 (Equivalence Classes For Group Isomorphism)
Let G be the set of all groups. The equivalence class for G € G, denoted by [G], is defined as [G] =
{HeG:G=H}.
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2.4 Commutators and Commutators Subgroups

In this section, we recall the concept of the commutators in a group. We will prove some identities
of a commutators. Next, we recall the concept of the commutator subgroup and the lower central

series.
The definitions and results for this section can be found in [1].
We start by introducing the commutator of two elements and prove some useful identities.

Definition 2.4.1 (Commutator)

Let G be a group and let x,y € G. The commutator of x and y, denoted by [x,y], is defined as

[z,y] = ayz~ty~t.

Lemma 2.4.2
Let G be a group. For any x,y,z € G, the following identities hold:

(a) [z,y] = [y, 2],

(b) [zy, 2] = zly, 2o [z, 2],

(¢) [z,yz] = [z, ylyle, 2]y,

(d) [1.717?;] = xil[xvy]ilxy

(e) [z,y7' =y o,y "y and

(f) zlz,ylz™t = [zwz™ !, 2y271).

Proof. Let G be a group and let z,y,z € G.

zyr 7yt = () @)y e )T = (yay Tl = [y,2]7 Thus, [z,y] =

-1

V= gyzy a7 127t = ayzy~e)z 27t = ayzy (e o taz)r 27! =

() [y, 2] = (zy)z(zy) "2~
r(yzy e Dr Y (zza 27 = 2[y, 2Jo 7z, 2]. Thus, [zy, 2] = z[y, 2]z~ [z, 2].

1 1.-1

= TYx "% 1,-1,-1 1,-1,-1 _

yt = ay(e)za~ a7y = ay(a Tty tya)za Tz y
1

(¢) [z, yz] = x(yz)z (y2)~
(zyz~ty Dy(zza™ 27y = [z, ylylz, 2]y~ " Thus, [z, yz] = [2, ylylz, 2]y~
(d) [z yl =2 y(e™ )y = 2 tyayHe) = a7 yay T (a7 ) = a7 N (yay e e = a7 [y, 2] =
x Yz, y] 'z by (a). Thus, [z~ y] = 27z, y] 1.

1

(&) [,y Y=oy oy ™) =zy oy = (e)zy oy = (y 'y)zy ey =y Hyzy a)y = y [y, 2y =
—1
Yyl =

vy~ 'z, 97"y by (a). Thus, [, vyl
(f) zlz,ylz™t = z(aya~ly )zt = za(e)yle)a )y 27 = za(ale)y(z e)a (z T ey e =
(zoz D (zyz ) (zz7 2 (zy~ 127 = (zoz D (zyz Y (zzz™ ) ey H 7 = [zaz !, 2y2 7Y

1

Thus, z[z, y]z~! = [zzz71, zyz71].

The next lemma gives a relationship between commutators and exponentiation.



2.4. COMMUTATORS AND COMMUTATORS SUBGROUPS 13

Lemma 2.4.3
[1, Lemma 1.13] Let G be a group and let x,y € G such that [x,y] € Z(G). Then, [z%,y] = [z,y*] =
[z,y]* for any o € Z.

We recall the commutator subgroup and state a proposition that follows immediately.

Definition 2.4.4 (Commutator Subgroup)

Let G be a group and let M and N be subgroups of G. The commutator subgroup generated by M and
N, denoted by [M, N], is defined as [M,N] = ([m,n]|m € M,n € N).

If G= M = N, then |G, G] is called the commutator or derived subgroup of G, denoted by G'.

Proposition 2.4.5
Let G and H be groups, Gy a subgroup of G and let Hy be a subgroup of H. Then, [G1 x H;,G x H] =
(G, G] x [Hy, H].

Proof. Let u € [G1 x H1,G x H]. Then, u = [(x1,y1), (x,y)] for some x1 € G1, y1 € H1, z € G and y €
H. However, u = [(z1,41), (z,y)] = (z1,91)(z,9)(x1,51) " (z,9) " = (z1,90)(z,9) (@1 yr @y =
(xlxmflx_lvylyyfly_l) = (['Tlax]a [ylvy])

Hence, u € [G1,G] x [H1, H] and [G1 x H1,G x H] C [G1,G] x [Hy, H].

Next, we will show the reverse containment.
Let w € [G1,G] x [Hy, H]. Then, w = ([v1,v], [21, 2]) for some v; € Gy, v € G, z1 € Hy and z € H. We
can rewrite w as follows, w = ([v1,], [21,2]) = (vivey "o~ L 21227 27 = (v1, 21) (v, 2) (07 b 27 D) (v h 271 =

(Ul,Z1)(U,Z)(U1,Zl)_1(v,z)_1 = [(Ulvzl)v (U7Z)]'
Hence, w € [Gl X Hl,G X H} and, [Gl,G] X [Hl,H] - [Gl X Hl,G X H]

Thus, [Gl X Hl,G X H] = [Gl,G] X [Hl,H] O

Lastly, we introduce the lower central series.

Definition 2.4.6 (Lower Central Series)
Let G be a group. The decreasing sequence {~;(G)} of subgroups of G of the form:

(i) %(G) =G,
(i1) 71(G) = [G,G] and
(iii) vir1(G) = [v(G), G,

is called the lower central series of G.
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2.5 Nilpotent Groups

In this section, we state the definition of a nilpotent group. There are many different definitions of
a nilpotent group which are found in the literature, however our study will depend on the definition
defined using the lower central series. The information of this section can be found in [15, Chapter 5]
and [1, Chapter 2].

Definition 2.5.1 (Nilpotent Group)
Let G be a group. The group G is called a nilpotent group if v.(G) = {e}, for some ¢ € Z*. The

smallest such ¢ is called the nilpotency class of G.

We state a theorem, which can also be found in [1]. The theorem relates the nilpotency class of a

nilpotent group to its lower central series.

Theorem 2.5.2
[1, Theorem, 2.1] Let G be a group. The following conditions are equivalent:

(a) G is nilpotent of nilpotency class ¢,

(0) 1e(G) = {ec} but 1e-1(G) # {ec}-

Note 2.5.3

Every abelian group G is nilpotent of nilpotency class 1, since its commutator subgroup is trivial.

Next, we recall that every subgroup and every homomorphic image of a nilpotent group is also a
nilpotent group. We will show the quotient group of a nilpotent group is also a nilpotent group.

Finally, we will show that the direct product of nilpotent groups is again a nilpotent group.

Proposition 2.5.4
Let G be a nilpotent group of nilpotency class c. Every subgroup of G is nilpotent with nilpotency class

of at most c.

Proof. Let G be a nilpotent group of nilpotency class ¢ and let H be a subgroup of G. Since G is
nilpotent, we have, by Definition 2.5.1, that 7.(G) = {eq}. We will show v.(H) < ~.(G) by induction

on c.

For ¢ = 0, we have, by Definition 2.4.6, vo(H) = H and v (G) = G and by assumption H < G.

Thus, vo(H) = H < G = 7(G).

Assume that the statement is true for ¢ = j, that is, v;(H) < v;(G).

We prove that the statement is true for j + 1. Firstly, by Definition 2.4.6, we have that v;41(H) =
[vi(H),H] = ([z,y] : v € v;(H),y € H). However, by the assumption that H < G and by inductive hy-
pothesis v;(H) < v;(G). Then, ([z,y] :x € v;(H),y € H) < ([z,y] : v € v;(G),y € G) and ;11 (H) =
[vi(H), H] = ([z,y] : 2 € vj(H),y € H) < ([z,y] : 2 € %(G),y € G) = [7,(G), G] = j+1(G).

Thus, v;4+1(H) < v;+1(G) and the inductive step holds.

By the principle of mathematical induction, we conclude that v.(H) < 7.(G) for any ¢ € N. Thus,
Ye(H) < 7%(G) = {eg} and v.(H) = {ec¢} = {em}. By Definition 2.5.1, H is nilpotent. Since
ve(H) ={emn}, H can only have a nilpotency class that is at most c. O

Proposition 2.5.5

Let G be a nilpotent group of nilpotency class c and let H be a group. If there exists a group epimorphism
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0:G — H, then H 1is also nilpotent with nilpotency class of at most c.

Proof. Let 8 : G — H be a group epimorphism. Since G is nilpotent, then, by Definition 2.5.1,

1e(G) = {ec}-
We will show 6(7.(G)) = 7.(H) using induction on c.

For ¢ = 0, we have by Definition 2.4.6, that 7o(G) = G. Since 0 is a group epimorphism, then 6(G) = H
and 0(70(G)) = 0(G) = H = v (H).

Assume that the statement is true for ¢ = j, that is, 8(v;(G)) = v;(H).

We prove that the statement is true for j + 1. Firstly, by Definition 2.4.6, we have that v;41(G) =
15(G), G]. Tn addition, 0(v;+1(G)) = 01%(G), G] = [6(+(G)),0(G)] = [r3(H), H] = 7;1(H). There-
fore, 6(vj+1(G)) = vj+1(H) and we conclude that 6(v.(G)) = v.(H), for any ¢ € N.

Consequently, 0(7.(G)) = 0({ec}) = {ex} and v.(H) = {eg}. Now, v.(H) = {eg}, thus H can only

have a nilpotency class that is at most c. O

Corollary 2.5.6
Let G be a nilpotent group and let N be a normal subgroup of G. Then, the quotient group G/N is a

nilpotent group.

Proof. Let G be a nilpotent group and let NV be a normal subgroup of G.

Consider the mapping ¢ : G — G/N given by ¢(g) = gN. For any g,h € G, we have p(gh) = (gh)N =
(gN)(AN) = ¢(g)p(h). Thus, ¢ : G — G/N is a surjective group homomorphism. By Proposition
2.5.5, we have G/N is a nilpotent group. ]

Proposition 2.5.7
Let G and H be nilpotent groups. Then G X H is also a nilpotent group.

Proof. Since G and H are nilpotent, then, by Theorem 2.5.2, there exist k, j € Z such that v;(G) = {eg}
and v;(H) = {en}.

Let ¢ = max{k,j}. We will show v.(G x H) = v.(G) X 7.(H) using induction on c.

For ¢ = 0, we have, by Definition 2.4.6 that, 79(G) = G and v (H) = H.

Then, by Definition 2.4.6, 7o(G x H) = G x H = v(G) x v(H).

Assume that the statement is true for ¢ = j, that is, v;(G x H) = v;(G) x v;(H).

We prove that the statement is true for ¢ = j+1. Firstly, by Definition 2.4.6, we have that v; 11 (GxH) =
[vi(G x H),G x HJ|. By induction hypothesis, v;(G x H) = v;(G) x v;(H) and hence vj41(G x H) =
[vi(G) x v;(H),G x H].

In addition, v;(G) < G and ~;(H) < H. Then, by Proposition 2.4.5, we have [y;(G) xv;(H),G x H] =
[vi(G), G] x [y;(H), H].

However, [v;(G), G] = 7;+1(G) and [v;(H), H] = vj+1(H). Then, vj41(G x H) = 7j41(G) x vj4+1(H)
and we conclude that 7.(G x H) = 7.(G) x v;(H), for any ¢ € N.

Then, 7¢(G x H) = 7e(G) x 7.(H) = {eg} x {en} = {(ec,en)} = {eaxm}
Therefore, by Theorem 2.5.2, G x H is nilpotent. O
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Corollary 2.5.8
Let n € N such that n > 2 and let G1, Ga, ... Gy be nilpotent groups. Then the direct product G1 X Ga X

-+« X Gy 18 also nilpotent.

Proof. Proof by induction on n.

For n = 2, we have, by assumption, that G; and G5 are nilpotent, hence, by Proposition 2.5.7, G1 X Ga
is nilpotent.

Assume the statement is true for n = k, that is if G1, Go, ... G} are nilpotent groups, then G x Go %
-+ X Gy, is also nilpotent. We prove that the statement is true for n = k+1. Let G1,Ga, ... Gy, Gi41 be
nilpotent groups. By induction hypothesis, we have G X G2 X - - - X G}, is a nilpotent group. Therefore,
G1x G2 x---x Gy, and Gg41 are nilpotent groups. By Proposition 2.5.7 we have G1 X G2 X - - - X G X G411

is nilpotent and thus G; x G3 X --- X G}, is also nilpotent, for any n > 2. O

Following [1], we show that for any nilpotent group of nilpotency class ¢, we can construct a subgroup
which has nilpotency class that is strictly less than c¢. This, will prove useful later on for induction

proofs that rely on the nilpotency class of a group.

Lemma 2.5.9
[1, Lemma 2.9] Let G be a nilpotent group of nilpotency class ¢ > 1 and let g € G. The group
H = (7(G), g) is a nilpotent group of nilpotency class that is strictly less than c.

Proof. Let G be a nilpotent group of nilpotency class ¢ > 1, g € G and let H = (71(G), g).

Firstly, {g,71(G)} C G since 71(G) < G. Consequently, by Proposition 2.1.10, we have that H =
(m1(G), g) is a subgroup of G.

Since every subgroup of nilpotent group is nilpotent too, we have that H is a nilpotent group.

Now, we show that H has nilpotent class that is less than ¢. We will do this by showing that ~;(H) <
vi+1(G) for every i > 1, using induction on ¢ € N.

Consider the case for i = 1. Firstly, we note that, for any [x,y] € 71(G), we have (using Lemma 2.4.2
() that glz,y] = glz,ylg~'g = (9lz,ylg™")g = lgzg™", gyg~'1g = hug for some h. € 11(G).

Thus, every element h € H, can be rearranged to a form h = h,g™ for some h, € y1(G) and m € Z.
Therefore, v1(H) = [H, H] = ([z,y] : z,y € H) = ({[hg™, kg"] : h, k € y1(G) and m,n € Z).

However, for any h,k € v1(G) and m,n € Z, we can rearrange [hg™, kg"] in the following way:

[hg™, kg™ = hlg™, kg"]h " [h, kg"] by Lemma 2.4.2 (b)
= h([g™, kg"])h~ " [h, kg"]
= h([g"™, k]k[gm,g"]k_l)h_l[h, kg"] by Lemma 2.4.2 (c)
= hlg™, kl(kg"g"g" g~ "k~ )b [h, kg"]
= hlg", k)(kg™ """k YA R, kg
= hlg™, k](kg"k™ ")~ [h, kg"]
= h[g™, k](kek™ 1 )h ™ [h, kg"]
= hlg™ K|(e)h ™" [h, kg"]
= hlg™, k|h ", kg"]

= [hg™h ™Y, hkh™Y[h, kg"] by Lemma 2.4.2 (f).
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Since h € 1(G) and kg" € G, we have [h, kg"] € [11(G), G] = 72(G) and hkh~! € G. By construction
of v1(H), we have hg™h™1 € v1(G) and [hg™h~!, hkh™1] € %(G).

Therefore, [hg™h~t, hkh=1],[h, kg"] € 42(G), for every h,k € v1(G) and m,n € Z. Thus, v (H) <
72(G).

Assume the statement is true for ¢ = j > 2, that is v;(H) < v;41(G).

Consider the case when i = j 4+ 1. By definition of the lower central series, we have v;41(H) =
[v;(H), H]. By induction hypothesis, v;(H) is a subgroup v;+1(G) and H is a subgroup. Therefore,
Yi+1(H) = [v;(H), H] < [vj+1(G), G] = vj+2(G) and we conclude that v;(H) < 7;41(G) for every ¢ > 1.

Since, G has nilpotent class ¢, by Theorem 2.5.2, we have 7.(G) = {eg} and v.-1(G) # {ec}.

Therefore, v.—2(H) < 7.-1(G) # {ec} and v.—2(H) # {e}. However, v.—1(H) < 7.(G) = {eg}. There-
fore, y.—1(H) = {e} and 7.—2(H) # {e}. By Theorem 2.5.2, H has nilpotency class that is strictly less
than c. O
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2.6 Rings and Subrings

In this section, we recall the definitions of ring and a subring. We prove some results that follow
immediately from them. Lastly, we will recall the definition of integral domains and some results

relating to them. Some of the basic proofs can be found in [3] and [4].
We start by recalling the definition of a ring.

Definition 2.6.1 (Ring)
A ring (R, 4+, ) is a set R together with two binary operations + : R — R (called addition) and - : R — R
(called multiplication) such that the following hold for any a,b,c € R:

(1) (R,+) is an abelian group,
(14) multiplication is closed and associative, that is ab € R and a- (b-¢) = (a-b) - c and
(7i1) the distribution law holds:
o left distribution law: a-(b+c¢)=a-b+a-c and
e right distribution law: (b+c¢)-a=b-a+c-a.

Notation 2.6.2
For a ring R we write the multiplication product a - b as ab and we will indicate addition as a + b, for
any a,b € R.

The proof of the following characterizations of rings can be found in [3, Theorem 18.8].

Proposition 2.6.3
Let R be a ring with the additive identity 0. Then for any v,w € R we have the following hold:

Now, we recall the concept of a subring and state a theorem which serves as a test for a subring. The

proof is basic and can be found in [4, Theorem 12.3].

Definition 2.6.4 (Subring)
Let R be a ring with binary operations + and -. A non-empty subset S of R is called subring if S is a

ring under the operators + and -.

Theorem 2.6.5 (Test For Subring)
Let R be a ring with binary operations + and -. A non-empty subset S of R is a subring of R if and
only if the following holds for all v,w € S:

(a) v+ (—w) € R and
(b) vw € R.

Next, we recall integral domains. We will state the cancellation theorem in an integral domain. Lastly,
we will conclude this section by recalling the concept of a field and state that every field is an integral

domain.
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Definition 2.6.6 (Commutative Ring)

A ring R is called a commutative ring if multiplication is commutative.

Definition 2.6.7 (Ring with Unity)

A ring R is called a ring with unity if it contains a multiplicative identity.

Notation 2.6.8
We take note of the following:

(1) We call the multiplicative identity of a ring the unity and we will denote it by 1.

(1) For the sake of notation, additive inverse will be represented as —a and multiplicative inverse will

be represented as a~' for any a € R where R is a ring with unity.

Definition 2.6.9 (Unit)
Let R be a ring with unity 1 #£ 0. An element u € R is called a unit if it has a multiplicative inverse in

R.

Proposition 2.6.10

Let R be a ring with unity 1 # 0. If u,v € R are units, then uv is also a unit.

Proof. Since u,v € R are units, then u™! € R and v™! € R. Firstly, wo(v"u™t) = u(vv " Hu™! =

w()u~! = wu=! = 1. In addition, we have (v"'u"Huv = v Hu"tu)v = v=1(1)v = v=lv = 1. Hence,

1 Ly~t. Therefore, uv is a unit in R. O

wlu™) =1= (v'u " Huv and (uv)™! = v~
Definition 2.6.11 (Divisors of 0)
Let R be a ring and let a,b € R be non-zero elements. The elements a and b are called divisors of 0 if

ab = 0.

Definition 2.6.12 (Integral Domain)
Let R be a commutative ring with unity 1 # 0. Then R is called an integral domain if R contains no

divisors of 0.

Proposition 2.6.13 (Cancellation in Integral Domain)
[3, Theorem 19.5] Let R be an integral domain. The cancellation laws hold in an integral domain, that

is:
(a) if ab = ac for some a,b,c € R such that a # 0, then we have b = ¢ and
(b) if ba = ca for some a,b,c € R such that a # 0, then we have b = c.
Proposition 2.6.14

Let R be an integral domain and let a,b € R. If ab is a unit, then we have a and b are units.

Proof. Let R be an integral domain with unity and additive identity 0 and let a,b € R, such that ab
is a unit. Since ab is a unit, we have that ab has a multiplicative inverse. Let u be the multiplicative
inverse of ab. Then, u(ab) = (ab)u = 1.

We have 1 = u(ab) = (ua)b. Consequently, ua = 1(ua) = ((va)b)(ua) = (ua)(b(ua)), since multiplica-
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tion is associative in R. Therefore, ua = (ua)(b(ua)) and

ua — (ua)(b(ua)) = 0 = wa + (ua)(—b(ua)) = 0 by Proposition 2.6.3
= ua(l) + (ua)(—=b(ua)) =0
= ua(l — b(ua)) = 0 by left distribution in R.

Thus ua(l — b(ua)) = 0. Since R is an integral domain we have R contains no divisors of 0. We must
have that either ua = 0 or 1 — b(ua) = 0.
If ua = 0, then 1 = (ua)b = 0b = 0, a contradiction. Hence, 1 — b(ua) = 0 and b(ua) = 1.

Consequently, (ua)b = b(ua) = 1, b= = ua and b is a unit. In a similar manner, one can show a

is a unit. OJ

Definition 2.6.15 (Division Ring)
Let R be a ring with unity 1 # 0. Then R is called a division ring if every non-zero element is a unit
n R.

Definition 2.6.16 (Field)
Let R be a division ring. Then R is called a field if R is commutative.

Proposition 2.6.17
[8, Theorem 19.9] Every field F is an integral domain.
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2.7 Principal Ideal Domain (PID) and Unique Factorization Domain
(UFD)

In this section, we will recall the concepts of principal ideal domains (PID) and unique factorization
domains (UFD). We begin with principal ideal domains, by firstly recalling the concept of an ideal for
a ring, which is analogous to a normal subgroup of a group. Then, we recall the quotient ring and state
the definition of a principal ideal and a principal ideal domain. Lastly, we recall a unique factorization
domain and how it relates to a principal ideal domain. The concepts recalled in this section can be
found in [3] and [4].

Definition 2.7.1 (Ideal)
Let R be a ring and let N be an additive subgroup of R. Then, N is called an ideal of R if the following
hold for all a,b € R:

(i) aN C N and
(i5) NbC N.

Similarly to quotient groups, we can create quotient rings using ideals of a ring. The proof of the

following can be found in [3, Corollary 26.14].

Proposition 2.7.2 (Quotient Ring)
Let R be a ring and let N be an ideal of R. Then, the additive cosets of N form a ring R/N = {a+ N :
a € R} with binary operation defined as follows: For (a+ N),(b+ N) € R/N

(1) addition: (a+ N)+ (b+ N)=(a+b)+ N and
(t7) multiplication: (a + N)(b+ N) = (ab) + N.
We call the ring R/N the quotient ring (or factor ring) of R by N.
The next proposition tells us that the set of multiples of an element a in a ring R is an ideal of R.

Proposition 2.7.3 (Principal Ideal Generated by a)
Let R be a commutative ring with unity 1 and let a € R. The set {ra : r € R} of all multiples of a is
an ideal of R. We call this the principal ideal generated by a and we denote it by (a).

Proof. Let R be a commutative ring with unity 1 and let a € R.
Let N = {ra:r € R}. We will show that N is an additive subgroup of R.
Since, 1 € R, we have a = la € N, thus, N is non-empty.

Let x,y € N such that x = ria and y = rqoa for some r1,79 € R. We have:

x—y=ria— (rea)
= ria + (—r2)(a) by Proposition 2.6.3 (b)
= (r1 + (—r2))(a) by right distribution in R.

Then, x —y = (r1 + (—7r2))(a) € N since 1, — 2 € R.
Therefore, z —y € N for any x,y € N. By Theorem 2.1.6, we have, N is an additive subgroup of R.

Now, we show that the two conditions of Definition 2.7.1 hold to conclude that N is an ideal.
Firstly, let ¢ € R and let 2’ € gN. Then 2’ = gn for some n € N. Since, n € N, we have n = ra for
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some r € R. Thus, 2’ = ¢q(ra) = (¢r)a € N and ¢N C N.

If 4/ € Ng, then 3/ = nqg for some n € N. Now, n € N, we have n = ra for some r € R. Thus,

/

y = (ra)q
= r(aq) since multiplication is associative
= r(qga) since R is a commutative ring

= (rq)a since multiplication is associative.

Hence, y' = (rq)a € N since q,r € R and rq € R. Therefore, N¢ C N.

Consequently, N = {ra : r € R} is an additive subgroup of R, ¢N C N and Ngq C N for any
q € R. By Definition 2.7.1, we have N = (a) = {ra : r € R} is an ideal of R. O

We recall the definitions of a principal ideal and a principal ideal domain.

Definition 2.7.4 (Principal Ideal)
Let R be a commutative ring with unity 1. An ideal N of R is called a principal ideal if N = (a) for

some a € R.

Definition 2.7.5 (Principal Ideal Domain)
An integral domain R is called a principal ideal domain (PID) if every ideal of R is a principal ideal.

Now, we will recall the definition of a unique factorization domain. We start by recalling the definition

of an irreducible element in R and the definition of associative element.

Definition 2.7.6 (Irreducible Element)
Let R be an integral domain. A non-zero non-unit element a € R is called an irreducible element if

whenever a = bec we have that either b or ¢ is a unit.

Definition 2.7.7 (Associative Element)
Let R be an integral domain and let a,b € R. The elements a and b are associative if a = bu for some

unit w € R. We denote two associative elements a,b by a ~ b.

Proposition 2.7.8

Let R be an integral domain. For any a,b € R, the relation:
a ~ b if and only if a = bu for some unit u € R
s an equivalence relation.

Proof. Let R be an integral domain and let a,b and ¢ € R. We will show the conditions of an equivalence
relation (Definition 2.3.8) hold.

(¢) Since 1 is a unit in R, then a = al and a ~ a for all a € R.

(ii) Assume a ~ b. By Definition 2.7.7, a = bu for some unit u € R. Since u is a unit, then u=! € R

1

and b= au~!. Since ™! is a unit in R, we have b ~ a.

Assume b ~ a. By Definition 2.7.7, b = av for some unit v € R. Since v is a unit, then v € R

1

and a = bv~!. Since v~ ! is a unit in R, we have a ~ b. Thus, a ~ b if and only if b ~ a.
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(7i7) Assume a ~ b and b ~ ¢. By Definition 2.7.7, a = bu and b = cv for some units u,v € R. Then,
a = (cv)u = c¢(vu) and by Proposition 2.6.10, we have vu is a unit and a ~ c.

We conclude that the associative relation in Definition 2.7.7 is an equivalence relation. O

We state the definition of a unique factorization domain.

Definition 2.7.9 (Unique Factorization Domain)
Let R be an integral domain. Then R is called a unique factorization domain (UFD) if the following

conditions hold:

(i) for every non-zero element a € R which is not a unit, we have a = b1by ... by for some irreducible

elements by,bs, ..., b, € R and

(73) if b1,ba, ..., by € R and c1,¢a,...,c; € R are irreducible elements such that bibs ... by = c1ca. .. ¢y,
then we have k =1, and for all b; € {b1,ba,... by}, there exists some ¢; € {c1,ca,...,¢} such
that bl ~ Cj.

We state the following result that every principal ideal domain is also a unique factorization domain
and the proof can be found at [4, Theorem 18.3].

Proposition 2.7.10
Every principal ideal domain (PID) is a unique factorization domain (UFD).
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2.8 Primes, Greatest Common Divisor and Lowest Common Multi-

ple

In this section, we recall prime elements of a ring. In particular, we show that an element of unique
factorization domain (UFD) is prime if and only if it is irreducible. Furthermore, we define the set
P.rembers, for a set of primes P in R. We show that P,cmpers is closed under multiplication. Lastly,
we show that the greatest common divisor and lowest common multiple can be defined in a principal

ideal domain.
The definitions and results on primes can be found in [2], [4] and [12].

Firstly, we recall the definition on division of elements in an integral domain and show how this related

to the associativity property.

Definition 2.8.1 (Divides)
Let R be an integral domain and let a,b € R. We say that a divides b if b = ac for some c € R. If a

divides b, we write a | b.

Proposition 2.8.2
Let R be an integral domain and let a,b € R. We have that a ~ b if and only if a divides b and b divides

a.

Proof. Let R be an integral domain and let a,b € R.

Assume that a ~ b. By Proposition 2.7.8, we have that ~ is an equivalence relation, so we have b ~ a.
Since a ~ b, we have, by Definition 2.7.7, that a = bu for some unit v € R. Since a = bu, then b divides
a.

In addition, b ~ a and by Definition 2.7.7, b = av for some unit v € R. Since b = av, then a divides b.

Hence, a divides b and b divides a.

For the converse, assume a divides b and b divides a. Since a divides b, we have b = ac for some
¢ € R. Since b divides a, we have a = bd for some d € R. Then,

a = (ac)d = a = a(cd) = a — a(cd) = a(ed) — aled) = a(1l) — a(ed) =0 = a(l — ed) = 0.

Since R is an integral domain (thus, R does not have zero divisors) we must have either a = 0 or
1—cd=0.

e If a =0 then b = ac = 0c = 0. Therefore, a = 0 = bl and we have a ~ b.

e If 1 — c¢d =0 we have ¢d = 1. Hence ¢ and d are units. Thus, d is a unit since a = bd. We have

a~b.

O]

Now, we define a prime element of an integral domain and we show that every prime element is

irreducible in any integral domain.

Definition 2.8.3 (Prime Element)
Let R be an integral domain and let p € R be a non-zero element and p is not a unit. The element p

is called a prime element of R if whenever p divides bc then either p divides b or p divides c.
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Proposition 2.8.4

Let R be an integral domain. If p € R is a prime element in R, then p is an irreducible element in R.

Proof. Let R be an integral domain and let p € R be a prime element in R.
Let p = be for some b,c € R. Since, (bc) = pl we have p | bc and p | b or p | ¢ since p is prime.

In addition, b | p since p = be. We will consider the following cases:

Case I: If p | b then, p | b and b | p. Thus, by Proposition 2.8.2, p ~ b and p = bu for some unit
u € R.
Consequently, bc = p = bu and ¢ = wu since primes are non-zero. Therefore, ¢ is a unit and p is

irreducible.

Case II: If p | ¢, then p = bec and p = ¢b since R is commutative. Therefore, ¢ | p. Now, p | ¢ and
¢ | p. By Proposition 2.8.2 we have p ~ ¢ and p = cu for some unit v € R. Then ¢b = p = cu and

= u. Thus, b is a unit and p is irreducible.

We conclude that prime elements in an integral domain are irreducible elements. O

The converse of Proposition 2.8.4 is not true in general. However, in a unique factorization domain, it

is true. The proof of the following proposition can be found at [4, Theorem 18.2].

Proposition 2.8.5

Let R be a unique factorization domain (UFD). Then every irreducible element is a prime element.

Thus, we can think of decompositions in a UFD as prime decompositions. Now, we consider a set of

primes and elements created by products of primes.

Definition 2.8.6 (P-members)

[12, Definition 3.1] Let R be a unique factorization domain (UFD) and let P be a set of primes in R.
Let a € R be a non-zero and non-unit element of R. Then a is called a member of P, or a P-member,
if all prime divisors of a are in P up to associativity.

We will denote the set of P-members in R by Poembers-

Lemma 2.8.7
Let R be a unique factorization domain (UFD) and let P be a set of primes in R. If a,b € Ppembers,
then ab € Ppempers-

Proof. Let R be a unique factorization domain (UFD) and let P be a set of primes in R.

Let a,b € Poempers, then a = pipa...pk, b = qiqe ... g with each p;, gs primes from P,empers for all
i1=1,2,...kand s=1,2,...r.

Since ab € R and R is a unique factorization domain, we have that the decomposition ab = dids ... d;
with each d; being irreducible for all j = 1,2,...,¢. By Proposition 2.8.5, d; is prime for all j =

1,2,...,t, since in a unique factorization domain, irreducible elements are prime elements.

Then, didy...d; = ab = (pip2...pr)(q1q2 - .. q). By the uniqueness of decompositions in a unique
factorization domain (Property (i7) of Definition 2.7.9), we have that for every j = 1,2,...,¢ either
dj ~ p; or dj ~ gs for some i = 1,2,...,k, j = 1,2,...,r. Therefore, each prime divisor of ab is in

P.rembers Up to associative elements. Hence, ab € P empers- (]
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Now, we define the greatest common divisor and lowest common multiple in a principal ideal domain
(PID). Furthermore, we show that for any two non-zero elements a and b of a principal ideal domain
(PID), the greatest common divisor of a and b exists. We will also show that, the lowest common
multiple of @ and b exists in a PID. The results on greatest common divisor can be found at [8, Chapter
4 Section 2].

Definition 2.8.8 (Greatest Common Divisor)
Let R be a principal ideal domain (PID) and let a,b € R be non-zero elements. The greatest common

divisor of a and b, denoted by ged(a,b), is an element ged(a,b) € R such that:
(i) ged(a,b) divides a,

(7i) ged(a,b) divides b and

(13i) if d € R divides a and b then d also divides ged(a,b).

Theorem 2.8.9

Let R be a principal ideal domain (PID) and let a,b € R be non-zero elements. Then, there exists a
greatest common divisor of a and b which is unique up to associativity. Furthermore, there exist s,t € R
such that ged(a,b) = as + bt.

Proof. Let R be a principal ideal domain (PID) and let a,b € R be non-zero elements. Let I = {ap+bgq :
p,q € R}. We show [ is an ideal of R. Firstly, 0 = a0 + b0 € I and I is non-empty. For any ap; + bq1,
ap2 + bga € I, we have:

(ap1 +bq1) — (apa + bg2) = ap1 + bg1 — bga — ap>
= ap; — apz + bq1 — bgo since R is abelian under addition

= a(p1 — p2) + b(q1 — q2) € I by left distribution law.

Thus, by Theorem 2.1.6, we have I is an additive subgroup of R.

Let « € R. For any x(aps + bgs) € zI, we have z(aps + bgs) = zaps + xbqs = axps + brgs =
a(xp3) + b(wqs) € I.

Hence, I C I. Furthermore, for any (aps + bgs)x € Ix, we have (aps + bgs)x = apsx + bqux =
a(pax) + b(quz) € 1.

Hence, Ix C I. Thus, by Definition 2.7.1, we have I is an ideal of R.

Since R is a principal ideal domain (PID), then there exists d € R such that (d) = I, where (d) = {rd :
r € R} = {dr:r € R}. We show that d is the greatest common divisor of a and b.

Firstly, d € (d) = I so there exist s,t € R such that d = as + bt.

In addition, a = al 4+ b0 € I = (d). Thus, a = dr; for some r; € R and d divides a.

Similarly, b = a0 + bl € I = (d). Thus, a = dry for some r5 € R and d divides b.

Let h € R such that h divides a and b. Then, there exist c;,co € R such that a = he; and b = hes.
Then, we have that d = as + bt = (hc1)s + (hea)t = h(c1s) + h(cat) = h(cis + cat).
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Then, h divides d, d divides a and d divides b. If h divides a and b then h divides d. By Definition

2.8.8, we have d is the greatest common divisor of a and b.

Now, assume there are two greatest common divisors of a and b, say d; and ds. By Definition 2.8.8, we
have dy divides a and b. Thus, d; divides do. Similarly, by Definition 2.8.8, we have ds divides a and
b. Therefore, dy divides d;. By Proposition 2.8.2, d; ~ ds and the greatest common divisor is unique

to up associativity. O

Now, we recall the lowest common multiple of two elements of principal ideal domain (PID). Definition
2.8.10 and Theorem 2.8.11 is taken from [2] and [18].

Definition 2.8.10 (Lowest Common Multiple)
Let R be a principal ideal domain (PID) and let a,b € R be non-zero elements. The lowest common

multiple of a and b, denoted by lem(a,b), is an element lem(a,b) € R such that:
(i) a divides lem(a,b),
(7i) b divides lem(a,b) and
(13i) if there exists | € R such that a divides | and b divides [, then lem(a,b) also divides 1.

Theorem 2.8.11
Let R be a principal ideal domain (PID) and let a,b € R be non-zero elements. Then there exists a

lowest common multiple of a and b which is unique up to associativity.

Proof. Let R be a principal ideal domain (PID) and let a,b € R be non-zero elements. Let I = (a) N (b)
where, (a) = {ra:r € R} ={ar :r € R} and (b) = {rb:r € R} = {br : r € R}. We show that [
is an ideal of R. By Proposition 2.7.3, we have (a) and (b) are ideals. Thus, (a) and (b) are additive
subgroups of R and by Proposition 2.1.7, (a) N (b) is an additive subgroup of R.

Let z € R. Since, (a) is a ideal of R, we have z (a) C (a) and (a) x C (a). Similarly, = (b) C (b) and
(b) x C (b). Therefore, x (a) Nz (b) C (a)N(b) and (a) x N (b) z C (a) N (b). By Definition 2.7.1, we have
(a) N (b) is an ideal of R.

Since, R is a principal ideal domain (PID), then there exists ¢ € R such that (¢) = I = (a) N (b). Since
c € (¢) = (a) N (b), we have that ¢ € (a) and ¢ € (b). Thus, ¢ = ar; and ¢ = ary for some r;,73 € R
and, by Definition 2.8.1, a divides ¢ and b divides c.

Now, assume that there exists [ € R such that a | [ and b | . Then, | = as; and | = bsy for some
s1,82 € R. Then, [ € (a) and | € (b) and [ € (a) N (b) = (¢). Consequently, | = ct for some ¢t € R and ¢
divides d.

Therefore, ¢ divides a, ¢ divides b and if there exists [ € R such that a divides [ and b divides [, then ¢

also divides [. Hence, by Definition 2.8.10, we have c is the lowest common divisor of a and b.

Assume there are two lowest common multiples of a and b, say ¢; and co. By Definition 2.8.10, a and b
divides c¢1, thus co divides c¢;. Similarly, by Definition 2.8.10, @ and b divides cs, thus ¢; divides ¢o. By

Proposition 2.8.2, we have ¢; ~ ¢z and the lowest common multiple is unique to up associativity. O
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2.9 Ring Isomorphisms

In this section, we define homomorphisms for rings. There are equivalent Isomorphism Theorems for
ring homomorphism. However, we will only need the First Isomorphism Theorem, to prove the main
result of this section, which states that a ring with characteristic 0 has a subring which is isomorphic

to the set of integers Z. The information in this section can be found in [3] and [4].
We begin by stating the definitions of a ring homomorphism and ring isomorphism.

Definition 2.9.1 (Ring Homomorphism)
Let R and S be rings. A mapping ¢ : R — S is called a ring homomorphism if for all a,b € R we have:

(1) @(a+b) = p(a) +p(b) and
(71) p(ab) = p(a)p(b).

Definition 2.9.2 (Ring Isomorphism)
Let R and S be rings. A mapping ¢ : R — S is called a ring isomorphism, denoted by R= S, if p is a

bijection and a ring homomorphism.
We also note without proof that the image of a ring homomorphism ¢ : R — S is a subring of S.

Proposition 2.9.3
Let R and S be rings and let ¢ : R — S be a ring homomorphism. Then Imy = {¢(a)|a € R} is a
subring of S.

We state without proof the 15 Isomorphism Theorem For Rings. We refer the reader to [3, Theorem
26.17] for the proof.

Theorem 2.9.4 (1! Isomorphism Theorem For Rings)
Let R and S be rings. If ¢ : R — S is a ring homomorphism with Kerp = {a € R : ¢(a) = 0g}, then

we have:
(a) Kery is an ideal of R,
(b) G/Kerp = Imy and
(c) if v is a ring epimorphism, then R/Kerp = S.

Now, we recall the characteristic of a ring and we prove that a ring of characteristic 0 has a subring

isomorphism to the set of integers Z

Definition 2.9.5 (characteristic of a Ring)
Let R be a ring. A positive integer n is called the characteristic of R if n is the smallest positive integer
such thatn-a=a+a+...(n-times)---+a =0 for all a € R.

If there is mo positive integer n such that n-a = 0 for all a € R, then R is said to be of charac-

teristic 0.

Note 2.9.6
In a ring R with unity 1, if n -1+ 0 for any n € Z™, then R has characteristic 0.

Proposition 2.9.7
Let R be a ring with unity 1r and has characteristic 0. Then R has a subring Z which is isomorphic
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to the set of integers 7Z.

1R =+ 1R+ n—.tvfr.rzes +1R, ifn>0.
[n|—times

Proof. Let ¢ : Z — R be defined as: ¢(n) =n-1r = (—1g) + (—1g)+ +(—1g), ifn<0.

Or if n=0.
It can be shown that ¢ is a ring homomorphism. By the 15¢ Isomorphism Theorem for rings (Theorem
2.9.4), we have Z/Ker¢ = Img.
However, Ker¢ = {m € Z : ¢(m) = O} = {Ogr} since R is of characteristic 0.

Hence, Z/Ker¢p = Z/{0r} = {#+0r : z € Z} = Z and Z = Z/Ker¢ = Im¢. By Proposition
2.9.3, Im¢ is a subring of R.
Thus, by letting Z = I'm¢ we have shown R has subring Z which is isomorphic to the integers Z. [
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2.10 R-Module

In this section, we give a quick overview of module theory and state a few propositions needed for this

study. For a more in-depth study of R-modules, interested readers can consult [18].
We start by recalling the definition of a left R-module.

Definition 2.10.1 (Left R-Module)
Let R be a ring. A left R-module is an additive abelian group M with a binary operation - : Rx M — M,
called scalar multiplication, such that the following hold for all r,s € R and a,b € M:

(@) r-(a+b)=r-a+r-b,
(i) (r+s)-a=r-a+s-a,
(#ii) r-(s-a) = (rs)-a and
(tv) if R has unity 1, then 1 -a = a.
If property (iv) holds, then M s called a unitary left R-module.

Note 2.10.2
Right R-module can be defined in a similar manner, but for sake of simplification we will refer to a left

R-module as a R-module.
Similar to groups and rings, one could define submodules and quotient modules.

Definition 2.10.3 (Submodule)
Let R be a ring and let M be a R-module. A subset N C M is called a R-submodule of M, if N is an
additive subgroup of M.

Proposition 2.10.4 (Quotient Module)

Let R be a ring, M be a R-module and let N be a R-submodule of M. The quotient group of cosets of N
in M, defined as M/N ={m+ N : m € M} is an R-module with scalar multiplication - : R x M /N —
M/N defined asr-(m+ N) = (r-m)+ N.

The following is taken from [18]. We recall when a R-module is called a torsion module.

Definition 2.10.5 (Torsion Module)
Let R be a ring and let M be a R-module.

(i) An element m € M is called a torsion element if there exists a € R with a # 0, such that a-m = 0.
(13) If all elements of M are torsion elements, then M is called a torsion module.

(#i1) If the only torsion element of M is 0, then M is called a torsion-free module.

Below, we give some results that will be noted later. We refer the readers to [18] for the proofs.

Proposition 2.10.6
[18, Proposition 9.1] Let R be an integral domain and let M be a R-module. Then the set of all torsion
elements in M, denoted by 7(M), is a submodule of M.

Proposition 2.10.7
[18, Proposition 9.2] Let R be an integral domain and let M be a R-module. Then the quotient module
M/T(M) is torsion-free.
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Definition 2.10.8 (Free Module)
[3, Definition 38.2] Let R be a ring and M be a R-module. Then M s called a free module, if there
exists a subset X C M such that the following conditions hold:

(1) For any non-zero m in M, we can express it as a finite sum of distinct z; € X as m = njx1 +

noxa + - - - + Ny for non-zero ny,na,...n, € R. The expression is unique up to ordering.
(1) nix1 +noxe +...npx, =0 for xy,x9,... 2, € X if and only if ny =ng=---=n, =0.
The set X is called the basis of M and the number of elements in X is called the rank of M.

Theorem 2.10.9
[18, Theorem 9.3] Let R be an principal ideal domain and let M be a R-module. If M is a finitely

generated torsion-free R-module, then M is a free module.
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2.11 Binomial Ring

Lastly, we explore the binomial ring, we state the definition of a binomial ring. We also take note that
every binomial ring has a subring isomorphic to the set of integers. Finally, we prove some identities

of the binomial coefficients. The information for this section was taken from [21].

Definition 2.11.1 (Binomial Ring)

Let R be an integral domain of characteristic zero. We call R a binomial ring, if R has unity 1 such
that for any r € R and k € Z, we have that:

<r> r(r—=1)...(r—k+1)

k)~ X € R

Note 2.11.2
We note that every binomial ring contains a subring which is isomorphic to the set of integers Z, since
a binomial ring has characteristic 0 (by Proposition 2.9.7). We will denote this subring by Z and we

will denote Z the subring isomorphic to the positive integers.

Proposition 2.11.3
[21, Theorem 2] Let R be a binomial ring and let Z be the subring of R isomorphic to Z. Then we have

the following identities:
(a) (1) =a for any a € R.

1 ifn=1
0 ifn>2.

®) () =

() O)=1forallzeZ".

(d) (}) =0 forallze Z* and k € Z" such that k > z.

Proof. Let R be a binomial ring and let Z be the subring of R isomorphic to Z.

(a) Let a € R. Then ({) = (a_11!+1) = % = a. Hence, ({) = a for any a € R.

(b) For n = 1, we have by (a) that (1) = 1. Now, for n > 2, we have (i) = DA=D--(-ntl) _

1 n!
1 ifn=1

Wﬂ = 0 =0(4) = 0. Therefore, we have (') =
. . ‘ 0 ifn>2.

(c) Let z € ZT and let ¢ = (%). We will show ¢ = 1. We have ¢ = (?) = ¢ = (Z)(z_l);!'(z_zﬂ) =q=
G- o g2l = (2) (2= 1) ... (1) = g(z!) =2 = 0 = 2! —g(2!) = 0 = (1 — g)(!). Thus,
0 = (1 —¢)(2!). Since R is a binomial ring and thus, is a integral domain, we have that either
(1—g¢) =0or z! =0. We have z! > 0 and we must have (1 — ¢) = 0. Hence, () =¢=1.

(d) Let z € Z* and let k € Z" such that k > 2. We have 2 —k < 0 and 2 — k+1 < 1, hence we have
(Z) _ z(zfl)..l.g('szJrl) _ z(zfl)...(sz)(szllffl)...()...(sz+1) _ % = 0. Hence, (Z) =0 for all 2,k € 7+

such that k > z.

O]

This concludes our collection of preliminaries on groups and rings. We are now ready to begin our

investigation on the nilpotent R-powered group.



Chapter 3
Nilpotent R-Powered Group

In this chapter, we explore the nilpotent R-powered group that was first introduced by P. Hall in [5].
The nilpotent R-powered group extends a nilpotent group G by a binomial ring R, to define a unique
R-exponentiation g% for each ¢ € G and o € R. We will define the nilpotent R-powered group in

section 3.1.

In section 3.2, we will be following [1] and [9] to introduce notions like R-subgroup, R-generated and
some basic properties related to these concepts. We will also show that the quotient of a nilpotent

R-powered group is also a nilpotent R-powered group.

In section 3.3, we will prove that the Isomorphisms Theorems also hold in the class of nilpotent R-

powered groups.

In Section 3.4, we will show that abelian R-powered groups are just R-modules and restate some classic

results relating to R-modules. Lastly, in Section 3.5, we will explore exact R-sequences.

3.1 Nilpotent R-Powered Group

We give the definition of a nilpotent R-powered group, which was first given by P. Hall in [5]. We will
prove some basic properties that can be derived from the definition of a nilpotent R-powered group.
We conclude with two lemmas that use the Hall-Petresco axiom and showing the direct product of

nilpotent R-powered groups is again a nilpotent R-powered group.

The definition of a nilpotent R-powered group was first given by P. Hall in [5]. We will however, adopt

ours from the definition given in [1].

Definition 3.1.1 (Nilpotent R-Powered Group)

[1, Definition 4.11] Let R be a binomial ring with unity 1. A nilpotent group G is called a nilpotent
R-powered group or a Ngr-group if the R-exponentiation x% is uniquely defined for allz € G and a € R,
such that the following properties hold for any x,y € G and o, 3 € R:

(i1) 2P = zoth,
(iii) (x®)P = 2P,

() y~lay = (ytay)® and

33
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(v) each product of the form x${x§ ... x5, for some x1,x2,...,x, € G, can be expressed as the follow-
ing product of Hall-Petresco words 1;(x1, T2, ..., xn):
xfxg .. xl =Tm(x1, 22, ..., Tn) (21, 22, . ,xn)(g) oo Ti(T, T2, ,xn)(z), where k is the nilpo-
tent class of the group (r1,x2,...,Ty).

Note 3.1.2 e Traditionally, R-exponentiation is defined as an R-action (or ring action) from R
onto G. However, we note that Properties (i), (ii) and (iii) are the three properties of a ring

action.

e Property (v) of Definition 3.1.1 is called the Hall-Petresco axiom. This property tells us that

all products of the form z{xS ... x5 can be rewritten in a particular ordering scheme. Interested

n

reader may consult Chapter 4.1 in [1].

The next proposition shows that some results that can be deduced immediately from the definition of

Ng-group.

Proposition 3.1.3
[1, Lemma 4.6] Let G be a Nr-group. Then the following hold for any x € G and o € R:

(a) 2° =1 and
(b) (x*)~t =z~
Proof. Let G be a Ng-group, x € G and let a € R.
(a) Since, 0 = 040, we have 20 = 2970 = 2020 by property (7i) in Definition 3.1.1. Therefore, 1 = 2V

(b) Using property (i) in Definition 3.1.1, we get 2%z~ = z®T(-® = 20 = 1. In addition, using

.0 —o+to

property (i) in Definition 3.1.1, we also get x~%z% = x =20 =1
Therefore, x%¢~% = 2% = 1 and (z%)~! =27
O
The next lemmas, Lemma 3.1.4 and Lemma 3.1.5 use the Hall-Petresco axiom. The first one shows
that the Hall-Petresco words 7i(x1,x9,...,2,) can be calculated by substituting v = 1 in the Hall-

Petresco axiom. Lemma 3.1.5, shows that if two elements x and y commutes then we can distribute

the R-exponentiation in the product (xy)®.
Lemma 3.1.4 is given as note without proof in [1]. Here, we give a formal proof.

Lemma 3.1.4

Let G be a Nr-group and let x1, 2, ...,y € G. Then 7 (x1,T2,...,Tn) = T1T2 ... Tp.

Proof. Let G be a Ng-group and let x1,z,...,2, € G. By the Hall-Petresco Axiom we have that,

for any a € R, 2{z§ ... 2% = 11(21, 22, ..., 2n)*2(21, 22, . .. ,xn)(g) cooTk(Tr, 0, ,xn)(Z), where k is
the nilpotency class of the group (x1,xa, ..., x,).

1 1
Setting a = 1, we get riad . al = 1z, w0, . w) (2, 20, - ,xn)(2) ook, e, . ,xn)(k) By

n
Proposition 2.11.3 (d), we have ( ) =0 for all » > 1.

Thus, z1x2 . n—ﬁ(xl,:m, o wp) ez, e, )0 (w2, )0 = (2, 22, 2y). O
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Lemma 3.1.5
[11, Lemma 2.1] Let G be a Ng-group. If x,y € G such that xy = yx, then we have by the Hall-Petresco
aziom that (zy)® = z*y* for any o € R.

Proof. Let G be a Ng-group and let x,y € G such that zy = yx. Let H = (x,y). Since, zy = yxr we
have H is abelian and hence has nilpotency class 1.

By the Hall-Petresco axiom we have that x®y® = 7 (z, y)*7(x, y)(g) oo Tr(y y)(z) for any o € R.
Since H has nilpotency class 1, we have k = 1 and thus, 2®y® = 71(z,y)*. By Lemma 3.1.4 we have

that 7 (z,y) = xy. Therefore, x%y* = (zy). O

Corollary 3.1.6 is deduced from Lemma 3.1.5 and gives an alternative to the direct proof given in [1,
Lemma 4.6].

Corollary 3.1.6
Let G be a Nr-group. Then for any o € R, we have 1® = 1.

Proof. For any x € G we have, 1 = 1. Thus, by Lemma 3.1.5, ()¢ = (z1)® = 2“1% for any o € R
and 1 = 1¢ for any a € R. O

In [1, Definition 4.16] and [9, Section 2.4], the authors give the definition of a direct product of Ng-
group. We will expand on this and prove in Proposition 3.1.7 and Corollary 3.1.8 that the direct
product of Nr-groups is again a Nz-group.

Proposition 3.1.7
Let G and H be Ngr-groups. Then the direct product G x H is a Ngr-group, with R-exponentiation
defined as (g, h)* = (g%, h%).

Proof. Let G and H be Ng-groups.

Firstly, since G and H are nilpotent, then by Proposition 2.5.7, that the direct product G x H is also
nilpotent.

Now, we show that the R-exponentiation defined as (g,h)® = (g%, h*) is uniquely defined for each
(9,h) € G x H and « € R.

Let (g1,h1), (g2, h2) € G x H such that (g1,h1) = (g2, h2) and let a € R. Then, (g1,h1) = (g2, h2) =
g1 = g2 and hy = hy = g1 = g5 and hY' = hy = (g7, hY) = (93, h3) = (g1, h1)* = (92, h2)*.

Therefore, (g1,h1) = (g2, ho) implies (g1, h1)® = (g2, h2)®. Thus, each (g, h)* is uniquely determined.
Now, we show that the axioms of Definition 3.1.1 hold for any (g1, h1), (g2, he) € G x H and o, B € R.

(i) We observe that, (g1,h1)! = (gi,h}) = (g1,h1) since G and H are Ng-groups. Hence property
(7) in Definition 3.1.1 holds.

11 € have (g1, 1O<g1’ 1 = g(ft’ Clx g1, ) = 9%917 (11 1) — g? ) ? = 91, 1a ,SiIlCe
(i1) We have (g1, h1)*(g1,h1)" = (g%, h$) (g7, hY) = (9897, b)) = (g7 "7, hSHP) = (g1, ha)ot?
G and H are Ng-groups.

We conclude that property (i¢) in Definition 3.1.1 holds.

(iii) Now, [(g91,m1)°]7 = (g8, h9)® = (9817, [h§]%) = (67", h3") = (g1,h1)*?, since G and H are
Ng-groups. We conclude that property (iii) in Definition 3.1.1 holds.
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(7v) Now,

[(g2:h2) " (g1, h1) (g2, h2)]™ = [(95 ", ho ') (9192, haha))

= (95 '9192, h3 " hiho)®

= ((92'9192)", (hy ' h1h2)®)

= (g5 ' 9% g2, hy 'hS'hy) since G and H are Np-groups
= (92", h3 ") (97 g2, hiha)

= (92, 2) ot hT) (g2, 2)

= (

92.h2) " (g1, h1)% (g2, ha).
We conclude that property (iv) in Definition 3.1.1 holds.
(v) For any (g1, h1), (g2, h2),...(gn, hn) € G X H and a € R, we can express the product
(91, h1)%(g2, h2)® - - - (gn, hn)® as follows:
(gla hl)a(927 h2)a T (gna hn)a = (9(11> htlx)(gga h%) (gna ha)
= (9195 --- gn, hTh3 ... hy)
= (n@* @ ... n@® n@e®E . nm )
(@ 1) (@ nm) ... (0@, 7m®)
= (n@.1()" (@) @)D . (@), 7 (7)) W
where § = {91,92,...,9n} and h = {h1,ha,..., hy}.

Therefore, each product of the form (g1, h1)(g2,h2) ... (gn, hn), can be expressed a product of
Hall-Petresco words (7;(g), 7;(h)). Hence, property (v) in Definition 3.1.1 holds.

Thus, G x H is a Ng-group. O

Corollary 3.1.8
Let {G; : i € T} be a family of Nr-groups for some non-empty index set I. Then the direct product
G = HGi is also a Nr-group.
el
Proof. Let {G; : i € I} be a family of Nz-groups for some non-empty index set I. We will proceed by

induction on the size of the index set |I].

If |I]| = 2, then, by Proposition 3.1.7, G1 x G is a Ng-group. Assume the statement is true for |I| = k,

k
that is the direct product H G, is a Ng-group. We show that the statement is true for |I| = k + 1.
el
k+1 k k
We have, H G; = H G X Ggy1. By, induction hypothesis, H G; is a Ng-group and by assumption,
icl icl icl
k+1 k
Gr41 is a Ng-group. Thus, by Proposition 3.1.7, H G; = H G; x Gyy1 is a Nr-group and G = H G;
icl icl icl

is a Ng-group. O
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3.2 R-Subgroups and Normal R-Subgroups

In this section, we will explore R-subgroups and normal R-subgroups of N g-groups, which are analo-

gous to the usual subgroups and normal subgroups of a regular nilpotent group.

Firstly, we state the definition of a R-subgroup taken from [9].

Definition 3.2.1 (R-Subgroups)
[9, Definition 2.1.2] Let G be a Nr-group and let H be a subgroup of G. Then, H is called a R-subgroup
of G, denoted by H <r G, if g* € H for allg € H and o € R.

Now, we prove, via a lemma, that the intersection of R-subgroups is again a R-subgroup. This will be
needed to verify that the R-generated group (S)p is the smallest R-subgroup that contains S, for any
S CG.

Lemma 3.2.2
[9, Lemma 2.1.1] Let G be a Nr-group and let {H; : i € I} be a family of R-subgroups of G for some
index set I. Then, the intersection H = ﬂ H; s also a R-subgroup of G.
el
Proof. Let G be a Ng-group and let {H; : i € I} be a family of R-subgroups of G for some index set I.
Let H = ﬂ H;. Since, each H; is a R-subgroup of GG, we have, by Definition 3.2.1, that each H; is a
i€l
subgroup of G for all ¢ € I. Thus, by Proposition 2.1.7, H = m H; is a subgroup of G.
el
Furthermore, since each H; is a R-subgroup of G, then x® € H; for each x € H;, « € R and i € I.

Therefore, z“ € H = ﬂ H; for each x € H and o € R. By Definition 3.2.1, H = ﬂ H,; is a R-subgroup
icl iel
of G. 0

Proposition 3.2.3 is mentioned and explained as a note in [1]. Here, we give a formal statement and its

proof.

Proposition 3.2.3 (R-Subgroup R-Generated by S)

Let G be a Nr-group and let S C G. Then, the intersection of all R-subgroups containing S, denoted
by (S) g, is a R-subgroup of G. Moreover, (S)p is the smallest R-subgroup of G containing S. We call
S the set of R-generators of (S)p.

Proof. Let G be a Ng-group and let S C G.
Let H={H | H <pr G such that S C H} be the set of all R-subgroups of G containing S. By Lemma

3.2.2, we have (S)p = m H is a R-subgroup of G.

HeH
Assume (S)  is not the smallest R-subgroup of G' containing S.

Let @ be the smallest R-subgroup of G containing S. We have that @) € H and thus,

(S)p= (ﬂ H ) ﬂQ. Consequently, (S)p C @, which contradicts the assumption that @ is the

HeH
smallest R-subgroup of G containing S.

Therefore, (S)j is the smallest R-subgroup of G containing S. O



3.2. R-SUBGROUPS AND NORMAL R-SUBGROUPS 38

Definition 3.2.4 (R-generated)

[9, Definition 2.1.5] Let G be a Nr-group. A group G is said to be R-generated if there exists S C G
such that G = (S) .

We say that G is finitely R-generated if |S| is finite.

The next proposition is from a note (without a proof) given in [1], relating R-generation by S, to the

usual group generated by the subset S. Here, we give a formal proof.

Proposition 3.2.5
Let G be a Nr-group and let S C G.
Then, (S)p = U S; where:

i=0

(a) So=(S) and

(b) Sit1 = <g°‘ tg €S, o€ R>

Proof. Let G be a Ny-group, S C G, I ={0,1,2,...} and let a € S;.
By Proposition 3.1.3, a = a' € Si+1, therefore, S; C S;11. We have an increasing sequence Sy C 57 C
e C8;C

We will show that each S; is a subgroup of G for all i € I, using induction on 1.

For i = 0, we have, by Proposition 2.1.10, that Sy = () is a subgroup of G.

Assume that the statement is true for ¢ = k, that is, S < G.

We need to show that the statement holds for i = k£ + 1. We have that each Syt is generated by a set
Si1 =19 : g € Sk, a € R}. By the definition of Sy, we have g € S < G for each element g* in S} ;.
By the inductive hypothesis, S; < G. Thus, g € G. However, ¢* € G since G is a Nr-group.
Therefore, S; | = {g® : g € Sk, @ € R} is a subset of G. By Proposition 2.1.10, Sy = <S,’H_1> is a
subgroup of G.

Therefore, by principle of mathematical induction we have S; < G for all ¢ € I.

o0
Since S; < G for all i € I and Sy C 51 C S C S3--- we have, by Proposition 2.1.8, that U S; <G.
Now, we show that U S; < G is closed under R-exponentiation. Let x € U S; and let a € R.
i=0 i=0

(o]
Since x € U Si, then xz € S}, for some k € I. By the definition of Sg11, 2% € Sky1.
i=0

Therefore, % € U S; for any x € U S; and a € R. By Definition 3.2.1, U S; is a R-subgroup of G.
i=0 i=0 i=0

o0 o) (e}

Hence, USi is a R-subgroup of G which contain S C (S) = Sy C U S; and (S)p C U S;, since
i=0 i=0 i=0

(S) R is the intersection of R-subgroups of G containing S.

o0

For the reverse containment, let = € U S;.
i=0

o0

Since z € U Si, we have that « € Sy, for some k € I. We will prove that if x € Sy then z € (S), by
=0

using induction on k.
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If £ =0, then z € Sy = (S). Since (S)p is the smallest R-subgroup of G containing all elements
of S, then z € (S)p.

Assume the statement is true for k£ = ¢, that is, if x € Sy, then = € (S) 5.

Consider the case for k = ¢t + 1. If x € Siqy, then x = ¢ ... g% for some gi,...,9, € Sy and
ag,...,or € R, where r > 1.

By the inductive hypothesis, g1,..., g € S; implies that g1,..., g, € (S)p.

However, (S)p is a R-subgroup of G, so g1, ..., g% € (S) .

Therefore, z = g7 ... g% € (S) g, since (S)y is closed as (S)p is a R-subgroup of G.

Therefore, by the principle of mathematical induction, we conclude that if x € S; for some i € [
then z € (S)p.

Thus, | | Si € (S)y and (), = S O
=0 1=0

We can deduce Corollary 3.2.6 from Proposition 3.2.5 and Proposition 2.1.11. Firstly, using Proposition
3.2.5, we represent a R-subgroup R-generated by a subset S in terms of the regular generated subgroups.

Next, we use Proposition 2.1.11 to evaluate an explicit formulation of the R-Subgroup R-generated by

S.

Corollary 3.2.6
Let G be a Nr-group and let S C G.
Then, (S)p = {s7's5>...s3"|si€S, a; € R, i =1,2,...,k}.

Proof. Let G be a Nr-group and let S C G.
oo
By Proposition 3.2.5, we have that (S), = U S; where:
i=0
(a) So = (S) and

(b) Sz'-i—l = <g°‘ g c Si, o € R>
By Proposition 2.1.11, we have:
o So=(S)={s]"sy>...s" |s;€ Sand ry € {1,-1},i=1,2,...,k},

¢ Siv1 =(9%:9€ S, aeR) = {(97")"(95%)> ... (9,%)* |gi € Si,e; € Rand r; € {1,—1},i =
1,2,...,k}.

QT4
%

However, G is a Nr-group, so, (g;")" = g;""*. Since R is a binomial ring and r; € {1, -1}, so a;7; € R

and we have the following:
o So=(S)={s]"sy?...5" |s;€ Sand ry € {1,-1},i=1,2,...,k},
® Oj+1 = <ga:g€S’i7 OéGR> :{gglggQ.glgk’gl GSZ and CZ €R77’217277k}

Let € (S)p, then, by Proposition 3.2.5, z € S, for some m = 0,1,2,... and by above, z =

¢1 G2 a1 a2

91" 93 ...g,g’“forsomegiGSi and ¢; € R. Then, z € {s7"s5?...s."|s; € Sand a; € R, i =1,2,...,k}.
Thus, (S)p C {s{'s5?...s0%|s;ie Sand a; € R, i=1,2,...,k}.

(65N} Cl <2

Now, let y € {s{'s5?...s0%|s; € Sanda; € R, i = 1,2,...,k} such that y = ¢7'g5 g,g’“ for

some g; € S;and (; € R for i = 1,2,...k. We have y = gflg?...g,ﬁ’c = (gfll)(gggl)...(ggkl) =

(g) (g5%) - - (g2
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o0
Consequently, y € S, for some m =0,1,..., and y € U Si = (S)p-
i=0
Therefore, {s7's5%...5."|s; € Sand a; € R, i =1,2,...,k} C (S)p and (S)p = {s7's5 ... s, |s; €

Sand o; € Ryi=1,2,...,k}. O

We define the commutator R-subgroup of a Ng-group and show that it is a normal R-subgroup.

Definition 3.2.7 (Commutator R-Subgroup)

[9, Definition 2.1.6] Let G be a Ng-group and let M and N be R-subgroups of G. The commutator R-
subgroup generated by M and N, denoted by [M, N|g, is defined as [M, N]g = (im,n]|m € M,n € N)p.
If G =M = N, then [G,G]g is called the commutator R-subgroup of G.

Note 3.2.8
By Corollary 3.2.6, [G,G]|r = ([z,yl|z,y € G) g = {[w1,11]" [w2, 2] . . [who, k™ : @i,y € G, i €
R, i=1,2 ...k}

Notation 3.2.9
For sake of simplicity, we will denote [G,G]r as just [G,G] for the remainder of our study.

Lemma 3.2.10
Let G be a Nr-group. The commutator R-subgroup |G, G] is a normal R-subgroup of G.

Proof. Let G be a Nr-group and let [G,G] be the commutator R-subgroup of G. By definition 3.2.7,
[G, ] is a R-subgroup of G.

Let g € G and let gug~! € ¢g[G,G]g~!. Then, gug™t = wu='(gug™!) = u(utgug™') = ufu=t,g] €
G, Gl
Therefore, |G, G] is a normal R-subgroup of G. O

In a similar manner to ordinary groups, we define when a ANz-group is said to be cyclic.

Definition 3.2.11 (Cyclic R-powered group)
Let G be a Ng-group. Then, G is called a cyclic Nr-group, if there exists g € G such that G = (g) s.

Next, we now introduce the concept of normal R-subgroup as it is presented in [9].

Definition 3.2.12 (Normal R-Subgroups)
[9, Definition 2.1.4] Let G be a Ng-group and let H be a R-subgroup of G. Then H is called a normal
R-subgroup of G, denoted by H g G, if H is a normal subgroup of G.

The following lemma is extracted from the proof of Theorem 4.16 in [1] where the authors showed
that the quotient of a nilpotent of R-powered group is again a Ny-group. We extracted this part of
the proof, as we will need this lemma again in the proof of the Second Isomorphism’s Theorem for

R-homomorphisms.

Lemma 3.2.13
Let G be a Nr-group and let N be a normal R-subgroup of G. Then, for any h € G, n € N and o € R,

hon® = (hn)*n’ for some n' € N.

Proof. Let G be a Nr-group, N a normal R-subgroup of G and let h € G, n € N, a € R.
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From the Hall-Petresco Axiom, h*n® = Tl(h,n)arg(h,n)(g)...Tk,l(h,n)(kil)m(h,n)(z) where k is
the nilpotency class of the group (h,n). From Lemma 3.1.4, 71(h,n) = hn. Therefore, h*n® =
() (h, n)(3) .y (b ) &) () (R).

We obtain the equation:

(hn)=hen® = o(h,n)(2) .y () 64y (h, ) ), (3.1)

We will show that each 7;(h,n) € N for all i = 2,...k, by using induction on ¢ and showing that
(hn)'hin® € N for all i = 2,.. . k.

For i = 2, equation (3.1) becomes (hn)~2h?n? = mo(h,n) since (;) = 1 and (i) = 0 for all s >
2. Also, (hn)72h2n? = [(hn)?]7'h%n? = [Anhn] th2n? = nth~In"th=th2n2 = n=th In"thn? =
n~t(h~tn"th)n?
However, h™'n~1h € N since N is normal in G. Therefore, n=}(h™In"'h)n? € N and m(h,n) =
(hn)72h*n? = n~Y(h~'n"th)n? € N.
Assume the following is true for j < i < k:

(a) 75 € N and

(b) (hn)~7hint € N.

We will show that 7;(h,n) € N holds for i = j + 1. Firstly, we note that:

(hn)~ G+ pit1i+1 (hn) ==L p+1pi+l
— (hn)™ (hn) T\ i+t

= (hn)~In~Lh~thlpinitL

= (hn) 7 (1)n " thin/ ™!

= (hn) ™ (h" ) *%Jnfﬂ

= (hn)~

= (hn)

= (hn) I (hInOh— J) —lpipitl

= (hn) I (hWIind=Ip~ ]) —lpipitl
= (hn)~ hnin Jh—y)n—lhjnjﬂ
(

(hn) = hInd )n =3 (R~ In " A )ni T,

(1
(
(
J(h]lh J) —lpipitl
(
(
J

By the inductive hypothesis, we have (hn)~7hin/ € N. Furthermore, h~'n~'h? € N since N is normal
in G. Therefore, (hn)~UtDRIHni+t = (hn)~Thind)n=9 (h~In~'h/)ni*1 € N.

Applying equation (3.1), we obtain the following:

. . . j+1
(hn)~UFDpi+1ni+1 = 7 (h )( )| ..7j(h, n)(JJ' )Tj+1 (h,n). This can be rewritten as:

J+1 . . .

Tis1(hyn) = m(hyn) = ). o 7o(h, )~ (3) () =G D it L1,
By the inductive hypothesis, we have 7;(h,n) € N for all j <.
Then, 7j41(h,n) = 75(h,n) (3 ) .. o (hyn)~(8) (k)= Dpi+lnd™1 € N and 5(h,n) € N for all i =
1,2,.... k.
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We recall equation (3.1):

(hn)~*h*n® = 15(h, n)(g) o Te—1(h, n)(kfl)Tk(}“ n)(Z)’

Each 7;(h,n) € N for all i = 1,2,...,k and we have Tg(h,n)(g) oo Tr—1(h, n)(kil)Tk(h, n)<CI:) = n' for

some n' € N.

Therefore, (hn)~*h*n® = n' and h*n® = (hn)*n’. O

Now, we are ready to prove that the quotient of a Ng-group is again a Ng-group.

Proposition 3.2.14
[1, Theorem 4.16] Let G be a Ng-group and let N be a normal R-subgroup of G. The quotient group
G/N is a Nr-group with R-exponentiation defined as (gN)* = g*N.

Proof. Let G be a Ng-group and let N be a normal R-subgroup of G. By Corollary 2.5.6, G/N is a
nilpotent group.

Firstly, we show that the R-exponentiation defined as (¢/N)* = ¢g“N is uniquely defined for each
gN € G/N and a € R.

Let gN,hN € G/N such that gN = hN and let a € R. By Proposition 2.2.6, g = hn for some n € N,
so, g% = (hn)?.

From Lemma 3.2.13, we have h*n® = (hn)*n’ for some n’ € N, so, we can rearrange the equation as

follows:

h*n® = (hn)*n’ = h* = [(hn)*n/]n~% right multiplication by n~
= h® = (hn)*(n'n™*) = h*N = (hn)*N by Proposition 2.2.6
= h*N = g°N since g% = (hn)“.

Therefore, gN = hN implies (gN)* = g*N = h*N = (hN)® and each (gN)? is uniquely determined.

We need to show the axioms of Definition 3.1.1 hold for any zN,yN € G/N and «, 8 € R, by making
use of the fact that G is a Ng-group.

(i) We observe that, (zN)! = !N = zN.
(i) (xN)*(xN)? = (z*N)(2°N) = (z°2P)N = (2°TF)N = (2N )*+5,
(iii) ((zN)*)? = (2®N)P = (2*)°N = 2*°N = (zN)*B.

(iv) [(yN)"'(@N)(yN)]* = [(y ' N)(zyN)]* = [(y 'zy)N]* = (y '2y)*N = (y 'z®z)N
= (y 'N)(@*N)(yN) = (yN) "' (xN)*(yN).

(v) Forany 1N, zoN, ...z, N € G/N and a € R, we can express the product (z1N)*(xaN)% - - (2, N)*
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as follows:

(@1 N)* - (2n N)® = (2fN) - - (2 N) = (27 - 2) N

= (7'1(561, ceny ) T, ,xn)((l:)) N

= (ri(x1,...,2n)*N) ... (Tk($1, e ,mn)(Z)N>
= (r(z1,. .., 20)N) .. (T(2q, . .. ,xn)N)(z) .
Therefore, each product of the form (z;N)®---(x,N)®, can be expressed a product of Hall-
Petresco words 7;(x1, 22, ..., Ty)N.
Thus, G/N is a Ng-group. -

Lastly, we show that if a Nr-group is finitely R-generated, then the quotient is also finitely R-generated.
This has been done for ordinary nilpotent groups and their quotients, which can be found at [16, Result
368 (i)].

Lemma 3.2.15
Let G be a Nr-group and let N be a normal R-subgroup of G. If G is finitely R-generated then, G /N
s also finitely R-generated.

Proof. Let G be a Nr-group and let N be a normal R-subgroup of G.

Assume G is finitely R-generated. Then, there exists a finite subset X = {z1,z9,...,2,} C G such
that G = (X)p.

Let X' = {z1N, 22N, ...,z N}, we will show G/N = (X') ..

From Corollary 3.2.6, we have:
o (X)p=A{a"25?.. .20 |z;€ X, 0 €R,i=1,2,...,r} and
o (XY p={(@N)*" (z2N)*? ... (2, N)* |z;Ne X', s € R, 1 =1,2,...,r}.

Let yN € G/N. We have y € G. Since G = (X)p, then y = xllxgg...xf’“ for some 3; € R, j =
1,2,...,k. Then, yN = (z}'a? ... 2PN = (@7 N) (@B N) ... (& N) = (21 N)P' (22N)P2 ... (23, N)P*.

Therefore, yN = (z1N)P1 (22N)?2 ... (2 N)P € (X')p and G/N C (X') 5.
For any g € (X') 5, we have g = (21 N)* (22 N)*2 ... (x,N)*, for some o; € R for i =1,2,...,7r.
Since, G/N is a Ng-group, by closure we have g = (£1N)**(x2N)*2 ... (2, N)* € G/N.

Hence, (X'), € G/N and G/N = (X'),. By construction, X' is a finite subset of G/N, so, G/N is
finitely R-generated. O
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3.3 Isomorphism Theorems for R-Homomorphisms

In this section, we introduce the concept of R-homomorphisms, R-injections, R-surjections and R-
isomorphisms. We prove that the three Isomorphism Theorems still hold in the context of Ng-groups
and R-homomorphisms. Furthermore, we state and prove the universal property of quotient groups
in the context of Nz-groups. We explore the concepts of R-characteristic subgroups and when a R-
subgroup is R-complement of another R-subgroup. Lastly, we give some lemmas which will be needed

for Section 3.5 on exact R-sequences.
First, we define a R-homomorphism.

Definition 3.3.1 (R-Homomorphism)
[1, Definition 4.15] Let G and H be Ng-groups. A homomorphism ¢ : G — H is called a R-
homomorphism if p(g®) = (v(g))* for all g € G and o € R. Further, we have:

(i) If v is injective then, ¢ is called a R-monomorphism or R-injective.
(13) If ¢ is surjective then, ¢ is called a R-epimorphism or R-surjective.
(7i1) If  is a bijection then, ¢ is called a R-isomorphism and we denoted G =g H.

The author in [9] makes note that the kernel and image can be defined in the usual way. We thus
introduce the kernel of a R-homomorphism and show that a R-homomorphism is R-injective if and

only if its kernel is trivial.

Definition 3.3.2 (Kernel of a R-Homomorphism)
Let G and H be Ng-groups and let o : G — H be a R-homomorphism. The kernel of ¢, denoted by
Kerp, is defined as Kero = {x € G|p(x) =1g}.

Lemma 3.3.3 follows similarly to [3, Corollary 13.18], but re-contextualized it in terms of R-homomorphisms.

Lemma 3.3.3
Let G and H be Ng-groups and let ¢ : G — H be a R-homomorphism. Then ¢ : G — H is R-injective
if and only if Kerp = {1}.

Proof. Let G and H be Ng-groups and let ¢ : G — H be a R-homomorphism.

If ¢ : G — H is R-injective, then by Definition 3.3.1, we have ¢ : G — H is injective.
Thus, for any = € Kery, we have p(x) =1 = (1) and z = 1 since ¢ is injective.
Thus, Kerp = {1}.

For the converse, assume Keryp = {1}.

Let 2,y € G such that ¢(z) = ¢(y). Then we have that p(z) = p(y) = ¢@)py)! =1 =
@)y H=1=py ) =1l=ay e Kerp={1}zay l=1=r=y.
Therefore, ¢ is injective and a R-homomorphism. Thus, ¢ is R-injective. O

Next, we introduce the image of a R-homomorphism ¢ : G — H and show that it is a R-subgroup of H.

Furthermore, we prove if G is finitely R-generated then, the image of ¢ is also finitely R-generated.

Definition 3.3.4 (Image of a R-homomorphism)
Let G and H be Ng-groups and let ¢ : G — H be a R-homomorphism. The image of ¢, denoted by
Im(p), is defined as Im(p) = {p(z) |z € G}.
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Lemma 3.3.5 is also a re-contextualization of Theorem 13.12 in [9].

Lemma 3.3.5
Let G and H be Nr-groups and let ¢ : G — H be a R-homomorphism. Then Im(p) is a R-subgroup
of H.

Proof. Let G and H be Ng-groups and let ¢ : G — H be a R-homomorphism. Since, 1y = ¢(1g) €
Im(p), we have I'm(y) is non-empty.

Let z,y € Im(p) such that z = ¢(g) and y = ¢(h) for some g,h € G. We have that zy~! =

0(9)e(h)~t = p(g)p(h™t) = ¢(gh™?) since ¢ is a R-homomorphism.

Thus, 2y~ = ¢(gh™!) € Im(yp). By Theorem 2.1.6, we have I'm(y) is a subgroup of G.

«

Furthermore, for any a € R, we have 2% = ¢(g)* = ¢(g%).

Since g* € G, we have % = ¢(¢9%) € Im(p). Thus, by Definition 3.2.1, we have Im(yp) is a R-subgroup
of H. O

Now, we prove that the image of a finitely R-generated Ng-group is again finitely R-generated.

Lemma 3.3.6
Let G and H be Ngr-groups and let ¢ : G — H be a R-homomorphism. If G is finitely R-generated
then I'm(y) is also finitely R-generated.

Proof. Let G and H be Ng-groups and let ¢ : G — H be a R-homomorphism. In addition, assume
that G is finitely R-generated, that is, there exists a finite subset S C G such that G = (S) .

We will show that Im(p) = (¢(S5)) g, where p(S) = {¢(s) : s € S}.

If x € Im(p) then, © = ¢(g) for some g € G. By Corollary 3.2.6, we have g = s{'s5? ... sp* for some
s; €8, a0 € Randi=1,2,...,k.

Then, = ¢(g) = p(s755%...5.) = @(s7)p(s52) ... o(sp*) = @(s1)M p(s2)** ... @(sx)** since ¢ is
a R-homomorphism. Thus, by Corollary 3.2.6, we have z = ¢(s51)*¢(52)%%...0(sk)* € (¢(95))p-
Hence, Im(p) C (©(95)) -

Now, let y € (p(S))p. By Corollary 3.2.6, we have y = 27257 ... z.* for some z; € ¢(5), & € R
and i =1,2,...,k.

Since, each z; € ¢(S), we have that each z; = ¢(s;) for some s; € S. Therefore, y = 27252 ... 2.F =

al a2

©(51)*p(52)% ... p(sk) = p(s7")p(552) ... p(sph) = (571852 ... s3.*) since  is a R-homomorphism.

Thus, y = p(s7s5%...5.5) € Im(p) and (p(S))p € Im(p). We conclude that Imn(p) = (p(S)) z-
In addition, S is finite, so ¢(S) is also finite.

Therefore, we have a finite subset ¢(S) of I'm(p) such that I'm(¢) = (¢(S5))g and, by Definition
3.2.4, we have Im(yp) is finitely R-generated. O

The authors in [1] and [9] state without proof the three Isomorphisms Theorem for R-homomorphisms.

Here, we will give their proofs.
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Theorem 3.3.7 (15! Isomorphism Theorem for R-homomorphisms)
[9, Theorem 2.2.1] Let G and H be Ng-groups and let ¢ : G — H be a R-homomorphism. Then,

(a) Kerp dp G,

(b) G/Kerp =g Imy and

(c) if ¢ is a R-surjective, then G/Keryp = H.

Proof. Let G and H be Ng-groups and let ¢ : G — H be a R-homomorphism. Denote Kery as K.

(a) By the First Isomorphism Theorem for groups (Theorem 2.3.5), we have K < G. For any = € K

and a € R, we have:

o(z%) = (p(z))” since ¢ is a R-homomorphism
= (1g)“ since x € K = Keryp
= 1g by Corollary 3.1.6.

Therefore, z* € K and K <r G.

Since K <r G and K < G, then, by Definition 3.2.12, K <y G.

(b) Let 0 : G/K — Im(p) be defined as 0(gK) = ¢(g). By the First Isomorphism Theorem (Theorem
2.3.5), we know that € is a well defined group homomorphism that is a bijection. We only need

to show that @ is a R-homomorphism.

For any gK € G/K and a € R, we have 0((¢gK)®) = 0(¢°K) = »(g%) = (¢(9))* = (0(g9K))*

since ¢ is a R-homomorphism.

Thus, since # is a bijection and R-homomorphism, we have that 6 is a R-isomorphism. We can
write G/Keryp =g Im(p).

(¢) Now, ¢ is a R-surjective and Im(p) = H. Using (b), we get G/Ker(yp) =g H.

O]

In the following, we prove the 2"® and 3"¢ Isomorphism Theorems for R-homomorphisms with both

proofs relying on the 1%¢ Isomorphism Theorem for R-homomorphisms.

Theorem 3.3.8 (2"¢ Isomorphism Theorem for R-Homomorphisms)
[9, Theorem 2.2.2] Let G be a Nr-group. Let H be a R-subgroup of G and let N be a normal R-subgroup
of G. Then we have the following:

(a) HN = (H,N)p is a R-subgroup of G,
(b) N is a normal R-subgroup of HN,
(¢) HN N is a normal R-subgroup of H and

(d) HN/N = H/(HN N).

Proof. Let G be a Ng-group. Let H be a R-subgroup of G and let N be a normal R-subgroup of G.
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(a)

We show HN = {hn: h € H and n € N} is a R-subgroup of G.

Firstly, by the Second Isomorphism Theorem for groups (Theorem 2.3.6), HN is a subgroup of
G. Now, for any a € R, we have, by Lemma 3.2.13, that h*n® = (hn)®q for some ¢ € N.
Therefore, (2)* = (hn)® = (h%n®)q~! = h*(n®q~') € HN.

Thus, by Definition 3.2.1, HN is a R-subgroup of G.

In addition, for any h € H and n € N, we have h = h(ly) € HN and n = (1g)n € HN. So,
H C HN and N C HN. Therefore, HN is a R-subgroup of G containing H and N. Thus,
(H,N)p € HN, since (H, N) is the intersection of all R-subgroup of G containing H and N.

In addition, by Proposition 3.2.5, we have:
o

(H/N)p = USi with Sp = (H,N) and S; = (¢%: g € S;—1, « € R) for i > 1.
=0

Let x € HN such that x = hn for some h € H and n € N. Then, hn € (H,N) = Sy and
o0

z="hnel| S =(HN)p
i=0

Therefore, HN C (H,N)p and HN = (H, N)p is a R-subgroup of G.

For any n € N, n= (eg)n € HN,so, N C HN.

However, N is a R-subgroup of G and we have that N is a group under the same operators as
HN since HN is also a R-subgroup of GG. Hence N is a R-subgroup of HN.

By the Second Isomorphism Theorem for groups (Theorem 2.3.6), N is a normal subgroup of H N
and by Definition 3.2.12, N is a normal R-subgroup of HN.

By the Second Isomorphism Theorem for groups (Theorem 2.3.6), H N N is a normal subgroup
of H. In addition, for any o € R and 1 € H N N, we have:

r1€EHNN=z1€Handxi €N
= 2{ € H and z{ € N since H and N are R-subgroups of G
=z € HNN.

Therefore, by Definition 3.2.12, H N N is a normal R-subgroup of G.

By (a) and (b), we have N is a normal R-subgroup of HN and by Proposition 3.2.14, we have
HN/N is a Ng-group.

Let ¢ : H — HN/N be defined as ¢(h) = hN. We will show that ¢ is a R-surjective R-
homomorphism.

For any hi, he € H, we have that ¢(h1ha) = hihaN = (hiN)(haN) = ¢(h1)¢(h2). Hence, ¢ is a
group homomorphism.

Also, for any h € H and a € R we have ¢(h®) = h*N = (hN)* = p(h)*. Therefore, ¢ is a
R-homomorphism.

Furthermore, for any (hn)N € HN/N, there exists h € N such that (hn)N = h(nN) = h(N) =

p(h).

Hence, ¢ is surjective and ¢ : H — HN/N is a R-surjective R-homomorphism. By the 15
Isomorphism Theorem for R-homomorphisms (Theorem 3.3.7), we have that H/Kerp ~r HN/N.

We can calculate Kerp as follows:
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Kerp={heH:ph)=1yyn}={h€H:¢ph)=N}={heH:hN=N}={heH:he
N}y=HnN.

Therefore, H/H NN = HN/N.

Theorem 3.3.9 (3" Isomorphism Theorem for R-Homomorphism)
[9, Theorem 2.2.3] Let G be a Ngr-group and let H and N be normal R-subgroups of G such that
H <gp N. Then, (G/H)/(N/H) =r G/N.

Proof. Let G be a Ng-group and let H and N be normal R-subgroups of G such that H <g N.

Since H and N are normal R-subgroups of G, then, by Proposition 3.2.14, we have that G/H and
G/N are Ng-groups.

Let ¢ : G/H — G/N be defined by ¢(gH) = gN. We will show that ¢ is a R-surjective R-

homomorphism.

For any aH,bH € G/H, ¢((aH)(bH)) = ¢(abH) = abN = (aN)(bN) = ¢(aH)p(bH).

Hence, ¢ is a group homomorphism.

In addition, for any « € R and aH € G/H, ¢((aH)*) = ¢((a“H)) = a*H = (aH)* = ¢(aH)"

and ¢ is a R-homomorphism.

Furthermore, for all gN € G/N there exists gH such that ¢(gH) = gN. Therefore, ¢ is surjective
and ¢ : G/H — G/N is a R-surjective R-homomorphism. By the 15 isomorphism theorem (Theorem
3.3.7), (G/H)/Ker¢ =r G/N.

We have Ker¢ = {zH € G/H : ¢(zH) = lg/n} = {*H € G/H : tN = N} = {zH € G/H :
xe€N}={zH:x€ N} =N/H.

Therefore, (G/H)/(N/H) =r G/N. O

The next theorem (Theorem 3.3.10) is adapted from [16, Result 3.24] where we will give a proof in
the context of Ng-groups. Theorem 3.3.10 has many names in the literature such as the Fundamental
Theorem on Homomorphisms or the Universal Property of Quotient Groups, we have picked the latter

as it is more adapted to our context.

Theorem 3.3.10 (Universal Property of Quotient Groups)

Let G and H be Nr-groups and let ¢ : G — H be a R-homomorphism. Let K be a normal R-subgroup
of G such that K C Ker(yp). Then, there exists a unique R-homomorphism @ : G/K — H defined as
D(gK) = ¢(g) such that ¢ = pom, where m: G — G/K s the canonical map w(g) = gK.

The map @ is called the map induced by .

Proof. Let G and H be Ng-groups, ¢ : G — H a R-homomorphism and let K be a normal R-subgroup
of G such that K C Ker(p).
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Let © : G/K — H be defined as p(¢9K) = ¢(g) and let 7 : G — G/ K be the canonical map m(g) = gK.

The above information can be represented in the following commutative diagram:

G "5 G/K
Xgo

Consider for gK,hK € G/K with gK = hK. By Proposition 2.2.6, g = hk for some k € K. Then

Therefore, gK = hK implies that p(¢gK) = g(hK) and @ is well-defined.

(2)p(y) = P(zK)p(yK). Further-

For any 2K, yK € G/K, p((«K)(yK)) = @((zy)K)
o () = [@(x)]*. Therefore, ¥ is a

p(ay)
more, for any o« € R we have p((zK)*) = p(z°K) = ¢

¥
(=) = ¢
R-homomorphism.
In addition, for any g € G, we have that o 7(g) = ¢(7(9)) = (9K) = ¢(g). Thus, p =pom.

Lastly, assume there are two R-homomorphisms 7 and ©3 such that ¢ = @107 and ¢ = Py om. Then,

Prom=gyom. Since 7 : G — G/K is R-surjective, then p; = ©3.

Hence, there exists a unique R-homomorphism @ such that ¢ = po . O

We define R-characteristic R-subgroups and state when a R-subgroup is a R-complement of another
R-subgroup. Definition 3.3.11 is an adapted version of Definition 3.1 in [16] and Lemma 3.3.12 is a test

for R-characteristic.

Definition 3.3.11 (R-Characteristic R-Subgroup)
Let G be a Nr-group. A R-subgroup H of G is called a R-characteristic R-subgroup of G, denoted by
H R-char G, if 9(H) = H for all ¢ € Autr(G) ={¢: G — G| ¢ are R-isomorphism}.

Lemma 3.3.12
Let G be a Ng-group and let H be a R-subgroup of G. Then H is a R-characteristic R-subgroup of G
if and only if p(H) C H for all ¢ € Autr(G).

Proof. Let G be a Ng-group and let H be a R-subgroup of G.
Assume H is a R-characteristic R-subgroup of G. By Definition 3.3.11, we have ¢(H) = H for all
¢ € Autr(G). Thus, ¢(H) C H for all ¢ € Autr(G).

Conversely, assume ¢(H) C H for all ¢ € Autr(G). For any ¢ € Autg(G), we have ¢! € Autp(G).
Thus, by assumption, we have that ¢—'(H) C H and ¢(¢~*(H)) C ¢(H).

Then, H = Ig(H) = (po¢ ) (H) = ¢(¢~'(H)) C ¢(H) C H. Therefore, we have H C ¢(H) C H and
¢(H) = H. Since, ¢ was arbitrarily chosen, then ¢(H) = H for all ¢ € Autr(G). Consequently, H is
a R-characteristic R-subgroup of G. 0
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Definition 3.3.13 restated Definition 9.11 in [16], in the context of Ng-groups and R-subgroups.

Definition 3.3.13 (R-Complement R-Subgroup)
Let G be a Ng-group and let H and K be R-subgroups of G. The subgroup H is called the R-complement
R-subgroup of K if the following hold:

(i) HNK = {1} and
(i) G=HK ={hk:he€ H and k € K}.

Corollary 3.3.14 is a result of the Second Isomorphism Theorem for R-homomorphisms (Theorem 3.3.8)
and Definition 3.3.13.

Corollary 3.3.14
Let G be a Nr-group, N a normal R-subgroup of G and let K be a R-subgroup of G. If K 1is the
R-complement R-subgroup of N, then G/N =r K.

Proof. Let G be a Ng-group, N a normal R-subgroup of G and let K be a R-subgroup of G. Assume K
to be the R-complement R-subgroup of N. By the Second Isomorphism Theorem for R-homomorphisms
(Theorem 3.3.8), we have KN/N = K/(K N N). By Definition 3.3.13, KN = G and K NN = {1}.
Thus, G/N = K/{1} = K.

O]

Lastly, Lemma 3.3.15, Lemma 3.3.16 and Lemma 3.3.17 are needed for our exploration of exact R-

sequences.

Lemma 3.3.15
Let G, H and K be Nr-groups. If p: G — H and @ : H — K are R-homomorphisms, then fop : G — K

1$ also a R-homomorphism.

Proof. Let G, H and K be Ng-groups and let ¢ : G — H and 0 : H —+ K be R-homomorphisms.
Since the composition of two group homomorphisms is a homomorphism, we have that fop : G — K
is a homomorphism.

In addition, for any g € G and a € R, we have the following:

00 p(g®) = 0(e(9%))
= 0(p(g9)?) since ¢ is a R-homomorphism
= 0(p(g))” since 0 is a R-homomorphism
= [0 0 p(9)]"
Therefore, o p : G — K is a R-homomorphism. O

Lemma 3.3.16
Let G, H and K be Nr-groups. If o : G — H and 0 : H — K are R-injective R-homomorphisms then,
foyp:G— K is also a R-injective R-homomorphism.

Proof. Let G, H and K be Ng-groups and let ¢ : G — H and 6 : H — K be R-injective R-

homomorphisms.
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By Lemma 3.3.15, we have 6 o ¢ is a R-homomorphism. In addition, for any g,h € G we have the

following:
00 p(g) =00p(h) = 0(p(g)) =0(e(h))
= ¢(g) = ¢(h) since 0 is R-injective
= g = h since ¢ is R-injective.
Thus, 8o ¢ : G — K is R-injective. O

Lemma 3.3.17
Let G, H and K be Ng-groups and let ¢ : G — H and 0 : H — K be R-homomorphisms. If
foy:G— K is R-injective, then ¢ : G — H s also R-injective.

Proof. Let G, H and K be Ng-groups and let ¢ : G — H and 6 : H — K be R-homomorphisms
such that § o ¢ : G — K is R-injective. We have the following for any =,y € G that p(z) = ¢(y) =
O(p(x)) = 0(p(y)) = Oop(x) = 0op(y) = x =y since o ¢ is R-injective. Thus, p : G — H is
R-injective. O
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3.4 Abelian R-powered group

Motivated by the fact that every abelian group is nilpotent, in this section, we will explore abelian R-
powered groups. We will show that abelian R-powered groups are just R-modules. Thus, all properties
that hold for R-modules also hold for abelian R-powered groups. We will define a poly-R-cyclic series
of an abelian R-powered group A and show that the rank of A is equal to the length of this series if
A is finitely R-generated abelian group. This will be needed in our investigation of the free centre in
Section 5.2.

The author in [1], mentioned how abelian R-powered group is related to be a R-module. We start by

defining an abelian R-powered group and showing it is a R-module.

Definition 3.4.1 (Abelian R-powered group)
A Ng-group A is called an abelian R-powered group if for any g, h € A, we have gh = hg.

Proposition 3.4.2
Let A be an abelian R-powered group. Then A is a R-module with usual addition and multiplication
-t RxX A— A defined as -z = x* fora € R and x € A.

Proof. Let A be an abelian R-powered group. For any z,y € A and «a, € R, by Definition 3.1.1 (i),

(#i7) and (i), we have:
(1) Since xy = yx, thus, by Lemma 3.1.5, a- (z+y) = (z+y)* =24+ y* =a-z+a-y.
(i) (a+pB) - z=2tP =2+ 2f =a-2+ 8-y,

(iii) a-(B-z) = (B 2)* = (2P)* = 28* = 2°P = (af) - x and

(iv) 1-a=a'=a.

Therefore, A is a R-module. O

Lemma 3.4.3
Let A be an abelian R-powered group and let N be a normal R-subgroup of A. We have the quotient
A/N s an abelian R-powered group.

Proof. Let A be an abelian R-powered group and let N be a normal R-subgroup of A.

By Proposition 3.2.14, A/N is Nr-group.

In addition, for any aN,bN € A/N, (aN)(bN) = (ab)N = (baN) = (bN)(aN).

Hence, A/N is an abelian R-powered group. O

Now, we give the definition of a free R-module, as taken from [18, Chapter 7.4]. We restate it in the

context of an abelian R-powered group.

Definition 3.4.4 (Free Abelian R-Powered Group)
An abelian R-powered group A is called free if there exists a subset X C A such that the following

conditions hold:

(i) For any non-zero a € A, we can express it as a finite sum of distinct x; € X, a =ny - x1 + ng -
o+ 4N, T, = z?l + :E§2 + .-+ for non-zero ni,na,...n, € R. This expression is unique

up to ordering.
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(ii) For any x1,x9,...xp € X, ny-x1+n2 -2+ ...0, -2, =0 if and only if ny =ng=--- =n, =0.

The set X is called the basis of A and the number of elements in X is called the rank of A and is
denoted by rankgr(A).

Lastly, we define a poly-R-cyclic series for an abelian R-powered group A and show the length of this
series is equal to the rank of A if A is finitely R-generated.

Definition 3.4.5 (Poly-R-Cyclic)
[1, Definition 4.19] Let A be an abelian R-powered group. A subnormal R-series

0=A9dp A1 dr Ao dg - g A=A

of A is called a poly-R-cyclic series, if each Aj11/A; is a cyclic R-powered group.

Theorem 3.4.6
[1, Theorem 4.22] Let A be an abelian R-powered group. If A is finitely R-generated then A has a

poly-R-cyclic series.

Definition 3.4.7 (Hirsch-R-Length)
[1, Definition 4.20] Let A be a finitely R-generated abelian R-powered group. The minimal length of all
poly-R-cyclic series of A is called the Hirsch-R-length and is denoted by hr(A).

The following result was used in [14] and [6] in their discussion of the free centre of finitely gen-
erated nilpotent groups. We prove it in the context of finitely R-generated free abelian R-powered

groups.

Proposition 3.4.8
Let A be a finitely R-generated free abelian R-powered group. Then, the rank of A is equal to the
Hirsch-R-length of A.

Proof. Let A be a finitely R-generated free abelian R-powered group and let h = hr(A).
Let 0 = Ag I A1 <g Ay g --- Ig Ap, = A be the minimal poly-R-cyclic series of length h = hr(A).

By Definition 3.4.5, each A;/A;_; is cyclic. By Definition 3.2.11, A;/A;—1 = (a; + Ai—1)p for some
a; € A; foreach i =1,2,...,h.

We will show, by induction, that A; = (a1,a2,...,a;j)p for j =1,2,... h.

For j =1, (a1)p = (a1 +0)p = (a1 + Ao)p = A1/Ag = A1/0 = Ay and Ay = (a1). Assume that the
statement is true for j = k < h, that is, Ay = (a1, a2,...,a)p. Consider the case when j =k 41 < h.
Let © € Apy1. We have v+ Ay, = (apq 1+ Ag)® for some a € R and 2+ A = af, | + Ag. By Proposition
2.2.6, © = apy1 + q for some q € Ay.

By inductive hypothesis, Ay, = (a1, a2, ..., ax)p and by Corollary 3.2.6, ¢ = (a1)** + (a2)** +. .. (ar)**,
for some a1, az,...,ar € R. Therefore, v = af | +[(a1)* +(a2)**+... (ax)**] € (a1, a2, ..., ax, ar11) g

and Ak:+1 C <a’17 a2, ..., Ak, ak)-‘rl)R‘

Since 0 = Ag Jp A1 Jp Ay Jp --- Jp Ak g Agt1, thena; € Agyq foralli =1,2, ... k+1. Therefore,

{a1,a9,...,ak, ap41} is a subset of Apy; and by Proposition 3.2.3, (a1, a2, ..., a5, apt1)p € Aky1-
Therefore, Ax1 = (a1,a2,...,ax, ar41)g and A; = (a1, a2, ...,a;), for j=1,2,...,h.
Consequently, A = A, = (a1, a2,...,ap)p and we conclude that A can be generated by h elements.

Hence, rank(A) = h = hr(A). O
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3.5 Exact R-sequences

In this section, we explore exact sequences of Nr-groups. We start by giving the definitions of exact
R-sequences and short R-sequences. Furthermore, we will show that there exist short R-sequences
involving the direct product of any two Ng-groups. Lastly, we will show in a specific commutative

diagram that if we have two R-isomorphisms, then the third one should also be a R-isomorphism.

This section was inspired by previous studies on exact sequences of groups and R-modules in [15,
Chapter 11], [2, Section 10.5] and [18, Section 7.1]. In particular, we have taken some results and prove

that they also hold true in the context of Nz-groups.
Firstly, we give the definition of a exact R-sequence and short R-sequences.

Definition 3.5.1 (Exact R-Sequence)

Let k be a positive integer greater than 3. The sequence:

G125 Gy Gy 2 2 Gl 2 Gy

of Ngr-groups G1,Gs,...,Gy, with R-homomorphisms ¢; : G; — Giyq1 for all i = 1,2,...,k — 1, is
called an exact R-sequence if Im(¢;) = Ker(¢it1) for alli=1,2,... k— 1.

Definition 3.5.2 (Short Exact R-Sequence)

An exact R-sequence is called a short exact R-sequence if it is of the form:
156565051
where G, Ga, G3 are Nr-groups and ¢ and 1) are R-homomorphisms.

The following proposition gives a test when a R-sequence is exact and is an adpated version of [2,
Corollary 23].

Proposition 3.5.3
Let G1,Go,G3 be Nr-groups. The R-sequence

1256, 56, % Gy 51

is exact if and only if the following hold
(a) ¢ is R-injective,
(b) Im(p) = Ker(u) and
(¢) v is R-surjective.

In this case we can omit the R-homomorphisms v and ¢ and just write the sequence as:
1—>G1£>G2£)G3—>1.

Proof. Let Gy, G2, G3 be Nr-groups.
15 a5 G, Y, Gs % 1 is an exact R-sequence, then, Im(y) = Ker(yp), Im(p) = Ker(y) and

Im(4) = Ker(@).
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(a) Since, 7 is a trivial inclusion, then, Ker(y) = Im(y) = {1}. By Lemma 3.3.3, we have ¢ is
R-injective.
(b) By definition of exact R-sequences, we have Im(p) = Ker(1).

(c¢) Since all R-homomorphisms are well-defined, then ¢(z) = 1 for all z € G3 and Ker(¢) = Gs.
Consequently, Im(¢) = Ker(¢) = G3 and v is R-surjective.

Hence, ¢ is R-injective, Im(yp) = Ker(¢) and v is R-surjective.
Conversely, assume ¢ is R-injective, Im(p) = Ker(¢) and 1 is R-surjective.

(a) Since, ¢ is R-injective, we have by Lemma 3.3.3, that Ker(¢) = {1}. In addition, Im(y) = {1}.
Therefore, Im(y) = Ker(y) = {1}.

(b) By assumption, Im(p) = Ker(v).

(c) Since, 1) is R-surjective, we have that Im(y)) = G3. Now, since ¢ : Gz — {1} is a well defined
R-homomorphism, we have that ¢(z) =1 for all x € G3. Therefore, Ker(¢) = Gs and Im(¢) =
Ker(¢) = Gjs.

Thus, Im(y) = Ker(p), Im(p) = Ker(1)) and Im() = Im(¢$) and the R-sequence 1 - G1 2 Gy LR
Gs ﬂ 1 is exact. O

In the following, we show that there exists an exact R-sequence involving the direct product of any two

Npg-groups. This was given as an example in [2, Example (1), page 379] for the case of R-modules.

Proposition 3.5.4
Let G and H be Ng-groups. The following R-sequence

1G5 GxHS H—1

s exact with
e i:G— G x H defined as i(g) = (g,1) and

o 7:G x H— H defined as w(g,h) = h.

Proof. Let G and H be Ng-groups and let 1 — G Y GxHS H = 1bea R-sequence with
i: G — G x H defined as i(g) = (9,1) and 7 : G x H — H defined as 7(g,h) = h.

By Proposition 3.5.3, we need to show that
(a) i is R-injective,
(b) 7 is R-surjective and
(¢c) Im(i) = Ker(m).
Firstly, we show that i is R-injective.
(a) For any g1, g2 € G we have i(g1) = i(g2) = (91,1) = (92,1) = g1 = g2. Thus, i is R-injective.

(b) Secondly, for any h € H, there exists (1,h) € G x H such that w(1, h) = h. Thus, 7 is R-surjective.
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(¢) Thirdly, we show that Im(i) = Ker(m). Let x € Im(i) such that = = i(g) for some g € G. Then,
m(x) = 7(i(g)) = 7((g,1)) = 1 and x € Ker(w). Hence, Im(i) C Ker(r).

Let y € Ker(w) Then, y = (g,1) = 7(g) for some g € G. Thus, y € Im(i), Ker(r) C Im(i) and
Im(i) = Ker(m).

Therefore, 1 — G LG x HZ H —1is ashort exact R-sequence, for any Ng-groups G and H.

O

Finally, we show that in the following commutative diagram if two homomorphisms are R-isomorphisms
then the third is also a R-isomorphism. This is an adaptation of the Short Five Lemma given in [2,

Proposition 24].

Proposition 3.5.5
Let

1 y K oL » G i ” Ql
leK bc leQ (3.2)

1 y Ky —225 Gy —225 y 1

~
—_

be a commutative diagram with each row being a short exact R-sequence.

If 0 and 8o are R-isomorphisms, then Ok is also a R-isomorphism.

Proof. We need to show that 0 is R-injective and R-surjective.

Using Proposition 3.5.3 and Definition 3.3.1, we have by Diagram (3.2):
® 1, ¢2, g and f¢g are R-injective R-homomorphisms,
e 1, Yo, g and O are R-surjective R-homomorphisms and
o Im(p1) = Ker(¢1) and Im(p2) = Ker(¢s).
Let k,k. € Kp such that 0x (k) = 0k (k). Since g and ¢ are R-injective, then, by Lemma 3.3.16,

Oc o @1 is R-injective and

Ok (k) = O (k) = ©2(0K (k) = @2(0k (k)
= 200k (k) = @20 Ok (k)
= 0 o 1(k) = 0c o p1(ks) by commutative diagram (3.2)

= k = k, since 0g o 1 is R-injective.

Thus, Ok (k) = 0k (k) = k = k. and 0k is R-injective.

Now, we show that 05 is R-surjective. Let ko € K5. We have that ¢o(ks) € Ga. Since 6 is R-surjective,
then there exists g € G1 such that

p2(k2) = bc(g1). (3.3)
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Further,

0g o ¥1(g1) =2 00g(g1) by the commutative diagram (3.2)
= ¥2(0c(91))
= 1)9(p2(ke)) by Equation (3.3)
= 1 since Im(yp2) = Ker(¢2)
= 0o(1).

Since, g is R-injective, then ¢(g1) = 1 and g1 € Ker(¢n) = Im(p1). Therefore, there exists k1 € K
such that:
g1 = ¢1(k1). (3.4)

Then, we have the following

@2(k2bk (k1)) = pa(ka)p(0x (k1))

(k2)
= o (k2)@2(0k (k1)) ™"
= 9G(91)902(9K(/<?1))* by Equation (3.3)
= 0c(91)[p2 0 Ok (k)]
= 0a(g1)[0q o v1(k1)]~! by the commutative diagram (3.2)
= 0c(91)0c(p1(k1)) ™"
= 05(91)0G(91)! by Equation (3.4)
=1.

Therefore, kof(k1)~ € Ker(ps). By Lemma 3.3.3, Ker(ps) = {1}, hence, kofx(k1)™! = 1 and
ko = 0k (k1). Since, ko € Ko was arbitrarily chosen, 0 is R-surjective and 0k is a R-isomorphism. [

This concludes our introductory investigation on Ng-groups. We began with an investigation on R-
subgroups and normal R-subgroups and then observed that the Isomorphism Theorem still holds true
in the context of ANVg-groups. Lastly, we explored abelian N g-groups as R-modules and concluded
by investigating the exact sequence of Nr-groups. Now, we move on to explore the P-localization of

Ng-groups.



Chapter 4

P-localization of a Nilpotent R-powered

Group

To continue towards our study of the genus, we will need to take a tour of P-localization of Nz-groups,
as outlined in [13], for some set of primes P in R. The work done in [13] relies on root extraction of
Npg-groups done in [1], [11] and [12]. We will follow in a similar manner, by firstly investigating root
extraction in Section 4.1, Section 4.2 and Section 4.3, before investigating P-localization of Nz-groups
in the later Sections. In particular, we will work towards proving the Fundamental Theorem of P-
localization in Section 4.7 and in Section 4.8, we prove that, in a specific ring, a map P-localize if and
only if it is a P-isomorphism. Lastly, in Section 4.9 we prove some results which will be needed in our

study of the genus of a Nz-group in Chapter 5.

4.1 R-Torsion, Zz-Groups and R-Radicable

Firstly, we state the definition of a a!’-root of a Ng-group and a %g-group G. We define when a
Ng-group is called R-torsion, R-torsion-free and said to be of finite type. We will give a proof when
a Ng-group is a Zg-group. Lastly, we state some results relating to abelian R-powered groups and in

conclusion we define a R-radicable group.

This section is based on [11] and [12] which explores root extraction for Ng-groups and [1, Section

2.3.2] which is an exploration of root extract of ordinary nilpotent groups.

Definition 4.1.1 (a'® root)
[11] Let G be a Nr-group and let a € R. An element g € G is said to have an o' root in G, if there
exists h € G such that g = h®.

Definition 4.1.2 (%g-group)

[11] Let G be a Ng-group. The group G is called a Ur-group if every element g € G has a unique o'®

root (if it exists) for every a € R.

Proposition 4.1.3
[1, Theorem 4.26] Let G be a Nr-group. Then G is a Ur-group if and only if g* = h®, for some o € R,
implies that g = h for all g,h € G.

Proof. Assume that G is a Zgr-group. Let g,h € G such that ¢¢ = h® for some o € R. Since G is a

o8
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Ng-group, then ¢ € G and there exists z € G such that z = ¢®. Then z has an at*

t

-root. However,

r = g% = h®, so, g = h since G is a %g-group and each element has a unique a'-root, if it exists.

Then, for every g,h € G such that g% = h™ for some o € R, we have g = h.
Conversely, assume that for every g, h € G and some « € R such that g% = h®, we have that g = h.
Let 2 € G. Assume z has two at?-roots g., hx € G. Then, z = g%, x = h¢ and ¢¢ = = = h¢. From the

assumption, we have g, = hy and z has a unique o*-root if it exists. Therefore, G is a Zgr-group. [
Now, we state the definition of R-torsion and when a group is R-torsion-free. We also prove that a
subgroup of a R-torsion-free group is also R-torsion-free.

Definition 4.1.4 (R-Torsion)
[11, Definition 2.3] Let G be a Ng-group.

(i) An element g € G is called a R-torsion if there exists « € R such that g* = 1.
(7i) If all elements of G are R-torsion elements, then G is called a R-torsion group.
(7i7) If the only R-torsion element of G is 1, then G is called a R-torsion-free group.

Lemma 4.1.5
Let G be a R-torsion-free Ng-group. Every R-subgroup of G is also R-torsion-free.

Proof. Let G be a R-torsion-free Np-group and let H be a R-subgroup of G.
Let ¢ € H be a R-torsion element. Since H is a R-subgroup of G, then g € G. Furthermore, G is
R-torsion-free, so g = 1.

Therefore, the only R-torsion element of H is 1 and H is R-torsion-free. 0

The next proposition tells us that the set of all R-torsion elements in G is a normal R-subgroup of G

and the proof of this proposition can be found in [1, Theorem 4.24 (i7)]

Proposition 4.1.6 (R-Torsion Subgroup)
[1, Theorem 4.24 (ii)] Let G be a Nr-group. The set of all R-torsion elements in G, denoted by 7(G),

is a normal R-subgroup of G.
Now, we give the definition of a finite type Ng-group.

Definition 4.1.7 (Group of Finite Type)
[12, Definition 2.6] A Nr-group G is said to be of finite type if

(1) G 1is finitely R-generated and
(17) G is a R-torsion group.

We are now ready to prove the main result of this section, that a Ng-group is R-torsion-free if and

only if it is a Zg-group.
The proof of Proposition 4.1.8 is based on [1, Theorem 2.7], which is the case on ordinary nilpotent

groups.

Proposition 4.1.8
[1, Theorem 4.26 (ii)] Let G be a Ng-group. Then G is a R-torsion-free group if and only if G is a
UR-group.
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Proof. Let G be a Ng-group of nilpotency class c.

Assume that G is a R-torsion-free group. We will show that G is a %g-group by using induction on
the nilpotency class of G. We show that, for every g, h € G such that ¢g® = h* for some o € R we have
g=nh.

If ¢ = 1, we have, by Note 2.5.3 that G is an abelian group. Assume g,h € G are such that g = h®

for some o« € R. Then

ga = h® = gah—a -1= ga(h—l)a -1
= (gh™1)* = 1 since G is abelian and using Corollary 3.1.5
= gh™! =1 since G is R-torsion-free

= g=h.

Hence, g¢ = h® implies that g = h and G is a Zg-group.

Assume that the statement is true for ¢ = k£ > 1, that is, if G is a R-torsion-free group with nilpotency
class of at most k then, G is a Zg-group.

Let G be a Nr-group which is R-torsion-free and of nilpotency class of k + 1. Let g, h € G such that
g* = h* for some o € R and consider H = (g,71(G))z- By Proposition 3.2.5, H is a R-subgroup of G
and by Lemma 2.5.9 H has nilpotency class that is less than or equal to k.

Also, by Lemma 4.1.5, H is a R-torsion-free, since H is a R-subgroup of G.

Thus, H meets the requirements of the inductive hypothesis. We note that the product hg='h~! =
g 'g,h] € H, since H = (g,71(G)) z. Then,

g% = h® = g% = (hhh™1)®
= g% = hh®h~! by Definition 3.1.1 (iv)
= g% = hgo‘h_1 since g% = h®
= g% = (hgh™")® by Definition 3.1.1 (iv)
= g = hgh~! by induction hypothesis since g, hgh™' € H
=gh=hg=ghg 'ht=1=1[g,h] =1
= ¢*h® = (gh)® by Lemma 3.1.5.

We have that [g,h] = 1 and by Lemma 2.4.3, we have [g,h]~! = [g,h~!] = 1. Then, since [g,h™!] = 1,
by Lemma 3.1.5, we have g®(h™1)% = (gh=1)% and

ga = h% = gah—a -1= ga(h—l)a -1
= (gh™1)* =1 = gh™! = 1 since G is R-torsion-free

= g=h.

Hence, g® = h® implies that g = h. By Proposition 4.1.3, G is a %g-group.

Conversely, if G is a Zr-group and g is an R-torsion-element, then by Definition 4.1.4, there exists
a € R such that ¢ = 1. By Corollary 3.1.6, 1¢ = 1 and g% = 1%. Since G is Ugr-group, then, by
Proposition 4.1.3, g = 1.

Therefore, the only R-torsion element in G is 1 and G is a R-torsion-free group. O

An abelian R-powered group is just a R-module so, one can use results proven for R-module. We now

recall a few results from [18] proven for R-modules. Here the results are adpated to abelian R-powered
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groups.

Proposition 4.1.9
[18, Proposition 9.2] Let R be a integral domain and let A be an abelian R-powered group. Then the
quotient module A/T(A) is R-torsion-free.

Theorem 4.1.10
[18, Theorem 9.3] Let R be a principal ideal domain and let A be an abelian R-powered group. If A is

finitely R-generated and R-torsion-free, then A is a free abelian R-powered group.
Lastly, we state the definition of a R-radicable group.

Definition 4.1.11 (R-Radicable Group)
[11] A Ng-group G is called a R-radicable group if each g € G has at least one «
a € R.

th_root in G for every

Note 4.1.12
A group is R-radicable %r-group if and only if every element g € G has a unique «
o€ R.

th_root for each
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4.2 P-Torsion, Zp-Groups and P-Radicable

In this section, we recall the concept of P-members from Section 2.8 for a set of primes P in a binomial
ring R. However, we need to put an extra constraint on the ring R. We will require that the binomial
ring R to be a unique factorization domain (UFD). This is needed so that each non-zero and non-unit
element of R has a decomposition of prime elements which is unique up to associativity.

We define a P-torsion element and when a Ng-group is said to be of finite P-type. In addition, we
define a Zp-group and show that a Ng-group is P-torsion-free if and only if G is a Zp-group. Next, we
will state the definition of a P-radicable group and explore the p-primary components of a Ngz-group,

which are analogous to p-subgroups for regular nilpotent groups.

Definition 4.2.1 (P-members)

[11, Definition 2.4] Let R be a UFD binomial ring, P be a set of primes in R and let « € R be a
non-zero and non-unit element of R. The element « is called a member of P or a P-member if a =1
or all prime divisors of a are in P up to associativity.

We will denote the set of P-members in R by Ppempers-

For the remainder of this section, R is a unique factorization domain (UFD) binomial ring, unless

otherwise stated and P is a set of primes in R.

Definition 4.2.2 (P-Torsions)
[12, Definition 3.1] Let G be a Ng-group.

(1) An element g € G is called a P-torsion if there exists o € Ppempers such that g¢ = 1.
(13) If all elements of G are P-torsion elements, then G is called a P-torsion group.
(7i7) If the only P-torsion element of G is 1, then G is called a P-torsion-free group.

The next proposition tells us that the set of all P-torsion elements in G is a normal R-subgroup of G.

The proof of this proposition can be found in [1, Theorem 4.24 (i)].

Proposition 4.2.3 (P-Torsion Subgroup)
[1, Theorem 4.2} (i)] Let G be a Ngr-group. The set of all P-torsion elements in G, denoted by tp(G),

s a normal R-subgroup of G.
We state the definition of a finite P-type Ng-group.

Definition 4.2.4 (Group of Finite P-Type)
[12, Definition 3.2] A Ngr-group G is said to be of finite P-type if

(1) G is finitely R-generated and
(13) G is a P-torsion group.

Definition 4.2.5 (%p-group)

[12] Let G be a Ng-group. The group G is called a %p-group if every element g € G has a unique o'?

root (if it exists) for every o € Ppembers-
The following results are similar to the results in Section 4.1. Proofs to Proposition 4.2.6, Corollary

4.2.7 and Proposition 4.2.8 follow similarly to the ones done in Proposition 4.1.3, Lemma 4.1.5 and

Proposition 4.1.8 respectively.
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Proposition 4.2.6
[1, Theorem 4.26 (i)] Let G be a Ng-group. Then, G is a Up-group if and only if for every g,h € G

with g% = A for some a € Ppempers, we have that g = h.

Corollary 4.2.7
[12, Lemma 4.1]. Let G be a Nr-group. Every R-subgroup of %p-group is also a Up-group.

Proposition 4.2.8
[12, Theorem 4.5] Let G be a Ng-group. Then, G is a P-torsion-free group if and only if G is a
Up-group.

Now, we will state the definition of a P-radicable group.

Definition 4.2.9 (P-Radicable Group)
[12] A Np-group G is called a P-radicable group if each g € G has at least one o*-root in G for every

o€ Pmembers-

Note 4.2.10
We have that a Ngr-group is P-radicable %p-group if and only if every element g € G has a unique

ot -root for each o € Prempers-

Lastly, we define the p-primary component of G. In [12], the authors show that if a Ng-group is of
finite type, then it is R-isomorphic to a direct product of all its p-primary components. We will also
prove a lemma relating the P’-torsion subgroup and the p-primary component of a Nz-group, where

P’ is a set of all primes in R not contained in P.

Definition 4.2.11
[12, Definition 2.7] Let G be a Ng-group and let p be a prime in R. The p-primary component of G,
denoted by G), is the set GP) = {g € G: g% =1 for some a € {p}membvers |-

Proposition 4.2.12
[12, Theorem 2.13] Let G be a Ng-group and let p be a prime in R. The p-primary component of G,
G®), is a normal R-subgroup of G.

Theorem 4.2.13
[12, Theorem 2.14] Let G be a Nr-group and let Pr be the set of all prime elements of R. If G is of
finite type, then G =g H G,
pEPR
We prove Lemma 4.2.14 as will use it to show that the p-localization of a Nz-group of finite type is

R-isomorphic to the p-component of G.

Lemma 4.2.14
Let R be a PID binomial ring and let G be a Ng-group of finite type. Let p be a prime in R, P = {p}
and let P' be the set of primes in R not contained in P. Then, GP) =, G/1p/(G).

Proof. Let R be a PID binomial ring and let G be a Nr-group of finite type. Let p be a prime in R,
P = {p} and let P’ be the set of primes in R not contained in P.

We will that show G®) is a R-complement R-subgroup of 7p/(G). Let z € G®) N 7p/(G). Then, there
exist o € Pempers and B € P! such that z* = 1 and 2 = 1. Since ged(a, 3) = 1, so, there exist

members
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i,w € R such that 1 = ap + fw.

Then, z = ! = 200 +8w = gongho — (z)r(2P)w = (1)*(1)* = 1 and G®) N7p(G) = {1}.

We need to show that G = G®P)7p/(G). Now, GP) and 7p/(G) are R-subgroups of G, so GP)1p/(G) C G.

Let g € G. Since G is of finite type, there exists v € R such that g¥ = 1. We have the following cases:
Case I: If v € Ppempers then g = gl € G(p)Tp/(G).

Case II: If v € Pnembers then, v € TP’(G) and g=1lg € G(p)TP’(G)a since 1¢ = 1 for any
o€ {p}members and ¢g" =1.

Hence, G C GP)1p/(G) and G = GP7p/(G).
By Definition 3.3.13, G is a R-complement of 7p/(G).

By Proposition 4.2.3, 7p/(G) is a normal R-subgroup. Therefore, by Corollary 3.3.14, G) =p
G/mp/(G).
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4.3 Residually of Finite P-Type

This section was adapted from [1, Section 5.2.12], which is a study on the residual properties for regular
nilpotent groups. We will expand on this and show that the residual properties hold for Ng-groups.
In particular, we will show that a ANz-group is residually of finite P-type if it is a subdirect product
of groups that are all of finite P-type. Further, we take note of a result from [13], that a Nz-group is
residually of finite P-type if and only if G is P’-torsion-free.

In this section, R is a unique factorization domain (UFD) binomial ring, unless otherwise stated and

P is a set of primes in R.
Firstly, we define residually of finite P-type Nr-group and prove an equivalent property.

Definition 4.3.1 (Residually of Finite P-Type)
[1, Definition 5.14] A Ngr-group G is said to be residually of finite P-type if for every g € G, with
g # 1, there exists a normal R-subgroup N, of G such that

(1) g & Ny and
(i) G/Ngy is of finite P-type.

Proposition 4.3.2
[1, Lemma 5.32] Let G be a Nr-group. Let I be a non-empty index set. Then G is residually of finite
P-type if and only if there exists a family {N; : i € I} of normal R-subgroups of G such that:

(a) G/N; is of finite P-type, for each i € I and

(b) (Vi = {1}.

el
Proof. Let G be a Ng-group.

Assume that G is of residually of finite P-type. By Definition 4.3.1, we have that, for each 1 # g € G,

there exists a normal R-subgroup IV, of G such that:
(1) g &€ Ng and
(i) G/Ny is of finite P-type.

Consider the family of normal R-subgroups of G, {N, : g € G}. By (ii), G/Ny is of finite P-type for
each g € G. We need to show that ﬂ N; = {1}.

el
Assume ﬂ Ny # {1} and let z € ﬂ N, such that = # 1. Since each N, is a normal R-subgroup of G,
geG geG

then x € G with x # 1. Since G is of residually of finite P-type, then there exists a normal R-subgroup
N, of G such that x ¢ N, and x ¢ ﬂ Ng, which is a contradiction. Therefore, we must have that

geG
() Ny ={1}.

geG

Conversely, assume there exists a family {N; : ¢ € I'} of normal R-subgroups of G such that:
(a) G/N; is of finite P-type, for each i € I and

®) (N = {1}

el
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Let g € G such that g # 1 and let N € {N; : i € I} for some k € I. We have the following cases:

Case I: If g & Ni, then there exists a normal R-subgroup of G such that g ¢ N, and G/Ny, is of
finite P-type.

Case II: If g € N, by assumption we have that ﬂNi = {1}. Then, g ¢ N; for all j € I with
i€l
j # k. Let [ € I such that [ # k. Then, there is a normal R-subgroup NV; of G such that g ¢ N;

and G /N, is of finite P-type.

Since g € GG with g # 1 was arbitrarily chosen, then, for any ¢ € G with g # 1, there exists a normal
R-subgroup Ny of G such that g € Ny and G/Ny is of finite P-type. Therefore, by Definition 4.3.1, we
have G is of residually of finite P-type.

O]

Now, we define a subdirect product and show that a Ng-group which is residually of finite P-type is
just a subdirect product of Ng-groups of finite P-type.

Definition 4.3.3 (Subdirect Product)
[1, Definition 5.15] Let {G; : i € I} be a family of Nr-groups for some non-empty index set I.
(i) The map m; : HGj — G, defined as wi(g1,92,---,Gi,---) = g; 1s called a projective map (which
18 R—surjectivé}e.l
(13) Let H be a R-subgroup ofH G;. Then the restriction map ;| g : H — G is called the projection

iel
OfH to G@

(iii) Let H be a R-subgroup of H G;. Then H is called subdirect product, if m;(H) = G; for all i € I.
i€l
Lemma 4.3.4

[1, Lemma 5.32] Let G be a Nr-group. If G is residually of finite P-type, then G is a subdirect product
of Nr-groups of finite P-type.

Proof. Let G be a Ng-group.

Since G is residually of finite P-type, by Proposition 4.3.2, there exists a family {N; : i € I'} of normal
R-subgroups of GG such that:

(i) G/N; is of finite P-type for each i € I and

(i) (Vi = {1},

el

Let ¢ : G — H(G/NZ) be defined as ¢(g) = H(gNZ-) = (gN1,9N2,...,gN;,...).
i€l il
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For any g, h € G, we have:

(gh) = [ [(gh)Ni = ((gh)Ni, (gh) N, ..., (gh)Ni, ...
il
= ((gN1)(hN1), (gN2)(hN2), . .., (gNi) (R N;), .. .)
= (gNl,gNQ,...,gNZ',...)(th,hNQ,...,hNZ’ )

_ (Hgm) (H hNZ) = ¢(g)olh).

icl icl
In addition, for any o € R, we have:

p(g*) = [[(e*)Ni = (4°N1,9°Na, ..., g*Ni,...)
el

= ((gNl)a7 (gNQ)av R (gNi)a7 . )
= (gN1,Na,...,gN;,...)* by Corollary 3.1.8

= <H9Ni> = ¢(9)".

el

Therefore, ¢ : G — H(G /N;) is a R-homomorphism. Furthermore
icl
0(g) = o(h) = [[9Ni = [[ hNi = gN; = hN; for all i € I
i€l icl
= (gN;)(h"'N;) = N; for all i € I
= gh™'N; =N, forall i € I
= gh™' € N; foralli € I

= gh™te ﬂ N; = {1} by assumption
el

:>gh’1:1:>g:h.

Therefore, ¢ : G — H(G/NZ) is R-injective.
icl

By the First Isomorphism Theorem for R-homomorphisms, G/Ker(¢) =g Im(p).

67

Since ¢ is R-injective, by Lemma 3.3.3, Ker(y) = {1} and G =g G/{1} = Im(p). By Lemma 3.3.5,

Im(yp) is a R-subgroup of H(G/Nl) and G is a R-subgroup of H(G/Nl)
iel el

Lastly, m(G) = {mi(g) : ¢ € G} = {gN; : ¢ € G} = G/N;. By Definition 4.3.3, G is a subdirect
product of {G/N; : i € I}. By assumption, each G/Nj is of finite P-type and G is a subdirect product

of Ng-groups of finite P-type.

O]

The next theorem is taken from [13] and will play an important role in our proof of Theorem 4.8.2, one

of the major result needed in our work. Also, we take note that the main constraint on the binomial

ring R in Theorem 4.8.2 can be traced back to this theorem.
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Theorem 4.3.5

[13, Theorem 5.9] Let R be a principal ideal domain (PID) which has a subring isomorphic to the set of

rational numbers and let G be a finitely R-generated Nr-group. Then, G is residually of finite P-type
if and only if G is P'-torsion-free.
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4.4 P-Local Groups

Let P be a set of primes in R. In this section, we define a P-local Ng-group. We will show that a
Ng-group is P-local if and only if it is a P’-radicable %p/-group, where P’ is the complementary set of
P. We show that a direct product of P-local groups is again P-local. We give a proposition that gives
conditions on when a R-subgroup of a P-local Ng-group is P-local. Lastly, we show that a Nz-group
of finite P-type is P-local.

Firstly, we define the complement set of a set of primes and state the definition of a P-local group. The

notation in this section is adapted from [12] and [13].

Definition 4.4.1 (Complementary Set of P)
Let R be a UFD binomial ring and let P be a set of primes in R. The complementary set of P, denoted
by P’, is the set of all primes in R that are not in P.

For the remainder of this section, R is a unique factorization domain (UFD) binomial ring and P is a

set of primes in R.

Definition 4.4.2 (P-local Group)
[13, Definition 3.1] A Ng-group G is called P-local if for every a € P,

members’

the mapping ¢q : G — G
defined by ¢o(g) = g% is a bijective mapping.

Next, we show that a group is P-local if and only if it is a P’-radicable %p/-group. The authors in [13,

Remark 3.2] make note of this result as a remark. However, we state and prove the result.

Proposition 4.4.3
[13, Remark 3.2] Let G be a Nr-group. Then, G is P-local if and only if G is a P'-radicable %p:-group.

Proof. Let G be a Ng-group. Assume that G is a P-local group and let « € P} . .. . The group G
is a P-local group so for a« € P/ . . there exists a bijection ¢, : G — G defined by ¢, (x) = z*.

The map ¢, : G — G is surjective (since it is a bijection), so for any g € G, there exists h € G such
that h® = ¢ (h) = g. Hence, g has a a'?-root.
Suppose that g has two a‘?-roots s and t. Then, g = s* = ¢n(5), g = t* = ¢ (t) and ¢ (s5) = g = da(t).

Therefore, t = s since ¢, is injective.

th_root for any a € P’ and G is a P’-radicable

Thus, every element g € G has an unique « members

Upr-group.

!
members*

We will show that the map ¢, : G — G defined by ¢, (z) = z¢ is a bijection.
For any g, h € G such that ¢,(g) = ¢a(h) we have that ¢(g) = ¢a(h) = g = h* = g = h since G is
Up-group. Therefore, ¢, is injective.

Conversely, assume G is a P’-radicable Zp/-group and let o € P

th_root.

In addition, G is a P’-radicable group and we have that, every g € G has at least one «
Therefore, g = k* = ¢, (k) for some k € G and ¢, is surjective. Consequently, ¢, is a bijective. Since

a e P

members

was arbitrarily chosen, then ¢, : G — G defined by ¢, (x) = % is a bijection for any
o€ P,members-
Therefore, by Definition 4.4.2, G is a P-local group. O

The next corollary follows immediately from Proposition 4.4.3 and Proposition 4.2.8.

Corollary 4.4.4
Let G be a Nr-group. If G is P-local then G is P’'-torsion-free.



4.4. P-LOCAL GROUPS 70

Proof. 1If G is P-local, then, by Proposition 4.4.3, G is a %p-group. Using Proposition 4.2.8, we

conclude that G is a P’-torsion-free group. O

Now, we show that a direct product of P-local groups is again P-local. The result and its proof can be

found in [13, Lemma 5.2]. Here we present a more elaborate proof of the result.

Lemma 4.4.5
[13, Lemma 5.2] Let {G; : i € I} be a family of P-local Ngr-groups for some index set I. Then the

direct product G = H G; is also a P-local Ng-group.
el

Proof. Let {G; : i € I} be a family of P-local Np-groups for some index set I and let G = H G;. By
el
Corollary 3.1.8, G is a Ng-group. We only need to show that G is P-local.

Firstly, each G; is P-local. By Proposition 4.4.3, each G; is a P’-radicable %p/-group, so, for any
gi€G;and a € P th

!/

members) -root hl :

there exists a unique «

Therefore, for any (g1, 92,...,9k,--. ), there exists a unique (hi, ha, ..., hg,...) such that

(h1,hoy . hyg,y .o )* = (RS, RS, ... B, ..) = (91,92, - -, Gk, - - - ). Hence, G is a P'-radicable %ps-group

and G = H G; is P-local. O
i€l

We recall the following definition from [12, Definition 3.3]. We restate a remark from [13, Remark 3.3]

as a proposition and give its proof.

Definition 4.4.6 (P-isolated)
[12, Definition 3.3] Let G be a Nr-group. A R-subgroup H of G is said to P-isolated in G if for every
g € G and o € Pempers such that g% € H we have that g € H.

Proposition 4.4.7
[13, Remark 3.3] Let G be a Nr-group. A R-subgroup H of G is P-local if and only if H is P'-isolated
in G.

Proof. Let G be a Ng-group.
Assume that H is P-local. Then, by Proposition 4.4.3, H is a P’-radicable %p/-group.
Let g € G such that ¢* € H for some o € P/ We will show that g € H.

members*

Since H is a P'-radicable, then each element in H has an at’-root. Thus, ¢® € H has an a'"-root, say
x € H. Then, g% = z% implies g = x € H since H is a %p/-group.

Therefore, for any g € G such that ¢® € H for some a € P’

T embers, We have g € H and H is P'-isolated
in G.

Conversely, assume H is P’-isolated in G. We will show that H is P’-radicable %p/-group.

Firstly, G is P-local, so G is a P’-radicable Zp-group. By Corollary 4.2.7, we have that every R-
subgroup of a Zp/-group is a Zp:-group. Thus, H is Zp-group.

We show that H is P’-radicable. Let ¢ € H and let o € P/ Since G is P’-radicable and

members:*

g € H C G, then, there exists x € G such that g = 2% and z® = g € H. Therefore, z € G and =% € H.
Using the assumption that H is P’-isolated in G, we have x € H.

!
members>

Thus, for any g € H and o € P there exists x € H such that ¢ = z® and each g € H has at
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th /

-root for any o € P ..pers

least one « and H is a P’-radicable %Zp-group. By Proposition 4.2.6, H
is P-local. O

Lastly, we show that a Ag-group of finite P-type is P-local. This result and its proof can be found in

[13, Theorem 3.14]. Here we present a more elaborate proof of the result.

Lemma 4.4.8
[13, Theorem 3.14] Let G be a Nr-group. If G is of finite P-type then, G is P-local.

Proof. Let G be a Ng-group of finite P-type.

Firstly, we show that G is a Zp-group. Let g, h € G such that g® = h® for some o € P’ Since, G

members*

is of finite P-type, it is a P-torsion group. Therefore, there exist 1, B2 € Pmempers such that g% = 1 and
hP2 = 1. Set B = B12, then, gﬂ — 95152 _ (9,31)52 — (1)62 —1= (1)51 — (hﬂ2)51 — pB2B1 — pP1B2 — B,

;nembers and /8 e PmembeTSa SO? ng(a7 /8) - 1

Then, there exists y,w € R such that 1 = ap + fw and g = g' = gt = gorgbo — (g (gh)w =
(h)(g?) = (R (RE)© = howSe = powtd = 1
= h since ¢® = h® and ¢ = hP.

However, a and g are relatively prime since o € P

Therefore, g* = h* implies g = h and G is a p:-group.

Let a, € P/ and let x € G. Since G is a P-torsion group, then there exists s € Pembers

members
such that z?* = 1. Since ged(ay, Be) = 1 then 1 = aupy + Paws for some p,,wy € R and x = ! =
Qb Bats — O o Bt — Ot (xﬁ*)w* — ma*“*(l)“’* — pQels — O — (x,u*)a*_
th th

Therefore, x = (x#+)* and x has a a!*-root. Thus, every element in G has at least one a}*-root for

!
members

any a, € P and G is a P'-radicable group.

We conclude that G is a P’-radicable %p:-group and G is P-local. O
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4.5 R-Generated P-Local Group

In this section, we study R-subgroups generated as P-local groups. The material is needed for the
proof of the Fundamental Theorem of P-localization of a Ng-group. Furthermore, we will give some
results, which can be found in [13], relating the R-subgroups generated as P-local groups to the P-

isolator.

Firstly, we will prove that an intersection of all P-local R-subgroups containing a subset S is also a
P-local subgroup. Following [13], we define what is meant for a group to be called R-generated as a

P-local group.

Proposition 4.5.1 (R-Subgroup Generated by S as a P-Local Group)

Let G be a P-local Ng-group and let S C G. Then, the intersection of all P-local R-subgroups containing
S, denoted by <S>P local "5 a4 P-local R-subgroup of G. Moreover, <S>§_local is the smallest P-local R-
subgroup of G containing S.

Proof. Let G be a P-local Ng-group and let S C G.
Let H={H|H <gp G, S C H, H P-local} be the set of all P-local R-subgroups of G containing S.

By Lemma 3.2.2, (S)510% = m H is a R-subgroup of G.
HecH

Since (S)L1o! = ﬂ H is a R-subgroup of G, we have, by Proposition 4.4.7, that (S)5"° is P-local
HecH
if and only if (S)}” local j5 P'_isolated in G.

Let x € G such that 2% € <S>P local _ ﬂ H for some a € P’ We will show that x € <S>P local

members*
HeH
Now, z¢ € <S>§ local _ ﬂ H implies that ® € H for all H € H and this implies z € H for all H € H
HeH
since each H € H is P-local (and in particular is P’-isolated in G). Therefore, x € ﬂ H = (S)g'local.

HeH

We have = € G such that 2 € (S)5 1% = ﬂ H for some o € P}
HeH
(SyE1eeal is Pllisolated in G and by Proposition 4.4.7, (S)52° is P-local.

and z € (S)5L1°?!. Therefore,

members

We conclude that (S)51°% is a P-local R-subgroup of G.
Now, we show that ()50 is the smallest such P-local R-subgroup of G. Assume that (S)51°% is

not the smallest P-local R-subgroup of GG containing S.
Let Q be the smallest P-local R-subgroup of G containing S. Then, Q € H and (S)% local ﬂ H m Q.

HeH
Consequently, <S>£’loca1 C @, which contradicts the assumption that @ is the smallest P-local R-
subgroup of G containing S.
Therefore, <S)§'local is the smallest P-local R-subgroup of G containing S. O

Definition 4.5.2 (R-Generated as a P-Local Group)

[13, Definition 3.7] A Nr-group G is said to R-generated as a P-local group if there exists S C G such
that G = (S)5 7!,

We say that G is finitely R-generated as a P-local group if |S| is finite.
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Lemma 4.5.3
P-local

If G is a P-local Ng-group, then, <<S>§'ZOCGZ>R = (S)g_local, where S C G.

Proof. Let G be a P-local Ng-group and let S C G.

P-local

By Proposition 4.5.1, we have that <(S >§_10031>R is the smallest P-local R-subgroup of G containing

P-local
<S>§—local and <S>§—10cal C <<S>§—local>R )

P-local P-local _ P-local
Let z € <<S)R >R and let H = {H|H <g G, (S)y C H, H P-local} be the set of all
P-local R-subgroups of G containing (S)5'°%. Then, z € ((S) R)g'local = ﬂ H and x € H for each

HeH
H € H. However, S C (S)51° 50, § C ()27l C H for any H € H.
Therefore, H CH, ={H |H <p G, S C H, H P-local} and x € <S>£“local.
P-local P-local P-local
Therefore, (S)j = <<5>R >R ) 0

Furthermore, we define the P-isolator of a subset of a Ng-group. The next Theorem taken from [13]
gives an explicit equality of a P-isolator of a R-subgroup H of G. We state a corollary that relates the
R-subgroup generated as a P-local group by a R-subgroup H, with its P-isolator. We refer the reader
to [12] and [13] for the proofs of the results that follow.

Definition 4.5.4 (P-isolator)

[12, Definition 3.4] Let R be a UFD binomial ring, G a Ng-group and let P be a set of primes in R. Let
S be a subset of G. The P-isolator of S in G, denoted by Ip(S,G), is the intersection of all R-subgroup
of G containing S which are P-isolated in G.

Theorem 4.5.5
[13, Theorem 3.9] Let R be a UFD binomial ring, G a Ngr-group and let P be a set of primes in R.
If H is a R-subgroup of G, then Ip(H,G) ={g € G : g* € H for some & € Py empers}-

Corollary 4.5.6
[13, Corollary 3.10] Let G be a P-local Ng-group, let H a R-subgroup of G and let P be a set of primes
in R. Then (HYL "' = [pi(H,G) = {g € G : g* € H for some a € P,

embers} .

Lemma 4.5.7
[18, Lemma 3.12] Let G be a P-local Ng-group and let H be a R-subgroup of G. If G = <H>§'local,

then G and H have the same nilpotency class.

Lemma 4.5.8

[13, Lemma 3.13] Let G and H be P-local Nr-groups and let ¢ : G — H and ¢ : G — H be R-
homomorphisms. If N is a R-subgroup of G such that G = <N>§'local and p(x) = (x) for all z € N,
then @ = 1.

Proof. Let G and H be P-local Nr-groups and let ¢ : G — H and 1 : G — H be R-homomorphisms.

Let N be a R-subgroup of G such that G = (N)£'° and assume that (x) = ¢ (z) for all z € N.

Forany g € G = <N>£'1°C31, we have, by Corollary 4.5.6, that <N>§'local ={g€G:g* € N for some a €
! }. Then, there exists some a € P/ such that g* € N.

members members
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Then,

v(g)”

(9%) since ¢ is a R-homomorphism
9

(g) since p(z) = ¢(x) for all x € N

@
(4
(4

(9)* since v is a R-homomorphism.

Thus, ¢(g)* = ¥(g)®. Since H is P-local, then, H is Zp/-group (by Proposition 4.4.3). Therefore,
p(g9) = ¥(g) and ¢ = . O
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4.6 P-Injective, P-Surjective and P-Isomorphism

In this section, we introduce the concepts of P-injective, P-surjective and P-isomorphism for a set of
primes P in R. Firstly, we define when a R-homomorphism is P-injective. We will show that for a
R-homomorphism between two P-local Ng-groups that, being P-injective is equivalent to being R-
injective. We will follow the same procedure for P-surjection. This section is based on work done in
[13].

In the following, R will be consider to be a UFD binomial ring and P to be a set of primes in R.

Definition 4.6.1 (P-injective)

[13, Definition 4.1 (i)] Let G and H be Nr-groups and let ¢ : G — H be a R-homomorphism.

The R-homomorphism ¢ is called a P-injective, if Ker¢ = {g € G : g is a P'-torsion element } = {g €
G:g* =1 for somea c P

members } .

The following lemma was given in [13, Proposition 4.2] without proof. Here we give its proof.

Lemma 4.6.2
[18, Proposition 4.2] Let G, H and K be Ng-groups. If ¢ : G — H and ¢ : H — K are P-injective
R-homomorphisms, then, ¢ o ¢ : G — K is also P-injective.

Proof. Let G, H and K be Ng-groups and let ¢ : G — H and v : H — K be P-injective R-
homomorphisms.

Since ¢ : G — H and ¢ : H — K are P-injective, we have:
(x) Kerg ={g € G|gis a P'-torsion element} and
(xx) Kertyp ={h € H|h is a P'-torsion element}.

We will show that Ker(y o) ={g € G|g is a P'-torsion element}.

If v € Ker(¢ o p), then ¢ o p(x) = 1 and hence, p(x) € Keriy.

By (%*), ¢(z) € Kery and p(z) is a P'-torsion element.

Then, there exists o € P} ... such that o(z)® = 1 and ¢(z*) = ¢(z)* = 1, since ¢ is a R-
homomorphism. Therefore z € Kerp.

By (%), z* € Kery and x® is a P’-torsion element.

Then there exists 3 € P/ . ... such that (z%)® = 1 and a8 € P/ . . with 2%% = (2%)f = 1.

Therefore, x is P’-torsion element and = € {g € G |g is a P'-torsion element}. Hence, Ker(¢ o ¢) C
{g € G| g is a P'-torsion element}.

If y € {g € G| g is a P'-torsion element}, then y € G and is a P’-torsion element. By (%), y € Kerp =
{g € G| g is a P'-torsion element}.

In addition, ¢(y) € H. Since y is a P’-torsion element, then, there exists w € P, . such that
y* = 1. Since v is a R-homomorphism, we have 1 (y)* = ¥ (y*) = ¥ (1) = 1. Therefore, ¢(y) € H and
©(y) is a P'-torsion element. Consequently, we have, by (xx), that ¢(y) € {h € H |h is a P’-torsion
element} = Ker.

Since p(y) € Kery, then ¢ o ¢(y) = Plp(y)] = 1.

Therefore, y € Ker(y o @) and {g € G| g is a P'-torsion element} C Ker(¢ o ¢).

Thus, Ker(¢ o) ={g € G|g is a P'-torsion element} and v o ¢ is P-injective. O

The following lemma was given in [13, Lemma 4.5 (i)] without proof. Here we give its proof.
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Lemma 4.6.3
[13, Lemma 4.5 (i)] Let G and H be P-local Ng-groups. A R-homomorphism ¢ : G — H is P-injective
if and only if ¢ : G — H is R-injective.

Proof. Let G and H be P-local Nr-groups and let ¢ : G — H be R-homomorphism.

If ¢ : G — H is P-injective, then Ker¢ = {g € G| g is a P'-torsion element}.

Since G is P-local, we have by Corollary 4.4.4, that, G is a P’-torsion-free group.

Therefore, the only P’-torsion element is 1, Ker¢ = {1} and by Lemma 3.3.3, ¢ : G — H is R-injective.

Conversely, assume that ¢ : G — H is R-injective. We need to show that Ker¢ = {g € G|g is a
P’-torsion element}.

Firstly, ¢ is R-injective and by Lemma 3.3.3, Ker¢ = {1}. However, 1 is a P’-torsion element. Hence,
Ker¢ C {g € G|g is a P'-torsion element}.

/

members Such that 2% =1 and we

If x € {g € G|g is a P'-torsion element}, then, there exists o € P
have 6(2)* = $(z%) = B(1) = 1 = 1 = §(1%) = G(1)".

Since H is P-local (in particular a %p/-group), we have ¢(x) = ¢(1) and ¢ is a R-injective. Therefore,
x=1and z € Ker¢ = {1}. Consequently, {g € G|g is a P'-torsion element} C Ker$, Ker¢p = {g €

G |g is a P'-torsion element} and ¢ is a P-injective. O

Similarly, we define a P-surjective R-homomorphism and show that the composition of two P-surjective
R-homomorphisms is still P-surjective. We show that for a R-homomorphism between two P-local Nz-

groups that, being P-surjective is equivalent to being R-surjective.

Definition 4.6.4 (P-Surjective)
[13, Definition 4.1 (ii)] Let G and H be Ngr-groups. A R-homomorphism ¢ : G — H is called P-

surjective if, for every h € H, there exists a € P, such that h® € Im(¢).

embers

The following lemma was given in [13, Proposition 4.2] without proof. Here we give its proof.

Lemma 4.6.5
[13, Proposition 4.2] Let G, H and K be Ng-groups and let ¢ : G — H and ¢p : H — K be R-
homomorphisms. If ¢ : G — H and ¢ : H — K are P-surjective, then ¥ o : G — K 1is also

P-surjective.

Proof. Let G, H and K be Ng-groups and let ¢ : G — H and v : H — K be P-surjective R-

homomorphisms.

For any k € K, there exists « € P/ . such that k* € Im(H) since ¢ : H — K is P-surjective.
Now, k% € I'm(¢)) and k® = ¢ (h) for some h € H.

Since ¢ : G — H is P-surjective, there exists 8 € P/ _ . such that h? € Im(¢) and h¥ = ¢(g) for
some g € G.

Using the above and the fact that the product of two P-members is again a P-member (Lemma 2.8.7),
we have k* = ¢(h) = (k%) = ¢(h)’ = (k)7 = Y(h°) = (k) = ¥(p(g)) = k7 = (k*)° =

V(p(g)) = o w(g) = k* € Im(p o p) = k¥ € Im(v o ) for some w € P! . Hence, for any
k € K, there exists w € P}, ... such that k& € Im(« o ¢). Thus, 9 o ¢ is P-surjective. O

The following lemma was given in [13, Lemma 4.5 (ii)] without proof. Here we give its proof.
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Lemma 4.6.6
[13, Lemma 4.5 (ii)] Let G and H be P-local Nr-groups and let ¢ : G — H be a R-homomorphism.
Then ¢ : G — H is P-surjective if and only if ¢ : G — H is R-surjective.

Proof. Let G and H be P-local Nz-groups and let ¢ : G — H be a R-homomorphism.

Assume that ¢ : G — H is P-surjective.

Since G and H are P-local, we have by Proposition 4.4.3, that G and H are P’-radicable %/p/-groups.
For any h € H, there exists a« € P, .. such that h* € Im(¢) and h* = ¢(z) for some = € G, since
¢ is P-surjective. Since G is a P'-radicable, then z has an o!?
h® = ¢(x) = op(y*) = ¢(y)*. Now, H is a Zp-group and by Proposition 4.2.6, we have h = ¢(y).
Therefore, there exists y € G, such that h = ¢(y) and ¢ : G — H is R-surjective.

Conversely, assume that ¢ : G — H is R-surjective and let h € H. We need to show that A% € Im(¢)

! Since, h € H and ¢ : G — H is R-surjective then, there exists ¢ € G such that

-root, say, ¢ = y® for some y € G and

for some o« € P

members*
h = ¢(g). Then, h* = ¢(9)* = ¢(g*) € Im(¢) for any « € P/ . since ¢ is a R-homomorphism.
Therefore, ¢ : G — H is P-surjective. O

We take note of the following lemma that, if a composition of two R-homomorphisms is P-surjective,

then one of the R-homomorphisms is also P-surjective.

Lemma 4.6.7
[13, Proposition 4.4] Let G, H and K be Ng-groups and let ¢ : G — H and ¢ : H — K be R-
homomorphisms. If o ¢ : G — K is P-surjective, then ¢ : H — K is also P-surjective.

Proof. Let G, H and K be Ng-groups and let ¢ : G — H and v : H — K be R-homomorphisms.
Let ¥ o ¢ : G — K be P-surjective. Since, ¢ : G — K is P-surjective, for all k € K, there exists
aePl .. such that k% € Im(¢ o ¢).

Since, k* € Im(1 o ¢), then, k* = 1) o ¢(x) for some x € G.

Therefore, k* = ¢ o ¢p(z) = (d(x)) € Im(vp) = {¢(h) : h € H}.
Thus, for any k € K, there exists o € P/ such that k% € Im(v). Hence, ¢ is a P-surjective. [J

members>

Lastly, we define P-isomorphisms and collect some results to conclude that for a R-homomorphism

between two P-local Ng-groups that, being P-isomorphism is equivalent to being R-isomorphism.

Definition 4.6.8 (P-Isomorphism)
[13, Definition 4.1 (iii)] Let G and H be Ng-groups. A R-homomorphism ¢ : G — H is called a

P-isomorphism, if it is both P-injective and P-surjective.

Corollary 4.6.9
[18, Proposition 4.2] Let G, H and K be Np-groups. If ¢ : G — H and : H — K are P-isomorphisms,
then Y o : G — K is also a P-isomorphism.

Proof. Follows from Lemma 4.6.2 and Lemma 4.6.5. O

Corollary 4.6.10
Let G and H be P-local Nr-groups. A R-homomorphism ¢ : G — H is a P-isomorphism if and only
if o : G — H is a R-isomorphism.

Proof. Follows from Lemma 4.6.3 and Lemma 4.6.6. O
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4.7 Fundamental Theorem of P-localization

In this section, we will show that every ANgz-group has a P-localization map which is unique up to
R-isomorphisms. This section follows the work done in [13] on the P-localization of a Ng-group and

the inspiration is taken from [7] where P-localization of ordinary nilpotent groups was discussed.
Firstly, we start by defining the P-localization map of a Nz-group.

Definition 4.7.1 (P-localization)
[13, Definition 5.1] Let R be a UFD binomial ring, G and Gp be Nr-groups and let P be a set of primes
in R. A R-homomorphism e : G — Gp is called a P-localization map of G, if

(i) Gp is a P-local Ng-group and

(i1) for any P-local Nr-group K and a R-homomorphism ¢ : G — K, there erists a unique R-
homomorphism o : Gp — K such that 1) = aoe.

Note 4.7.2
Property (ii) is called the universal property of a P-localization map and is pictorially represented in

the following commutative diagram:
G — G P

N

Now, we prove the Fundamental Theorem of P-localization of a Nz-group. The proof is an expanded

version of the one given in [13, Theorem 5.3].

Theorem 4.7.3 (Fundamental Theorem of P-Localization)
[13, Theorem 5.3] Let R be a UFD binomial ring and let G be a Ng-group. For any set of primes P in

R there exists a P-localization map of G. In addition, we have the following:
(a) the P-localization map of G is P-surjective,
(b) if G has nilpotency class ¢, then Gp has nilpotency class of at most ¢ and
(¢) if G is finitely R-generated, then Gp is also finitely R-generated.

Proof. Let G be a Ng-group with R being a UFD binomial ring.

First, we define the pair S; = (H;, ;) as follows:
(i) H;is P-local and
(i) i : G — H; is a R-homomorphism such that H; = (Im(1);)) 5 .

Let S = {S; : i € I} = {(H;,v¢i) : i € I} be the set of pairs as defined above. We show that S is
non-empty. We will do this by showing that H; = {1} and v : G — {1} defined as 11 (g) = 1 satisfies

the condition above.

By Corollary 3.1.6, 1¢ = 1 for any o € P/ and Hy = {1} is a P’-radicable group. In addition, if 1

members
th

had two a'"-roots we would have ® = 1 = y® for some z,y € Hy. However, H; = {1} thus, x =y =1
and Hj is a Zp-group. Since Hy = {1} is P’-radicable %p:-group, we have, by Proposition 4.4.3, that

H, = {1} is P-local.
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Now, ¥1(gh) =1 =1-1=¢1(g9)¥1(h) and ¥(g*) =1 = 1¥ = ¢(g)¥, for any g,h € G and w € R, so,

11 is a R-homomorphism.

By Corollary 4.5.6, we have (Hy)L'° = {4 € G : g* € H; for some a € P! }. However,

members

g% € Hy = {1} implies that ¢* =1 = 1. Since H; is a %ps-group, we have g = 1.
Therefore, (H1)5 " = {g € G : g* € H, for some a € P! .V ={1} = H).

Consequently, there exists at least one Sy = (Hi, 1) for any Ng-group and S is non-empty.

We define H = HH’L to be the direct product of each H; and let e : G — H be given by e(g) =
i€l

(%(9):%(9)7 cee 7wk(g)7 e )

We show that e : G — H is a R-homomorphism. For any g,h € G

e(gh) = (Y1(gh), Y2(gh), ..., ¥Yi(gh),...)
= (Y1(g)1(h),Ya(g)a(h), ..., Ye(g)k(h),...) since each 1); are R-homomorphisms
= (¥1(9),¥2(9), - -, ¥i(9), - - ) (W1 (), ¥2(h), . .., k() .. .)

)=

= e(g)e(h) = d(g)d(h).

In addition, for any g € G and « € R, we also have:

= (¢ (

= (¥1(9)*, ¥2
= (¥1(9),¥2(9), - - - ¥w(g), ... )"
= e(9)*.

ga)a'-' 7wk(ga)?"')

9)%, .. k(g)Y, .. .) since each 1; are R-homomorphisms

Hence, ¢ : G — H is a R-homomorphism.

Let Gp = (Im(e))h 2. We will show that e : G — Gp, defined as e(g) = (1(g), ¥2(9), - - -, ¥r(g), - - -

is a P-localization map.

By Proposition 4.5.1, Gp is P-local, since Gp is R-generated as a P-local group. We only need to
show that the universal property of a P-localization map hold for e : G — Gp. We will show that, for
any P-local Ng-group K and R-homomorphism ¢ : G — K, there exists a unique R-homomorphism
«a:Gp — K such that p = aoe.

Let K be a P-local Ng-group and let ¢ : G — K be a R-homomorphism.

Note that ((Im(p))k 1% o) € S, so, there exists k € I such that ((Im(p))k 1% o) = (Hy,¥y).

Define pu: Gp — K as u(g1, 92, - - - gk, - - - » ) = g Then, we have (u-e)(g) = p(e(g)) = u((¥1(9), ¢2(9), - -

Yr(9) = ¢(9).

»Pr(9), -

Therefore, for any P-local Ng-group K and R-homomorphism ¢ : G — K, there exists a R-homomorphism

w:Gp — K such that p-e = ¢.

For the uniqueness, assume that there is another map ¢ : Gp — K such that (- e = . We show that

p=C.

For any g € G, - e(g) = p(g9) = ¢ - e(g) implies that pu(e(g)) = ((e(g)). Therefore, p(z) = ((z) for all
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z € I'm(e). In addition, Gp = (Im(e))r " and we have u = ¢, by Lemma 4.5.8.

Therefore, for any P-local Nr-group K and R-homomorphism ¢ : G — K, there exists a unique R-
homomorphism p : Gp — K such that pu-e = ¢.

Thus, e : G — Gp defined as e(g) = (¥1(9), ¥2(9), - - -, Yk(g),...) is a P-localization map of G.

Lastly,

(a) We will show that the P-localization map e : G — Gp is P-surjective. Since, Im(e) is a R-

subgroup of Gp = (Im(e))h 2 we have, by Corollary 4.5.6, that (Im(e))h ' = {g € Gp :
g“ € Im(e) for some a € P/, .. 4. Then, for any g € Gp, there exists « € P} ... such that

g¢ € Im(e). Hence, e : G — Gp is P-surjective.

(b) Assume that G has nilpotency class c¢. Let ¢ : G — Im(e) be defined as ¢(g) = e(g). Now, ¢ is a
surjective R-homomorphism and by Proposition 2.5.5, we have I'm(e) is a nilpotent group with
nilpotency class of at most ¢. In addition, Gp = (Im(e))h "™ so, by Lemma 4.5.7, Gp and
Im(e) have the same nilpotency class.

Thus, Gp is of nilpotency class of at most c.

(c) Assume that G is finitely R-generated. Since e : G — Gp is a R-homomorphism, we have by
Lemma 3.3.6, that I'm(e) is finitely R-generated as a P-local group. Therefore, there exists a
finite subset S C Im(e) such that I'm(e) = (S)p. Then, Gp = (Im(e))h ' = <(S)R>£'loca1.
By Lemma 4.5.3, we have ((S)p)5 % = (S)£1°?. Thus, Gp = (S);"° and Gp is finitely

R-generated, since S is finite.

d

Now, we prove that the P-localization map is unique up to R-isomorphisms. We will do this by showing
that if there exist two localization maps on the same Ng-group, then the P-localizations must be R-
isomorphic. Further, if there is a group which is R-isomorphic to the P-localization, then it also a

P-localization.

For the remainder of this section, R is a unique factorization domain (UFD) binomial ring and P is a

set of primes in R.

Proposition 4.7.4
Let G be a Ng-group. If o : G — A and v : G — B are P-localization maps of G then, A =g B.

Proof. Consider the following diagram:
G2 A
&Tﬁl@
B
Let ¢ : G — A and ¢ : G — B be P-localization maps of G. By Definition 4.7.1, we have that A and B
are P-local. Since B is P-local and v : G — B is a R-homomorphism, then, by the universal property
of ¢, there exists a: A — B such that ¢ = a0 ¢.

Similarly, since A is P-local and there is a R-homomorphism ¢ : G — A, then, by the universal property
of v, there exists 8 : B — A such that ¢ = o).

Thus, ¥ = aop = ao(foty) = (ao ) o Since p = (a0 f) o1, we conclude that avo f = I4.
Similarly, ¢ = fotp =Foaop = (foa)oy. Since p = (foa)oyp, then foa=Ig.
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Therefore, a o 8 =14 and foa = Ig and a and 3 are invertible.

Consequently, o and 3 are bijections. Therefore, o : A — B is a R-isomorphism and A = B. O

The, next proposition informs us that if any P-local Ng-group is R-isomorphic to another Nz-group’s
P-localization, then we can construct a new P-localization map. This, together with Proposition 4.7.4

allow us to conclude that a P-localization is unique up to R-isomorphisms.

Proposition 4.7.5
Let G be a Ng-group. Let e : G — Gp be a P-localization map of G.
If there exists a P-local Nr-group Q such that Q =g Gp, then there exists a P-localization map

¢:G = Q.

Proof. Let G be a Ng-group and let ¢ : G — Gp be a P-localization map of G.

Let ¢ : Gp — @ be a R-isomorphism. We will show that the map given by coe : G — @ is a
P-localization map.

By assumption @ is P-local, so we only need to show the universal property of a P-localization map.
Let K be a P-local Ng-group and let v : G — K be a R-homomorphism. Since e : G — Gp is a
P-localization map of GG, then, there exists a unique R-homomorphism 6 : Gp — K such that ¢ = foe.
We define 6 = foo~! and we have fgo(coe) = (foo1)o(coe)=00c(c too)oe=0oe = 1. Since
6 and o~! is unique and the composite of two unique maps is unique, then we must that g =100 ot

is unique.

Therefore, for any P-local group K and ¥ : G — K R-homomorphism, there exists a unique R-
homomorphism 6g, such that fg o (coe) =1 and coe: G — @ is a P-localization map of G. O

We have shown that the P-localization map e : G — G p of a Nr-group is unique up to R-isomorphisms.
Since G'p is unique up to R-isomorphisms, we call Gp the P-localization of G and if P = {p}, we write
Gp as Gy.
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4.8 P-Localization in a PID

In this section, we relate P-Localization and P-Isomorphism. We will show that, in a unique factoriza-
tion domain, if a map is P-isomorphic, then it is a P-localization map. However, the converse is only

true in a principal ideal domain which has a subring isomorphic to the set of rational numbers.

Proposition 4.8.1
Let R be a UFD binomial ring, G and QQ be Ngr-groups and let P be a set of primes in R. If Q is
P-local and ¢ : G — Q is a P-isomorphism, then ¢ : G — Q is a P-localization map of G.

Proof. Let G and @ be Ng-groups, Q be P-local and let ¢ : G — @ be a P-isomorphism.

By the Fundamental Theorem of P-localization of a Ng-groups, there exists a P-localization map
e: G — Gp. We show that Q Zr Gp and use Proposition 4.7.5 to conclude that ¢ is a P-localization
map. Since () and G p are both P-local, by Corollary 4.6.10, we only need to show that @) and Gp are

P-isomorphic in order to conclude that  and Gp are R-isomorphic.

Now, @ is P-local and ¢ : G — @ is a R-homomorphism, so, by the universal property of e : G — Gp,
there exists a unique R-homomorphism 8 : G — Gp, such that ¢ =60 oe.

By the Fundamental Theorem of P-localization, we have e is P-surjective, since the P-localization map
is always P-surjective.

Since, ¢ : G — Q is a P-isomorphism, then ¢ is P-injective and P-surjective.

Now, ¢ = 0 o e is P-surjective, so, by Lemma 4.6.7, we must have that 6 is P-surjective.

In order to show that 6 : Gp — @ is P-injective, we need to show that Ker(f) = {v € Gp : v is a

P’-torsion element}. If z € Ker(6), then, 8(x) = 1. Since e : G — Gp is P-surjective and = € Gp,

/
members

then there exists a € P such that % € Im(e). Therefore, % = e(g) for some g € G and we

have the following:

Ooe(g) =06(e(g)) =0(z%) = (0(x))" since € is a R-homomorphism
= 1% since = € Ker(0)
=1.

Therefore, g € Ker(foe). However, §oe is P-injective, then, we must have g € Ker(foe) ={y € G:y
is a P’-torsion element}.
Since g is a P’-torsion element, then, there exists 3 € P’ such that ¢% = 1.

members

Therefore,

199 = (2%) = (e(g))” since 2% = e(g)
= ¢(g”) since e is R-homomorphism

=e(l)=1.

In addition, o, B € P/ soaB € P/ and z is a P’-torsion element and Ker(0) C {v € Gp : v

members? members

is a P'-torsion element}.

Let y € {v € Gp : v is a P'-torsion element}. Since y is a P’-torsion element, then there exists
weP such that y* = 1 and we have 0(y)* = 0(y*) =60(1) =1 = 1°.

members

Therefore, §(y)* = 1%. However, @ is P-local, so Q is a %p/-group and by Proposition 4.2.6, we have
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O(y)* = 1 implies that 6(y) = 1.
Thus, y € Ker(0), {v € Gp : v is a P'-torsion element} C Ker(f) and 6 is P-injective.

Consequently, 6 : Gp — @Q is P-injective and P-surjective and 6 : Gp — @ is a P-isomorphism.

However, Gp and Q) are P-local groups, so, by Corollary 4.6.10, Gp =Zr @ and by Proposition 4.7.5,
0 : G — @ is a P-localization map. O

The converse of Proposition 4.8.1 is still an open problem for a general UFD ring R and a general Ng-
group and is given as a conjecture in [13, Conjecture 6.1]. For the case when the ring R is a principal
ideal domain which has a subring isomorphic to the set of rational numbers and the AN g-group G is
finitely R-generated, we have that the converse is true. This extra constraint is needed as the authors in
[13] needed this constraint to prove that if G is finitely R-generated P’-torsion-free then it is residually
of finite P-type.

Theorem 4.8.2
[18, Theorem 5.10] Let R be a principal ideal domain (PID) which has a subring isomorphic to the
set of rational numbers and let G be a finitely R-generated Ng-group. Then the P-localization map

e: G — Gp is a P-isomorphism.

Proof. Let G be a finitely R-generated Ng-group.

Let e : G — Gp be the P-localization map. By Definition 4.7.1, Gp is P-local, thus, we only need to

show that e is a P-isomorphism.

By the Fundamental Theorem of P-localization (Theorem 4.7.3), e is P-surjective.

We need to show Ker(e) ={g € G:g*=1for some a € P} ..}

Let z € {g € G : g* for some o € P/__ . }. Then, there exists « € P, . such that 2% = 1.
Then, e(x)* = e(z®) = e(1) =1 = 1% and e(z) = 1 since Gp is P-local. Therefore, x € Ker(e) and
{9€G:g9g*=1forsome aeP ...+ C Ker(e).

Let T ={g€G:g*=1forsomea € P, . 1} Since T C Ker(e), we have, by the Universal

Property of Quotient Groups (Theorem 3.3.10), that there exists a R-homomorphism € : G/T — Gp,
defined as €(gT") = e(T") such that e = € o m where 7 : G — G/T is the canonical map.

Let gT € G/T be a P'-torsion element. Then there exists o € P}, ., ... such that (¢7)* = T and we
have ¢*T = (¢gT)* = T. Therefore, g € T={g€ G:g*=1for some a € P/ . 1} and there exists
B € Pl rbers Such that ¢g*® = (¢g*)? = 1. By Lemma 2.8.7, a3 € P/ ., 1orsr 50, g € T and ¢gT = T.

Since gT was arbitrarily chosen, the only P’-torsion element in G/T is the identity T. Therefore, by
Definition 4.2.2, G/T is P’-torsion-free.

Now, G/T is P’-torsion-free and, by Theorem 4.3.5 we have that G/T is residually of finite P-type.
Then, by Lemma 4.3.4, G/T is a subdirect product of Np-groups of finite P-type, say {H; : j € I}.
So, by Definition 4.3.3, G/T is a R-subgroup of Hy x Hg X --- x Hy, x ... such that for each j € I:

(i) Hj is of finite P-type and
(i3) w3(G/T) = Hj.

By Lemma 4.4.8, each H; is P-local and by Lemma 4.4.5, Hy x Hy x --- X Hj, x --- is P-local.
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Let H= HyxHyx---xHpx---. Let i : G/T — H be the inclusion map (since G/T is a R-subgroup of
H). Then, we have a R-homomorphism io7 : G — H from G to a P-local group H and by the universal
property of the P-localization map e (Definition 4.7.1), there exists a R-homomorphism ¢ : Gp — H

such that iom = ¢oe.
However, e =€omso,iom=¢oeomandi=¢oe.

Since, i is R-injective, we have ¢ o € is R-injective. By Lemma 3.3.17, we have € is R-injective and by
Lemma 3.3.3, we have Ker(e) = {T'}.

If y € Ker(e), then, e(yT) = e(y) = 1 and yT' € Ker(e) = {T'} so, yI' =T and y € T. Therefore,
Ker(e) C T, e is P-injective and e is a P-isomorphism.
The following diagram is a visual representation of the proof:

G —— Gp

[ | :
G/T —— H

The following theorem is a combination of the results from Proposition 4.8.1 and Theorem 4.8.2.

Theorem 4.8.3

Let R be a principal ideal domain (PID) which has a subring isomorphic to the set of rational numbers
and let G be a finitely R-generated Nr-group. Let 6 : G — Q be a R-homomorphism. Then, 0 : G — Q
1s a P-localization map if and only if Q is P-local and 6 : G — Q is a P-isomorphism.

Proof. The proof follows from Proposition 4.8.1 and Theorem 4.8.2. O
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4.9 Applications of P-Localization

In this section, we give some applications of P-localizations that will be needed in Chapter 5, where
we give our major results on the description of the genus of a Nr-group. Firstly, we will look at how
the property of finite type affect the P-localization of a Nz-group. We investigate the P-localization of
a direct product of two finitely R-generated Ngr-groups. Lastly, we evaluate the P-localization of the
commutator R-subgroup of a finitely R-generated Ng-group.

For this section, R will be considered as a principal ideal domain (PID) with a subring isomorphic to

the set of rational numbers and P is a set of primes in R.

Firstly, we show that, if G is of finite type then, Gp is also of finite type and the P-localization map is

R-surjective.

Lemma 4.9.1
Let G be a Nr-group. If G is of finite type then, the P-localization Gp is also of finite type.

Proof. Let G be a Ng-group of finite type. By Definition 4.1.7, G is finitely R-generated and is a
R-torsion group.

Let e : G — Gp be the P-localization map. Since G is finitely R-generated, by Fundamental Theorem
of P-Localization (Theorem 4.7.3 (c)), we have G p is also finitely R-generated.

Now, e : G = Gp is a P-localization map, then, by Theorem 4.8.3, e is P-isomorphism and for any

/
members

x € Gp there exists a € P such that z® € Im(e), since e is P-surjective. Hence, @ = e(g) for
some g € G.

Furthermore, G is a R-torsion group, so there exists 3 € R such that ¢® = 1 and 2% = (%)% =
(e(9))’ = e(¢”) = e(1) = 1.

Therefore, for any x € Gp there exists o8 € R such that z*# = 1 and Gp is a R-torsion group.

Since G p is finitely R-generated and a R-torsion group, then, by Definition 4.1.7, we have that Gp is
of finite type. O

We have shown in the Fundamental Theorem of P-localization that the P-localization map is P-
surjective. In the next proposition, we prove that the P-localization map of a Ng-group of finite type

is actually a R-surjective map.

Proposition 4.9.2
Let G be a Ng-group and let e : G — Gp be the P-localization map. If G is of finite type, then,
e : G — Gp is R-surjective.

Proof. Let G be a N-group of finite type and let e : G — Gp be the P-localization map.

By Lemma 4.9.1, we have that Gp is of finite type so, Gp is a R-torsion group. For any x € Gp there

exists a € R such that 2% = 1 since Gp is a R-torsion group.

/
members

Now, e : G — Gp is P-surjective so, there exists § € P such that 2% € I'm(e). Consequently,

there exists g € G such that 2° = e(g).

We have the following cases:



4.9. APPLICATIONS OF P-LOCALIZATION 86

Case (I): If a € P, .. pors then, ged(a, B) = 1 and by Theorem 2.8.9, there exists p,w € R such

that 1 = ap + Bw. So, & = x! = xorHAw = gorghe — (z)r(2B) = (1) (e(g))” = e(g9)* = e(g*)
and there exists ¢ € G such that x = e(g%).

Case (II): If « € P} then, af € P/ and we have that 2% = (z*)f = (1) =1 =

members members

199 = ¢(1)®8. Since Gp is P-local then, z%% = ¢(1)®? implies = = e(1).

Therefore, for any € Gp there exists g € G such that = e(g) and e is R-surjective. O

In the next corollary, we will show that for any Ng-group of finite type G and prime p in R, the

p-localization Gy, is R-isomorphic to the p-primary component of G.

Corollary 4.9.3
Let G be a Ng-group of finite type and let p be a prime in R. Then, GP) =~p Gp, where G®) s the

p-primary component of G.

Proof. Let G be a Ng-group of finite type. Let e : G — G} be the p-localization map. By Proposition
4.9.2, e is R-surjective and by the First Isomorphism Theorem for R-Homomorphism (Theorem 3.3.7),
G/Ker(e) =g Gy.

Let P’ be set the primes in R which are not p. By Theorem 4.8.3, we have e is P-injective and

Ker(e)={9€G:g*=1forsome a € P, .. 3} =1p(G).
Hence, G /7p/(G) =g G, and by Lemma 4.2.14, G/7p/(G) =g GP) and GP) =5 G,,. O

Now, we investigate the P-localization of a direct product of two finitely R-generated Ng-groups.

Proposition 4.9.4
Let G and H be finitely R-generated Nr-groups. Then, (G x H)p =2r Gp x Hp.

Proof. Let G and H be finitely R-generated Ng-groups.

By the fundamental theorem of P-localization of Ng-groups, there exists P-localization maps e : G —

Gp and ey : H — Hp. By Theorem 4.8.3, e and ey are P-isomorphisms.

We define e : G x H — Gp x Hp by e(g,h) = (eq(g),em(h)). We will show that this a P-localization
map.

Let (w,z) € Gp x Hp. Since, eq : G — Gp and ey : H — Hp are P-surjective, then, there exists
a,B € Pl bers Such that w® € Im(eg) and 2% € Im(ey). Then, w® = eg(g) and 2’ = ey(h)
for some g € G and h € H. Therefore, (w,2)* = (w®,2%0) = (w*? 25%) = ((w®)?,(z7)*) =
((ec(9)?, (exr(R)®) = (ec(g®), err(h®)) = e(g®, h*) € Im(e). Hence, for any (w, z) € Gp x Hp, there
exists a3 € P/ such that (w, 2)*® € Im(e) and e : G x H — Gp x Hp is P-surjective.

members
Now, we will show that e is P-injective, by showing that
Ker(e) = {(z,y) € G x H : (z,y) is a P'-torsion element}.
Let (g,h) € Ker(e). Since e(g,h) = (1,1), then, (eq(g9),em(h)) = (1,1) and eq(g) = 1 and ey (h) = 1.

Since, e¢ and ey are P-injective, we have that there exists o, 3 € P/ _ . - such that ¢* = 1 and
h? =1.

Then, (g,h)*? = (g*#, h*8) = ((¢*)?, (h*)?) = ((1)%,(1)%) = (1,1) and (g, h) is a P’-torsion element.

Hence, (g,h) € {(z,y) € G x H : (z,y) is a P'-torsion element} and Ker(e) C {(z,y) € G x H :

(x,y) is a P’-torsion element}.
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Let (g1,h1) € {(z,y) € G x H : (x,y) is a P'-torsion element}. Then, (g1,h1) is a P’-torsion element
and there exists o € P/ such that (g1,5h1)* = (1,1). Then,

members

(91,h1)* = (1,1) = (g7, k) = (1,1)
=gy =1land h{ =1
= g1 is a P'-torsion element and h; is a P’-torsion element
= g1 € {g € G : g is a P'-torsion element } = Ker(eg) and

h € {h e H:hisa P-torsion element } = Ker(ep)

=eg(g1) =1and eg(h1) =1
= e(gr, h) = (ea(r), en(hn) = (1, 1)
= (g1,h1) € Ker(e).

Therefore, {(z,y) € G x H : (z,y) is a P'-torsion element} C Ker(e) and Ker(e) = {(z,y) € G x H :
(x,y) is a P'-torsion element}. Thus, e is a P-injective. By Lemma 4.4.5, Gp x Hp is P-local.

Since Gp x Hp is P-local and e : G x H — Gp x Hp is a P-isomorphism, then, by Theorem 4.8.3,
e: G x H— Gp x Hp is a P-localization map.

Now, G x H is a Ng-group so, by the fundamental theorem of P-localization of N'z-groups, there exists
a P-localization map ¢ : G x H — (G x H)p.
Consequently, by Proposition 4.7.4, we have that (G x H)p 2 Gp x Hp. O

Lastly, we investigate the P-localization of the commutator R-subgroup of finite type.

Proposition 4.9.5
Let G be a finitely R-generated Ng-group with a commutator R-subgroup [G,G|. If |G, G| is of finite
type then; [G7G]P = [GP,GP]-

Proof. Let G be a finitely R-generated Ng-group such that the commutator R-subgroup [G,G] is of
finite type. Let ¢/ : G — Gp be the P-localization map of G and let e : [G,G] — [G,G]p be the
P-localization map by restriction ¢’. By Lemma 4.9.1, [G, G|p is of finite type.

In addition, by The Fundamental Theorem of P-localization (Theorem 4.7.3), [G, G]p = (e([G, G]))Z"local =
([€'(G), €' (G ™ = ([Gp, Gp]) .

By Lemma 3.2.10, [Gp,Gp] is normal R-subgroup of Gp. Therefore, by Corollary 4.5.6, we have
([Gp, Gy = Ip/([Gp,Gp),Gp) = {g € Gp : g* € [Gp,Gp| for some v € P! 1. Let
V={g€Gp:g*€|Gp,Gp] for some a € P, 1.

members

Then, [G,G]p = V. Since [G,G]p is of finite type, then V is also of finite type.

Now, we show that [Gp,Gp] = V.

/
members:*

Let © € V. Then, x € Gp and z* € [Gp,Gp] for some a € P
there exists € R such that 2% = 1. We have the following cases:

Since V is of finite type, then,

Case (I): If B € P! .. 1ors, then ged(a, 8) = 1 and by Theorem 2.8.9, there exists p,w € R such

that 1 = au + fw. Then, x = ol = g0 +Aw = gorghe — (zO) (P = (z2)H(1)¥ = (z*)* = (h)H
for some h € [Gp,Gp]|. Since, [Gp,Gp] is a R-subgroup of G, we have h* € [Gp,Gp].

Hence, z € [Gp,Gp| and V C [Gp,Gp].



4.9. APPLICATIONS OF P-LOCALIZATION 88

Case (II): If 3 € P! then o3 € P’

members> members*

We show that [Gp,Gp| is P-local. Firstly, by Proposition 4.4.7, [Gp,Gp] is P-local if and only
if [Gp,Gp] is P'-isolated.

Let g € Gp and a € P, ... such that ¢g* € [Gp,Gp]. Assume that g € [Gp,Gp]. Then, g ¢
[Gp,Gp] = glGp,Gp] # [Gp,Gp] = (9]Gp,Gp))* # ([Gp,Gp))* = g*|Gp,Gp] # [Gp,Gp| =
9% € [Gp,Gp]. This ia a contradiction, so, g € [Gp,Gp|. Therefore, [Gp, Gp| is P'-isolated in

Gp and [Gp,Gp] is P-local.

Then, 2% = 2% = (2°)* = 1 = 1 = 1%® = 198, Since [Gp, Gp] is P-local (in particular a %p-
group), we have z®% = 1%5 implies that z = 1. Therefore, z = 1 € [Gp,Gp] and V C [Gp, G p].

Let y € [Gp,Gp]. We have, y € Gp and y' € [Gp,Gp] since [Gp,Gp] is a R-subgroup of Gp.
Therefore, y € V and [Gp,Gp] C V. Consequently, [G,G]p =V = [Gp,Gp]. O

This concludes our chapter on P-localization of Nr-groups. We gave a more detailed proof of the
Fundamental Theorem of P-localization on Ngr-groups and we showed that in a specific ring a map
P-localize if and only if it is a P-isomorphism. Lastly we proved some results which will be needed in

our next chapter on the genus of a N g-group.



Chapter 5

Genus of a Nilpotent R-Powered
Group

Finally, in this chapter, we study the genus of a finitely R-generated Ng-group G. In Section 5.1,
we define the genus of G and give some results that follows immediately from the definition of the
genus G(G). Then, we show that, if G(G x A) = G(H x A) for some finitely R-generated abelian R-
powered group A, then G(M) = G(N). Furthermore, we show that, if G and H are finitely R-generated
Ng-groups with commutator R-subgroups of finite type, then their commutator R-subgroups are R-

isomorphic.

Lastly, in Section 5.2, we show that the free centre can be defined for a finitely R-generated Ng-group.
This definition will be crucial for further studies on the genus of a finitely R-generated Ng-group.

The results we present here, are a generalization of results proven by Mislin in [14] for the case for

finitely generated nilpotent groups.

In this chapter, R is a principal ideal domain (PID) binomial ring with a subring isomorphic to the set

of rational numbers. The set of prime elements of R will be denoted by Pg.

5.1 Genus of a Nilpotent R-Powered Group

Firstly, we define the genus of a finitely R-generated Ny-group G.

Definition 5.1.1 (Genus)

Let G be a finitely R-generated Nr-group. The genus of G, denoted by G(G), is the set of all R-
isomorphism classes of finitely R-generated Np-group H such that Gy is R-isomorphic to Hy, for all
p € Pp.

Proposition 5.1.2
Let G and H be finitely R-generated Ng-groups. Then, the following hold:

(a) [G] € G(G) and

(b) if [H] € G(G), then Hy, =g G, for all p € Pg.

Proof. Let G and H be finitely R-generated Ng-groups.

89
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(a) Since the P-localization of G is unique up to R-isomorphisms, then G, =g G, for any p € Pr
and [G] € G(G).

(b) Follows immediately from Definition 5.1.1.

O]

Next, we prove a result on the genus of two finitely R-generated Ng-groups. In the subsequent,
we will show that if two finitely R-generated Ng-groups are R-isomorphic then they have equivalent

genus.

Proposition 5.1.3
Let G and H be finitely R-generated Nr-groups. Then, G(G) = G(H) if and only if G, = H, for all
p € Pg.

Proof. Assume G(G) = G(H). Then, G(G) C G(H) and if [M] € G(G), then, [M] € G(H). Since
[M] € G(G), then G, =r M, for any p € Pg. Similarly, if [M] € G(H), then, M, =r H, for any
p € Pp.

Therefore, G\, =r M, =g H), for any p € Pg.

Conversely, assume that G, = H), for all p € Pr and let [M] € G(G). Then, G), =g M, for all p € Pp
and M, =r Gp =g H), for all p € Pg. Therefore [M]| € G(H) and G(G) C G(H).
Similarly, if [N] € G(H), then N, =g H, =r G, and [N] € G(G) for all p € Pp.
Thus, G(H) C G(G) and hence G(G) = G(H). O

Corollary 5.1.4
Let G and H be finitely R-generated Ng-groups. If G =g H, then G(G) = G(H).

Proof. Let G and H be finitely R-generated Nr-groups such that G =g H. By Proposition 5.1.2 (a),
we have [G] € G(G). Since G =g H, then [G] = [H]. Therefore, [H] = [G] € G(G). Consequently, by
Definition 5.1.1, we have that G\, =g H), for all p € Pg.

Therefore, G, =g H), for all p € Pp and G(G) = G(H) by Proposition 5.1.3. O

Now, we show that for any finitely R-generated abelian R-powered group A, if G(G x A) = G(H x A),
then G(G) = G(H) for any finitely R-generated Np-groups G and H. This is a generalization of [14,
Theorem 1] in the context of Ng-groups.

Theorem 5.1.5

Let G and H be finitely R-generated Nr-groups and let A be a finitely R-generated abelian R-powered
group. If G(G x A) = G(H x A) then G(G) = G(H).

Proof. Let G and H be finitely R-generated Ng-groups and let A be a finitely generated abelian group
such that G(G x A) = G(H x A). Since, G(G x A) = G(H x A), then, we have by Proposition 5.1.3,
that (G x A), =g (H x A), for all p € Pp.

Let p € Pgr. By Proposition 4.9.4, (G x A), =r G, x Ay and (H x A), =r H, x A,. Consequently,
Gp x Ap =r Hy x Ap.
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By Proposition 3.5.4, we have the following two exact sequences:
125Gy 5 Gy x Ay 5 A, —1 (5.1)
1= Hy 5 Hyx Ay 5 A, — 1 (5.2)

We can combine the exact sequences (5.1) and (5.2) to get the following commutative diagram:

0 Gy —— G, x A, —— A, 0
l J§R =R (53)
0 H, —— H, x A, —"— A, 0

By Proposition 3.5.5, we have G, =r H,,. Since, p € Pg was arbitrarily chosen, then G\, =g H,, for all
p € Pr and by Proposition 5.1.3, we have G(G) = G(H). O

Lastly, we show that if G and H are finitely R-generated Nz-groups with commutator R-subgroups of
finite type and have the same genus, then their commutator R-subgroups are R-isomorphic. This is a

generalization of [14, Lemma 2| in the context of Nr-groups.

Theorem 5.1.6

Let G and H be finitely R-generated Nr-groups with commutator R-subgroups of finite type. If G(G) =
g(H)} then [Ga G] =R [Ha H]

Proof. Let G and H be finitely R-generated Ng-groups with commutator R-subgroups of finite type.
Assume G(G) = G(H). Then, G, =g H, for all p € Pr. By Proposition 4.9.5, we have [G,G]|, =g
[Gp, Gp| and [H, H|, =g [Hp, Hp]. Therefore,

G, G] =R H (G, G]P) by Theorem 4.2.13

PEPR

= H |G, G], by Corollary 4.9.3
PEPR

= H |G, Gp) by Proposition 4.9.5
PEPR

~p H [Hyp, Hp) since G, =g Hy, for all p € Pp
PEPR

~p H [H, H],, by Proposition 4.9.5
PEPR

= H [H, H]®) by Theorem 4.2.13
PEPR

~r [H, H]

Hence, [G,G] =g [H, H].
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5.2 Free Centre

In this section, we show that the free centre, as defined in [14] for regular finitely generated nilpotent
groups, can be defined for a finitely R-generated Ng-group. Firstly we take note, from [1], that all
R-subgroups of a finitely R-generated Ng-groups (where R is a PID) are also finitely R-generated. This
will allow us to conclude that the R-subgroup 7(Z(G)) is of finite order if G is a finitely R-generated
Npg-group. Furthermore, following [9], we can define the exponent of a Ng-group of finite type. We
define the free centre using the exponent of the R-subgroup 7(Z(G)). Lastly, we will prove some

properties of the free centre.

Firstly, we define when a Ng-group is said to be R-max and state a result, taken from [1], that G is
Max-R if G is a finitely R-generated Nz-group and R is a PID.

Definition 5.2.1 (Max-R)
[1, Definition 4.18] A Nr-group G is said to be Maz-R if every R-subgroup of G is finitely R-generated.

Theorem 5.2.2
[1, Theorem 4.21] Let R be principal ideal domain (PID) and let G be a Ngr-group. If G is finitely
R-generated group, then G is a Max-R group.

In [10], the authors introduce the concept of the order of an element of a Ng-group of finite type.
Firstly, we consider the set I, = {a € R : ¢® = 1} and show that it is an ideal of R. This is needed,
because the definition of the order of an element depends on the set I,. After this, we will give the

definition of the exponent of a Ng-group of finite type.

Proposition 5.2.3
Let G be a Ng-group of finite type and let g € G. The set I = {a € R: g® = 1} is an ideal of R.

Proof. Let G be a Ng-group of finite type and let ¢ € G. Since, G is of finite type, then, there exists
B € R such that ¢® = 1. Hence, § € I, and thus I, is non-empty.
Further, for any «, 3 € I, we have P =gvg P =g*¢®) = ()1 =1L

Hence, for any o, 8 € I, « — 3 € I and by Theorem 2.1.6, I, is an additive subgroup of R.

Let 11 € R and let pw € ply. Then g = g*F = (¢¥)* = 1#* = 1. Therefore, pul, C I,.

Similarly, for (p € Iy, we have go# = (g¢)# = 1# = 1 since ¢ € I,.

Therefore, (pu € I, and I u C 1.

Hence, pl, C I, and I u C I, for any p € R. By Definition 2.7.1, we have that I, is an ideal of R. [
Note 5.2.4

If R is a principal ideal domain (PID), then I, = {o € R : g% = 1} is an ideal of R and we have

that there exists o € R such that (o) = I,. Therefore, we may define the order of g as any elements

associative with o.

Definition 5.2.5 (Exponent)
[10, Definition 2.21] Let R be a binomial ring which is a principal ideal domain and let G be a Ng-group

of finite type. The exponent of G is the lowest common multiple of all the orders of elements in G.
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Now, we take note that the R-subgroup 7(Z(G)) is of finite order if G is a finitely R-generated Np-
group. For the remainder of the section, we let R be a principal ideal domain (PID) binomial ring

which has a subring isomorphic to the set of rational numbers and we let the set of prime elements of
R be denoted by Pg.

Proposition 5.2.6
Let G be a finitely R-generated Nr-group. Then, the R-subgroup 7(Z(Q)) is of finite type.

Proof. Let G be a finitely R-generated Ng-group. By Theorem 5.2.2, the R-subgroup 7(Z(G)) is
finitely R-generated. Further, by Proposition 4.1.6, 7(Z(G)) is a R-torsion group. Thus, by Definition
4.1.7, 7(Z(Q)) is of finite type. O

Since 7(Z(@G)) is of finite type, we can get the exponent of 7(Z(G)). The exponent of 7(Z(G)) is
needed for the definition of the free centre. The definition is adapted from [14], where the free centre

of ordinary nilpotent group was given.

Definition 5.2.7 (Free Centre)

Let G be a finitely R-generated Ngr-group. Let n be the exponent of T(Z(QG)). The free centre of G,
denoted by FZ(QG), is defined as

FZ(G) ={z € Z(G) : x has a n'"-root in Z(G)} = {x € Z(G) : x = y" for some y € Z(G)}.

Lastly, we give some properties relating to the free centre. These properties are inspired by Mislin in
[14].

Proposition 5.2.8
Let G be a finitely R-generated Ng-group and let FZ(G) be the free centre of G. Then, we have the
following

(a) FZ(G) is a R-characteristic R-subgroup of G,
(b) FZ(QG) is a free abelian R-powered group and

(¢) FZ(G) has rank that is equal to the Hirsch-R-length of G.

Proof. Let G be a finitely R-generated Ng-group and let FZ(G) be the free centre of G. Let n be the
exponent of 7(Z(G)). By Definition 5.2.7, FZ(G) = {x € Z(G) : x has a n'"-root in Z(G)} = {x €
Z(G) : x = y" for some y € Z(G)}.

(a) We show that FZ(@G) is a R-characteristic R-subgroup of G.
Firstly, we show that F'Z(G) is a R-subgroup. By Corollary 3.1.6, we have 1 = 17. Hence
1 € FZ(G) and FZ(G) is non-empty. Let z,y € FZ(G), then z,y € Z(G) with z = ¢" and
y = h" for some g,h € Z(G). Then, zy~! = ¢g"(hk")~t = g"(h=1)" = (gh=1)", by Lemma 3.1.5
and the fact that ¢ and h commute.

Therefore, zy~! has a n'"-root in Z(G) and zy~! € FZ(G).
By Theorem 2.1.6, F'Z(G) is a subgroup of G.

Now, for any o € R, 2% = (y")* = (y*)".

Since y € Z(G) and Z(G) being a R-subgroup of G, then y* € Z(G).
Therefore, 2* has a n'*-root in Z(G) and z* € FZ(G).
Thus, F'Z(G) is a R-subgroup of G.
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Now, we show that F'Z(G) is a R-characteristic subgroup of G.

Let ¢ € Autr(G) ={¢ : G — G| is a R-isomorphism}.

If z € p(FZ(Q)), then z = ¢(z4) for some z, € FZ(G). We need to show that z € Z(G) and z
has a n'"-root in Z(G).

Let n € G. Since ¢ is a R-isomorphism (and thus is R-surjective), then, there exists n, € G such
that n = ¢(n.).

Therefore, we have nz = @¢(n.)d(z:) = d(neze) = O(z4ns) = P(z4)0(ni) = 2zn, since z, €
FZ(G) C Z(G). Thus, z € Z(G).

Since, z, € FZ(G), then, there exists t € Z(G) such that z, = t7 and we have z = ¢(z.) =
o) = ¢(t)".

Similarly, as above, we have ng(t) = ¢(n«)p(t) = d(n«t) = o(tny) = d(t)p(ny) = ¢(t)n, since
t € Z(G). Then, ¢(t) € Z(G), z € Z(G) and z = ¢(t)" for some ¢(t) € Z(G). Consequently,
z € FZ(G) and ¢(FZ(G)) C FZ(G). Since, ¢ was arbitrarily chosen, then ¢(FZ(G)) C FZ(G)
for all ¢ € Autr(G) and by Lemma 3.3.12, FZ(G) is a R-characteristic R-subgroup of G.

Now, we show that FZ(G) is a free abelian R-powered group.

Let ¢ : Z(G) — FZ(G) be defined by ¢ (x) = 2. For any z,y € Z(G), we have, by Lemma 3.1.5,
that ¢(zy) = (zy)? = 2"y" = Y(x)Y(y). Also, for any a € R, ¢(z%) = ()1 = 2% = 2" =
() = p(z)®. Therefore, 1 is a R-homomorphism.

In addition, for any x € F'Z(G), we have, by Definition 5.2.7, that there exists y € Z(G) such that
x =y" =1(y). Consequently, ¢ is a R-surjective R-homomorphism and by the First Isomorphism
Theorem for R-homomorphisms (Theorem 3.3.7), we have Z(G)/Ker(¢) Zr FZ(G).

However, Ker(¢) = {z € Z(G) : Y(x) =1} = {z € Z(G) : 2" = 1} = 7(Z(G)), since n is the
exponent of 7(Z(G)). Therefore, FZ(G) =g Z(G)/7(Z(G)).

Now, we show that Z(G)/7(Z(G)) is free. Since G is finitely R-generated Np-group and R is a
principal ideal domain we have, by Theorem 5.2.2, that G is max-R. Hence, all R-subgroups of
G are finitely R-generated. Consequently, Z(G) is finitely R-generated.

By Lemma 3.2.15, we have Z(G)/7(Z(G)) is finitely R-generated.

Now, Z(G) is an abelian R-powered group, so, by Lemma 3.4.3, that Z(G)/7(Z(G)) is an abelian
R-powered group. Further, by Proposition 4.1.9, Z(G)/7(Z(QG)) is R-torsion-free and we have
Z(GQ)/7(Z(Q)) is a finitely R-generated R-torsion-free abelian R-powered group. Using Theorem
4.1.10, we conclude that Z(G)/7(Z(G)) is a free and FZ(G) =g Z(G)/7(Z(Q)) is free.

From above, F'Z(G) is a finitely R-generated free abelian R-powered group. Thus, by Proposition
3.4.8, rank(FZ(G)) = hr(FZ(Q)).

Notation 5.2.9
We will denote the quotient G/FZ(G) as Q(G).

Thus, we have shown the genus can be defined for a Ng-group. We have also shown that some classical

results on the genus can be carried over to context of Nz-groups. Moreover, we showed that the free
centre F'Z(G) and the quotient Q(G) can be defined for Nz-groups, with both of these playing a critical



5.2. FREE CENTRE 95

role in further studies of the genus of ordinary nilpotent groups. This indicates that further studies on

the genus of nilpotent R-powered groups are possible.



Chapter 6

Conclusion and Further Work

In [1], [9], [11] and [13], many results of ordinary nilpotent groups are shown to carry over to nilpotent
R-powered groups. This leads us pose a question, ”Do the results proven on the genus for ordinary

nilpotent groups carry over to nilpotent R-powered groups?”.

Mislin’s exploration of the genus of a finitely generated nilpotent group, in [14], relies heavily on the

P-localization of a nilpotent group and later on a subgroup called the free centre.

Thus, we firstly studied and investigated P-localization of nilpotent R-powered groups G, guided by
the work done by Majewicz and Zyman in [13]. We give more detailed proofs to many results given
in [13] for understanding and completeness. This includes a proof to the Fundamental Theorem of
P-Localization (Theorem 4.7.3). We prove, in Theorem 4.8.3, that in the case when R is a principal
ideal domain with subring isomorphic to the set of rational numbers, a map P-localizes if and only
if it is a P-isomorphism. This allowed us to prove some new results on P-localization of a nilpotent

R-powered groups.

In Lemma 4.9.1, we have shown that for a nilpotent R-powered group of finite type G, the P-localization
of G is also of finite type. Furthermore, we showed, in Proposition 4.9.4, that P-localization of a direct
product G x H is R-isomorphic to the direct product of the P-localizations of G and H, Gp x Hp.
Lastly, in Proposition 4.9.5, we showed that if the commutator R-subgroup [G, G] is of finite type, then
we have |G, G|, =g [G)p, G,] for any prime p in R.

In Chapter 5, we define the genus of a finitely R-generated nilpotent R-powered group. We prove some

results on the genus.

Our main results are Theorem 5.1.5 and Theorem 5.1.6. Theorem 5.1.5 states that for any two finitely
R-generated nilpotent R-powered groups G and H, if G(G x A) = G(H x A) for some finitely R-
powered abelian R-powered group A, then we have G(G) = G(H). Theorem 5.1.6 states that if G and
H have commutator R-subgroup of finite type and have the same genus, then we have their commutator

R-subgroups are R-isomorphic.

Lastly, in Section 5.2, we have shown that the free centre can be defined for nilpotent R-powered groups.
This will assist in further studies on the genus of nilpotent R-powered groups, as the free centre played
a critical role in further studies of the genus of ordinary nilpotent groups. In particular, we give a

conjecture:

96
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Conjecture 6.0.1
Let G and H be finitely R-generated nilpotent R-powered groups with commutator R-subgroups of finite
type. If G € G(H), then we have FZ(H) =r FZ(G) and Q(H) =r Q(G).

Since we have the free centre FZ(G) and the quotient group Q(G) can be defined in a nilpotent R-
powered group, a similar approach could be taken to prove that there is an abelian group structure on
the genus of a finitely R-generated nilpotent R-powered group with commutator R-subgroup of finite

type, as undertaken in [6]. Thus, we give the following conjecture:

Conjecture 6.0.2
Let G be finitely R-generated nilpotent R-powered group with commutator R-subgroup of finite type. Let
o be the exponent of the quotient Q(G)/[Q(G), Q(G)]. Then, we have G(G) =g (R/ (c))*/{1,—-1} .
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