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Abstract

The object of this paper, which is the second in a series of three,
is to lay the logical foundations of algebraic geometry over groups.
Exploiting links between algebraic geometry over groups and model
theory we solve two problems on geometrical equivalence of groups
which are due to B.Plotkin.
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1 Introduction

In [BMRI1] we introduced and studied some basic notions of algebraic ge-
ometry over groups. It turns out that these notions have interesting and
deep connections with logic and model theory. On the one hand, this brings
powerful methods of model theory into algebraic geometry over groups and
shows how to develop this type of geometry in the more general framework of
model theory. On the other hand, these connections yield new applications
of certain methods of universal algebra, and lead to some new ideas in that
area. To explain this we need to recall a few definitions. We refer to [BMRI]]
for algebraic geometry over groups, to [Mal2] and [Coh] for universal algebra,
and to [CK] for model theory.

The standard language of group theory, which we denote by L, consists
of a symbol for multiplication -, a symbol for inversion ~!, and a symbol for
the identity 1. For the purpose of algebraic geometry over a given fixed group
G one has to consider the category of G-groups, i.e., groups which contain
the group G as a distinguished subgroup. In this category morphisms are
G-homomorphisms, i.e., homomorphisms which are identical on the distin-
guished subgroup G; subgroups are G-subgroups, i.e., subgroups containing
the distinguished subgroup G etc. (see [BMRI1] for details). To deal with
G-groups, we enlarge the language L by all non-trivial elements from G as
new constants and denote this new language by L. It is understood that all
the groups that we consider in this paper are G-groups, and the language we
consider them in is Lg (unless stated otherwise). Since Lg = L for G = 1,
the case of ordinary groups is covered as well.

With a given G-group H one can associate several model-theoretic classes
of G-groups: the wvariety var(H) consisting of all G-groups which satisfy
every identity in the language Lg that holds in H; the quasivariety quar(H)
consisting of all G-groups which satisfy every quasi identity in the language
L¢ that holds in H; and, the universal closure ucl(H) consisting of all G-
groups which satisfy every universal sentence in the language Lg that holds
in H. It will be convenient to have a purely algebraic characterization of the
logical classes above. To this end, for a class of groups K we denote by S(K),
P(K), P,(K), and H(K) the classes of all groups isomorphic to subgroups,
unrestricted cartesian products, ultraproducts, and homomorphic images of
groups from K, respectively. It is known that var(H) = HSP(H) [Bir],
quar(H) = SPP,(H) [GL], and ucl(H) = SP,(H) [Mal2]. We need one
more class, the prevariety pvar(H) = SP(H) generated by H, which, in
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general, is not axiomatizable. Clearly,
pvar(H), ucl(H) C quar(H) C var(H).

These classes are the key players in what follows and we discuss them in
detail in Section 1.

Let X be a set and let F'(X) be a free group with basis X. The free
product G[X]| = G % F(X) is a free object in the category of G-groups, we
call it a free G-group on X. A subset S C G[X] defines a system of equations
S(X) = 1 over G (in variables from X and with constants from G). Fix
an arbitrary G-group H. The solution set of S(X) = 1 in HX! is called
the algebraic set Vi (S) defined by S. One and the same algebraic set can
be defined by different systems of equations, but for a given subset S there
exists a unique maximal subset Rad(S) of G[X] (which is called the radical
of S with respect to H) with the property Vi (S) = Vg (Rad(S)). In fact, the
radical Rad(S) is a normal subgroup of G[X| and the quotient group

Gr(s) = G[X]/Rad(S)

is called the coordinate group of the algebraic set Vi (X). If Vi (S) is non-
empty (the only interesting case) then Ggs) is a G-group. Furthermore, if
the algebraic sets Vi (S) and Vg (T') defined by two systems S(X) = 1 and
T(X) =1 are non-empty, then their coordinate groups G pr(s) and Gy are
G-isomorphic if and only if Vg (S) and Vg (T') are equivalent [BMR1]. This
reduces the study of algebraic sets to their coordinate groups and radicals.

For a class of groups IC, we denote by IC,, the class of all finitely generated
G-groups from K. This notation will be used throughout the paper. The
following result is the first link between algebraic geometry over groups and
universal algebra.

Proposition A. Let H be a G-group. Then every group from pvar(H), is
the coordinate group of an algebraic set over H, and conversely, every such
coordinate group belongs to pvar(H),,.

Characterizing radicals is a difficult and important problem in every ver-
sion of algebraic geometry. Hilbert’s famous Nullstellensatz gives a descrip-
tion of radicals in the classical case. In view of that, we will refer to the
generalized Nullstellensatz as to any "reasonable” description of radicals in
all their variations (see [Eis] for a detailed discussion of Nullstellensatz).
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It is easy to see that the radical Rad(S) is equal to the intersection of
the kernels of all G-homomorphisms from G[X] into H that contain S. This
is a particular case of a very general definition of a radical with respect to
an arbitrary class of groups K which is closed under cartesian products and
subgroups. Namely, a normal subgroup N of a group A is called K-radical
if A/N € K. Similarly, the K-radical of a subset Y C A is the intersection
of all C-radical subgroups of A containing Y. For a given set S C G[X]
we now define three new types of radicals of S, namely, the K-radicals in
the above sense when K is pvar(H), quar(H), and var(H), respectively. We
denote them by Rad,(S), Rad,(S), and Rad,(S). It turns out that Rad(S) =
Rad,,(S) for any G-group H and any set S C G[X] (Lemma 3, Section 2.2).
Thus

Rad(S) = Rad,y(S) 2 Rad,(S) 2 Rad,(S5).

As we have mentioned above, the class pvar(H) is not always axiomati-
zable in first-order logic, and therefore, in general, one cannot expect to be
able to describe the radical Rad,(S) in a "reasonable” way. On the contrary,
the classes quar(H) and var(H) are axiomatizable (by quasi-identities and
identities), and hence the radicals Rad,(S) and Rad,(S) consist of all logical
consequences of the system S = 1 in the quasi-equational and equational log-
ics, respectively (see Section 2.2). Now we can formulate the Nullstellensatz
in a more precise form. We say that a set S C G[X] satisfies the Null-
stellensatz over H if Rad,(S) = Rad,(S). The following argument shows
that in many cases this form of the Nullstellensatz gives the best possible
description of the radical. Indeed, if G' is a nonabelian hyperbolic group
(for example, a nonabelian free group) then the free G-group G[X] is a sub-
group of a cartesian power of G ([BMR1]), and hence it belongs to the variety
var(H). Therefore, every normal subgroup of G[X| that intersects G trivially
is var(H)-radical. This shows that if a system S(X) = 1 has a solution in
H then Rad,(S) = (S)¢™] is the normal closure of S in G[X]. This form of
the Nullstellensatz is due to Rips, and it was discussed in detail in [BMRI1].

One can find in [KM] a description of the radicals of quadratic equa-
tions over a free nonabelian group F'. It turns out that almost all quadratic
equations satisfy the Nullstellensatz over F', but there are some for which the
Nullstellensatz does not hold. It seems, systems satisfying this, the strongest,
form of the Nullstellensatz over F' are scarce.

The following question arises naturally: what minimal conditions should
be imposed on the class pvar(H) to allow a description of the radical Rad,(S)
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as a set of logical consequences of the system S = 1?7 For example, one such
condition on pvar(H) is axiomatizibility. Malcev proved that pvar(H) is
axiomatizable if and only if pvar(H) = quar(H) [Mall]. To this end, we
say that a set S C G[X] satisfies the generalized Nullstellensatz over H if
Rad,(S) = Rad,(S). Thus, the generalized Nullstellensatz is closely related
(but not equivalent!) to the following well-known problem of Malcev: for
which classes of groups K does the equality pvar(K) = quar(K) hold? A
complete solution of this problem has recently been given by Gorbunov [Gor].
Recall that an equation f = 1 is a consequence of a system S(X) =1 over a
class of groups K if every solution of S = 1 is also a solution of f = 1 in every
group from K. Following [Gor|, we say that a class of groups K is g-compact
if for an arbitrary set X and an arbitrary system of equations S(X) = 1 any
consequence f(X) = 1 of the system S(X) = 1 over K is a consequence of
some finite subsystem of S = 1 over K. Observe, that in the definition above
the set X is allowed to be infinite. Gorbunov proved that for a class of groups
KC the prevariety pvar(K) is a quasivariety if and only if K is g-compact.

Unfortunately, g-compactness is a very restrictive condition on the class
K. Indeed, if a group H contains an infinite cyclic subgroup and does not
contain any non-trivial divisible abelian subgroups (for example, if H is an
infinite hyperbolic group) then the group H, i.e. the class {H}, is not ¢-
compact (Proposition 6).

Fortunately, if in the system of equations S(X) = 1 the set X is finite
(this is always the case in the algebraic geometry over H) the radical Rad,(S)
depends only on finitely generated G-groups from pvar(H). This shows that
for the purposes of algebraic geometry it is more natural to consider the
following variation of the Malcev problem (the restricted Malcev problem):
describe the classes K for which pvar(K), = quar(K),. It turns out that
the restricted Malcev problem has a similar solution to the original one.
Namely, we say that a class IC is q,-compact if it satisfies the definition of
g-compactness above with the extra requirement on the set X to be finite.
Clearly, every g-compact class is also q,-compact. The following theorem
solves the restricted Malcev problem.

Theorem B1 Let G be a group and K be a class of G-groups. Then pvar(K),, =
quar(K),, if and only if KC is q,-compact.

The main corollary of this result is that over a ¢,-compact group H
every system of equations in finitely many variables satisfies the generalized
Nullstellensatz. It is worthwhile to note here that there are many ¢,-compact
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groups. For example, every G-equationally Noetherian group is ¢,-compact.
Recall that a group H is termed G-equationally Noetherian if every system of
equations in finitely many variables and with coefficients from G is equivalent
over H to a finite subsystem of it. We refer to [BMRom] and [BMR1] for
a detailed discussion of equationally Noetherian groups. Here mention only
that every abelian or linear group (over a unitary Noetherian commutative
ring) is equationally Noetherian, and hence g,-compact. It follows that every
linear torsion-free hyperbolic group (for instance, a free group) is g,-compact
but is not g-compact.

Although, in general, quar(K) # pvar(K) for a gq,-compact class K,
groups from quar(K) are easy to describe. To this end, we say that a G-
group H is G-separated by a class of groups K if for any non-trivial element
h € H there exists a group A € K and a G-homomorphism ¢ : H — A
such that ¢(h) # 1. Denote by Sep(K) the class of all G-groups which are
G-separated by IC, and by LK the class of all locally K-groups, i.e., groups
in which every finitely generated G-subgroup belongs to K. It follows from
Theorem B1 by a standard model-theoretic argument that a class K is gq,-
compact if and only if guar(K) = LSep(K). We discuss all these results in
detail in Sections 3.1 and 3.2.

In Section 3.3 we introduce a notion of u-compactness, which is a variation
of the compactness theorem for universal formulas. If a class K is u-compact
then its universal closure ucl(K) admits a description similar to the one
mentioned above. More precisely, recall that a G-group H is G-discriminated
by a class of groups K if for any finite subset of non-trivial elements Hy C H
there exists a group A € K and a G-homomorphism ¢ : H — A such that
¢(h) # 1 for every h € Hy. Denote by Dis(K) the class of all G-groups that
are G-discriminated by XC. The following result gives the desired description.

Theorem B2 Let I be a class of G-groups. Then K is u-compact if and
only if ucl(KC) = LDis(K).

Again, it is worthwhile to note that there are many u-compact groups.
For example, every G-equationally Noetherian group is u-compact. As a
corollary of the theorem above we have a generalization of the criterion of
G-universal equivalence from [BMR1].

Corollary B3 Let H and K be u-compact G-groups. Then H is G-universally
equivalent to K if and only if H is locally G-discriminated by K and K is
locally G-discriminated by H.
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Notice that u-compactness is only required in one direction of the above
equivalence. If H and K locally G-discriminate each other, then they are
G-universally equivalent without any additional assumptions (see the proof
in [BMRI1]).

In [Plot1] B. Plotkin introduced an important concept of geometrically
equivalent algebraic structures. Here we discuss only geometrically equiva-
lent groups, but all the results extend to arbitrary algebraic structures. Two
G-groups H and K are called geometrically equivalent if for any finite set
X and for any subset S(X) C G[X] the system of equations S(X) = 1
has precisely the same radicals with respect to pvar(H) and pvar(K), i.e.,
Radg(S) = Radg(S). The point here is that geometrically equivalent groups
have similar algebraic geometries which allows one to try and classify groups
with respect to their geometric properties. Indeed, if H and K are geometri-
cally equivalent then for any S C G[X] the algebraic sets Vg (S) and Vi (S)
have exactly the same coordinate groups:

G[X]/Rady(S) = G[X]/Radk(5),

i.e., the categories of coordinate groups (defined by equations with coefficients
from G) over H and over K coincide. This implies that the categories of
algebraic sets over H and over K (defined by equations with coefficients
from G) are equivalent (see [BMRI1] or [Plotl] for details).

The following observation is due to Plotkin [Plot1]. If the groups H and
K are geometrically equivalent then quar(H) = quar(K). This led him to
formulate the following problem (Problem 6 from [Plot1]).

(P1) Let H and K be G-groups and let quar(H) = quar(K). Does this
imply that H and K are geometrically equivalent?

The condition quar(H) = quar(K) means that the groups H and K satisfy
precisely the same quasi identities in the language Lq. In his other problem
(Problem 7 from [Plot1]) Plotkin strengthened this condition requesting the
groups H and K to be elementarily equivalent. Recall that two G-groups
are elementarily equivalent if they satisfy exactly the same sentences in the
language L.

(P2) Let H and K be two elementarily equivalent G-groups. Does this
imply that H and K are geometrically equivalent?

The following result gives negative solutions of problems (P1) and (P2).
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Theorem C1 Let H be a G-group which is not q,-compact. Then there exists
an ultrapower K of H such that H and K are not geometrically equivalent.

Since an ultrapower K of H is elementarily equivalent to H the theorem
above shows that if H is not q,-compact then there exists a group K for
which Plotkin’s questions above have negative answers. One can even find
finitely generated G-groups H and K which provide a negative answer to
problems (P1) and (P2) (see Corollary 9 in Section 4.2).

Now we turn to the question of what conditions the equality quar(H) =
quar(K) imposes onto groups H and K in terms of radicals. To this end,
G-groups H and K are termed w-geometrically equivalent if for any finite
set X and any finite subset S C G[X] the equality Rady(S) = Radg(S)
holds. Obviously, geometrically equivalent groups are also w-geometrically
equivalent.

Theorem C2 Let H and K be G-groups. Then quar(H) = quar(K) if and
only if H and K are w-geometrically equivalent.

On the other hand, the problems (P1) and (P2) have affirmative solutions
for g,-compact groups.

Theorem C3 Let H and K be q,-compact G-groups. Then H and K are
geometrically equivalent if and only if quar(H) = quar(K).

In fact, there is an interesting characterization of g,-compact groups in
terms of geometrical equivalence.

Theorem C4 Let G be a q,-compact group. Then any two groups from
quar(G) are geometrically equivalent. And vice versa, if any two groups from
quar(G) are geometrically equivalent then G is q,-compact.

As we have already mentioned abelian groups and linear groups are ¢.-
compact. Therefore, if H and K are abelian or linear groups (in particular,
finitely generated nilpotent groups) then they are geometrically equivalent if
and only if qguar(H) = quar(K). All these results are discussed in Section 4.

In Section 5 we characterize G-equationally Noetherian groups in terms
of the quasivarieties generated by them. It turns out that a G-group H is
G-equationally Noetherian if and only if the quasivariety quar(H) generated
by H is Noetherian. Namely, the following theorem holds.

Theorem D1 Let H be a G-group. Then the following conditions are equiv-
alent:
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1) H is G-equationally Noetherian;

2) every finitely generated G-group in the quasivariety quar(H) is finitely
presented in quar(H);

3) every free G-group Fy(X) of finite rank in quar(H) satisfies the as-
cending chain condition on quar(H)-radical subgroups.

4) every free G-group G[X] of finite rank satisfies the ascending chain
condition on quar(H)-radical subgroups.

Moreover, if H is G-equationally Noetherian then every G-group in quar(H)
1s G-equationally Noetherian.

Notice, that the classification of Noetherian quasivarieties is one of the
old problems in universal algebra.

In section 6 we study the coordinate groups of algebraic sets in some
particular situations. Let H be a G-group. It is not hard to see that the
coordinate group of the algebraic set H™ is the free group Fy of rank n in
the variety var(H) (Proposition 8). In general, this group may have a rather
complicated structure. In Section 6.1 we discuss the structure of Fly in the
case when H is torsion-free hyperbolic, or abelian, or free in some nilpotent
variety.

In Section 6.2 we describe coordinate groups over a fixed abelian group
A. To explain this we need few definitions. The period of an abelian group
A is the smallest positive integer m, if it exists, such that mA = 0; and oo
otherwise. Denote by e(A) the period of A and by e,(A) the period of the
p-primary component of A for a prime number p.

Theorem D2 Let A be an abelian group. Then a finitely generated A-group
B is a coordinate group of some algebraic set over A if and only if B satisfies
the conditions:

1) B~ A® C, where C is a finitely generated abelian group;

2) e(A) = e(B) and e,(A) = e,(B) for every prime number p.

Since every abelian group is q,-compact, the finitely generated A-groups
in pvar(A) and quar(A) are exactly the same. Therefore the generalized
Nullstellensatz holds for every system of equations S = 1 over A. This
allows one to describe the radical Rada(S) as the set of all consequences
of S with respect to the set of quasi identities @(A) which hold in A. In
Theorem 1 we describe the set Q(A) for an arbitrary abelian group A. This
result is interesting in its own right. In [Fed] Fedoseeva gives a description
of all algebraic sets over A up to equivalence. Based on our description of
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coordinate groups over A we give another, simpler, proof of the results from
[Fed].

Recall that for a G-group H and a positive integer n we term a subset
of H™ to be closed if it is the intersection of an arbitrary number of finite
unions of algebraic sets in H™. This defines a topology on H", called the
Zariski topology. The Zariski topology over H is Noetherian (i.e., it satisfies
the descending chain condition on closed subsets) if and only if the group
H is G-equationally Noetherian [BMR1]. In this event every closed set is a
finite union of algebraic sets. As is the custom in topology, a closed set is
called irreducible if it is not a union of two proper closed subsets. If H is G-
equationally Noetherian then every closed in the Zariski topology subset Y of
H™ is a finite union of irreducible algebraic sets (the irreducible components
of Y'), each of which is uniquely determined by Y. The following result from
Section 7.1 gives a model-theoretic characterization of coordinate groups of
irreducible algebraic sets.

Theorem E1 Let H be a G-equationally Noetherian group. Then a finitely
generated G-group K 1is the coordinate group of an irreducible algebraic set
over H if and only if ucl(K) = ucl(H), i.e. K is G-universally equivalent to
H.

In Section 7.2 we describe a simple set of axioms which defines the class
ucl(H) inside the quasivariety quar(H). Here we discuss just one particular
case of this result - when the group H is a CSA group. Recall that a group
H is called CSA if every maximal abelian subgroup M of H is malnormal,
ie, h'MhN M =1 for any h € H — M. We refer to [MR2] for various
facts about CSA-groups. However, it is worthwhile to mention that every
torsion-free hyperbolic group is CSA and every CSA group is commutative
transitive, i.e., satisfies the following axiom:

CT =VaVyVz(x A1 ANy #1 Az#1 ANz,yl=1 ANz, z] =1 — [y, 2] =1).

Theorem E2

Let H be a non-abelian G-equationally Noetherian CSA G-group. Then:

1) A non-abelian finitely generated G-group K from quar(H) is a coor-
dinate group of some irreducible algebraic set over H if and only if K is
CSA;

2) A nonabelian G-group K belongs to ucl(H) if and only if K satisfies
the set of azioms Q(H) U {CT} (here Q(H) is the set of all quasi identities
which hold on H ).
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If G is nonabelian then CSA G-groups form a proper subclass of the
much larger class of so-called G-domains. It turns out that a result similar
to Theorem E2 holds for an arbitrary G-domain H (see Section 7.2).

Section 7.3 contains a description of the coordinate groups of irreducible
algebraic sets over a fixed abelian group A. To formulate this result we denote
by a,x(A) the number of elements of order p* in A (we allow a,r(A) = c0),
where k is a positive integer and p is a prime number.

Theorem E3 Let A be an abelian group and let B be a finitely generated
A-group. Then B is a coordinate group of some irreducible algebraic set over
A if and only if the following conditions hold:

1) B~ A® C for some finitely generated abelian group C;

2) e(A) =e(B) and e,(A) = e,(B) for each prime number p;

8) api(A) = api(B) for each prime number p and positive integer k.

Based on this theorem we give a set of axioms for the universal closure
ucl(A) of A (Theorem 2).

The classical notion of an algebraic linear group over a field k£ plays an
important part in group theory. In Section 8 we introduce a new class of
groups, which we call algebraic groups over a given group H, and study
their connected components in the Zariski topology. We do not discuss these
results here in full generality. Instead we mention just one particular corollary
for the group H itself. It turns out that if H is G-equationally Noetherian
then there exists a unique minimal closed (in the Zariski topology) subgroup
Hy of H of finite index, which is termed the connected component of H.
Moreover, in this event Hy is an irreducible component of H and all other
irreducible components of H are cosets of Hy. It seems likely that the theory
of algebraic groups over a given group H may well go beyond the point we
reached in Section 8. Some possible directions of further development of this
theory are indicated at the end of the section and in the open problems. A
small collection of open problems forms the final section of the paper.

In conclusion the authors would like to thank D.G. Miasnikov for his
support of this work and warm hospitality during their stay in Uval, Russia,
in July 1999.



Algebraic geometry over groups 2: 13

2 Universal classes

2.1 Varieties, quasivarieties and prevarieties

We start with some general remarks on axiomatic description of classes of
groups by universal sentences. All the definitions and results of this section
make sense (with obvious adjustments) for arbitrary algebraic structures, but
for simplicity we focus only on groups.

Let us fix an arbitrary group G. Recall that a universal sentence in the
language L is a formula of the following type:

-V \_/ /_\ u;i(Z, gij) =1 A wi(2, fu) # 1)),

where T = (x1,...,2,) is an n-tuple of variables, g;; and ﬁj are arbitrary
tuples of elements (constants) from G, and w;;, w;; are group words.

A class of G-groups K is axiomatizable by a set of universal sentences
Y in the language L¢ if K consists precisely of all G-groups satisfying all
formulas from ¥. In this event we say that K is a universal class and X is
a set of arioms for IC. For a class of G-groups K denote by They(K) the
G-universal theory of IC, i.e., the set of all universal sentences of Ls which
are true in every group from K. If L = { H} then we write Thgy(H) instead
of They({H?}) and use this approach in all similar circumstances. Two G-
groups H and K are G-universally equivalent if They(H) = They(K). The
universal closure of K is the class ucl(K) axiomatizable by Thqv(K). Notice,
that ucl(C) is the minimal universal class containing K. Observe, that the
class ucl(G) consists of all G-groups G-universally equivalent to G (since G
is a subgroup of every group in ucl(G)). This is not the case for an arbitrary
class K.

As we have mentioned in the introduction ucl(K) = SP,(K), where P, (K)
is the class of all ultraproducts of groups from K. In particular, ucl(H) =
SP,(H), and in this case P,(H) is just the class of all groups isomorphic to
ultrapowers of H.

The following lemma shows that under proper circumstances the universal
closure of a class of G-groups K is completely determined by the subclass K,
of all finitely generated G-groups from K. This is a typical result in model
theory based on the fact that any algebraic structure is embeddable into
an ultraproduct of its finitely generated substructures (we refer to [CK] or
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[Mal2] for details). Recall that by S(KC) we denote the class of all G-groups
G-isomorphic to G-subgroups from K.

Lemma 1 Let K and M be classes of G-groups. Then the following hold:
1) If M is a universal class and S(K), C M then K C M.
2) If K and M are both universal classes then K = M if and only if
Ko = M,.
3) If S(K)., C K then ucl(K) = ucl(KCy,).

Now we consider universal classes which can be axiomatized by universal
sentences of a particular type. An identity in the language Ls is a formula
of the type

=3

V.. Va,(\ ri(z) = 1), (1)

1

I
_.

where 7;(z) is a group word in z1, ..., z, with constants from G. A class of
groups K is called a variety if it can be axiomatized by a set of identities.
Birkhoff proved [Bir] that HSP(K) is the minimal variety containing &, it
is called the variety generated by K (here H(K) and P(K) are the classes
of all homomorphic images and all unrestricted cartesian products of groups
from KC). Thus, as we mentioned in the introduction, var(K) = HSP(K).
By I (K) we denote the equational theory of a class of groups K, i.e., the set
of all identities in the language Ls which are true in every group from K.
Naturally, /() is a set of axioms for var(K).

We need to consider classes more general then varieties. A quasi identity
in the language L is a formula of the type

>3

Vay .. Ve, (\ ri(z) =1 — s(x) = 1), (2)

i=1

where r;(z) and s(z) are group words in xy,...,x, with constants from G.
A class of groups K is called a quasivariety if it can be axiomatized by a set
of quasi identities.

For a class of G-groups K denote by Qg(K) the set of all quasi identities
in the language L which hold in all groups from K. Clearly, Q¢(K) is a set of
axioms of the minimal quasivariety quar(K) containing /. Again, there are
several characterizations of quasivarieties in terms of algebraic operations.
Malcev proved [Mall] that the minimal quasivariety quar(KC) generated by
a class K is equal to the class SP¢(K), where P¢(K) is the class of all filter
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products of algebraic structures from K. Gratzer and Lasker showed [GL]
that quar(K) = SPP,,(K) where P,,(K) is the class of all ultrapowers of
algebraic structures from . These results hold for arbitrary algebraic struc-
tures.

Observe, that every variety is a quasivariety. Indeed, the identity (1) is
equivalent to conjunction of quasi identities

V.. Ve,Yyly =y — ri(xy,...,x,) =1), i=1,...,m.

This also shows that quar(K) C var(K).

It follows from the definition that any quasivariety is closed under tak-
ing subgroups and cartesian products, i.e., SP(K) C quar(K). In general,
SP(K) # quar(K) (see the discussion of the Malcev’s problem in the next
section).

A class K is called a prevariety if it is closed under taking subgroups and
cartesian products. It is not hard to see that the class pvar(K) = SP(K) is
the minimal prevariety containing /C, it is called the prevariety generated by
KC. Tt follows from the discussion above that for any class

pvar(K) C quar(K) C var(K).
Remark 1 In general, a prevariety is not an axiomatizable class.

Indeed, for example, let Z be an infinite cyclic group and K = {Z}. It is
not hard to see that a cartesian product of Z does not contain a nontrivial
divisible subgroup. So there are no nontrivial divisible groups in SP(K). On
the other hand, it is known from model theory that there are ultrapowers
of Z containing infinite divisible subgroups (see, for example [CK]). Since
every axiomatizable class is closed under taking ultrapowers we deduce that
SP(K) is not axiomatizable.

Recall that a class of G-groups K G-separates a G-group H, if for each
non-trivial A € H there exists a G-homomorphism ¢ : H — A, A € K, such
that ¢(h) # 1. The following lemma is easy (see discussion in Section 2.4 of
[BMR1]).

Lemma 2 Let K be a class of G-groups. Then a G-group H belongs to
pvar(K) if and only if H is G-separated by K.

Now we are ready to formulate a first result which ties universal algebra with
algebraic geometry over groups.
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Proposition A. Let H be a G-group. Then every group from pvar(H), is
the coordinate group of an algebraic set over H, and conversely, every such
coordinate group belongs to pvar(H),,.

Proof. 1t follows from the definition that the coordinate group of an alge-
braic set over H defined by a system with coefficients in G must be finitely
generated as a G-group. In the first paper [BMR1] we proved that a finitely
generated G-group K is the coordinate group of an algebraic set over H if
and only if K is G-separated by H. Now the result follows from Lemma 2.

2.2 Radicals and the generalized Nullstellensatz

Let Q be an abstract class of G-groups closed under unrestricted cartesian
products and G-subgroups (for example, a variety, a quasivariety, or a pre-
variety).

A subgroup I of a G-group H is called a G-ideal of H, or simply an
tdeal, if I is the kernel of some G-homomorphism ¢ : H — K. Plainly, a
normal subgroup I of H is an ideal if and only if it intersects trivially the
distinguished subgroup G of H. An ideal I of H is termed a radical ideal with
respect to Q (or a Q-radical ideal) if it is the kernel of some G-homomorphism
¢ : H — K for which K € Q. Since Q is closed under subgroups, we see that
an ideal I of H is Q-radical if and only if the quotient group H/I belongs to
Q.

For a subset S C H we denote by Radg(S) (or, simply, by Rad(S)) the
least Q-radical subgroup of H containing S.

Lemma 3 Let H be a G-group and S C H. Then:

1) the radical Radg(S) exists and it is equal to the intersection of all
Q-radical subgroups of H containing S;

2) any G-homomorphism ¢ : H — K gives rise to the canonical G-
homomorphism

gbRad . H/RadQ(S) — K/Rad9(¢(S))

Proof. To prove 1) denote by R the intersection of all Q-radical subgroups
of H containing S, say R = (;c; ;. Then R is the kernel of the following
G-homomorphism

jedJ
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Since Q is closed under cartesian products the ideal R is Q-radical, as desired.
2) is obvious.

Let H and K be G-groups and S be a subset of H. In Section 4.2 of
[BMR1] we defined the K-radical Radg(S) of S in H as the intersection of
the kernels of all G-homomorphisms ¢ : H — K for which ¢(S) = 1. Now
we give another description of this radical.

Lemma 4 Let H and K be G-groups. Then for any subset S C H the
following equality holds

RadK(S> = vaaT(K) (S>

Proof. Obviously, Rper(x)(S) € Radg(S). Nowif h € H and h € Rypar()(S)
then there exists a G-homomorphism ¢ : H — K7, K; € pvar(K), such that
¢(h) # 1. Since K7 is G-separated by K then there exists a G-homomorphism
¢1 : K1 — K such that ¢1(¢(h)) # 1. It follows that h & ker(¢ o ¢1), where
¢po¢y: H— K. Hence h ¢ Radg(S), as desired. This proves the lemma.

Remark 2 The notion of a radical ideal plays an important role in classical
algebraic geometry. If k is a field and k[X]| = k[xy,...,2z,] is a ring of
polynomials over k then for any S C k[X]| the radical Rady(S) is defined as
the set of all polynomials that vanish on all roots in k of the system S(X) = 0.
It is easy to see that Rady(S) is precisely the intersection of the kernels of all
homomorphisms ¢ : k[ X]| — k for which ¢(S) = 0. Hilbert’s Nullstellensatz

describes the radical Rady(S) in the case when k is algebraically closed.

In view of this remark, by the generalized Nullstellensatz with respect to Q
we understand any ”effective” description of the radical Rg(S) in terms of
S and Q.

Now we describe radicals in the case when Q is a variety or a quasivariety.
We recall, first, the notion of a verbal subgroup in the language Lg. Let W
be a set of group words in variables X and with constants from G. For a
G-group H by W(H) denote the (normal) subgroup of H generated by all
values of words from W in the group H :

W(H) = (w(h, ... k) | we W, h; € H).

W (H) is called the verbal subgroup of H with respect to the set of words
W. Now suppose Q is a variety of G-groups. Denote by Wy the set of group
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words which occur (as the left-hand sides of equalities) in the identities from
I(Q). Thus, if an identity

Vay ... Ve(ri(z) =1 Ao A mp(x) =1)

is in I(Q), then the words rq,...,r, are in Wg. By definition Rg(S) is
the minimal normal subgroup of H which contains S and all the elements
w(hy, ..., hy,), where w € Wo, h; € H. It follows that the radical is generated
as a normal subgroup by S and W (H):

Ro(S) = (S)"Wo(H).

The subgroup Rg(.S) is called the Q-verbal subgroup of H generated by S
and its elements are logical consequences of S and the set of identities 1(Q).

If Q is a quasivariety than elements of Radg(S) can be described as logical
consequences of S and the set Q(Q) of all the quasi identities which hold in
Q. More precisely, one can describe Rg(.S) in terms of formal derivations in
some first order logic (see, for example, [Gor]), but we would like to have a
more algebraic definition. To this end, let Ry be the normal closure of the
set S in H. Assume now, that a normal subgroup R; of H is already defined.
In this event let R;.; be the minimal normal subgroup of H which contains
R; and also contains every element h € H for which there are some elements
hi,...,h, € H and a quasi identity

Voy .. Vo, ((ri(z) =1 Ao A rp(x) =1) — s(x) = 1),

from Q(Q) such that rg(hy, ..., h,) € Rifork=1,...,mand h = s(hy,..., hy,).
Thus, by induction, we define a sequence of normal subgroups

of the group H. Now we can describe the radical of S with respect to Q.

Lemma 5 Let H be a G-group and Q be a quasivariety of groups. Then for
any subset S C H the following equality holds

=0
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Proof. Clearly, the union R = ;2 R; is a normal subgroup of H containing
S. To prove R = Radg(S) it suffices to show that H/R belongs to Q, i.e.,
all the quasi identities from Q(Q) hold in H/R. The latter follows from the
inductive definition of the sequence (3). This proves the lemma.

The following result is an immediate consequence from the description of
the radical in Lemma 5.

Proposition 1 Let H be a G-group, Q be a quasivariety of groups, and S be
a subset of H. Then for any element r € Radg(S) there exists a finite subset
S, C S such that r € Radg(S,).

Proof. Let r € Radg(S). Then r € R; for some non-negative integer i. We
use induction on 7. If » € Ry then r is in the normal closure of some finite
subset of S, as desired. Now suppose that r € R;1; — R; for some i. Then
there exists a quasi identity

V.. Ve, ((ri(z) =1 Ao oA mp(x) =1) — s(z) = 1),

in Q(Q) and elements hy, ..., h, € H such that ry(hy,...,h,) € R; for any
k=1,...,mand r = s(hy,...,h,). By induction for every such k there is a
finite subset Sy C S such that r4(hq, ..., h,) € R(Sk). Put S, = S1U...US,.
It follows that all the elements ry(hy, ..., hy) lie in R(S,), as well as r. This
proves the result.

Corollary 1 Let H be a group and Q be a quasivariety of groups.

1) Then the union of an ascending chain of Q-radical subgroups of H is
a Q-radical subgroup of H;

2) Assume that a subset S C H is an ascending union of the subsets
So SSl SSQ S .... Then

Ro(8) = U R(S).

If Q is a prevariety then, as we mentioned above, Q is not always axiom-
atizable. Hence the radicals with respect to @ can not be described even in
terms of logical consequences. This shows that the generalized Nullstellen-
satz for prevarieties is extremely difficult.



Algebraic geometry over groups 2: 20

2.3 Relatively free groups

Let Q be either a prevariety, or a quasivariety, or a variety of groups in the
language L. Assume also that O contains a non-trivial group. It is known
(see, for example, [Mal2]) that in this event Q has free objects. We remind
briefly how to construct Q-free groups.

Let X be a set. Recall that a group Fg(X) € Q is called a Q-free group
(or a free group relative to Q) if Fg(X) is G-generated by X and for every
group H € Q any map X — H extends uniquely to a G-homomorphism
Fo(X) — H. Now, let

H={H;|iel}

be a set of groups from Q equipped with maps A; : X — H; such that \;(X)
G-generates H;. Moreover, we may assume that for every group K from Q
and every map « : X — K there exists a group H; € H such that the map
Ai(z) — a(z),z € X, extends to a G-homomorphism of H; into K. Denote
by Hyx the unrestricted cartesian product of groups H;,7 € I:

il

Obviously, Hx € Q. We identify X with its image in Hx via the diagonal
embedding
A: X — Hx,

where A(z)(i) = \;(x) for ¢ € I. Finally, let Fg(X) be the G-subgroup of Hx
generated by X. We claim that this group satisfies the universal property of
a free group in Q. Indeed, if H € Q and i : X — H is a map, then there
exists ¢ € I and a G-homomorphism ¢ : H; — H which extends the map
Ai(x) — p(z),z € X. Denote by m; : Hx — H; the canonical projection of
Hy onto H;. Then the composition of the restriction of m; onto Fg(X) and
¢ gives a homomorphism Fg(X) — H which extends p. This shows that
Fo(X) is free in Q with basis X, as claimed.

Proposition 2 Let IC be a class of G-groups. Then for any set X the free
groups with basis X in the categories var(K), pvar(K) and quar(K) are iso-
morphic.

Proof. Let us prove, first, that a free group, say F(X), with basis X
in pvar(K) is also a free group with basis X in var(K). To see this let
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H € var(K) and ¢ : X — H be a map. Then either H € pvar(K) and
in this case ¢ can be extended to a homomorphisms F(X) — H, or H is a
homomorphic image of some group H; € pvar(K) under a homomorphism
Y : Hy — H (this follows from the algebraic description of classes pvar(K)
and var(K)). Since F(X) is free in pvar(K) there exists a homomorphism
d : F(X) — Hj such that the composition 0 o ¢ is a homomorphism from
F(X) into H for which § o () = ¢(x),x € X. This shows that F/(X) is a
free group in var(K). Since,

prev(K) C quar(K) C var(K)

we also have that F'(X) is a free group in quar(K). This proves the proposi-
tion.

We say that a group H € Q, generated by X, has a presentation < X |
S > in Q for some S C Fg(X) and write H = (X | S)g if

If S is finite then H = (X | S)g is finitely presented in Q. It follows im-
mediately from the definition of Radg(S) that for any group K € Q and
any homomorphism ¢ : Fo(X) — K if § C ker(¢) then ¢ induces a unique
homomorphism H — K.

Using radicals it is easy to relate a presentation of the group H in the
variety of all G-groups with a presentation of H in Q. Indeed, let n : G[X] —
Fo(X) be the canonical epimorphism from the free G-group G[X] onto the
free Q-group Fo(X). If S is a subset of G[X] and H = (X | n(S5))g, then
H = (X | S) in the variety of all G-groups. This follows immediately from
Lemma 3. As a corollary we have the following result.

Lemma 6 Let n: G[X]| — Fgo(X) be the canonical epimorphism. Suppose
that T C G[X] and S C Fgo(X) are sets such that S = n(T). Then the
Q-radical of T in G[X]| is the complete preimage of the Q-radical of S in
Fo(X).

3 Radicals and Malcev’s problems

One of the principal goals of algebraic geometry over a G-group H is to de-
scribe algebraic sets over H, or, equivalently, to describe radicals of subsets of
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G[X] with respect to pvar(H). Since pvar(H) may not be even axiomatizable
the description of these radicals (the generalized Nullstellensatz) might be
extremely difficult. The goal of this section is to find conditions on H which,
at least, allow one to describe the radicals in terms of logical consequences.

3.1 g¢g-compactness and the Malcev’s problem

The first natural attempt to get a logical description of the radicals lies in
finding conditions on H which make pvar(H) axiomatizable. The following
result is due to Malcev [Mall].

Proposition 3 A prevariety is ariomatizable if and only if it is a quasiva-
r1ety.

Proof. Obviously, a quasivariety is an axiomatizable prevariety. So one needs
only to prove that an axiomatizable prevariety, say IC, is a quasivariety. Since
K is a prevariety it is closed under taking subgroups and cartesian products.
Since K is axiomatizable it is closed under taking ultraproducts. Hence
K = SPP,(K) which shows that K is a quasivariety, as needed.

The result above shows that the following question plays an important
part here:

(M1) When the prevariety pvar(K) generated by K is a quasivariety?

This question is known in the theory of quasivarieties as a Malcev’s prob-
lem [Mal2]. Malcev himself gave the following sufficient condition for the
prevariety pvar(K) to be a quasivariety [Mall].

Proposition 4 Let KC be an aziomatizable class of groups. Then pvar(K) is
a quasivariety.

Sketch of the proof. Due to the algebraic characterization of quasivarieties
by Gratzer and Lasker (see Section 1.1) it suffices to show that pvar(K) =
SP(K) is closed under ultrapowers. This comes down to the proof that
an ultrapower of a cartesian product of groups from K is again a cartesian
product of groups from K (here one uses that K is axiomatizable).
Recently this Malcev problem has been solved completely by Gorbunov
[Gor|. We need some definitions to explain his solution. Let S = {si, s2,...}
be an infinite system of equations over H. We allow here an infinite number
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of different variables involved in S. For example, s; may depend on variable
T1, So may contain variables x1,zo, and so on. As usual, one can define the
solution set of the system S = 1 in H. For example, if the set of variables
that occur in S is infinite and countable then

Vi(S)={he HY | s(h)=1 for any s € S}.

An equation f =1 over H is a consequence of the system S = 1 if Vi (5) =
V(S U{f}). Following [Gor] we say that a class of groups K is g-compact
if for an arbitrary system of equations S = 1 if an equation f = 1 is a
consequence of the system S = 1 over every group from K, then there exists
a finite subsystem Sy = 1 of S = 1 such that f = 1 is a consequence of Sy = 1
over every group from K. This notion of g-compactness can be expressed in
the form of a compactness theorem for quasi identities (hence the name).
Indeed, recall that a set T" of formulas is called satisfiable in a class K if one
can assign some elements from a particular group from X as values to the
variables which occur in 7" in such a way that all formulas from T become
true. The set T' is called locally satisfiable in K if every finite subset of it is
satisfiable in /C. It is not hard to see that a class K is g-compact if and only
if every locally satisfiable in IC set of formulas of the type

T={s=1]seStU{f#1},

(here S and f are as above) is satisfiable in K.

It turns out that the prevariety pvar(K) is a quasivariety if and only if K
is g-compact [Gor].

The following result shows that g-compactness is a very restrictive con-
dition on a class .

Proposition 5 Let H be a group which contains an infinite cyclic subgroup
and does not contain any non-trivial divisible abelian subgroup (for example,
H is an infinite hyperbolic group). Then the class K = {H} is not q-compact.

Proof. Let H be a group containing an infinite cyclic subgroup Z. Then any
ultrapower H!/D of H, with respect to a non-principal ultrafilter D on a
set I, contains the ultrapower Z!/D. It is known (see, for example, [CK])
that Z!/D contains an infinite divisible subgroup Q. If the class {H} is g-
compact, then pvar(H) is a quasivariety, hence it is an axiomatizable class,
and so it contains the ultrapower H!/D. Since all groups from pvar(H)
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are G-separated by H, it follows that the group H!/D together with its
subgroup () are separated by H. This implies that H has a non-trivial
divisible subgroup, contradicting the assumptions on H. It follows that the
class {H} is not q-compact.

3.2 ¢g,-compactness and the restricted Malcev’s prob-
lem

In the previous section we achieved our goal, but did not get much. Fortu-
nately, if a system of equations S(X) = 1 has only finitely many variables the
radical Rady(S) depends only on finitely generated G-groups from pvar(H).
This shows that for the purposes of algebraic geometry it is more natural
to consider the following variation of the Malcev problem (we call it the
restricted Malcev problem):

(M2) Describe the classes K for which pvar(K),, = quar(K),.

The lemma below shows that the condition pvar(K), = quar(K), provides
one with a useful description of groups from quar(K). Recall that for a class
K by L(K) we denote the class of all G-groups in which all finitely generated
G-subgroups belong to K, i.e., locally K-groups; and by Sep(K) we denote
the class of G-groups which are G-separated by /.

Lemma 7 Let KC be a class of G-groups. Then the following conditions are
equivalent:

1) pvar(K), = quar(K),;

2) quar(K) = LSP(K);

3) quar(K) = LSep(K).

Proof. Suppose pvar(K), = quar(K),. Then L(pvar(K),) = L(quar(K),).
Notice, that

L(pvar(K),) = L(SP(K),) = L(SP(K)) = LSP(K).

On the other hand, L(quar(K),) = quar(K). Indeed, if H € L(quar(K),)
then H is a subgroup of some ultraproduct of groups from quvar(KC),,. Hence
H is in quar(K). If H € quar(K) then every finitely generated G-subgroup
of H is in quar(K),. This implies, that H € L(quar(K),), as claimed. It
follows that LSP(K) = quar(K).
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Assume now, that LSP(K) = quar(K). Hence LSP(K), = quar(K).,.
Observe, that LSP(K), = SP(K),. Therefore SP(K), = quar(K)., as de-
sired. Thus, 1) is equivalent to 2). Observe, that 3) is equivalent to 2) since
by Lemma 2 the class SP(K) consists precisely of groups G-separated by K.
This proves the lemma.

Now one can rephrase the restricted Malcev problem in the following,
more traditional way.

(M2*) Describe classes K for which quar(K) = LSP(K).

The restricted Malcev’s problem has a solution similar to the original one.
In this case we need the following variation of g-compactness (in which we
allow only a given finite set of variables in all the equations from S).

Definition 1 A class K s called q,-compact if for each positive integer n
and an arbitrary system of equations S(xy,...,x,) = 1 if an equation r =1
1s a consequence of the system S = 1 over every group from IC, then there
exists a finite subsystem Sy =1 of S =1 such that r =1 is a consequence of
So = 1 over every group from K.

One can formulate the g,-compactness in terms of infinite formulas. If an
infinite formula
VX(A s(X)=1—-r(X)=1)
seS
holds in every group from K then for some finite subsystem Sy =1 of S =1
the quasi identity
VX(NA s(X)=1—-7r(X)=1)
s€Sy

also holds in every group from K.

Theorem B1 Let G be a group and K be a class of G-groups. Then pvar(K),, =
quar(K), if and only if KC is q,-compact.

Proof. Let K be a g,-compact class. Since pvar(K), C quar(K), one
needs only to prove the reverse inclusion. To this end assume that H €
quar(K),. Consider a finitely generated presentation of H in quar(K):

H = (X|5(X)),
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where X = {z,...,x,} is a finite set and S(X) is a set of words in X with
constants from G. Let H, be a group with the same presentation but in the
prevariety pvar(KC),. Observe, that

H~F(X)/Ry(S), H,~F(X)/Ry(X),

where F'(X) is a free G-group with basis X in quar(K), as well as in pvar(K)
(by Proposition 2), and R,(S5), R,(S) are radicals of S in the corresponding
classes. We claim that for any element r € R,(S) the following infinite
formula
gs, =VX(\ s(X)=1—-r(X)=1)
s€S

holds in any group from pvar(K). Indeed, let U be an arbitrary group from
pvar(K) and let uy, ..., u, be elements from U which satisfy the conjunction
Nses s(X) = 1. The map

Go 1 T1 = UL, . Ty = Uy

extends to a G-homomorphism ¢ : F(X) — U (the universal property of
the free group F'(X)). Obviously, S C ker(¢) and hence R,(S) C ker(¢).
It follows that ¢ gives rise to a G-homomorphism H, — U, and therefore
r(ui,...,u,) = 1in U. This proves the claim. In particular, we see that
the statement gg, holds in every group from K. Since K is g,-compact there
exists a finite subset Sy C S such that the quasi identity

qsor = VX ( /\ s(X)=1—-r(X)=1)

s€Sp

holds in K, and therefore it holds in quar(K). It follows that r is a logical
consequence of Sy, as well as S, in quar(K), so r € R,(S). This implies that
R,(S) = R,(S), and consequently, H = H,. Therefore, H € pvar(G), as
needed.

Suppose now, that pvar(K), = quar(K),. Let S(X) = 1 be an arbitrary
system of equations in variables X = {z1,...,z,} and with constants from
G. Suppose also, that for some equation r(X) = 1 the infinite formula gg,
holds in every group from K. Then, obviously, gg, holds in every subgroup
of a group from K as well as in every cartesian product of groups from K.
It follows that ¢g, holds in pvar(K). Hence it holds in quvar(K),. Since the
set of variables X is finite the group F(X) is finitely generated and therefore
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the radical R,(S) is completely defined by the class gvar(K),. This shows
that r € R,(S). By Proposition 1 there exists a finite subset Sy C S such
that r € R,(Sp). It implies that r is a logical consequence of Sy in all groups
from /C, as needed. This proves the theorem.

Corollary 2 Let K be a q,-compact class. Then for any finitely generated
G-group H and any subset S C H the radical of S with respect to pvar(K)
is equal to the radical of S with respect to quar(KC).

It turns out that many classes of groups are not g-compact, but they
are q,-compact. Equationally Noetherian groups provide many examples of
this kind. Recall, that a G-group H is called G-equationally Noetherian if
every system of equations with coefficients in GG and finitely many variables
is equivalent over H to some finite part of it. Plainly, every G-equationally
Noetherian group is g,-compact, i.e., the class {H} is g,-compact.

Corollary 3 The generalized Nullstellensatz holds for every G-equationally
Noetherian group.

As we mentioned in the introduction, every linear group over a unitary
Noetherian commutative ring is G-equationally Noetherian. In particular,
every finitely generated nilpotent group is G-equationally Noetherian (for an
arbitrary choice of the distinguished subgroup G!).

Now we give an example of a 2-nilpotent group which is not ¢,-compact
(of course, this group is not finitely generated).

Example 1 Let G be a nilpotent group of class two given by the following
presentation (in the variety of class < 2 nilpotent groups):

G = <CLi,bi (’l € N) ’ [CLZ‘,(]J]'] = 1, [bl,bj] = 1, s [ai,bj] = 1(7, % j)>
Then the infinite quasi identity

Vavy( A (0] =1 A fe,b] = 1) — [z.9] = 1)

iEN JjEN

holds in G, but for any finite subsets I1,J of N the following quasi identity
does not hold in G

Vavy( A (.0 = 1 \lwb) = 1) = [r,y] = 1).

iel jeJ
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Indeed, for any m ¢ I U J the element © = a,, commutes with all a;,7 €
and all b;,7 € J, but it is not central in G. Now we give an example from
[BMRom)] of a finitely generated not g,-compact group.

Example 2 Let W = U T be the wreath product of a non-abelian group U
by an infinite group T'. Denote by B the normal closure of U in W. Then the
infinite quasi identity

V(A [a,b*]=1—2z=1) (4)

a,beB

holds in W, but any quasi identity of the type

ve( AN\ [a,b]=1—x=1), (5)

CLEA(),Z)GBO
where Ag, By are finite subsets of B, does not hold in W.

To see this, notice that there is no € W which satisfies all the equations
[a,b°] =1, a,b€ B.

Hence the infinite quasi identity (4) holds in W. But for any finite system
[a,b°] =1, a € Ag,b € By, there exists a non-trivial € W which satisfies
this system, i.e., none of the quasi identities (5) hold in W.

More examples of this type one can find in [BMRom].

At the end of this section we remark that the argument given in the
proof of Theorem B1 shows also that, in any event, the classes pvar(K) and
quar(K) have precisely the same finitely presented groups.

3.3 wu-compactness and universal classes

In this section we define a notion of u-compactness of a class of groups in
such a way that u-compact classes have a very simple description of their
universal closures.

Definition 2 A class K is called u-compact if for each positive integer n, an
arbitrary system of equations S(X) = 1 in variables from X = {xy,...,x,}
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and constants from G, and finitely many equations f1(X)=1,..., fn(X) =
1, if an (infinite) formula

YX (A s(X) =1 \7 f(X) = 1)

seSs

holds in every group from K then for some finite subsystem Sy =1 of S =1
the formula

VX (N s(X) =1 — :n\/lfi(X) _1)

sESy

also holds in every group from K.

Again, one can formulate u-compactness of I in terms of the satisfiability
of some particular locally satisfiable sets of formulas. Namely, K is u-compact
if and only if a set of the type

{s(X)=1 1] seSTU{A(X)#1,... fu(X) # 1}

is locally satisfiable in /C then it is satisfiable in K.

Observe, that every G-equationally Noetherian group H is u-compact
(i.e., the singleton {H} is u-compact). Also, every u-compact class is q,-
compact, so there are classes which are not u-compact.

As we saw in the previous section (Lemma 7) a class K is g,-compact
if and only if the quasivariety generated by K consists precisely of the G-
groups locally G-separated by K. A similar result holds for the universal
closure ucl(K). Recall that a G-group H is G-discriminated by K if for
each finite subset {hq,...,h,} of non-trivial elements of H there exists a
G-homomorphism ¢ : H — A, A € K, such that ¢(h;) #1, j=1,...,n. A
detailed discussion of this notion is contained in [BMR1] and [BMR2]. Denote
by Dis(K) the class of all groups G-discriminated by K. Then LDis(K) is
the class of groups locally G-discriminated by /.

Theorem B2 Let K be a class of G-groups. Then K is u-compact if and
only if ucl(K) = LDis(K).

Proof. Suppose a class of G-groups K is u-compact. Let H € ucl(K) and
Hyj be a finitely generated G-subgroup of H. Assume that Hy = (X | S(X)) is
a presentation of Hy with respect to a finite set of generators X. If Hy is not
G-discriminated by K then there are non-trivial elements f1(X), ..., fin(X) €
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Hy such that for any homomorphism ¢ : Hy — A with A € K at least one of
the images ¢(f;) is trivial. It follows then that the (infinite) formula

YX (A s(X) =1 \7 f(X) = 1)

seSs

holds in every group from K. Since K is u-compact there exists a finite
subsystem Sy = 1 of S = 1 for which the universal formula

T = VX (N s(X):1—>'\_W}fi(X):1)

sESo

also holds in every group from K. Therefore, ¥ holds in every group from
the universal closure of K, in particular, in Hy - contradiction. This shows
that Hy is G-discriminated by K and, consequently, ucl(K) = LDis(KC).

Suppose now that ucl(K) = LDis(K), but the class K is not u-compact.
Then there exists a finite set X = {z1,...,x,} and a set of formulas

T={s(X)=1] seStU{AX)#L...,[u(X)#1}

which is locally satisfiable in K, but which is not satisfiable in . By the
classical compactness theorem this set is satisfiable in an ultraproduct U of
groups from K. The group U belongs to ucl(K). Since X is finite the set T’
is satisfiable in some finitely generated G-subgroup U, < U, which is also in
ucl(K), on a tuple of elements, say a = (aq, ..., a,). Since Uy € Dis(K) there
exists a G-homomorphism ¢ : Uy — A, A € K, such that at least one of
the images ¢(f;(a)) is non-trivial. Obviously, the elements (¢(a1), ..., ¢(an))
satisfy the the set T"in A - contradiction. This proves the theorem.

Notice, that two G-group H and K are G-universally equivalent if and
only if ucl(H) = ucl(K). Now, the theorem above implies the following
generalization of the criterion of G-universal equivalence from [BMR1].

Corollary 4 Let H and K be u-compact G-groups. Then H is G-universally
equivalent to K if and only if H is locally G-discriminated by K and K 1is
locally G-discriminated by H.

Since every equationally Noetherian group is u-compact, and a group
G-universally equivalent to a G-equationally Noetherian group is again G-
equationally Noetherian, we have the following result from [BMR1].
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Corollary 5 Let H and K be G-groups and suppose that at least one of them
1s G-equationally Noetherian. Then H is G-universally equivalent to K if and
only if H is locally G-discriminated by K and K is locally G-discriminated
by H.

4 Geometrical equivalence

4.1 Definitions and basic properties

Fix an arbitrary group G. Let X be a finite set and G[X] be a free G-group
with the basis X.

Definition 3 G-groups H and K are geometrically equivalent if for any fi-
nite set X and any subset S(X) C G[X] the equality Rady(S) = Radk(S)
holds.

In the case G = 1 one has Plotkin’s definition from [Plot1l]. The following
two propositions (which are due to Plotkin [Plotl]) establish some basic
properties of geometrically equivalent groups.

Proposition 6 If G-groups H and K are geometrically equivalent then their
categories of algebraic sets defined by equations with coefficients from G are
equivalent.

Proof. It H and K are geometrically equivalent then for any S C G[X] the
algebraic sets Vi (S) and Vi (S) have exactly the same coordinate groups:

G[X]/Rady(S) = G[X]/Rad(5),

i.e., the categories of coordinate groups (defined by equations with coefficients
from G) over H and over K coincide. This implies that the categories of
algebraic sets over H and over K (defined by equations with coefficients
from G) are equivalent (see [BMRI1] or [Plotl] for details), as desired.

Proposition 7 Let G be a group. Then G-groups H and K are geometrically
equivalent if and only if pvar(H), = pvar(K),.
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Proof. Let G-groups H and K be geometrically equivalent. If H; is a finitely
generated G-group from pvar(H) then H; has a presentation Hy = (X | 5)
with a finite set X. Since H and K are geometrically equivalent we have
Rady(S) = Radg(S). Therefore

Hy = G[X]/Ru(5) = GIX]/Rk(S),

and H; lies in the prevariety pvar(K).

Suppose now, that pvar(H), = pvar(K),. Let X is a finite set and S C
G[X]. Then I'y(S) = G[X]/Radg(S) belongs to pvar(H),, and hence, to
pvar(K),. It follows that I'y(S) is G-separated by K. Therefore Rady(S) =
Radk(S). This shows that H and K are G-geometrically equivalent, as
needed.

Corollary 6 If groups H and K are geometrically equivalent then quar(H) =
quar(K).

Proof. 1f H and K are geometrically equivalent then by Proposition 7
pvar(H), = pvar(K),. Obviously, quar(H) = quar(pvar(H)). By Lemma
1 quar(pvar(H)) = quar(pvar(H),). It follows that

quar(H) = quar(pvar(H),,) = quar(pvar(K),) = quar(K),

as claimed.

4.2 Plotkin’s problems

In this section we discuss Problems 6 and 7 from [Plot1]. We formulate them
as follows.

(P1) Let H and K be G-groups and let quar(H) = quar(K). Does this
imply that H and K are geometrically equivalent?

Recall that two G-groups are elementarily equivalent if they satisfy exactly
the same sentences in the language L.

(P2) Let H and K be two elementarily equivalent G-groups. Does this
imply that H and K are geometrically equivalent?
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The theorem below gives a negative answer to both problems above.

Theorem C1 Let H be a G-group which is not q,,-compact. Then there exists
an ultrapower K of H such that H and K are not geometrically equivalent.

Proof. Let H be as above. By Theorem B1 pvar(H),, # quar(H),. This
implies (see Section 1.1) that

SP(H), # SPP,,(H).,.
Therefore, there exists an ultrapower K of H such that
SP(H), # SP(K).,

which is equivalent to pvar(H), # pvar(K),. By Proposition 7 the groups
H and K are not geometrically equivalent. This proves the theorem.

Corollary 7 Groups H and K from Theorem C1 show that if H is not
qo-compact then always there exists a group K for which Plotkin’s problems
above have a negative answer.

Indeed, every ultrapower K of H is elementarily equivalent to H, in partic-
ular, quar(H) = quar(K). This gives the result.

One can find even finitely generated groups which provide a negative
answer to the problems above. Recall, that there are finitely generated not
g,-compact groups (see Example 2 in Section 2.2).

Corollary 8 If H is a finitely generated group which is not q,-compact, then
there exists a finitely generated group Ky such that quar(H) = quar(K;) but
H and K are not geometrically equivalent.

Proof. To see this, let H be a finitely generated G-group which is not q,-
compact. Let K be the ultrapower of H from Theorem C1. Observe, that
H is canonically embedded into K, so we can view K as an H-group. Since
pvar(H),, # pvar(K), there exists a cartesian product C' of the group K and
a finitely generated G-subgroup K of C' such that Ky ¢ pvar(H). Again,
the product C' can be viewd as an H-group via the diagonal embedding of K
into C. Finally, let K; be the subgroup of C' generated by H and K. Then
K is finitely generated G-group and pvar(H) # pvar(K;), so H and K; are
not geometrically equivalent. But H € quar(K) as well as K; € quar(H).
Hence quar(H) = quar(K;), as desired.

Now we turn to the question of what conditions the equality quar(H) =
quar(K) imposes onto groups H and K in terms of radicals.
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Definition 4 G-groups H and K are called w-geometrically equivalent if for
any finite set X and any finite subset S C G[X] the equality Ry (S) = R (S)
holds.

Obviously, geometrically equivalent groups are also w-geometrically equiva-
lent.

Theorem C2 Let H and K be G-groups. Then quar(H) = quar(K) if and
only if H and K are w-geometrically equivalent.

Proof. Suppose that quar(H) = quar(K). Let X be a finite set and S be
a finite subset of G[X]. Then for every f € G[X] the quasi identity

gs.p =YX(N\ s(z) =1— f(z) =1)
ses
holds in H if and only if it holds in K. Hence Rady(S) = Radg(S). This
shows that H and K are w-geometrically equivalent.
Let H and K be w-geometrically equivalent groups. Assume that quar(H) #
quar(K). Then there exists a quasi identity

qs,f = VX(/\ s(z)=1— f(z)=1),
seS
as above, which holds in H and does not hold in K. This implies that f €
Rady(9), but f ¢ Radk(S). Hence Rady(S) # Radk(S) - contradicting
the condition above. This proves the theorem.

4.3 Plotkin’s problems for ¢ ,-compact groups.

In the previous section we saw that the two Plotkin problems have negative
solution outside the class of q,-compact groups. In this section we show that
these problems have positive answer inside the class of g, -compact groups.
As before, we fix an arbitrary group G.

Theorem C3 Let H and K be q,-compact G-groups. Then H and K are
geometrically equivalent if and only if quar(H) = quar(K).

Proof. By Proposition 7 H and K are geometrically equivalent if and
only if pvar(H), = pvar(K),. By Theorem Bl for g,-compact G-groups
the equality above is equivalent to the equality quar(H), = quar(K),. By
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Lemma 1 the latter is equivalent to the equality quar(H) = quar(K), as
desired.

As we have mentioned above every equationally Noetherian group is q,-
compact. Since abelian groups and linear groups are equationally Noetherian
we deduce the following corollaries of Theorem C3.

Corollary 9 Let H and K be abelian or linear groups. Then H and K are
geometrically equivalent if and only if quar(H) = quar(K).

By Theorem C1 and Theorem C3 there is no way to describe geometrically
equivalent groups in terms of axioms of first order logic, unless they are q,-
compact. This makes it very interesting to try to figure out which groups
are g, -compact. Since abelian groups are g,-compact nilpotent groups form
the next natural class to study.

Now we prove two results which are interesting only in the case G # 1.
We begin with a simple lemma. Recall that we work with the language L,
i.e., all the groups we consider are G-groups.

Lemma 8 Let G be a q,-compact group. Then every group from quar(G) is
qu,-compact.

Proof. Let H € quar(G). Since G < H we have quar(H) = quar(G) and
pvar(G) C pvar(H). Now, taking subclasses of finitely generated G-groups
in the classes above we see that

SP(G), € SP(H), C quar(H), = quar(G),, = SP(G),

(the last equality follows from g,-compactness of G). So all the classes above
are equal, in particular, SP(H), = quar(H),, which implies that H is gq,-
compact (Theorem B1). This proves the lemma.

Theorem C4 Let G be a q,-compact group. Then any two groups from
quar(G) are geometrically equivalent. And vice versa, if any two groups from
quar(G) are geometrically equivalent then G is q,-compact.

Proof. If G is q,-compact then any two groups from quar(G) are also q,,-
compact (Lemma 8) and the quasivarieties generated by them are both equal
to quar(G). Hence by Theorem C3 the groups are geometrically equivalent.
This proves the first part of the theorem. The reverse is also true. Indeed,
suppose G is not g,,-compact. Then there exists a finitely generated G-group
K in guar(G) which is not in pvar(G). Since K and G are geometrically
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equivalent we have by Theorem B1 that pvar(K), = pvar,(G). Obviously,
K € pvar(K),, so K € pvar,(G) - contradiction. This shows that G is
g.,-compact.

5 Equationally Noetherian groups

Let fix an arbitrary group G. As we have mentioned already a G-group H is
called G-equationally Noetherian if every system of equations with coefficients
in GG and finitely many variables is equivalent over H to some finite part of
the system. Equivalently, one can define a G-equationally Noetherian group
as a group over which the Zariski topology is Noetherian [BMR1]. In this
section we give a characterization of G-equationally Noetherian groups in
terms of quasivarieties.

Theorem D1 Let H be a G-group. Then the following conditions are equiv-
alent:

1) H is G-equationally Noetherian;

2) every finitely generated G-group in the quasivariety quar(H) is finitely
presented in quar(H);

3) every free G-group Fy(X) of finite rank in quar(H) satisfies the as-
cending chain condition on quar(H)-radical subgroups.

4) every free G-group G[X] of finite rank satisfies the ascending chain
condition on quar(H )-radical subgroups.

Moreover, if H is G-equationally Noetherian then every G-group in quar(H)
1s G-equationally Noetherian.

Proof. Let H be a G-equationally Noetherian G-group. We prove first,
that every G-group K € quar(H) is G-equationally Noetherian. Let S(X) =
1 be an arbitrary system of equations with coefficients from G on a finite set
of variables X = (x1,...,x,). Since H is G-equationally Noetherian, we have
Vi (S) = Vi (Sy) for some finite subset Sy = {s1,...,sn} of S. Therefore,
the following quasi identity holds in H for any s(X) € S(X):

=

s =VX(N\ si(X)=1—s(X) =1).

=1

Hence ¢s holds in each K € quar(H) for any s(X) € S(X), so Vk(S) =
Vi (So). This shows that K is G-equationally Noetherian. Observe from the
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proof, that S(X) = 1 is equivalent to So(X) = 1 over any group K in
quar(H).

Now let K be any group from quar(H) finitely generated as a G-group
and suppose K has the following presentation in quar(H):

K = (X | $(X)) ~ Fy(X)/Radg(S),

where F(X) is a free group in quar(H) with basis X and Radgy(S) is the
radical of S with respect to quar(H). As we mentioned in Section 2.2

K = (X |T)~ G[X]/Radu(T),

where T is the complete preimage in G[X] of the set S with respect to the
canonical epimorphism 7 : G[X| — Fg(X). We claim that if T" is equivalent
over H to a finite subset Ty = {t1,...,t,,} C T then Rady(T) = Rady(1p).
Indeed, consider an arbitrary G-homomorphism ¢ : G[X] — K with T, C
ker(¢). Then t1(X?) =1,...,t,(X?) = 1, so X? is a solution of the system
To(X) = 1in K. Since T(X) = 1 is equivalent to Tp(X) = 1 over K we
see that T'(X) C ker(¢). This shows that 7' C Radg (7)), hence Rady(T) =
Radg(Th). By Lemma 6

Rady(S) = n(Rady(T)) = n(Rady (Ty)) = Rady(n(Th)),
so the group
K = Fu(X)/Rady(S) = Fu(X)/Radg(n(Tp))

is finitely presented in quar(H).

Suppose now that every finitely generated G-group in quar(H) is finitely
presented in quar(H). Let T'(X) = 1 be any system of equations in variables
X = {x1,...,x,} with coefficients in G and let S(X) = n(T) C Fu(X).
The group K = Fy(X)/Radg(S) belongs to quar(H), hence it is finitely
presented in quar(H), i.e., Rady(S) = Radg(U) for some finite set U C
Radg(S). As we have mentioned in Section 2.2, in this event there exists a
finite subset Sy C S such that U C R(S,) and consequently, Radg(S) =
Radg(Sy). Denote by Ty a finite subset of T' such that n(7y) = Sp. By
Lemma 6 Rady (1) = Radgy(T)). This shows that Vi (T') = Vi (Tp). Indeed, if
Vi (To) = 0 then Vg (T) = 0 = Vi (Tp), as desired. Now, suppose Vi (Tp) # 0
and let v = (vq,...,v,) € Vy(Ty). Then the map x; — v;, (i = 1,...,n),
extends to a G-homomorphism G[X]/Rady(Ty) — H. Therefore all elements
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t € T vanish at v, hence v € Vi (T), and Vg (S) = Vg (Sy). It follows that H
is G-equationally Noetherian.

Thus we proved, that 1) is equivalent to 2). Equivalence of 2) and 3) is
obvious, and equivalence of 3) and 4) follows from Lemma 6. This proves
the theorem.

6 Coordinate groups

6.1 Coordinate groups of affine spaces

In this section for a G-group H we describe the coordinate group of the affine
space H", where n is a positive integer.

Proposition 8 Let H be a G-group. Then for any positive integer n the
coordinate group of the affine space H™ is G-isomorphic to the free group of
rank n in the variety var(H) .

Proof. The affine space H" is an algebraic set defined, for example, by the
trivial equation 1 = 1. Let Fy(X) be a free group in the prevariety pvar(H)
with the basis X = {z;,...,2,}. Then

Fp(X) ~ G[X]/Rad(T (X))

for some T'(X) C G[X]. Since Fy(X) is free in pvar(H) then for any h =
(hi,...,h,) € H" the map 1 — hq,...,x, — h, extends to a G-homomorphism
¢ : Fy(X) — H.Hence, ¢(h) satisfies every equation of the system T'(X) = 1,
i.e., Vg(T) = H™. This shows that Fy(X) is the coordinate group of H".
Observe also that Rad(T) = Rad(1l), so Fg(X) = G[X]|/Rad(1). To finish
the proof it suffices to notice that by Proposition 2 the group Fy(X) is also

a free group in the variety var(H).

Now, we will try to describe in more detail the free group Fyg(X) =
G[X]/Radp (1) in varg(H) with the basis X. We added temporarily the
subscript G to our notations to emphasize that we consider the groups in
the language L. In Section 2.2 we gave a formal description of Radpy (1)
as the set of all logical consequences of 1 with respect to the set [(H)
of all G-identities in the language Lg which hold in H. If G = 1 then
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I,(H) is the set of all identities of the standard language L (without con-
stants from G) which hold in H. For an arbitrary group K the radical
Radp1(1) is precisely the I;(H)-verbal subgroup Very(K) of K. The free
groups Fy1(X) = F(X)/Very(F(X)) in the variety var;(H) have been ex-
tensively studied (see for example the book [Neum]), whereas for G # 1 the
structure of the G-free groups Fp (X) is mostly unknown. Now, the idea
is to compare the group Fiy ¢(X) with its known counterpart Fy1(X). The
following question arises naturally:

(R) for which groups H does the following G-isomorphism hold
FH7g(X) ~ @G *H FH,l(X)?
Here %y is the free product in the variety vary(H) (see [Neum)).

This question has positive answer for any torsion-free nonabelian hy-
perbolic group H. Indeed, in this case H contains a free nonabelian sub-
group, therefore I(H) does not contain any non-trivial identities, hence
Verg1(F(X)) = 1 and Fy (X) = F(X). The group G[X] = G * F(X)
is G-discriminated by G [BMR1], as well as by H (since G is a subgroup of
H). It follows that G x F(X) € pvarg(H) C varg(H). Hence Rady (1) =1
and Fya(X) =G F(X) = Fy1(X), as desired.

If H is an abelian group then the answer to the question (R) is also
positive (see [Aml]), and in this case

FH7(;(X) ~ G X FH71(X)

Moreover, the result above can be generalized to groups H which are free in
a nilpotent variety of groups, provided that the rank of H is not less then
the nilpotency class of H [AR].

6.2 Coordinate groups of algebraic sets over an abelian
group

In this section we describe coordinate groups over a given abelian group A.
Throughout this section all groups are considered in the language L4, in
which we the additive notation for group operations. By ¥ we denote the
following system of quasi identities with constants from A:
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1. VaVy(z +y =y + x);

2. Vz(nx =0), (ne€N);

3. Vz(p"z =0— p"lz=0), (n€ N,pprime);

4. Vr(nr =a—x=a), (n€ N,ac A, andnx = a has no solutionsin A).

By ¥4 we denote the subsystem of quasi identities from ¥ which hold in
A. The lemma below clarifies the meaning of the axioms X 4. Here we just
want to mention that the axiom 4) guarantees that the subgroup A is a
pure subgroup in the ambient A-group. To prove the lemma we need few
notations.

The period of an abelian group A is the minimal positive integer m, if it
exists, such that mA = 0; and oo otherwise.

Let T'(A) be the torsion part of A and T'(A) ~ @,A, be the primary
decomposition of T'(A) (here and below p is a prime number). Denote by
e(A) the period of A, and by e,(A) the period of T,(A). The following result
describes finitely generated A-groups from the quasivariety defined by X 4.

Lemma 9 Let B be a finitely generated A-group. Then B satisfies the az-
toms X4 if and only if the following conditions hold:

1) B~ A® C, where C is a finitely generated abelian group;

2) e(A) = e(B) and e,(A) = e,(B) for every prime number p.

Proof. Assume, first, that B satisfies the axioms 4. Then A is a pure
subgroup of B. Indeed, if an equation nz = a (n € N,a € A) does not hold
in A, then the axiom

Vr(nx =a — x =a)

belongs to the set > 4, hence it holds in B, which implies that the equation
nx = a does not have solutions in B. It follows that A is a pure subgroup
in B. Observe also, that B/A is finitely generated (since B is a finitely
generated A-group). In this event, the subgroup A is a direct summond of
B [Kap|, so B~ A@® C, where C' ~ B/A. This shows that the condition 1)
holds in B.

Now we prove that A and B, as well as their p-torsion parts, have precisely
the same periods. Let e(A) = n be finite. Then the axiom nz = 0 is in X4,
hence it holds in B, and B has a period dividing n. Since A is a subgroup
of B then the period of B is exactly n. In the case when e(A) = oo the
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group A has infinite period as well as the supergroup B. This shows that
e(A) = e(B). Suppose now, that for a given prime p we have e,(A) = p™.
Then all the axioms from ¥ of the type

Vz(p'z =0—p" 'z =0), (n€N,acA);

hold in A provided n > m. Thus these axioms belong to >4 and, therefore,
they hold in B. This shows that B, has a finite period dividing p™. Since A,
is a subgroup of B, the period of B, is precisely p™. In the event when A,
has infinite period, so does the supergroup B,. It follows that e,(A) = e,(B),
and the result holds.

Assume now that B = A®C where C'is a finitely generated abelian group
and B has the same invariants as A. One can easily see from the argument
above that the group B satisfies the axioms > 4. This proves the lemma.

The following theorem describes quasivarieties of abelian groups in the
language L 4.

Theorem 1 Let A be an abelian group. Then an A-group B satisfies the set
of azioms X 4 if and only if B € quar(A).

Proof. Let Q be the quasivariety of A-groups defined by 4. Obviously
quar(A) C Q. We need to prove the reverse inclusion. By Lemma 1 it
suffices to prove that every finitely generated A-group from Q belongs to
quar(A). Lemma 9 describes all finitely generated A-groups from Q. Now
to finish the proof we need the following lemma.

Lemma 10 Let A be an abelian group and let B satisfy the following condi-
tions:

1) B~ A® C where C is a finitely generated abelian group;

2) e(A) = e(B) and e,(A) = e,(B) for every prime number p.

Then B belongs to quar(A).

Proof. Let
C~{c1)D...0{x)

be a cyclic decomposition of C' into infinite cyclic groups and primary cyclic
groups. Fix an arbitrary ¢ € {1,...,t}. If ¢; is an element of infinite order,
then B, and hence A, has infinite period, so either there exists an element
of infinite order in A or there exists an infinite sequence of elements in A
with strictly increasing orders. In the latter case this sequence defines an
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element of infinite order in the unrestricted cartesian power of A. In any
case, quar(A) contains an infinite cyclic group. Suppose now that ¢; has a
finite order, say p", for some prime p and positive integer n. In this event
ep(A) = ey(B) > p", therefore, A has an element of order p”. Thus, quar(A)
contains a cyclic group isomorphic to {(¢;). The argument above shows that
all the cyclic groups (¢;), i = 1,...,t belong to quar(A). Hence the group
B ~ A @ C belongs to quar(A), as desired. This proves the lemma and the
theorem.

Combining Proposition A, Theorem B1, Theorem 1 and Lemma 9 we
obtain the following description of coordinate groups of algebraic sets over
an abelian group A. This result has been proven earlier by Fedoseeva [Fed]
with the use of detailed (and rather lengthy) computations.

Theorem D2 Let A be an abelian group. Then a finitely generated A-group
B is a coordinate group of some algebraic set over A if and only if B satisfies
the conditions:

1) B~ A® C, where C is a finitely generated abelian group;

2) e(A) =e(B) and e,(A) = e,(B) for every prime number p.

Theorem D2 gives one a method to determine whether a given subgroup
of a free group F4(X) of finite rank in the quasivariety quar(A) is a radical
subgroup or not. Namely, a subgroup I of F4(X) is radical if and only if
the quotient group B = F4(X)/I satisfies the conditions 1) and 2) from
Lemma 9. For example, if both A and I are finitely generated, then one can
effectively verify whether I is a radical subgroup of F4(X) or not.

In view of Theorem D2 we can easily describe (up to isomorphism) al-
gebraic sets over an abelian group A. For a coordinate group B = A& C
over A we define the canonical system of equations S = 0 such that B is A-
isomorphic to the coordinate group of the algebraic set V4(S). Fix a primary
cyclic decomposition of the group C:

C~(a)®...8(a,) ®(b1)D...(b),

here a;-s are generators of infinite cyclic groups and b,-s are generators of
finite cyclic groups of orders p;nj . Let S(X,Y) = 0 be the following system
in variables x1,..., %0 Y1, ..., Y

p;ly; =0, j=1,...,t
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As we mentioned in Section 6.1 the free group Fa(X UY') in the variety
var(A) with basis X UY is isomorphic to the direct product
AD () © .. @ () © (Y1) D - (y)-
It follows that Fu(X UY)/(S(X,Y)) ~ B, so Rada(S) = (S(X,Y)) and B
is the coordinate group of the system S(X,Y) = 0. Clearly,
Va(S) = A" @), Alp;”],

where by A[n] we denote the subgroup of all elements from A of orders
dividing n. This proves the the following result.

Proposition 9 Let A be an abelian group. Then any algebraic set over A is
equivalent to a set of the type

A @E‘:l A[qunj}

Remark 3 There is another way to describe algebraic sets over abelian groups.
Let A be an abelian group and B = AR C' be a coordinate group over A. Then
the algebraic set over A defined by B can be described by the set Hom(C, A)
of all homomorphisms from C into A. This set forms an abelian group which
can be easily recovered from A and C.

From the description of algebraic sets over an abelian group one can
immediately get the following curious result.

Example 3 Let A be an abelian group and a,b € A. Then the set {a,b} is
an algebraic set over A if and only if there exists only one element of order 2

in A and the set {a,b} is a coset of the unique cyclic subgroup of A of order
2.

7 Coordinate groups of irreducible algebraic
sets and universal classes

7.1 Abstract characterization of irreducible coordinate
groups

In this section we characterize the coordinate groups of irreducible algebraic
sets. For simplicity we call such groups irreducible coordinate groups.
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Theorem E1 Let H be a G-equationally Noetherian group. Then a finitely
generated G-group K s the coordinate group of an irreducible algebraic set
over H if and only if ucl(K) = ucl(H), i.e. K is G-universally equivalent to
H.

Proof. Let K be a finitely generated G-group G-universally equivalent
to H. By Corollary 5 from Section 3.3 K is G-discriminated by H. Hence
K belongs to pvar(H), and by Proposition A K is a coordinate group of
some algebraic set Y C H". We need to prove that Y is irreducible in the
Zariski topology over H™. Suppose, to the contrary, that Y is not irreducible.
Since H is G-equationally Noetherian then the Zariski topology over H" is
Noetherian. Therefore Y is a finite union of proper algebraic sets

Y=Y U...UY, (n>2),

where each Y; is defined by a system of equations, say S;(X) = 1, and Y
is defined by S(X) = 1. We know that K ~ G[X]/Rady(S). Observe also,
that

RadH(S) = RadH(Sl) N...N RCLdH(Sn)

and for each i the inclusion Rady(S) C Rady(S;) is proper. Let r; €
Rady(S;) — Rady(S). Since K is G-discriminated by H there exists a G-
homomorphism ¢ : K — H such that ¢(r;) # 1 for each i. Notice, that
#(X) € Vy(S) =Y, which implies that ¢(X) € Y;,, for some iy. It follows
that ¢(ry,) = ri,(¢(X)) = 1 - contradiction with the choice of ¢. This shows
that Y is irreducible.

Suppose now, that a finitely generated G-group K is a coordinate group
of some irreducible algebraic set Y C H™ defined by a system S(X) = 1, i.e.,
K ~ G[X]/Rady(S). Then K belongs to pvar(H), so K is G-separated by
H. We claim that K is G-discriminated by H. Indeed, suppose not. Then
there are some non-trivial elements f,(X)Rady(S), ..., fm(X)Rady(S) € K
(m > 2) such that any G-homomorphism ¢ : K — H vanishes on at least
one of the elements f;. Put

Yi=Vu(SU{fi(X)}), (@G=1,...,m).
Then
Y=Y u...UY,

and for any ¢ we have Y # Y; since the radicals Rady(S) and Rady (S U
{f:(X)}) are different (f; ¢ Rady(S)). This implies that Y is not irreducible
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- contradicting the assumption above. Therefore, K is G-discriminated by
H and hence by Corollary 5 K is G-universally equivalent to H. We have
proven the theorem.

7.2 Universal closures and axioms of irreducible coor-
dinate groups

Let H be a G-equationally Noetherian G-group. By Theorem E1 a finitely
generated G-group K is the coordinate group of an irreducible algebraic set
over H if and only if K is G-universally equivalent to H, which is equivalent
to ucl(H) = ucl(K). In this section we describe a simple set of axioms which
defines the class ucl(H) inside the quasivariety quar(H). Moreover, if H is
a nonabelian CSA group then we can specify a single axiom CT (the axiom
of commutative transitivity) such that a non-abelian group K from quar(H)
belongs to ucl(H) if and only if K satisfies CT. A similar result holds when
H is a G-domain (see definitions below).

Since H is G-equationally Noetherian, every algebraic set over H is de-
fined by a finite system of equations with coefficients from G. Let n be
a positive integer and X = {z1,...,x,}. Let S(X), S1(X),...,Sk(X) be
arbitrary finite subsets of G[X]. Then the following universal formula

Assise = VXA s(X)=1) = (( A\ si(X)=DVv..V( A se(X) =1)))

seS $1€51 SKESK

holds in H if and only if
Vi (S) = Vg (S1) U...UVy(Sk).

If £ > 2 and all Vg(S;)-s are proper subsets of Vg (S) then Vi (S) is not ir-
reducible. In this event the coordinate group K = G[X]/Radg(S) of the set
Vi (S) does not satisty the formula Agg,  g,. Indeed, the canonical genera-
tors 1 Radg(S), ..., z,Rady (S) of K satisfy the conjunction A cgs(X) = 1.
But if for some 7 they would also satisfy the conjunction A, g s:(X) = 1,
then we would have S;(X?) = 1 for any G-homomorphism ¢ : G[X]/Radg(S) —
H,ie., Vy(S) = Vu(S;) - contradicting the conditions on S;.

Denote by A the set of all formulas of the type Agg, . s,. Let Ay be the
subset of all formulas from A which hold in H and Q(H) be the set of all
quasi identities in the language Ls which hold in H. The following result is
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a corollary of Theorem E1, the argument above, and Lemma 1 from Section
2.1.

Corollary 10 Let H be a G-equationally Noetherian G-group. Then:

1) A finitely generated G-group K from quar(H) is a coordinate group
of some irreducible algebraic set over H if and only if K satisfies the set of
axioms Ny ;

2)A G-group K belongs to ucl(H) if and only if K satisfies the set of
azioms Q(H) U Ay.

In many cases the set Ay above can be replaced by a much simpler set of
axioms to get an axiomatization of ucl(H). Recall that a group H is called
a CSA-group if every maximal abelian subgroup M of H is malnormal, i.e.,
g 'MgnN M =1 for any g € H — M.

We have mentioned in the introduction that every CSA group is commu-
tative transitive, i.e., it satisfies the following axiom:

CT =VaVyVz(x A1 ANy#1 Az#1 ANz,yl=1 ANz, z] =1 — [y, 2] =1).

Theorem E2

Let H be a non-abelian G-equationally Noetherian CSA G-group. Then:

1) A non-abelian finitely generated G-group K from quar(H) is a coor-
dinate group of some irreducible algebraic set over H if and only if K is
CSA;

2) A nonabelian G-group K belongs to ucl(H) if and only if K satisfies
the set of axioms Q(H) U {CT} (here Q(H) is the set of all quasi identities
which hold on H ).

Proof. Notice first, that every nonabelian commutative-transitive G-
group K which is G-separated by the CSA group H is also CSA. Moreover,
in this event K is also G-discriminated by H [BMR2|. Now, 1) follows from
Theorem E1, and 2) follows from 1) and Corollary 5 from Section 3.3.

If the group G is nonabelian then CSA G-groups form a proper subclass of
a much bigger class of so-called G-domains. An element u € H is called a G-
zero divisor, if there exists a non-trivial element v € H such that [u,v9] = 1
for every g € G. A group H is a G-domain if it does not have any G-zero
divisors. Clearly, a G-group H is a G-domain, if and only if the following
infinite formula holds in H:

Domg o =VaVy( N\ (2,9 =1 —x=1Vy=1).
geG
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If H is G-equationally Noetherian then the system A cq[z,y?] = 1 is equiva-
lent over H to a finite subsystem. Hence the formula Domg o is equivalent
over H to a universal formula of the following type

Domy =Vavy([z,y"] =1 A... Az,y™]=1—z=1Vy=1).

Observe, that the system A,cqlz,y9] = 1 is equivalent to the same finite
subsystem over an arbitrary group from quar(H). This allows one to prove
the following result (similar to Theorem E2).

Proposition 10 Let H be a G-equationally Noetherian G-domain. Then:

1. A finitely generated G-group K from quar(H) is the coordinate group
of an wrreducible algebraic set over H if and only if K is a G-domain;

2. A G-group K belongs to ucl(H) if and only if K satisfies the set of
azioms Q(H) U{Domy}.

7.3 Abelian case

In the rest of this section we describe the coordinate groups of irreducible
algebraic sets over a fixed abelian group A and give the set of axioms in the
language L 4 for the universal closure ucl(A) of A. Moreover, for an algebraic
set over A we describe its irreducible components.

For a positive integer k£ and a prime number p we denote by o, (A) the
number of elements of order p* in A (we allow a,r(A) = c0).

Theorem E3 Let A be an abelian group and let B be a finitely generated
A-group. Then B is a coordinate group of some irreducible algebraic set over
A if and only if the following conditions hold:

1) B~ A® C for some finitely generated abelian group C;

2) e(A) =e(B) and e,(A) = e,(B) for each prime number p;

8) an(A) = ayie(B) for each prime number p and positive integer k.

Proof. By Theorem D2 a finitely generated A-group B is a coordinate
group over A if and only if B satisfies the conditions 1) and 2).

Suppose now, that 3) does not hold in B for some particular p and k.
This implies that a,.(A) is finite and a,i(A) < au(B), ie., A has fewer
elements of order p* then B. It follows then that B is not A-discriminated
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by A. Hence B is not a coordinate group of an irreducible algebraic set over
A. This proves that if B is a coordinate group of an irreducible set over A
then the conditions 1), 2), 3) hold in B.

Let us assume that B satisfies the conditions 1), 2), 3). Then B= A& C
for some finitely generated abelian group C'. Let

C~Z7'a,T,0C) (6)

be a decomposition of of C into a torsion-free part Z¢ and the direct sum
of p-components of the torsion part 7(C'). We want to show that B is A-
discriminated by A. It suffices to show that for any finite subset of non-trivial
elements Ay C A and any finite subset of non-trivial elements Dy € Z* there
exists an A-homomorphism B — A which does not vanish on every non-
trivial element from the finite set

Ay + Do+ T(C).

The proof is divided into two cases.

1) We show, first, how to discriminate Ag+ Dy into A by an A-homomorphism
¢: A®Z' — A.If t = 0 there is nothing to prove. Suppose t # 0. It is easy to
see that Z' is discriminated by Z (see [BMR2]), hence it suffices to consider
the case when t = 1, i.e., Dy C Z. We may assume now that Z is the additive
group of the ring of integers, so every element in Z is just an integer. This
allows one for a given fixed element b € A to define an A-homomorphism
¢: AP Z — A as follows:

¢:(a+z2)—(a+2b) ac€AzeZ,

Notice, that since ¢t # 0 the period of A is infinite. Therefore, for every
integer n there exists an element in A of order greater then n. We claim
that there exists an element b € A of a sufficiently big order (or infinite
order) such that the images of all nontrivial elements from Ay + Dy under
the homomorphism ¢, defined above, are non-trivial. To see this, decompose
the finitely generated subgroup (Ag) of A into a torsion-free part Z° and
the torsion part T'({Ap)). Then each element x from Ay + Dy can be written
uniquely in the form

=G+ Cp+dy, ap € T((Ag)),c € Z°,d, € Dy.

If s # 0 choose b € Z*® such that ¢, # d,b for any nontrivial x € Ay + Dy.
If s = 0 choose b such that each d,b has the order bigger then the order of
T({Ap)). In any event ¢(x) # 1 for every nontrivial = € Ay + Dy, as claimed.
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2) We show now how one can discriminate Ag + Do + T(C) into A. Let
P1,...,De be all prime numbers for which 7),,(C) is not trivial. Take an
arbitrary p = p;. Observe that for every positive integer k£ we have

apk(B) = Ok (A) + Qe (TP(C)).

Therefore, if a,x(A) is finite then o, (7,(C)) = 0, which implies that C' does
not contain elements of order p*. Let p* be the maximal order among all the
elements from 7,,(C). In this event, o,r(A) is infinite, hence A contains an
infinite direct sum @;c;Z,» of copies of a cyclic group Z, of order p*. This
implies, that for any infinite subset of indexes J C I the subgroup ®;c;Z,»
contains a subgroup isomorphic to 7,(C') (which is a finite direct sum of finite
cyclic p-groups of order < p¥). For a finite subset X C A there exists a finite
set of indexes Iy C I such that the intersection of the subgroup generated
by X and @;e;Z, is contained in @;er, Zyx. Hence the subset Jy = I —Ix is
infinite and 7,,(C') is embeddable into ®;cs, Z,x. Now, put Xy = ¢(Ag + Do)
and denote by ¢, an embedding

¢1: 1, (C) = Bieyy, Zpr-
It follows that the homomorphism
V=D ADZ DT, (C)— A
discriminates the set Ay + Dy + T, (C') into A. Put
Xy =1(Ao + Do + Ty, (C))
and proceed as above. By induction we construct an A-homomorphism
Ve 1 ABZ B, T,,(C) — A

that discriminates all non-trivial elements from Ag+ Do+ T'(C'). This proves
the theorem.

If a,r(A) = m is finite and {ay, ..., a,} is the set of all elements of order
p* in A then A satisfies the following universal formula with constants from
A:

Y =Vy(p'y =0Ap" 140 = (y=a1 V... Vy =ap)).

If the formula 1, also holds in an A-group B then a,r(A) = m = o, (B).
Denote by W4 the set of all formulas of the type v, (for all p and k) which
hold in A.
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Theorem 2 Let A be an abelian group. Then an A-group B belongs to the
universal closure ucl(A) of A if and only if B satisfies the set of azioms
YaUW4.

Proof. Clearly, every group from ucl(A) satisfies the axioms >4 U V4. To
prove the reverse inclusion consider an A-group B which satisfies the set of
axioms Y4 U W 4. If B is finitely generated as an A-group then by Theorem
D2, Theorem E3, and the argument above B is the coordinate groups of
an irreducible algebraic set over A. Since A is A-equationally Noetherian
it follows from Theorem E1 that B belongs to ucl(A). If B is not finitely
generated as an A-group then every one of its finitely generated A-subgroup
By < B satisfies the axioms >4 U W 4. It follows by the argument above that
By € ucl(A), i.e., the group B is locally discriminated by A. Now by Theorem
B2 B € ucl(A), which proves the result.

Corollary 11 If A is a torsion-free abelian group, then ucl(G) = quar(G).

Now for an abelian group A we describe the irreducible components of
the algebraic set Y over A.

We start with defining new invariants of an abelian group A. For a prime
number p denote by 7,(A) the maximal integer & for which ar(A) = oo, if a
such k exists, and 7,(A) = 0 otherwise. For a positive integer m denote by
A[m] the subgroup of all elements in A which orders divide m.

Proposition 11 Let B = A® C be a coordinate group over A and assume
that Z' is a torsion-free part of C. Then

is the mazimal subgroup of B which is an irreducible coordinate group over

A.

Proof. Let D be an A-subgroup of B which is an irreducible coordinate group
over A. Then by Theorem 1 D ~ A @& E, where E is a finitely generated
abelian group, and e(A) = e(D),e,(A) = ep(D), apr(A) = ap (D) for every
prime p and positive integer k. Observe, that if the torsion-free part Z* of
C' is non-trivial then e(A) = oo and the subgroup (D, Z') generated by D
and Z' has precisely the same invariants as A. So B, has to contain Z*.
Notice, that if a,r(A) is finite then o, (D) = 0. And if a,x(A) = oo then
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B, has to contain all the elements of order p* from C. It follows that the
maximal A-subgroup of B which is an irreducible coordinate group over A

has to contain
AdZt e, C[p’Yp(A)]'

Now it is suffices to check that this subgroup indeed has the same invariants
as A.

Theorem 3 Let A be an abelian group and B a coordinate group of an alge-
braic set Vg over A. Then all irreducible components of Vg are isomorphic,
as algebraic sets, to the set Vp, defined by Bj... Moreover, the number of
irreducible components of Vg is equal to the index of By.. in B.

Proof. We use notations introduced above. Let B = A @ C. Fix a primary
cyclic decomposition of the group C:

C={(x))®...0{(x.) D (1) D ... (w),

here x;-s are generators of infinite cyclic groups and y;-s are generators of
finite cyclic groups of orders p;nj . Let S(X,Y) = 0 be the following system
in variables x1,..., T, y1, ..., Yz ¢

p;ly; =0, j=1,...,t

Clearly,
Va(S) = A" @i, Alp;”],

and the coordinate group over A defined by S is A-isomorphic to B. Let
B; = min{m;,v,,(A)},j = 1,...,t. Define the system S;.,.(X,Y) = 0 as
follows:

pijj =0, 7=1,...,t

Obviously, this system defines the algebraic subset V4(S;.) of V4(S) with
the coordinate group isomorphic to B;... Hence the algebraic set V4 (S;..) is
irreducible. Observe, that both the sets V4(S;.) and V4(S) are subgroups
of A" and the index of V4(S;,) in V4(S) is finite and equal to the index of
B, in B. It follows that V4(S5) is a union of finitely many cosets of V(S;)
each of which is irreducible algebraic set (since all of them are isomorphic
to Va(Si+)). Hence these cosets are irreducible components of V4(S), as
desired.
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8 Connected components

In the classical algebraic groups the notion of connected component plays an
important part. In this section we study an analog of this notion for Zariski
topology over equationally Noetherian groups. Let G be an equationally
Noetherian group. The following question naturally arises here: what are
the irreducible components of G7 Or, in more general setting: what are irre-
ducible components of ”algebraic groups” over GG? It turns out that, similar
to the classical case, the connected component H, of an algebraic group H
over (G is a normal subgroup of finite index and all irreducible components
of H are cosets of Hj.
Now we define an algebraic group over a group G.

Definition 5 Let V C G™ be an algebraic set over G. Assume that V' forms
a group H with respect to some operations of multiplication o and inversion
~1. The group H = (V;0,71) is called algebraic over G if the operations o
and ~* can be defined by word mappings with coefficients in G.

The group H is called a standard algebraic group over G if o and ~! are
restrictions of the standard multiplication and inversion on G".

Lemma 11 Let H = (V;0,7') be an algebraic group over G. Then

1) the Zariski topology on H is weaker then the topology induced on H by
the Zariski topology on G™;

2)if G is equationally Noetherian, then H is equationally Noetherian.

Let H = (V;0,7') be an algebraic group over G. A subgroup K < H
is called an algebraic subgroup over G if K is an algebraic set over G. The
following is a corollary of Lemma 11.

Corollary 12 Let H = (V;0,71) be an algebraic group over G. Then a
subgroup K < H which is algebraic over H is also algebraic over G.

Lemma 12 Let G be an equationally Noetherian group and H be an algebraic
group over GG. Then there exists a unique minimal algebraic over G subgroup
Hy of H of finite index. This subgroup Hy is normal in H.

Proof. Observe, that the intersection of two algebraic subgroups of finite
index in H is again an algebraic subgroup of finite index in H. Since G is
equationally Noetherian it satisfies the descending chain condition on closed
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subsets. It follows that the intersection Hj of all algebraic over G subgroups
of H of finite index is equal to the intersection of finitely many such sub-
groups. Hence Hj is the minimal algebraic over G subgroup of H of finite
index in H. To see that H, is normal it suffices to notice that if N is an
algebraic subgroup of H of finite index, then for any h € H the subgroup
h=1Nh is also an algebraic subgroup of H of finite index. This proves the
lemma.

Definition 6 Let G be an equationally Noetherian group and H be an alge-
braic group over G. Then the unique minimal algebraic over G subgroup of
H of finite index is called the connected component of H. We denote it by
Hy.

Theorem 4 Let G be an equationally Noetherian group and H = (V;o0,71)
be an algebraic group over G. Then the connected component Hy of H s an
wrreducible component of V' and all other irreducible components of V' are
cosets of Hy in H.

Proof. Let H = (V;0,7!) be an algebraic group over G. Since G is equa-
tionally Noetherian V' admits decomposition into finitely many irreducible
components

V=WVu...V,.
For any h € H the sets hoV; and V; o h are also algebraic over G and

V=ViohU...UV,oh=hoViU...UhoV,.

This shows that V; o h and hoV; are also irreducible components of V. Hence
H acts by right (as well as left) multiplication on the set {Vi,...,V,} of
irreducible components of V. Suppose that the identity element 1 of H (with
respect to the multiplication o) belongs to V. Put

K={heH|Vioh=W)

Obviously, K is a normal subgroup of finite index in H. Since 1 € V}, it
follows that K < V;. We claim that K is an algebraic set over G. Indeed,
assume that V] is defined over G by a system of equations S (y1,...,y,) = 1
with coefficients from G. Then K is defined by the system

s(goy)=1, s€S1, geVi, y=(Y1,---,Un)
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The system above is equivalent to a finite part of it, since GG is equationally
Noetherian. Since K is of finite index in H we have

Vi=KohiU...UKoh,

for some hy,...,h, € H. This implies (in view of irreducibility of V) that
Vi = K. It follows now that

V=KogU...UKog,

for some elements gi,...,g9, € H. Hence the cosets of K are precisely the
irreducible components of V, as desired.

Recall that a topological space is connected if it is not a disjoint union
of two non-empty closed subsets. Observe, that every algebraic set over G
irreducible in the Zariski topology is connected. Theorem 4 shows that if G
is equationally Noetherian then an algebraic over G group H = (V;0,71) is
connected (in the topology induced from G™) if and only if V' is irreducible,
which is equivalent to H = H,.

It is well known result in topology that if topological spaces X and Y
are connected then their product X x Y is also connected (in the product
topology). If H and K are algebraic groups over G then their direct product
H x K is also algebraic over G (since a product of algebraic sets over G is
again algebraic, see [BMR1]). Notice, that the Zariski topology on H x K
might not be the product topology of H and K.

Remark 4 Let F' be a free non-abelian group. Then the Zariski topology on
F x F is not the product topology of the Zariski topology on F.

Nevertheless, the following result holds for the Zariski topologies.

Lemma 13 Let G be a group. If V C G™ and W C G™ are connected
algebraic sets over G then their product V- x W is a connected algebraic set
over G.

Proof. Tt is not hard to see that the direct product of two algebraic sets V, W
over GG is an algebraic set over G [BMRI1]. So it is suffices to show that if
both V, W are connected then V' x W is connected. It is readily seen that for
any w € W the subset V x {w} C V x W in the topology induced from G™*"
is homeomorphic to V' with respect to the map v — (v, w), where v € V.
Thus for any v € V,w € W the sets V x {w} , {v} x W are connected. Since
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they both contain (v, w) their union V' x {w}U{v} x W is connected. Notice,
that for a fixed w € W one has

Vx W=V x{w}u{v}xW).

veV

Again, since
NV x{w}U{v} x W) #0
veV
the union above is connected, as needed.
We say that an algebraic group H = (V;0,71) over G is connected if the
set V' is connected in the Zariski topology over G.

Proposition 12 Let G be a group and H, K be algebraic groups over G.
Then H x K is connected if and only if the groups H and K are connected.

Proof. Let H = (V;0,71) and K = (W;0,7!) be algebraic groups over G
with connected sets V' and W. Then by Lemma 13 the product V' x W is
connected, i.e., the group H x K is connected. The reverse is also true since
the canonical projections V x W — V and V x W — W are continuous in
the Zariski topology and the image of a connected set is connected under a
continuous map.

Summarizing the discussion above we have the following result.

Theorem 5 Let G be an equationally Noetherian group. If H and K are
algebraic groups over G then (H x K)o = Hy X K.

Proof. By Proposition 12 the group Hy x K is connected. Moreover, Hy x K|
has finite index in H x K. Hence

(HXK)OSHQXKQ.

By Theorem 4 (H x K)j has finite index in H x K, as well as in Hy x K.
But the group Hy x K is connected, therefore (H x K)g = Hy x K.

Finally we describe connected components of algebraic groups over an
abelian group A.

Lemma 14 Let A be an abelian group. Then any algebraic set V. C A™
over can be turned into an algebraic group over A for a suitable choice of
multiplication and inversion on V.
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Proof. As we saw above every algebraic set V' C A" is either a subgroup of
A" or a coset W + a of some subgroup W of A™. In the former case V' forms
an algebraic subgroup of A”. In the latter case the group multiplication o
on W + a is defined as follows

(wy +a)o(we+a)=w +wy+a (w,wy €W).

It is easy to see that W + a forms a group (isomorphic to W) with respect
o. This proves the lemma.

Corollary 13 In the notations as above let V =W 4+a C A™ be an algebraic
set over an abelian group A. Then there exists a subgroup Wy of finite index
i W such that the irreducible components of V' are cosets of W.

Proof. This follows from the lemma above and Theorem 4.

Remark 5 The corollary above gives another view of Theorem 2. The sub-
group Wy (in the notations as above) is precisely the subgroup corresponding
to the algebraic set defined by the group Bi.. from Theorem 3.

9 Open problems and questions

We have mentioned in Section 3.2 that abelian groups are g,-compact (in
fact, they are equationally Noetherian). This prompts us to formulate the
following problem.

Problem 1 1) Describe the q,-compact nilpotent groups of class 2.
2) Describe the q-compact nilpotent groups of class 2.

The solution of the next two problems would either strengthen the results
in Section 3 or provide interesting examples of pathological groups.

Problem 2 Are there any q.-compact groups which are not equationally
Noetherian?

Problem 3 Are there any q-compact groups which are not u-compact?

In [BMRI1] we asked whether or not every hyperbolic group is equation-
ally Noetherian and also whether or not a free product of two equation-
ally Noetherian groups is equationally Noetherian. Now we can formulate a
weaker version of these problems which might be easier to solve.
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Problem 4 Is every hyperbolic group q,-compact?
Problem 5 Is it true that a free product of q,,-compact groups is q,,-compact?

It is known [BMRI1] that for equationally Noetherian groups every alge-
braic set is a finite union of irreducible components. Whether or not the
converse is true is unknown. The problem below is stated to clarify the re-
lationship between ¢,-compactness and the decomposition of algebraic sets
into irreducible components.

Problem 6 1) Let H be a q,,-compact G-group. Is it true that every algebraic
set over H is a finite union of its irreducible components?

2) Is it true that if every algebraic set over H is a finite union of irre-
ducible algebraic sets then H 1is q,-compact?

Due to the classical Chevalley-Kolchin theorem every algebraic matrix group
can be completely described by a set of polynomial semi-invariants.

Problem 7 Let G be a group. Does an analog of the Chevalley-Kolchin
theorem hold for algebraic groups over G¢

To make this problem more precise we need the following definition. Let
G[X] = G[xy,...,x,] be a free G-group of rank n. Assume that r is a positive
integer less or equal then n. Denote by A : G" — Autg(G[X]) an embedding
of G into the group of all G-automorphisms of G| X]. For a subset S C G[X]|
the set

Staby(S) ={g9=(q1,---,9-) € G| AMg)(s) =s Vs € S}

is called the A-stabilizer of S. Now, the problem above can be stated as
follows: is it possible to describe algebraic groups over GG in terms of the
stabilizers Staby(S)?

By Theorem E2, if F'is a non-abelian free group then a set of axioms of the
universal theory of a F' can be obtained by adding the axiom of transitivity of
commutation CT" to an arbitrary set of quasi identities which axiomatizes the
quasivariety quar(F"). This explains the importance of the following problem
which is, probably, due to Malcev.

Problem 8 Find a "nice” set of axioms for the quasivariety quar(F) for a
free non-abelian group F.

Problem 9 Find a "nice” set of axioms for the quasivariety quar(G) for a
free non-abelian nilpotent (solvable) group G.
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