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1 Introduction

In the first part of this paper for an arbitrary group G we introduce an as-
sociative ring with identity ['(G), called the centroid of the group G. This
notion is a natural generalization of the ring of endomorphisms to the case of
a non—commutative group G, and what is more important, it is an analog of
the notion of a centroid from ring theory. Then we describe centroids of various
groups, in particular, centroids of free groups, torsion-free hyperbolic groups,
free nilpotent groups, and groups of unitriangular matrices UT,,(R) over an
arbitrary associative ring R of characteristic zero. Finally, with the description
of centroids of free nilpotent groups in hand, we solve affirmatively the rigidity
problem for free nilpotent groups posed by F.Grunewald and D.Segal in 1984
[10].

The most natural way to look at the centroid comes from the theory of
exponential groups [1, 11, 15, 19, 20], i.e., groups admitting exponents in a
ring. We prove that I'(G) is the maximal ring of scalars for the group G: that
means that for any g € G, v € I'(G) the exponent g7 € G is well defined, this
action of I'(G) on G is faithful and satisfies some specific axioms (including
Lyndon’s axioms), and, moreover, I'(G) is the maximal ring with respect to
these properties. This resembles the definition of the centroid I'(K) of a ring
K as the largest ring of scalars of the ring K.

Constructively, the ring I'(G) is defined as a subring of the near-ring P(G)
of all mappings of the group G. Investigation of the near-ring P(G) began
with the works of N. Fitting [2] and H.Neumann [22, 23]. H. Neumann used
the near-ring P(G) and its subrings in her investigations of varieties of groups.
Later, A. Frohlich [4, 5, 6, 7] applied near-rings of endomorphisms and their
links with groups to his study of non—abelian homological algebra.

The results mentioned above gave rise to numerous attempts to construct
something similar to “the ring of endomorphisms” for an arbitrary group. It
is a well-known fact that over an abelian group G the set of all endomor-
phisms End(G) forms a ring with respect to the operations of addition + and

multiplication - :
g A’ 9°)", (1)

where g € G, ¢,9% € End(G). For a non-abelian group G the set End(G)
is not a ring, because the sum of two endomorphisms of G is not necessarily
an endomorphism of G. Therefore, it is natural to consider more general
morphisms over G. It turns out that the set P(G) of arbitrary mappings
from G into G forms a near-ring with respect to the operations (1). The
subnear-ring F(G) of P(G) generated by the set End(G) may seem to be a
good analog of the ring of endomorphisms of a nonabelian group G (in the
abelian case E(G) = End(G)), except that, in general, it is not a ring. Many
authors [12, 25, 24, 18] considered subnear-rings of E(G) generated by different
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subsets (most often subsemigroups) of End(G). We define I'(G) as the ring
which consists of all quasi-endomorphisms of G' (i.e. such mappings ¢ that
(zy)? = 2%y? for commuting x,y € G) that centralize all inner automorphisms
of G (very similar to the centroid in ring theory).

In the sections that follow we give a detailed description of centroids of arbi-
trary CSA-groups, including free groups and torsion-free hyperbolic groups. A
similar technique allows us to characterize centroids of free products of groups.
Surprisingly enough , the centroid I'(F') of a free non—abelian group F is quite
big: T'(F) is an unrestricted direct product of countably many copies of Z.

In Section 5 we describe centroids of finitely generated free nilpotent groups
and groups of unitriangular matrices UT,,(Z). In fact, we prove the following
result: let N be a non-abelian free nilpotent group of finite rank, R an arbitrary
binomial domain, and N the free nilpotent R-group introduced by P.Hall [11],
then the centroid I'(N) is isomorphic to R® I, where I is a nilpotent ideal of
I'(G). The same also is true for the unitriangular matrix group U7, (R) over
an arbitrary associative ring R of characteristic 0. We then apply these results
to solve the above-mentioned rigidity problem of free nilpotent groups. Recall
that a torsion-free nilpotent group G is rigid if for any binomial domains R and
S the Hall R-completion G® of G is isomorphic to the Hall S-completion G*°
if and only if the rings R and S are isomorphic. We prove that a non-abelian
free nilpotent group of finite rank is rigid, which answers the F.Grunewald
and D.Segal question from [10]. Notice that the same argument shows that
the group UT,,(Z) is rigid (which was already proved by different methods in
[10]). Rigidity results form an essential part of the F.Grunewald and D.Segal
project aimed to describe torsion-free nilpotent groups up to isomorphism. It
seems that centroids give an appropriate tool to deal with rigidity of nilpotent
groups. Notice, that in an attempt to carry out this program one may consider
centroids relative to the category of nilpotent groups (see [21] for details).

2 Definition of the centroid
To the end of the section, let us fix an arbitrary group G.

Definition 2.1 A set P with two binary operations + (addition) and - (mul-
tiplication) is called a near-ring if P is a group (not necessarily commutative)
with respect to the operation +, and multiplication is associative and satisfies
the left distributivity relation:

a-(b+c)=a-b+a-c, a,b,ceP.

The following is the principal example of a near-ring. Let P(G) be the set
of arbitrary mappings of G into G. The set P(G) with the operations + and



- defined by

g = gV, ¢*v = (¢°)Y, forge G, 6,0 € P(G).

is the near-ring of mappings of the group G.

Note that the mapping 0 : G — 1 is a “zero” of the near-ring P(G),
the mapping 1p : g — ¢ is a “unit” of P(G), and the mapping —¢ is defined
according to the rule g=¢ = (¢%)~!.

Definition 2.2 A mapping ¢ € P(G) is called normal if
(h~'gh)* = h™'g’h
for all g,h € G. By N(G) we denote the set of all normal mappings of G.

Clearly, N(G) is a centralizer in P(G) of the set Inn(G) of all inner au-
tomorphisms of G. In general, if M and X are subsets of P(G), then the
set

Cu(X)={oeM | ¢-f=[-¢ VfeX}
is termed the centralizer of X in M.
Let us denote by End(G) the monoid of all endomorphisms of G with

respect to composition. Later on, subnear-rings will appear as the centralizers
of different subsemigroups of End(G).

Lemma 2.1 Let S < End(G) be an arbitrary semigroup of endomorphisms
of G. Then the centralizer Cp()(S) of S in P(G) is a subnear-ring in P(G).
In particular, N(G) is a near-ring.

Proof. Let f € S, ¢,¢ € Cp)(S), g € G, then
(91" = (g*"), (g")"* = (¢7)°(¢7)" = (¢°) (") = (9""*)".
O

Lemma 2.2 1) Let ¢,vp € N(GQ), x,y € G. Then [x,y] = 1 implies [x?,y¥] =
L
2) For any set X C G the centralizer Ce(X) C G is N(G)-invariant. (

Proof. 1) We have:

¢ ¢

yz? = yaly 'y = (yzy ')’y = 2.

Hence
20y = 29yVa02® = (Pya?)Vad = y¥ad.

This proves 1).
2) follows from 1). O



Corollary 2.1 In the near-ring N(G) the operation of addition + is commu-
tative.

Proof. For g € G, ¢,1 € N(G) we have:

g¢+w — g¢>gw — g¢g¢g*¢ ¢ _ (g¢gg*¢)¢g¢> — g¢g¢> — g¢+¢7

hence ¢ + ¢ = + ¢. |
Near-rings with commutative addition are called abelian.

The following example shows that one can represent any abelian near-ring
with identity as a subring of N(G) for a properly chosen abelian group G.

9

Example 2.1 Let R be an abelian near-ring with identity and G = R its
additive group. Then R acts on G by right multiplications: g — ga, a €
R, g € G. This operation gives a monomorphism R — P(G). Due to the fact
that the group G is abelian, any mapping of G is normal, i.e., P(G) = N(G).

Corollary 2.2 There exists an abelian group G for which N(G) is not a ring.

Proof. Indeed, according to the previous example, it is sufficient to take an
abelian near-ring with 1 which is not a ring. As an example of such near-
ring, we can choose the set of all integer polynomials Z[z] with the standard
addition and composition as multiplication. O

Definition 2.3 A mapping ¢ € P(G) is called a quasi-endomorphism of the
group G if for any x,y € G we have:

z,y] = 1 implies (zy)? = x%y?.
[z,y] p y Y

The set of all quasi-endomorphisms of G is denoted by Q(G).
Lemma 2.3 Q(G) is a semigroup with respect to composition of maps.
Proof. Indeed, for x,y € G, ¢,1 € Q(G) we have

[z,9] = 1 implies 2%y? = (zy)? = (yr)? = y’2°.

Hence
[z,y] = 1 implies (zy)?" = (2%y®)" = z*y%?,

i.e., Q(G) is closed under composition. O

Theorem 2.1 The set I'(G) of all normal quasi-endomorphisms of G is an
associative ring with 1. It is called the centroid of the group G.



Proof. According to the definition, I'(G) = N(G) N Q(G) is the intersection of
two semigroups, so I'(G) is closed under multiplication. Let us verify that it is
closed under addition. Let ¢,v € I'(G). We have already proved that N(G) is
a near-ring, hence ¢ + 1 € N(G). Now it suffices to show that ¢ + ¢ € Q(G);
i.e., ¢ + 1 is a quasi-endomorphism of G. Let z,y € G, and [z,y] = 1. Then

(2y)?™Y = (zy)?(zy)? = zPy®2¥y?.

But ¢ and 1 are normal, so by Lemma 2.2 the elements y® and z¥ commute.

Therefore,
2Oyt aty? = Patytyl = gyt

which, combined with the equality above, proves that ¢ + ¢ € Q(G). Con-
sequently, I'(G) is a near-ring; moreover, by Corollary 2.1 addition in I'(G)
is commutative. It remains to check that right-hand distributivity holds in
['(G):

TS0 _ (900 — 00,0 _ o040

(again, here we used the fact that by Lemma 2.2 ¢ and z¥ commute). Since
this is true for an arbitrary x € G, we have (¢ + ¢)8 = ¢0 + 10, and I'(G) is
a subring of P(G). Obviously, 1 € I'(G). O

There is an analogy between the construction of the centroid I'(K) of a
ring K and the centroid I'(G) of a group G. Namely, ['(K) is the centralizer of
the set of all right-hand and left-hand multiplications of K in the semigroup
of all endomorphisms End(K™) of the additive group K of the ring K. Tak-
ing instead of the abelian group K™ a non-abelian group G, instead of the
semigroup End(G) its generalization Q(G), we obtain I'(G) as the centralizer
of the set of all inner automorphisms of G in the semigroup Q(G). So far this
analogy is purely formal. But in the next section we will show that I'(G) is the
maximal ring of scalars for G, i.e., I'(G) satisfies the same universal property
as the centroid of a ring K.

Observe that if the group G is abelian, then I'(G) = End(G), i.e., I'(G) is
indeed a generalization of the ring of endomorphisms to the non—-commutative
case.

3 Centroid as the maximal ring of scalars

Up to the end of this section, let us fix an arbitrary associative ring with
identity A, as well as a group G.

Given an action of A on G, i. e. a mapping G x A — G, we will write the
result of the action of « € A on g € G as g*. Consider the following axioms:

l.g'=g, ¢"=1,1=1;



2. g*P = g2¢°, g*" = (9)";
3. (htgh)* = h=1g®h;
4. [g,h] =1 = (gh)* = g*h*.

Definition 3.1 [19, 20] The group G is called an A—exponential group (or an
A-group) if an action of the ring A on G satisfying axioms 1)-4) is defined.

Notice that an arbitrary group is a Z—group; a group of period m is a Z/mZ—
group; a module over a ring A is an abelian A-group and vice versa; D-groups
studied by G.Baumslag [1] are Q-groups; exponential nilpotent A-groups over
a binomial ring A, introduced by P. Hall [11], are A-groups; an arbitrary
pro-p-group is a Z,-group over the ring of p-adic integers Z,,.

The axiomatic approach to exponential groups first appeared in a paper of
R. Lyndon [15]. In his terms, A-groups are those that just satisfy axioms 1)
3). It turns out that this class of groups is too wide to work with; for example,
as we show below, there are abelian A-groups in Lyndon’s sense which are not
A-modules.

Example 3.1 Let 6 be a non—identity automorphism of the ring A, and M a
free A—module with base (x,y). We can define a new action % of the ring A
on M as follows:

.o — z-0(), z€xAUYA,
FFATY 2 2 € xAUyA.

Then the action * of A on M satisfies axioms 1)-3), but if ag # 0(aw), then
(x+y)*xap=(x+y)ag # (r+y)0(an) =z * g + Y * o,
hence axiom 4) doesn’t hold.

In fact, all the groups that Lyndon actually dealt with in his paper [15]
indeed satisfy axiom 4), i.e., they are A-groups.

Definition 3.2 Let G be an A-group such that the action of A on G is faithful,
i.e., for any nonzero a € A there exists g € G such that g* # 1. In this case A
15 called a ring of scalars of G.

The following proposition shows that G is a I'(G)-group and I'(G) is the
maximal ring of scalars of G.

Proposition 3.1 Let G be a group. Then:



1. the centroid I'(G) is a ring of scalars for G; in particular, G is a I'(G)-
group;

2. T'(G) is the largest ring of scalars of the group G; i.e., if B is a ring of
scalars of G, then there is a canonical embedding B — T'(G).

Proof. For any ¢ € I'(G) and g € G we define g® as the image of g under the
map ¢. Notice that this action is faithful. Axioms 1) and 2) hold by the very
definition of addition and multiplication in I'(G). Axiom 3) holds because all
mappings from I'(G) are normal, and axiom 4) holds since I'(G) consists of
quasi-endomorphisms of G. It follows that G is a I'(G)-group and I'(G) is a
ring of scalars of G.

If B is a ring of scalars of GG, then B acts faithfully on G and we can define
a monomorphism of near-rings ® : B — P(G) where ®(b) : G — G is the
mapping ®(b) : ¢ — ¢°. By axioms 3) and 4) the mapping ®(b) is a normal
quasi-endomorphism, hence ®(B) C T'(G). O

4 Description of centroids of CSA-groups and
free products of groups

In this section we describe the centroid of an arbitrary CSA—group, which
immediately gives us the structure of centroids of free groups, torsion—free hy-
perbolic groups, and groups acting freely on A—trees. Surprisingly, the centroid
of a free non—abelian group F' is uncountable: T'(F) = II;,,Z, the unrestricted
direct product of countably many copies of Z. We then describe the structure
of the centroid of a free product of two groups G and H. It turns out that

I'(G*xH)~T(G) x I'(H) x ;e;Z ,

where the set of indices I is described in Theorem 4.2 below.

4.1 Preliminary results

In our study of centroids we will frequently use the following important obser-
vation:

Lemma 4.1 Let G be an A—group. Then for any subset X of G the centralizer
Cq(X) is an A-subgroup of G, in particular, it is A—invariant, i.e., for any
a€ A

Ca(X)" € Ca(X).



Proof.
For any x € X,y € G,a € A we have

a a

[z, y*) = 2™ty ey = (27 ye) T y" = (yly, 2]) "
So, if [z,y] = 1 then [z,y"] = 1. O
Now, let us establish an embedding of I'(G) of an arbitrary group G into

a certain Cartesian product.

Proposition 4.1 Let G be an arbitrary group and let C; (i € I) be fized
representatives of the conjugacy classes of the centralizers of all non-trivial
elements in G. Then there exists an embedding

Proof. Let C; (i € I) be representatives of the conjugacy classes of the central-
izers of all non-trivial elements in G. By Lemma 4.1, all C; are I'(G)-invariant,
hence for every ¢ € I'(G) the restriction ¢; of ¢ to C; belongs to P(C;). Each
¢; is a normal quasi-endomorphism of Cj, therefore ¢; € T'(C;). Moreover, the
restriction map \; : ¢ — ¢; is a homomorphism of rings A; : ['(G) — ['(C;).
This gives rise to the diagonal homomorphism

A F(G) - ﬁielr(ci)a

where A = ILic;\;. We claim that the homomorphism ) is injective. Let
0 # ¢ € T'(G). Then there exists an element g € G such that g® # 1. Now,
some conjugate h~'gh of g belongs to C; for some i and

g° = (h(h*gh))h™1)? = h(h*gh)*h™ = h(h™'gh)®h~" # 1.

therefore, (h=1gh)? # 1 and, consequently, ¢; # 0. O

If all the centralizers C; in the proposition above are abelian, then I'(C;) =
End(C;) and we have the following

Corollary 4.1 Let G be a group in which all the centralizers of all non-trivial
elements of G are abelian. Then there exists an embedding

A F(G) — ﬁzE[End(CZ),

where C; (i € 1) are representatives of the conjugacy classes of the centralizers
of all non-trivial elements in G.



4.2 Centroids of CSA—groups

Definition 4.1 [20] A group G is termed a CSA-group if all mazimal abelian
subgroups in G are malnormal.

Recall [14] that a subgroup H in a group G is malnormal if for any g € G
the condition HIN H # 1 implies g € H. Below we collect some known results
about CSA groups. To do this we need the following

Definition 4.2 Subgroups A and B of a group G are called conjugate sepa-
rated if AYN B =1 for any g € G.

Proposition 4.2 [20] Let G be a CSA—group. Then the following statements
are true:

1. Any two maximal abelian subgroups of G either coincide or have trivial
intersection,

2. Any two mazimal abelian subgroups of G are either conjugate or conju-
gate separated;

3. Commutation is an equivalence relation on the set of all non-trivial ele-
ments of G;

4. The centralizer of any non-trivial element of G is a maximal abelian
subgroup of G; conversely, any maximal abelian subgroup of G # 1 is a
centralizer of any of its non-trivial elements.

Now, we are ready to apply Corollary 4.1 to CSA-groups.
Theorem 4.1 Let G be an arbitrary CSA—group. Then
['(G) = s End(C),

where C; (i € 1) are representatives of the conjugacy classes of the centralizers
of all non-trivial elements in G.

Proof. Let X : T(G) — TLic; End(C;) be the embedding from Corollary 4.1.
We claim that A is onto. Choose an arbitrary ¢ = IL;cr¢; € ;e End(C;). Each
such ¢ acts on C; as the endomorphism ¢;, and we can extend this action to
the union

geG
of all conjugates of C; by the rule
(g 'wg)" =g~ a%g (z € Cy).

10



This action is well-defined, since the centralizers of non-trivial elements in G
either coincide or have trivial intersection. Notice that for any i # j we have
Z; N Z; = 1, therefore the union

Uei=2

icl

gives rise to a well-defined mapping on GG. From the definition of ¢ one can
see that 1 is a normal quasi-endomorphism of G, i.e. b € I'(G). Obviously,

A1) = ¢. O

Corollary 4.2 1. Let F,, be a free group on n generators. Then

F(Fn) = HiEIZ )
where I is an infinite countable set.

2. Let G be a torsion-free hyperbolic group. Then

I'(G) = e/ Z .

3. Let FA be a free A-group (see [19, 20]) over an associative unitary ring
A of characteristic 0. Then T'(F#) is an unrestricted Cartesian product
of infinitely many copies of the ring of endomorphisms of the additive
group AT of the ring A:

F(FA) = ﬁieIEndz(A+)>

where I is the set of representatives of the conjugacy classes of the cen-
tralizers of all non-trivial elements in F4.

Proof. In the case of a free group F' it suffices to notice that all centralizers
C; of non-trivial elements in F' are infinite cyclic, hence End(C;) ~ Z.

If G is a torsion-free hyperbolic group, then the centralizers of all non-
trivial elements are infinite cyclic [8]. This implies, in particular, that G is a
CSA-group [20]. Now the statement follows from the theorem above.

In the paper [20] the free A-group F4 over a ring A was described in terms
of HNN-extensions. It was proved there that F4 is a CSA-group, and that the
centralizers of non-trivial elements are isomorphic to the additive group A" of
the ring A. O

The following theorem clarifies the structure of the centroids of free prod-
ucts of groups.

11



Theorem 4.2 Let G and H be arbitrary groups, then
['(GxH)=T(G) xT'(H) x IZ,

where the unrestricted direct product is taken over all the conjugacy classes of
the centralizers of elements in G x H which are not conjugate to an element of
G or H.

Proof. 1f G or H is trivial then the statement of the theorem is obvious. So
we can assume that both G and H are non-trivial.

We begin by recalling several properties of free products of groups (see
details in [14]).

It follows from the Kurosh Subgroup Theorem that every proper centralizer
in G« H is either infinite cyclic or conjugate to a centralizer in one of the factors.

From The Conjugacy Theorem for Free Products (see [14]) we have that
G and H are malnormal and conjugate separated in G x H.

Let C; (i € I) be the complete set of representatives of the conjugacy
classes of the centralizers of elements in G« H which are not conjugate to an
element of G or H. Notice that if ¢ # j then C; N C; = 1. Indeed, suppose
C; = gp(x),C; = gp(y) and 1 # z € C; N C}, then the subgroup gp(z,y) has a
non-trivial center, and hence by the subgroup theorem gp(x,y) is cyclic. That
implies that x and y commute, hence C; = Cj.

Define a homomorphism of rings

€ :T(G) x T(H) x Wie;Z — T(G + H)

as follows. Let ¢ € I'(G) x I'(H) X Iljc;Z. Then ¢ = (0,4, f) where ¢ €
['(G),6 € T(H), f € e;Z ( we think of f as a function f : I — Z). Now we
define a mapping £(¢) : G*x H — G x H according to the following three cases.
Take an arbitrary ¢ € G+ H. Then either ¢ is in a conjugate of C; for some ¢ or
it is conjugate to some element in GG or else it is conjugate to some element in
H. Suppose first that g is in a conjugate of some C;,. As we mentioned above,
this g does not belong to any other C;, therefore the number i, is uniquely
determined by g. In this case put

£() (i)

g =g
If g is in a conjugate of G, say g = 2 'az, (a € G), then put

gg(d’) =z2"ta%2.

Similarly, if g is in a conjugate of H, say g = 2~ bz, (b € H), then define

gf(d’) =212

12



The mapping &(¢) is well-defined and by construction it is a normal quasi-
endomorphism, hence £(¢) € I'(G* H). One can check directly that ¢ is a ring
homomorphism.

We claim that ¢ is an isomorphism. To show that ¢ is onto, consider an
arbitrary mapping ¢ € I'(G x H). For any non-trivial ¢ € G the centralizer
C(g) of g in G*H is contained in G; since this centralizer is I'(G* H )-invariant,
we have that ¢¥ € G, and consequently, G¥ C G. Thus the restriction ¢ of ¥
to G belongs to I'(G). Similarly, the restriction ¢y of ¥ to H belongs to I'(H).
Again, each centralizer C; is iy-invariant and cyclic; therefore the restriction
of ¥ to C; acts on C; as the multiplication by a given integer, say n;. Define
a function f, : I — Z by fy(i) = n;,. Now, for ¢ = (Y, ¥u, f,) we have
&(¢) = 1. Thus & is onto.

To show that £ is a monomorphism consider an arbitrary

¢ =(0,0,f) € T(G)x '(H) x TIZ
and assume that £(¢) =0. Then 0 = 0,6 =0, f =0, i.e., p = 0. O

5 Centroids of nilpotent groups

5.1 Centroids of free nilpotent groups

Let G be a group. By
G:GlzGQZ

we denote the lower central series of G, here G; ;1 = [G;, G]. The upper central
series of GG is denoted by

1= Zo(G) < Z1(G) < Zo(G) < ...

where Z;11(G) is the preimage in G of the center Z(G/Z;(G)) under the canon-
ical epimorphism G — G/Z;(G). The subgroup Z;(G) is the center of G and
we often write simply Z(G) instead of Z;(G).

We begin with the following lemma.

Lemma 5.1 Let G be an arbitrary group. For every g,h € G,¢ € I'(G) such
that [g,[g, h]] = 1 the following equality holds

[9%, h] = [g, h)°.

Proof. Observe that if [¢, [g, h]] = 1, then g and h~'gh commute (since h~gh =
glg, h]). Therefore,

[9%,h] = g~ %h ™ g°h = g~ *(h ™" gh)? = (g~ " (h""gh))® = [g, h]®.

13



Corollary 5.1 Let g,h € G, ¢ € I'(G). If [g,h] € Z(G) then
97, 1] = [9,h?] = g, h])*.
Corollary 5.2 The following statements are true for an arbitrary group G:
1. Z(G) is a I'(G)-subgroup of G;
2. Zy(G) is a T'(G)-subgroup of G.

Proof. 1f z € Z(G), then [z, g] = 1 for any g € G. Hence by the lemma above
for any ¢ € I'(G) we have [2%,g] = [z,9]? = 1, therefore 2¢ € Z(G). This
proves 1).

By definition Z»(G) = {z € G|[z,9] € Z(G) for every g € G}. By the
lemma above for any z € Z5(G), g € G, and ¢ € I'(G) we have

(2%, 9] = [2.9]” € Z(G),

which shows that z¢ € Zy(G). O
From now on we will assume that G is a finitely generated non-abelian free
nilpotent group of class ¢ with basis x1,...,Ty,. in this case G; = Z._;11(Q)

for each i =1, ..., c and each subgroup G; is isolated in G, i.e., for any g € G
and any integer n # 0, if ¢" € G, then g € G;.

Notice that every non-trivial element g € G has a unique maximal root in
G, i.e., the unique element gy € G such that g = g’, where m is the greatest
positive integer for which the equation g = ™ has a solution in G.

We presume that the following proposition is known, but we need the proof
to be able to describe centralizers of elements in an arbitrary free nilpotent
R-group at the end of this section.

Proposition 5.1 Let G be a free nilpotent group of class c. If g € G; — Gy,
then

Ca(g) = (90) - Geiv1,
where gq is the mazimal root of g modulo G._;11 (and go=1if g € Ge_i11).

Proof. Let g € G; — Gip1, v € Gj — Gjpq, and [g,v] = 1. If j > c—i+1,
then v € (go) - G._;11. Suppose now that j < ¢ — i+ 1. Then by corollary
5.12 in [16] the following holds: ¢ = j and for some element w € G; we
have ¢G;11 = wPG;yq and vG1 = wiG;,. It follows that g9v™ € Giq
and still [g, g% ~P] = 1. By the argument above g% € G._;;1, and hence
9?G._iyv1 = vPG_iy1. The nilpotent group G/G._;11 is torsion-free, therefore
the canonical images of the g and v in G/G._;;1 are powers of one and the
same element, so they are powers of goG._;+1. This implies that v is a power
of go modulo G._;;1, as desired.

O
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Lemma 5.2 For every ¢ € I'(G) there exists n, € Z such that
1. if g € G, but g & Go, then g¥ = g™ modulo Z(G);
2. if z € Z(G), then z¥ = 2™

Proof. We show first that xf = 2"# for every basic element x;. By Proposition
5.1

Ca(wi) = (v:) - Z(G),  Colaiw;) = (wixj) - Z(G)

1,.

for every 1,7 = ,m. Fix an arbitrary ¢ € F(G). Since centralizers of
elements are I'(G)- 1nvar1ant for every 7,7 = 1,...,m we have:

xl = a2, (wx)% = (vim;) " 2y

for some integers n;,n;; and some elements z;, z;; € Z(G). Let us show that

ny =mn,; for all i =1,...,m. Indeed, let
u=[x;x1,T1,...,21]
—_——
c—2

Then u is a basic commutator of weight ¢ — 1. Then by corollary 5.1
[u7 xixl]w = ([U’v mZ][u7 xl])w = [U, xi]w[ua 171]@ = [u7 xf][u, xf] = (2)

= [uv I?I] [U’v x?l] = [uv Il]nz [U, xl]m

On the other hand,
[w, zi21]? = [u, (2:21)7] = [u, (wiz1)""] = [u, wz " = [u, 23] [u, 2] (3)

Since [u, x;] and [u, z1] are basic commutators, we deduce from 2 and 3 that
n; = n;; = ny. Put n, = n;.

The next step is to prove that z¥ = 2" for every z € Z(G). Since Z(G)
is an abelian group it suffices to show that this equality holds for generators
of Z(@G). The center Z(G) is generated by simple commutators of weight ¢ in
the generators zy,...,x,. We have
[xim R 7$ic—l7xic](’p = [xim ceey Lig_g x@]

nv]
lc

_ n
- [xin" y Lig_1y Liy, [xim"':mic—nxic] 7y

which proves the statement.

Now we show that ¢g¥ = ¢"¢ modulo Z(G) for all elements g in G but
not in G5 which are not proper powers modulo Z(G). By Proposition 5.1,
Ca(9) = (9) - Z(G). Thus, ¢g¥ = g"9¢z,,, where n,, € Z and z,, € Z(G).
We need to show that ng, = n,. Since g € G, there exists an element
u € Z5(G) such that 1 # [g,u] € Z(G). In this case [g,u]? = [g,u]™. On the
other hand,

lg,u]? = [g%,u] = [g"¢, u] = [g,u]".

15



Since the center of a free nilpotent group is a free abelian group, this implies
that ng, = ne.

Now let g € G be an arbitrary element which does not belong to G'5. Then
g = ghz, where gq is not a proper power modulo Z(G) and z € Z(G). Then,

(952)7 = (96)727 = (95)"2™ = (90" 2g0.0)" 2" = (g52)" 20

which completes the proof of the lemma. O

Definition 5.1 Let
I ={peI(G) | n, =0}.

The center Z(G) is a I'(G)-subgroup of G, hence for every ¢ € I'(G) the
restriction ¢* of ¢ to Z(G) belongs to I'(Z(G)). Denote by

7:T'(G) — T(Z(G))

the corresponding ring homomorphism 7(¢) = ¢*. The definition above implies
that I = ker (7).

Notice that every integer n gives rise to a mapping v, : ¢ — ¢" which
belongs to I'(G). We will identify the ring of integers Z with the corresponding
subring in I'(G) under the embedding n — 1,. Now we can formulate the
following

Lemma 5.3 [ is an ideal in T'(G) and T'(G) ~Z D 1.

Proof. We have mentioned already that I = ker(7), hence [ is an ideal in
['(G). So we need only to prove that I'(G) ~Z @ I.

By definition, ¢ € I if and only if n, =0, s0 ZNI =0. Let ¢ € I'(G) and
z € Z(G). Then

297 = gL 2T = 1.

Therefore ¢ —ng € I, and I'(G) = Z P 1. O

Lemma 5.4 Let g be an arbitrary element from G; such that g & G; 1. Then
the following hold:

1. if i > ¢/2, then g¥ = g™ modulo Giy1;
2. if i < c¢/2 then g¥ = g™ modulo G._;,1.

Proof. We prove the first part of this lemma by induction on i. If ¢ = ¢,
then the statement holds by Lemma 5.2, part 2. Let i > ¢/2 and let g be

16



an arbitrary element from G; which does not belong to G;,1. Then for every
x € G we have [g,z] € G;41 and hence by induction

[ga x]‘ﬂ - [g,.iﬁ]n“" modulo Gi—‘rQ'

Observe that ¢g~! commutes with 27 !gx since

-1

lg7" a7 gz] = g7, [, 2] € Gaip1 € Gen = 1.

Therefore
9,217 = (97 'a ™ g2)? = g™¢ (a7 gu)? = g %27 g%z = [¢”, a].
This implies that
g7, x] = [g,2]® = [¢"?, ] modulo G;4;.

Thus, for any x € G we have [g? "¢ 2] € Gy,2, and consequently, g®~"¢ €
Giy1. Part 1 of the lemma follows.
Now, let us prove part 2. Suppose i < ¢/2. For any = € G._; we have
lg, 2] € Z(G), so
[g77" a] = [g,z]*7"* = 1.
This implies that g¥~™ € G 1. Observe that [g,¢¥ ] = 1 , hence by
Proposition 5.1 we have

977" € Gip1NCa(g9) = Gemin
(we used here that i < ¢/2 and hence i +1 < c—i+1). O

Corollary 5.3 Let G be a free nilpotent group of finite rank. Then Z;(G) is
['(G)-invariant for each i.

Theorem 5.1 IfG is a non-abelian free nilpotent group of class ¢, then I'(G) =
Z® I, and I¢ =0, where d is the smallest integer such that d > c/2.

Proof. This theorem follows directly from Lemma 5.3 and Lemma 5.4. O

Analyzing the proof of the theorem above, one can see that the argument
works also for free nilpotent R-groups in the sense of P. Hall [11]. Recall that
an integral (commutative) domain R of characteristic 0 is termed a binomial
domain if for any r € R and n > 0 the equation

rir—1)...(r—n+1)=nlz

has a solution in R. Now, following P.Hall [11] we describe the R-completion
G of an arbitrary torsion-free finitely generated nilpotent group G.
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An ordered set of elements aq,...,a, € G is called a Mal’cev basis for G if
every element g of G can be uniquely expressed in the form

(g) . atn (g)

- Uy 3

_h
g=a

where t1(g),...,t,(g) € Z and the subgroups G; = < a;,...,a, > form a
central series

G:GlzGQZ

in the group G. The numbers t;(g)’s are called the coordinates of g with respect
to the given basis aq, ..., a,.

A. Mal’cev [17] proved that such basis exists in every torsion-free nilpo-
tent group G (see also [11]). Moreover, he proved that the multiplication
and exponentiation in G' can be defined coordinate-wise by some polynomials
filz1, s xn,y1, oy yn) and (21, .. T, Y1, -, Yn) (6= 1,...,n) with ra-
tional coefficients. Namely, for any elements u,v € G and an integer A the
following holds for each i =1,...,n

ti(uv) = fi(t1(uw), ..., th(u),t1(v), ... t,(v)), (4)

ti(u) = hi(ta(uw), . .. ta(u), N). (5)
Now let
GR ={a}*...a"|r; € R},

where a}' ...a" is just a formal product of this type.

If u=ajl...a" € GE then elements t;(u) =1, € R (i = 1,...,n) are
called coordinates of u. Now we can define multiplication and R-exponentiation
on G% by the formulas (4) and (5) (assuming in the latter that X is an arbitrary
element in R). This turns G into a nilpotent R-group. Notice that if N is a

free nilpotent group of class ¢ with basis z1, . .., x,,,, then N¥ is a free nilpotent
R-group (in the P.Hall category of nilpotent R-groups) of class ¢ and with basis
T1yeweyTm-

Analogues of Proposition 5.1 and Lemmas 5.2, 5.3 and 5.4 also hold for
the free nilpotent R-group G = N¥. To explain this, denote by F' the field
of fractions of the integral domain R. It follows from the P.Hall construction
above that G = N® canonically embeds into H = N¥. The same argument as
above implies that if g € H; — H; 1 then

CH(g) =<g>F Hc—i—H-

This translates into the group G = NP as follows: if ¢ € G; — G, and
[g,u] = 1, then either u € G,_;y1 or ¢°Ge_jy1 = uPG,_ij1 for some o, 3 € R.
Observe that another way to prove this is to use Mal’cev’s correspondence
between free nilpotent F-groups and free nilpotent Lie F-algebras (see for
example [26]).
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Now, the argument in Lemmas 5.3 and 5.4 goes through without any
changes. Let us show how to prove the analogue of Lemma 5.2. To formulate
the analogue one needs just to replace n, € Z by n, € R. Then the first part
of the proof (i.e., n; = n; = n, for all 7) works readily for the analog. To
prove that z¥ = z"#, observe that the argument in the lemma holds if we can
prove that each ¢ € I'(G) acts on Z(G) as an R-endomorphism. To show
this it suffices to prove that ¢ acts as an R-homomorphism on R-generators
of Z(G), for example, on all simple commutators of weight ¢ in the generators
Z1,...,2Tn. Now for any r € R the following holds:

([xip ey Ty, Iic]r>(p - ['Tiu s 71‘:6,1756%]@ - [xiw s 7$;’c,17'rfc] =

[xilv ey Tie_qy ‘r’i]r = (['riw sy Lie_qs xic]w)rv

which proves the statement and the second part of the lemma. To finish the
proof, let us consider an arbitrary g € G — GG5. Since the centralizer of g in G
is invariant under I'(G), we have that

(9°)* = g¢°=

for some o, € R and z € Z(G). Since g ¢ G5, there exists an element
u € Zy(G) such that 1 # [g,u*] € Z(G). In this case

neo

[g,u]? = [g,u®]"* = [g"?,u"] = [g, u]
On the other hand,
lg,u®)? = [g%,u] = [(9%)*,u] = [9°, u] = [g,u]’.

Since the center of a free nilpotent R-group is a free abelian R-group (i.e., free
R-module), this implies that an, = (. But then

(99)* =g"z = (g"*)*z

and since R-roots are unique in the quotient group G/Z(G) we have g¥ =
g"? modulo Z(G), as desired. This finishes the proof of the lemma.
Summarizing the discussion above, we have the following result.

Theorem 5.2 Let R be a binomial domain and G a finitely generated non-

abelian free nilpotent group of class c. Then T'(GF) = R@® I, and I? = 0, where
d is the smallest integer such that d > c/2.
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5.2 Centroid of UT,(R)

Now we will prove that the centroid of G = UT,(Z),n > 3, has a structure
similar to the structure of the centroid of a finitely generated free nilpotent
group.

By ti;,% < j we denote the elements of G having 1’s on the main diagonal
and in column j of row 7, and 0’s everywhere else.

The center of GG is the cyclic group generated by ty,. Since the center of
G is I'-invariant, we can define a ring homomorphism 7 : I'(G) — Z, ¢ — ny,
where n, € Z is such that ¢{, = 7.

Note that any integer n can be viewed as an element of I'(G): n takes
elements to their n'" power.

Lemma 5.5 I'(G) ~ Z@ I, where I = ker(7) < '(G).

Proof. Any ¢ € I'(G) can be written uniquely in the form ¢ = n, + (¢ —ny,),
where n, € Z and ¢ —n, € I. Also, it is easy to see that Z N[ = {0}, which
completes the proof. O

Lemma 5.6 I" = 0.

Proof. The elements ¢;; constitute a Mal’cev basis for GG, and every element
g € G can be written uniquely in the form: g = t75°t55° .. . t7>". Let us fix
an arbitrary element ¢ € [ and write the image of g under ¢ in the form:
g¥ = tﬁ”tﬁ% ) 51". We will prove the lemma by showing that if a;; = 0 for
all 7 : 1<]<Nandf0rallz 1<i<yj,then B =0forall j: 1<j <N
and foralli: 1 <7< j.

Before we begin the proof, let us point out the following useful identity:

[ab, c] = [a, c]’[b, ] = [a,d][a, c,b][b, ] (6)

First, let us assume that ajs # 0. We can think of g as g = ab, where
a = t79?* and b = t53°t53* - - - 1. Then, using identity 6,

[97 t2n] - [t?2127 t2n]b[b7 t2n]

Since all factors ¢;;” in b are such that ¢ < n and j > 2, we have [b, t3,,] = 1, s0

(9, tan] = [1932,120]" = ([t1a, 12n] )" = (1522)",
but t72? € Z(G), hence [g,t2,] = t7}* € Z(G). Then by Lemma 5.1 1 =
(g, tan]? = [¢%, ton] = 912 which imphes B2 = 0.
Suppose now that a;; = 0 for all j with 1 < j < N and all s with 1 <17 < j.
For j and 7 as above, we will prove by induction on j that 3;; = 0. By the
induction hypothesis, 3, = 0 for all & < j, ¢ < k.
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Since all oy; = 0 for j < N, we have 1 = [g,%;,], and therefore 1 =
(9, tjn]® = 197, tjn]-

Write g% in terms of the Mal’'cev basis: ¢¥ = tﬁ”tﬂ”’ tﬂl”. By the
induction hypothesis, the first non-trivial term in this product is t/ 11/, let us
denote it by a; and the rest of the product by b;. Then by the second part of
identity 6, we have

L= G5 bl

i—1n ]1n7

Note that the second factor vanishes due to the fact that b; does not contain
t;r with & < j by the induction hypothesis. Thus we simply have

L=t b1, ).

We now turn our attention to the commutator [by, ¢;,]. Write by = ast;_o ;ba,
where a; commutes with ¢;,,.
Using identity 6 again, we see that

b1, tju] = [t-5b2: tin] = 175515755 bal o, ] = 157571 (b 1]
by the same argument as before. This yields

1= tgﬂj 117«5 t]ﬁj 2275 [b27 tjn]

Proceeding in the same fashion, we obtain
B B 1,
L=t

Because the elements t;; constitute a Mal'cev basis for G, this implies that
Bij =0 foralli <j<N.

Note that [g, txn] = thar 7 VN2 NN Moreover, [t1, [g, tan]] = 537 €
Z(G). Since [g,[g,tnn]] = 1, by Lemma 5.1 we have 1 = [ty;,[g,tnn]]? =
[t1, (97, tan]] = £2N . Therefore, Bjn = 0 for every j < N. This concludes the
proof of the lemma. O

Theorem 5.3 If G =UT,(Z), thenI'(G) =ZP I, and I" = 0.

Proof. This theorem follows directly from lemmas 5.5 and 5.6. O

It is easy to see that lemmas 5.5 and 5.6 continue to be valid if we replace
the ring of integers Z by an arbitrary associative ring R of characteristic 0 (the
same argument). This allows us to formulate the following theorem:

Theorem 5.4 If G =UT,(R), then T'(G) = R® I, and I" = 0.
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6 The rigidity problem

Definition 6.1 A torsion-free nilpotent group G is called rigid if G ~ G°
implies R ~ S for any two binomial domains R and S of characteristic 0.

In [10] F.Grunewald and D.Segal proved that UT,,(Z) (n > 3) is rigid, and
formulated the following problem:

Problem 6.1 Is a finitely generated non-abelian free nilpotent group N rigid?

Using the structure of the centroid of the free nilpotent R-group N ob-
tained in the previous section, we can answer this question affirmatively.

Theorem 6.1 FEvery finitely generated non-abelian free nilpotent group N is
rigid.

Proof. Suppose that N® ~ N9 Then their centroids are also isomorphic,
so T(NE) ~ T(N¥), and from our description of centroids we obtain that
R® I, ~ 5@ Iy, where I; and I, are as in Theorem 5.2.

We now claim that I; is an ideal containing all nilpotent elements in ['(N®).
Indeed, all elements of I; are nilpotent by Theorem 5.4. If r € R, r # 0, then
(r+1i)" =r"+j # 0, since r™ # 0. Similarly, I contains all nilpotent elements
of T'(N¥).

Denote by f the isomorphism between R & I; and S @ 5. Since the image
of a nilpotent element under f is again nilpotent, f(I;) = I. Therefore, f
induces an isomorphism f: R® I, /I, — S @ I,/I,, that implies R ~ S. O

Finally, we observe that according to Theorem 5.4, the centroid of the
group UT, (R) is isomorphic to R @ I, where [ is a nilpotent ideal. Moreover,
UT,(Z)" ~ UT,(R). Thus our method offers an alternative proof of the fact
that UT,(Z) is rigid for every n > 3.
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