ELEMENTS OF ALGEBRAIC GEOMETRY AND THE
POSITIVE THEORY OF PARTIALLY COMMUTATIVE
GROUPS
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ABSTRACT. The first main result of the paper is a criterion for a
partially commutative group G to be a domain. It allows us to reduce
the study of algebraic sets over G to the study of irreducible algebraic
sets, and reduce the elementary theory of G (of a coordinate group
over G) to the elementary theories of the direct factors of G (to the
elementary theory of coordinate groups of irreducible algebraic sets).

Then we establish normal forms for quantifier-free formulas over
a non-abelian directly indecomposable partially commutative group
H. Analogously to the case of free groups, we introduce the notion
of a generalised equation and prove that the positive theory of H has
quantifier elimination and that arbitrary first-order formulas lift from
H to H % F', where F' is a free group of finite rank. As a consequence,
the positive theory of an arbitrary partially commutative group is
decidable.

1. INTRODUCTION

This paper can be considered as a part of a project the aim of which is
to construct algebraic (diophantine) geometry over partially commutative
groups, and, more generally, to study the elementary theory of partially
commutative groups.

Classical algebraic geometry is concerned with the study of the geometry
of sets of solutions of systems of equations, i.e. the geometry of algebraic
sets. Taking the collection of all algebraic sets as a pre-base of closed sets
one gets a topology, known as the Zarsiki topology. In the Zariski topology,
every closed set is a union (maybe infinite) of algebraic sets. In the case that
the ring of coefficients or, equivalently, the Zariski topology is Noetherian,
every closed set Y is a finite union of algebraic sets Y = Y1 U---UY%. In the
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case that Y; € Y;, i # j, and Y; can not be non-trivially presented as a union
of algebraic sets, this decomposition is unique and the sets Y7,...,Y} are
referred to as the irreducible components of Y. In general, however, a finite
union of algebraic sets is not necessarily again an algebraic set. In classical
algebraic geometry, it suffices to require that the ring of coefficients be a
domain. Under these assumptions there exists a one-to-one correspondence
between algebraic sets and closed sets. Thus, the study of algebraic sets
reduces completely to the study of irreducible algebraic sets.

In [1] G. Baumslag, A. Miasnikov and V. Remeslennikov lay down the
foundations of algebraic geometry over groups and introduce group-theoretic
counterparts of basic notions from algebraic geometry over fields. The coun-
terpart to the notion of a Noetherian ring is the notion of an equationally
Noetherian group: a group G is called equationally Noetherian if every sys-
tem S(X) = 1 with coefficients from G is equivalent to a finite subsystem
So = 1, where Sy C S, i.e. the algebraic set defined by S coincides with
the one defined by Sy. The notion of a domain carries over from rings to
groups as follows: a group G is called a domain if for any x,y # 1 there
exists g € G such that [z,y9] # 1.

The notions of equationally Noetherian group and domain, play an anal-
ogous role (to their ring-theoretic counterparts) in algebraic geometry over
groups (see [1]):

e a group G is equationally Noetherian if and only if the Zariski
topology is Noetherian, in particular every closed set is a finite
union of algebraic sets;

e if a group G is a domain, then the collection of all algebraic sets is
a base for the Zariski topology.

Our main interest in this paper is algebraic geometry over (free) partially
commutative groups. Partially commutative groups are widely studied in
different branches of mathematics and computer science, which explains the
variety of names they were given: graph groups, right-angled Artin groups,
semifree groups, etc. Without trying to give an account of the literature
and results in the field we refer the reader to a recent survey [4] and the
introduction and references in [14].

Partially commutative groups are linear, see [19], hence, equationally
Noetherian, see [1]. In [1] the authors give several sufficient conditions
for a group to be a domain. In particular, any CSA group is a domain
and various group-theoretic constructions preserve the property of being a
domain. However, none of the criteria obtained in [1] apply to the case of
partially commutative groups. The major obstacle here is that a partially
commutative group may contain a direct product of two free groups.
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In Section 4.2 we give a criterion for a partially commutative group to
be a domain:

Theorem 4.16. Let G be a partially commutative group. Then G is a
domain if and only if G is non-abelian and directly indecomposable.

Note that even if a partially commutative group is directly indecompos-
able, it still may contain a direct product of free groups.

The proof of this theorem is given in Section 4. It makes use of the tech-
nique of van Kampen diagrams over partially commutative groups, which
we present in Section 3 and the description of centralisers in partially com-
mutative groups (see Theorem 2.3).

The remaining part of the paper has a model-theoretic flavor. In Section
5, using results from [18], we prove that that the elementary theory of G (of
a coordinate group over G) reduces to the elementary theories of the direct
factors of G (to the elementary theory of coordinate groups of irreducible
algebraic sets):

Corollary 5.2. Let G be a non-abelian directly indecomposable partially
commutative group.

1) IfY =Y, U---UYy is an algebraic set over G, where Y7,...,Y}
are the irreducible components of Y, then the elementary theory
of the coordinate group T(Y) of Y is decidable if and only if the
elementary theory of T'(Y;) is decidable for alli=1,... k.

(ii) IfY = Y1U---UYy and Z = Z1U- - -UZ; are two irreducible algebraic
sets, where Y1,...,Yr and Z1, ..., Z; are the irreducible components
of Y and Z, respectively, then T'(Y) is elementary equivalent to
T(Z) if and only if k = 1 and, after a certain re-enumeration,
L(Y;) is elementary equivalent to T'(Z;) for alli=1,... k.

It is known that coordinate groups of algebraic sets over G are separated
by G (are residually G), see [25]. If a coordinate group I is a coordinate
group of an irreducible set, then I" is discriminated by G (is fully residually
G), or equivalently, is universally equivalent to G. Hence, the class of coor-
dinate groups of irreducible algebraic sets is much narrower and admits a
convenient logical description.

In his seminal work [21], Makanin introduced the notion of a generalised
equation. In [22] this notion is used in order to show that the existential
theory (the compatibility problem) of free groups and monoids is decidable.
Since then this result has been generalised in various ways. In [28] Schulz
generalised Makanin’s result to the case of systems of equations over a free
monoid with regular constraints, and in [6] Diekert, Gutierrez and Hagenah
showed the decidability of the compatibility problem for systems of equa-
tions over a free group with rational constraints. Using the latter result,
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Diekert and Lohrey show in [7] that the existential theory of a certain class
of graph products of groups is decidable. Furthermore in [8], the authors
show the decidability of the existential theory for an even wider class of
groups. A common feature of the results mentioned above is that that they
reduce the problem to the one for free groups with rational constraints.

One of the main applications of the decidability of the compatibility
problem for free groups is the decidability of the positive theory of the
respective group. In the case of free groups this is a very well known result.
In his paper [24], Merzlyakov performs quantifier elimination for positive
formulas over free groups by describing the Skolem functions. Then using
the result of Makanin, [22], one gets the decidability of the positive theory.

The aim of Sections 6 and 7 is to carry over the approach of Merzlyakov
and Makanin to the case of partially commutative groups.

In Section 6, we prove that any positive quantifier-free formula over a non-
abelian directly indecomposable partially commutative groups is equivalent
to a single equation. In order to do so we prove that

(i) for any finite system of equations S;(X) =1,...,5(X) = 1 one
can effectively find a single equation S(X) = 1 such that the al-
gebraic set defined by the equations S, ..., S, and by S coincide
for any non-abelian directly indecomposable partially commutative
group G,

(ii) for any finite set of equations S1(X) = 1,...,Sk(X) = 1 one can
effectively find a single equation S(X) = 1 such that the union of
algebraic sets defined by the equations Si,..., Sy coincides with
the algebraic set defined by S for any non-abelian directly inde-
composable partially commutative group G.

In the case of free groups, the first result is due to Malcev, see [23], and in
[22] Makanin attributes the second result to Gurevich. These results hold
in fact in a much more general setting (for groups that satisfy certain first-
order formulas), for example in [17] it is proven that this is the case for
torsion-free, non-abelian, CSA groups that satisfy the Vaught’s conjecture,
in particular, for all non-abelian fully residually free groups and torsion-
free hyperbolic groups. Note, that a non-abelian directly indecomposable
partially commutative group is almost never a CSA group. We generalise
the results of Malcev and Gurevich to the case of partially commutative
groups. The exposition in this section as well as in Section 7 is based on
[17]. As an immediate consequence of these results we get a normal form
for first order formulas over partially commutative groups (in fact, over a
much wider class of groups).
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In Section 7, we use the normal form for Van Kampen diagrams ob-
tained in Lemma 3.2 to describe the finite number of all possible cancella-
tion schemes for a given equation. This allows us to introduce the notion
of a generalised equation for partially commutative groups. Then we intro-
duce an analogue of the, so called, Merzlyakov words and perform quantifier
elimination for positive formulas over non-abelian directly indecomposable
partially commutative groups.

Theorem 7.8. If
G EVa13yr .. Vo dye(S(X, Y, A) = 1),

then there exist words (with constants from G) q1(z1), ..., qk(x1,...,2k) €
G[X], such that

G[X] ': S($17Q1(331)7- .. 7xkaqk(zla s 7':6167‘4)) = 17
i.e. the equation
S(xlayla"'axkaykaA) =1

(in variables Y) has a solution in the group G[X].

Our approach, therefore, is a natural analog of the classical approach of
Merzlyakov and Makanin to the positive theory of free groups and avoids
the technically involved language of constraints.

In particular, quantifier elimination gives a reduction of the decidabil-
ity of the positive theory of non-abelian directly indecomposable partially
commutative groups to the decidability of the compatibility problem of an
equation, which is known to be decidable, see [9].

Finally, in order to prove that the positive theory of any partially commu-
tative group is decidable, we need to study the positive theory of the direct
product of groups. In folklore, it is known that if G = Hy X --- X Hp, then
the positive theory of G is decidable if the positive theories of Hy, ..., Hy
are decidable. However, we were unable to find a reference till (when this
paper was already written) M. Lohrey pointed out that in [7], the authors
give a proof of this result. We present another proof of this fact in the
Appendix. The proof is purely model-theoretic and makes use of the ideas
of the proof of Theorem 8.13 which is due to Feferman and Vaught, see [16].

2. PRELIMINARIES

2.1. Partially commutative groups. We begin with the basic notions of
the theory of free partially commutative groups. Recall that a (free) partially
commutative group is defined as follows. Let I' be a finite, undirected, simple
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graph. Let A =V(T') = {ay,...,a,} be the set of vertices of I" and let F'(A)
be the free group on A. Let

R ={[a;,a;]€ F(A) | a;,a; € A and there is an edge of I' joining a; to a;}.

The partially commutative group corresponding to the (commutation)
graph IT" is the group G(I') with presentation (A | R). This means that
the only relations imposed on the generators are commutation of some of
the generators. When the underlying graph is clear from the context we
write simply G.

From now on A = {a4,...,a,} always stands for a finite alphabet, its
elements being called letters. We reserve the term occurrence to denote an
occurrence of a letter in a word. In a more formal way, an occurrence is a
pair (letter, its placeholder in the word).

For a given word w denote a(w) the set of letters occurring in w. For
a word w € G, we denote by w a geodesic of w. For a word w € G define
A(w) to be the subgroup of G generated by all letters that do not occur in
w and commute with w. The subgroup A(w) is well-defined (independent
of the choice of a geodesic W), see [15]. An element w € G is called cyclically
reduced if the length of w? is twice the length of .

For a partially commutative group G consider its non-commutation graph
A. The vertex set V of A is a set of generators A of G. There is an edge
connecting a; and a; if and only if [a;,a;] # 1. The graph A is a union of
its connected components I1,...,I;. Then

(1) G =G() x - x G(I)).

Consider w € G and the set a(w). For this set, just as above, consider
the graph A(a(w)) (it is a full subgraph of A). This graph can be either
connected or not. If it is connected we will call w a block. If A(a(w)) is not
connected, then we can split w into the product of commuting words

(2) w:wjl'wjé'“wjt;jl?"'ajteja

where |.J| is the number of connected components of A(a(w)) and the word
wj, involves letters from the j;-th connected component. Clearly, the words
{wj,, ..., wj,} pairwise commute. Each word wj,, i € 1,...,tis a block and
so we refer to presentation (2) as the block decomposition of w.

An element w € G is called a least root (or simply, root) of v € G if
there exists an integer 0 # m € Z such that v = w™ and there does not
exists w’ € G and 0 # m’ € Z such that w = w'™ . Tn this case we write
w = /v. By [11], partially commutative groups have least roots, that is the
root element of v is defined uniquely.
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The following proposition reduces the conjugacy problem for arbitrary
elements of a partially commutative group to the one for block elements.

Proposition 2.1 (Proposition 5.7 of [15]). Let w = w;y - wa---wy and
v =w1 Vg Vs be cyclically reduced elements decomposed into the product
of blocks. Then v and w are conjugate if and only if s =t and, after some
certain index re-enumeration, w; is conjugate to v, i =1,... t.

Corollary 2.2. Letw = w}* -wh? ---w}* andv =v'* vk - vl be cyclically

reduced elements decomposed into the product of blocks, where w; and v;

are root elements, l;,r; € Z, 1 =1,...,t, 5 =1,...,5. Then w and v are
congugate if and only if s =t and, after some certain index re-enumeration,
r; = l; and w; is conjugate to v;, 1 =1,...,t.

The next result describes centralisers of elements in partially commuta-
tive groups. As the definition of “being a domain” relies on the structure
of centralisers, we shall make substantial use of the following theorem.

Theorem 2.3 (Centraliser Theorem, Theorem 3.10, [11]). Letw € G be a
cyclically reduced word, w = vy ... v be its block decomposition. Then, the
centraliser of w is the following subgroup of G:

Cw) = (Vor) x -+ x (/i) x Aw).
Corollary 2.4. For any w € G the centraliser C(w) of w is an isolated

subgroup of G, i.e. C(w) = C(y/w).

2.2. Algebraic Geometry over Groups. In this section we recall basic
notions of algebraic geometry over groups, see [1] for details.

Let G be a group generated by a finite set A, F(X) be a free group with
basis X = {z1,22,...2,}, G[X] = G * F(X) be the free product of G and
F(X). A subset S C G[X] is called a system of equations over G. As an
element of the free product, the left side of every equation in S = 1 can
be written as a product of some elements from X U X ! (which are called
variables) and some elements from A C G (constants).

A solution of the system S(X) =1 over a group G is a tuple of elements
J1s-- -5 9n € G such that every equation from S vanishes at (g1,...,9n), i.€.
S(g1,---,9,) = 1 in G. Equivalently, a solution of the system S = 1 over
G is a G-homomorphism ¢ : G[X] — G such that S C ker(¢). Denote
by ncl(S) the normal closure of S in G[X], and by Gg the quotient group

G[X]/ncl(S)- Then every solution of S(X) = 1 in G gives rise to a G-

homomorphism Gg — G, and vice versa. By V5 (S) we denote the set of all
solutions in G of the system S = 1 and call it the algebraic set defined by S.
Normal subgroup of G[X] of the form

R(S) = {T(X) € GIX] | VA€ G"(S(A) =1 — T(A) = 1)}
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is called the radical of the system S. Note that S C R(S). There exists
a one-to-one correspondence between algebraic sets Vi (S) of systems of
equations in G[X] and radical subgroups.

The quotient group
“Xres)
is called the coordinate group of the algebraic set Vi (S), and every solution
of S(X) =1in G is a G-homomorphism G sy — G.

A G-group H is called G-equationally Noetherian if every system S(X) =
1 with coefficients from G is equivalent over G to a finite subsystem Sy = 1,
where Sy C S, i.e. the systems S and Sj define the same algebraic set. If G is
G-equationally Noetherian, then we say that G is equationally Noetherian.
If a G-group H is equationally Noetherian every algebraic set V in G™ is a
finite union of irreducible components of V.

Let H and K be G-groups. We say that a family of G-homomorphisms
F C Homg(H, K) G-separates (G-discriminates) H into K if for every non-
trivial element h € H (every finite set of non-trivial elements Hy C H) there
exists ¢ € F such that h® # 1 (h? # 1 for every h € Hp). In this case we
say that H is G-separated (G-discriminated) by K. In the case that G = 1,
we simply say that H is separated (discriminated) by K.

A G-group H is called a G-domain if for any x,y # 1 there exists g € G
such that [z,y?] # 1. In the case that G is G-domain, we say that G is a
domain.

GRr(s) =

3. VAN KAMPEN DIAGRAMS

In this section we present some preliminary results on Van Kampen di-
agrams. We refer the reader to [3] and [27] for a more detailed account on
van Kampen diagrams. Our aim here is to review some basic notions and
techniques and apply them to the particular case of partially commutative
groups.

3.1. Van Kampen Diagrams in Partially Commutative Groups. By
van Kampen’s Lemma (see [3]) the word w represents the trivial element
in a fixed group G given by the presentation (A | R4) if and only if there
exists a finite connected, oriented, based, labeled, planar graph D where
each oriented edge is labeled by a letter in A*!, each bounded region (cell)
of R? \ D is labeled by a word in R4 (up to shifting cyclically or taking
inverses) and w can be read on the boundary of the unbounded region of
R2\ D from the base vertex. Then we say that D is a van Kampen diagram
for the boundary word w over the presentation (A | Ra). If w =uv™! =¢ 1
we say that D is a van Kampen diagram realising the equality v = v. In
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the event that a van Kampen diagram D realises the equality w = w we say
that D is a geodesic van Kampen diagram for w.

Any van Kampen diagram can also be viewed as a 2-complex, with a
2-cell attached for each bounded region (see Figure 1).

We shall further restrict our considerations to the case when G is a par-
tially commutative group.

Following monograph [27], if we complete the set of defining relations
adding the trivial relations 1-a = a-1 for all @ € A, then every van Kampen
diagram can be transformed so that its boundary is a simple curve. In other
words, as a 2-complex the van Kampen diagram is homeomorphic to a disc
tiled by cells which are also homeomorphic to a disc (see Figure 1). We
further assume that all van Kampen diagrams are of this form.

base point

base point

FIGURE 1. van Kampen diagram and non-singular van
Kampen diagram for w = caba=*b~1c™! over (a, b, c|[a, b] =

1.

Let D be a van Kampen diagram for the boundary word w. Given an
occurrence a in w, there is a cell C' in the 2-complex D attached to a. Since
every cell in a van Kampen diagram is either labelled by a relation of the
form a='b~'ab or is a so-called 0-cell, i.e. a cell labelled by 1-a = a-1, there
is just one occurrence of a and one occurrence of a~! on the boundary of
C.

Since D is homeomorphic to a disc, if the occurrence of ! on the bound-
ary of C' is not on the boundary of D, there exists a unique cell C' # C
attached to this occurrence of a=! in D. Repeating this process, we obtain
a unique band in D.
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Because of the structure of the cells and the fact that D is homeomorphic
to a disc, a band never self-intersects; indeed, since D is homeomorphic to a
disc, the only way a band can self-intersect is shown in Figure 2. But then,

the cell corresponding to the self-intersection of the band is labelled by the

word aaa" ‘a1

base point

FIGURE 2. Bands do not self-intersect

Then, since the number of cells in D is finite, in a finite number of steps
the band will again meet the boundary in an occurrence of a=! in w (see
Figure 3).

band L, ,///\ \\ band L,

base point

FIGURE 3. Bands in a van Kampen diagram

We will use the notation L, to indicate that a band begins (and thus
ends) in an occurrence of a letter a € A*!,
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Remark 1.

e If two bands L, and L; cross then the intersection cell realises the
equality a='b~tab =1 and so a # b and [a,b] = 1 (see Figure 3).

e Every band L, gives a decomposition of w in the following form
w = wlawga’lwg.

Lemma 3.1. Let G be a partially commutative group. A word w in G is not
geodesic if and only if w contains a subword aBa™' such that [a,a(B)] =1,
a € AT if and only if there exists a geodesic van Kampen diagram for w
that contains a band L, with both ends in w.

A proof of this lemma can be found in [29].

It is known (see [15]) that if a word w represents the trivial element in G,
it can be reduced to the empty word using commutation relations of letters
and free cancellation. Moreover this reduction process of w to the empty
word is independent of the order in which the letters are freely cancelled.

Lemma 3.1 reflects a consequence of a deeper fact: there exists a one-to-
one correspondence between van Kampen diagrams for w and procedures of
reductions of w to the empty word. Indeed, let D be a van Kampen diagram
for the boundary word w. Every band L, gives a decomposition of the form
w = wl,aawgﬂa*lw&a. Let L, be a band such that the length of ws 4 is
minimal. Hence, every band L; with an end in an occurrence b in wy , can
not have the other end in an occurrence b=! in wsy q. Thus for every occur-
rence b in we 4 the band L, crosses the band L, and hence [a, a(w2,q)] = 1.
This implies that w = w17aaw27aa_1w37a = wl,awgyaaa_lwg,a and thus there
exists a process of reduction of w to the empty word in which the occurrence
a is cancelled with the occurrence a=!. Collapsing the band L, in D we get
a van Kampen diagram D’ for the boundary word w’ = w1 4ws, w3 4, DOte
that the number of cells in D’ is lower than the number of cells in D. The
statement follows by induction.

Conversely, if w represents the trivial element in G, w can be written in
the form w = wyawga™ w3 where a € A*! and [a, a(ws)] = 1. Construct a
|w|-polygon, designate a point, and orient and label its edges so that starting
from the designated point and reading clockwise (or, counterclockwise) one
reads w. To every edge labelled by an occurrence ws; from wy we attach a
cell labelled by awgia_lwz_il. Identifying, as appropriate, the edges labelled
by a*! we get a band L, with ends in a and a~ ", see Figure 4. We thereby
get a (Jw| — 2)-polygon with the boundary word w’ = wywsws and thus, by
induction, the van Kampen diagram is constructed.

If either in a geodesic van Kampen diagram for w both ends of a band
L, lie in w or equivalently, if the occurrences a and a~! freely cancel each
other in a reduction process of the word w to the empty word, we say that
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designated point

Ficure 4. Constructing a van Kampen diagram by a
process of reduction

the occurrence a cancels with a~'. Otherwise, if one of the ends of the band
L, is in an occurrence of @ in w and the other is in an occurrence of a~! in
w, we say that a does not cancel.

3.2. Cancellation in a Product of Elements. We now consider in de-
tail van Kampen diagrams corresponding to a product of k geodesic words
wy - w = 1.

By Lemma 3.1 for any van Kampen diagram D of w; ---w, = 1 every
band with an end in w; has its other end in wy, j # 14, 4,5 =1,...,k.

Since every occurrence in w; cancels, there is a band with an end in a
given occurrence a of wy and another end in w;, 1 < ¢ < k. Then for any

occurrence b in w; such that

e b is to the right of a, i.e. w1 = wjaw!bw]" and

e the band L; with an end in the occurrence b has its other end in
Wy, 7>,
the bands L, and L, cross and thus [a,b] = 1 in G, see Figure 3.2. Therefore
the word w; equals the following geodesic word w; = w} ---w?, where the
band with an end in any occurrence of w} has its other end in w;.
A similar argument for w; shows that w; admits the following geodesic
presentation (see Figure 3.2):

-1 1,k I+1
wl:wl wlwlwl s

where the band with an end in any occurrence of wf has its other end in w;.
We summarise the above discussion in the following lemma

Lemma 3.2. Let G be a partially commutative group, let wy, ... wy be ge-
odesic words in G such that wy ---w, = 1. Then there exist geodesic words
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w{, 1 <i,5 < k such that for any 1 < I < k there exists the following
geodesic presentation for w;:

-1 1,k I+1
wliwl .q.wlwl.a.wl ,

where w} = wﬁfl

Corollary 3.3. Let G be a partially commutative group, let wq,...wy,v
be geodesic words in G such that wy ---wy = v. Then there exists geodesic
words Uy, wf, 1 <i,5,m <k such that for any 1 <[ < k there exists the
following geodesic presentation for wy:

-1 1, .k I+1
wp=w; o wpuwy e wy

1—1

where w; = w; ~ and vy --- v = .

4. PARTIALLY COMMUTATIVE GROUPS AND DOMAINS

It is well-known that free groups are domains. The key point of the proof
(which relies on the fact that free groups are CSA) is that for a,z,y € F,
x #£1:

if [z,y] =1,[z,y?] =1, then y € C(a).
Therefore, to see that free groups are domains it suffices to apply the above
argument for two elements a and b such that C(a) N C(b) = 1.

Although, directly indecomposable partially commutative groups are not
CSA, using the description of centralisers, in Section 4.2 we prove that for
a,z,y € G, such that x # 1 and C(a) is cyclic:

if [z,y] = 1,[z,y?] = 1, then either y € C(a) or x € A(y?).

The aim of Section 4.1 below is to find an element A € G with cyclic
centraliser for which A(y4) = 1. More precisely, we prove that for any
a € G, such that C(a) is cyclic, the element A = a?°4m(©)+2 possesses this
property. Hence, for a,z,y € G, such that  # 1 and C(a) is cyclic:

if [z,y] = 1,[z,y?] = 1, then y € C(A).
4.1. Cancellation and Conjugation.

Definition 4.1. We treat the graph A as a metric space with the metric
d being the path metric. Let y be a vertex of A, define adj(y) to be {v €
A | d(v,y) <1}, i.e. the closed ball of radius 1 centered at y. For a subset
Y CA setadj(Y)={veA ] dw,y) <1 for somey e Y}
We set
adj” (y) = adj(adj(. .. adj(y) . ..)),

n times
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thus adj"(y) = {v € A | d(v,y) < n} is the closed ball of radius n centered
at y. Similarly adj"(Y), ¥ C A is just an n-neighbourhood of Y in A,
adj" (V) ={ve A | d(v,y) <n for some y € Y}.

Let A; be a subgraph of A. Then by adj(Y)a, we denote the following
set adj(Y)a, = adj(Y) N A;.

We shall further use the notion of centraliser dimension cdim(G) of a
group G (see Definition 4.2 below), an interested reader may consult [12,
13, 26] and references there for a detailed discussion of this notion.

Definition 4.2. If there exists an integer d such that the group G has a
strictly descending chain of centralisers

Co>C1>--->0Cy

of length d and no centraliser chain of length greater than d then G is said
to have centraliser dimension cdim(G) = d. If no such integer d exists we
say that the centraliser dimension of G is infinite, cdim(G) = oco.

All partially commutative groups have finite centraliser dimension, [13].

Lemma 4.3. Let G be a directly indecomposable partially commutative
group, y € A then

adedim(G) (y) _ 147
i.e. the diameter diam(A(G)) of A(G) is less or equals cdim(G).

Proof. The group G is directly indecomposable, hence the non-commutation
graph A(G) is connected. Therefore for any pair of vertices g,h € V(A)
there exists a path p of minimal length connecting them. We claim that the
length of p is less or equals cdim(G).

Let p = (9o = ¢,91,.--,9- = h). The path p gives rise to a strictly
descending chain of centralisers of length 7:

G > C(go) > C(go,gl) > > C(go, . ,gr_g) > C(go, C 7gr—1)~

Indeed, to see that each of the inclusions above is strict we use the minimal-
ity of the path p. Suppose C(go,-..,9i—1) = C(go,-.-,g;) for some 1 <i <
r — 1, then since g;+1 ¢ C(go,...,g:) we also have g;11 ¢ C(go,..-,gi—1)-
So there exists 0 < j < 4 — 1, such that g; does not commute with g1,
thus the distance between them is 1. Then (go, 91, ---,9j,Gi+1,---,9r) IS a
shorter path from g to h, contradicting the minimality of the path p.

As the length r of any strictly descending chain of centralisers is
bounded by cdim(G), so is the distance between any two points in A, so
adedim(G) (9) = A. O



16 M. CASALS-RUIZ AND I. KAZACHKOV

Remark 2. Note that the equality diam(A(G)) = e¢dim(G) can be attained.
Set G to be, for example, the partially commutative group whose non-
commutation graph is a path with an odd number of vertices.

Given two geodesic words w,v € G, if the product wv is again geodesic
we write wov. Let g € G be a geodesic word. We refer to the decomposition
g=g10g20g; ", where gy is cyclically reduced as the cyclic decomposition
of g.

Given a word g™ we write ¢(*) when we refer to the i-th factor ¢ in the
product ¢" = g---g. Similarly, given an occurrence a in g we write a(?,
1 <4 < n to indicate that the occurrence a is in g(i).

Lemma 4.4. Let g, z € G be geodesic and g = g1ags, a € AL, Let D be a
geodesic van Kampen diagram for gz. If the occurrence a does mot cancel,
neither does any occurrence b in gy that belongs to adj(a).

Proof. If a does not cancel, the band L, with an end in a has the other end
in gz. Then, for any b € ¢g; that cancels, the correspondent band L; has
one end in b and the other in an occurrence b~' in z. Hence the band L,
crosses the band L,. By Remark 1, b # a and [b,a] =1, so b ¢ adj(a). O

Corollary 4.5. Let g,z € G be geodesic and let g = grags be a cyclically
reduced block, a € A*'. Let D be a geodesic van Kampen diagram for
29 = gzg~'. If the occurrences a in g and the corresponding occurrence a ™t
in g~% do not cancel, then neither does any occurrence b in g, b € adj(a),
and the corresponding occurrence b= in gfl.

Corollary 4.6. Let g, z € G be geodesic and let g be a cyclically reduced
block. Let D be a geodesic van Kampen diagram for gz. If there exists an
occurrence a in g that does not cancel, then ¢g¢im©+ly = go 2/ ie. no
occurrence in g™ cancels.

Proof. Let a be an occurrence of g that does not cancel in gz. Since
geim(©)+1 5 geodesic, the occurrence a(¢4m(E)+1) i g(edim(©)+1) {does not
cancel.

Since g is a block, by definition, the graph A(a(g)) is connected, i.e. the
subgroup generated by a(g) is a directly indecomposable partially commu-
tative group. Thus, applying Lemma 4.3 to this subgroup and using the
fact that the centraliser dimension of (a(g)) is less or equals the centraliser

dimension of G (see [12]) we get that adj(a)(f(ior?((g; = a(g).

Recursively applying Lemma 4.4, we get that no occurrence in ¢ that
belongs to adjg?il(?)(;g )H)ﬂ)(a) cancels. Therefore, no occurrence from g

cancels in gedim(©)+1 O
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Corollary 4.7. Let g, z € G be geodesic and let g be a cyclically reduced
block. Let D be a geodesic van Kampen diagram for z9 = gzg~'. If there
exists an occurrence a in g, such that a and the corresponding occurrence

1 _ cdim(G)+1 B
a=tin g=! do not cancel, then 29 ):goz'og L

Proof. The proof is analogous to the one of Corollary 4.6 ]

Definition 4.8. Let z € G be a cyclically reduced word and g € G be so
that z = g=! 0 21 (in the terminology of [15], g~ ! is called a left-divisor of
z). We say that the word gzg—! = 297! is a cyclic permutation of z.

Conjugating a cyclically reduced word z one gets a conjugation of a cyclic
permutation of z. In particular, all letters of z appear in a geodesic z9 for
any g € G. A more precise description is given in the following lemma.

Lemma 4.9. Let z,9 € G and let z be cyclically reduced. Then there exist
decompositions:

g=gmxn"t, z=z1232, where [21, 2] =1,
such that z9 = ho zez3z1 0h™1, h is a left-divisor of g' (perhaps trivial) and
z22321 18 a cyclic permutation of z.

Proof. Let z; be the maximal (where maximum is taken over all geodesic
words representing g and z) common initial subword of z and g~!, i.e.
2z =22}, g = g1z; . Note that such z; exists and is well-defined, in [15]
the authors call it the left greatest common divisor of z and g~!. Similarly,
let zo be the right greatest common divisor of z and g, i.e. z = 2}z,
g = g2z2. Then zl_l and z9 are both right divisors of g. Let d be the
right greatest common divisor of 2z Uand z. By Proposition 3.18 of [15],
27l = did, 2z = dod and g = ¢'dad;'d, where a(d;) N a(dy) = @ and
[a(dy),(d2)] = 1. Since z is cyclically reduced, it follows that d = 1.
Hence, 21 1= di, 25 I = d, and the lemma follows. O

In general, let z = wlwgwfl be the cyclic decomposition of z € G. Then
all the letters from wy appear in the geodesic 29 for any g € G. Indeed, we
think of 29 as conjugating a cyclically reduced element ws by an element

1/
g eG.

Lemma 4.10. Let z,g € G, let z be cyclically reduced, g be a block and let
[2,9] # 1. Furthermore, suppose that g=! does not left-divide z and 2~ 1.
Then 29 = gzg~! = g1 02 o gfl, where g1 # 1 is a left-divisor of g, i. e.
there exist occurrences | in g and, correspondingly, I=' in g~—' that do not
cancel.



18 M. CASALS-RUIZ AND I. KAZACHKOV

Proof. Assume the contrary, then, in the notation of Lemma 4.9, 2123209 =
292371. By and in the notation of Corollary 3.3, we can write g, z and g~ *
as follows: g = vywiw?, z = wivows, g~ = wiwivs. By construction of
21, 22, 23 and g1 (see proof of Lemma 4.9) it follows that zo = w3, 23 = vy,
z1 = wg’ and g = Zzglzl_l, Z = 212329, g ' = z;lgl_lzl. If g7 = 1, then
g = z129 is not a block element by Lemma 4.9. We now assume that g; # 1.
Equating the two expressions for g we get

-1 1 -1 -1
2012 = (29 91 21) =21 G122,

hence [g1, 2122] = 1. Since 2129 = 21029 and [21, 23] = 1, by Theorem 2.3 we
get [g1,21] = [g1,22] = 1. Then ¢ is not a block element — a contradiction.
O

We now record some basic properties of A(w) which we shall use later.
Given z,y € G the following hold:

(A) z € A(y) if and only if y € A(x);
(B) if a(z) C a(y) then A(y) < A(x);
(C) if the centraliser of  is cyclic then A(x) = 1.

Lemma 4.11. Let g € G be a cyclically reduced block and let z = 212221_1
be the cyclic decomposition of an element z € G. Suppose that g~* does not
left-divide z, 2%, 2y and 25", and [g,2] # 1. Then one has L7

e cdim(G)+1 1
g oz [¢] .

Proof. Consider the product ¢(°d™(©+1) 2, then no occurrence in ¢(!) can-
cels. Indeed, since g does not left-divide z—!, there is an occurrence in ¢ that
does not cancel in gz;. Applying Corollary 4.6, we get that no occurrence
in g™ cancels in g(¢4™(©)+1) 2, We thereby get g(cdim(@)+1) 2 = gog 0 2),
where 2] is a right-divisor (may be trivial) of z; and ¢’ is a left-divisor of
gcdim(G)'

Notice that since a(g’) C a(g) and g is a block, we get on the one hand
that gg’ is a block and on the other that for any occurrence a in g’ there
exists an occurrence b in g such that b € adj(a).

If [29,9] # 1 (or [21,¢'] # 1) then there exists an occurrence a in g (or

in ¢') that belongs to adj(c(z})). Since no occurrence in 2z} and in 2} '

cancels in zgg /zi, by Corollary 4.5 neither does the occurrence a in g (or in
g'), and, correspondingly a=! in g~ (or in g’fl). If a is an occurrence in
g’, then there exists an occurrence b in g that belongs to adj(a), and so by
Corollary 4.5 this occurrence b in ¢ and the corresponding occurrence b~*

in g~! do not cancel. Hence, in any case, there exists an occurrence in g
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1\ 9
that does not cancel in ((zz)g Z‘) . Therefore, by Corollary 4.7 we get that
s N (gEtm @y
((Zz)g Zl) =gozog™!
and thus

dim (G
gZedim@®+1) g(edim(@®+1) (g°H™ (@)
z = ( (22

2 cdim(G) _
=go2z9 og !

/

Assume now that [21,9] = 1 and [21,¢] = 1. If [g9’,22] # 1 or
[9%g’, z2] # 1, since gg' (correspondingly, g%g’) is a block, by Lemma 4.10,
there exists an occurrence a in gg’ (in g?¢’, correspondingly), such that a
and the occurrence a~! in (gg’)~! (in (gzg’)_l) do not cancel in zggl (in
25929/)). If a is an occurrence in ¢, then there exists an occurrence b in g
(in ¢2) that belongs to adj(a), and thus by Corollary 4.5 this occurrence b
in g (in g?) and the corresponding occurrence b=! in g=! (in g=2) do not
cancel.

Now, by Corollary 4.7 we get

I\ gledim(@®)+2)
g _ ;-1
<22 ) =gozy,og
and thus

. cdim(G)
g(z edim(6)+2) g(cdlm(G)+2)z1 (g )
z = ((22)

cdim(©)

= ()

’
im z
g (g°dim(® 12)\ 1 g2 edim(@)+1 1
= { ((22) =goz og .
g

Finally, suppose that [21,g] = 1, [21,9'] = 1, [9¢/, 22] = 1 and [g%¢/, 22] =
1. We have ¢godim@+2 — ¢4
[

d € (y/g) and so [d,z]] =
the assumption that z = zg is geodesic. Thus, we may assume that
g ¢ (/9)- In this case since a(g') C a(g), [g,¢'] # 1 and g is a block,
by Theorem 2.3, from [g, 2]] = [¢/,21] = 1 follows that a(g) C A(z]) and
from [gg’, 22] = [g%¢’, 22] = 1 follows that a(g) C A(z2). Since a(d) C a(g),
we have [d, 2]] = [d, 23] = 1 — a contradiction with the assumption that

—1_
21

2o0g' od, zy =d oz If ¢ € ({/g), then
d,z5] = 1. This derives a contradiction with

—1_
Z1

Z =2 is geodesic. O

Remark 3. A more subtle argument shows that the exponent 2 cdim(G) + 2
in Lemma 4.11 can be replaced by c¢dim(G).

Corollary 4.12. Let g € G have cyclic centraliser. Then for any ele-
ment z € G such that g~' does not left-divide z, 2=, z, and 22_1, one has

A(Z(92 cdim(G)+2)) -1
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Proof. Let g = g19291 ! be the cyclic decomposition of g. We prove that no
occurrence of gél) cancels in 2(9° Cd'm(u)”), therefore, by properties (B) and
(C) of A, we get A(z9” Cd]m(GHz)) CA(g) =1.

By Lemma 4.11, no occurrence in gél) cancels in (zglfl)(

Then, since
g2cdim(G)+2 91
2 cdim(G)+2 -1\ 92
Z(g ) = (Zgl ) s

(1
no occurrence in gé ) cancels.

2 cdim(G)+2
2

O

Corollary 4.13. Let g € G have cyclic centraliser. Then for any element
z € G such that A(z) # 1 one has A(z(gzcmm(m”)) =1.

Proof. If g1 left-divides z*! or zzﬂ, by property (B) of A, we get that
A(z) CA(g) =1. O

Remark 4. In Lemma 4.11, Corollary 4.12 and Corollary 4.13 we impose
the condition that g~' does not left-divide z, z=1, 2o and z; ', because we
seek the bound 2 cdim(G) + 2 on the number of times one has to conjugate
z by g. The reason for this is that the notion of centraliser dimension
is axiomatisable using (existential) first-order formulas, [12] (we refer the
reader to Section 6 for consequences of this result). If one does not impose
this condition, Lemma 4.11 could be rephrased as follows.

Lemma. Let g € G be a cyclically reduced block, then for any element z € G
N N-—1
there exists N € N such that 209°) = go 29" ") o g™

4.2. Criterion to be a Domain.

Proposition 4.14. Let G be a non-abelian directly indecomposable partially
commutative group. Let g € G have cyclic centraliser, v,y € G, z,y # 1 be
such that [x,y] =1 and [x,y(gzcmm(mw)] =1. Then C(z) = C(y) = C(g).

Proof. Let x = wxi' ... x};"'wfl, where 1, ...,z are cyclically reduced root
elements such that z7*,...,2;* are the blocks of zv " and T1y...,Tk € Z.
Since [z,y] = 1, by Theorem 2.3, after a certain re-enumeration of indices,
we may assume

(3) y=wzi' ...z 2w,

where z € A(zy...24), 0 <1l <k and sy,...,8 €Z. Thus,

(2 cdim(G)+2)

2 cdim(G)+2 : 1
(4) yl9 ) = gPedim(@)+2y) 75 callzwT g .
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2 Cdim(G)+2)]

Since [,y = 1 applying Theorem 2.3 once again, we get

(g2 cdim(G)+2) _ t ;1

tm
(5) y w2 wT

where 2’ € A(zy...2), 0 < m < k and ty,...,t, € Z. Equating (4) and
(5), we get

—1 20dim(G)+2w

s wlyg ot b )
(6) (... 2] 2) =z
Suppose that [ > 1. Then by Corollary 2.2, I = m and for any ¢ € {1,...,1}
there exists j € {1,...,m} such that a(z,) = a(x;;), s4 = t; and z, is

conjugated to z;, by w=lg2edim(@)+2y,

Since a(z4) = a(x;,), and since x, and z;; are cyclically reduced root
s t —1
elements whose powers x,* and T are blocks of the same word z(* "), we

—1
get that x, = x;, for all 1 < ¢ <, i.e. y“’_1 and (y(ghdlm(mm))w have
the same blocks.
From the above it follows that
w—lgZedim@+2,,

xq :xij :l'q,

i. e. z, commutes with w1 g?cdim(€)+2
2 cdim(G)+2

w. Since the centraliser of g is cyclic,

so is the centraliser of w™!g w and thus, so is the centraliser of z,.

—1 —
More precisely, C(z,) = C(g?cim(@+2)" = ()" '

Since x4 has cyclic centraliser, v and wa1 both have a unique block;
furthermore, since z € A(z,) by property (A) of A, z is trivial. Therefore,
2=y = (a3")® and s0 C(2) = C(y) = Cla,)” = Clg).

Suppose next that [ = 0. We prove then that z is trivial contradicting
the assumption. Equations (3) and (6) rewrite as follows

y=wzw ! and 2’ = P

Notice that since z,z’ € A(x;...x;) by property (C) of A we get that
x1,..., 2K € A(2) NA(2'). Therefore, if either A(z) or A(z) is trivial, so
is z. Assume A(z) is non-trivial. Since the centraliser of w™!gw is cyclic,
Corollary 4.13 applies to 2/ = (W gw)? ™% ip g A(2') = 1 and so
x =1 g

Corollary 4.15. Let G be a non-abelian directly indecomposable partially
commutative group. Let a,b € G be elements with cyclic centralisers and
such that C(a) N C(b) = 1. Then for any solution x,y € G of the system

[yl =1, ey =1 [y =,

eitherx =1 ory =1.
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Proof. Applying Proposition 4.14 for the triples z, y, a and z, y, b we get that
if x 21 and y # 1, then C(z) = C(y) = C(a) and C(x) = C(y) = C(b)
— a contradiction with C(a) N C(b) = 1. Note, that the elements a and
b satisfying the assumption of the corollary exist (it suffices to take two
distinct block elements such that [a,b] # 1 and a(a), a(b) = A). O

Theorem 4.16 (Criterion for a partially commutative group to be a do-
main).

A partially commutative group G is a domain if and if G is non-abelian and
directly indecomposable.

Proof. Since the direct product of two non-abelian groups is never a domain,
see [1, 18], the result follows immediately from Corollary 4.15. O

Note that Corollary 4.15 shows in fact that any non-abelian directly
indecomposable partially commutative group is a domain with respect to
only two elements a2 c4im(©)+2 gpd p2cdim(©)+2 which are independent of the
choice of z and y (in the notation of the definition of domain).

Theorem 4.17. Let G be a non-abelian directly indecomposable partially
commutative group. Then G[X] is G-discriminated by G.

Proof. The group G[X] is a non-abelian directly indecomposable partially
commutative G-group, thus by Theorem 4.16, G[X] is a domain. By Theo-
rem C1 from [2], it suffices to prove that G[X] is G-separated by G.
Without loss of generality, we may assume that X = {z}. Take an
element w € G[X], w = g12*1 gy --- gz g, 1, where g; € G, go,...,q1 # 1.
Take a € G such that a satisfies the assumptions of Lemma 4.11. Consider
the homomorphism ¢, : G[X] — G, defined by z + ¢*cdm@+5 By

Lemma 4.11,
Qﬁa(xkigi+1xki+1) =a ° gz/‘—l-l o aki+1~(20dim(G)+3)'

Therefore it follows (by induction on the length of w) that ¢, (w) # 1. O

ki-(2 cdim(G)+3)

Corollary 4.18. Let G be a non-abelian directly indecomposable partially
commutative group. Then the group G[X] is universally equivalent to G
(both in the language of groups and in the language L enriched by constants
from G).

Proof. Follows from Theorem C2 in [1]. O

Corollary 4.19. Let G be a non-abelian directly indecomposable partially
commutative group. Then

GEVX(UX)=1) & G[X] EUX)=1,

i.e. only the trivial equation has the whole set G™ as its solution.
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Proof. Since G[X] is G-discriminated by G, if the word U(X) is a non-trivial
element of G[X], then there exists a G-homomorphism ¢ : G[X] — G such
that U? # 1. Then U(X?) # 1 in G — a contradiction. O

5. APPLICATIONS TO ALGEBRAIC GEOMETRY

The results and exposition of this section rely on paper [18]. We re-
call here some necessary definitions and restate some results in the case of
partially commutative groups. We refer the reader to [18] for details and
omitted proofs.

A group code C is a set of formulas

(7) C={U(X,P), E(X,Y,P), Mult(X,Y, Z, P), Inv(X,Y, P)}

where X, Y, Z, P are tuples of variables with | X| = |[Y| = |Z]|. If P = () then
C is called an absolute code or 0-code.

Let C be a group code, H be a group, and B be an |P|-tuple of elements
in H. We say that C' (with parameters B) interprets a group C(H, B) in
H if the following conditions hold:

1) the truth set U(H, B) in H of the formula U (X, B) (with parame-
ters B) is non-empty;

2) the truth set of the formula F(X,Y, B) (with parameters B) defines
an equivalence relation ~p on U(H, B);

3) the formulas Mult(X,Y, Z, B) and Inv(X,Y, B) define, correspond-
ingly, a binary operation (Z = Z(X,Y)) and a unary operation
(Y =Y (X)) on the set U(H, B) compatible with the equivalence
relation ~pg;

4) the set of equivalence classes UH aB)/NB forms a group with
respect to the operations defined by Mult(X,Y,Z, B) and
Inv(X,Y, B). We denote this group by C(H, B).

We say that a group G is interpretable (or definable) in a group H if
there exists a group code C' and a set of parameters B C H such that
G ~ C(H,B). If C is 0-code then G is absolutely or 0-interpretable in H.
The following two types of interpretations are crucial. Let G be a definable
subgroup of a group H, i.e., there exists a formula U(z, P) and a set of
parameters B C H such that

G={g9eH|H[EU(gB)}
Then G is interpretable in H by the code

Co={U(z,P),z =y, 2y =zy=a'}
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with parameters B. If in addition G is a normal subgroup of H then the
code
Chie ={z =2, 3@ =y AU(v,P)),z =ay,y =2}

interprets the factor-group H /G in H with parameters B. Every group code
(7) determines a translation T which is a map from the set of all formulas
Fr, in the language L into itself. We define T by induction as follows:
1) To(z = y) = E(X, Y, P);
2) Te(ry = 2) = Mult(X,Y, Z, P) and To(z~ ! = y) = Inv(X, Y, P);
3) if ¢,¢p € Fr and o € {A,V,—} then
To(dpoy) =Te(d) o Te(v) and To(=p) = —To(d);
4) if ¢ € F, then
Te(Fzé(x)) = IX(U(X, P) NTe(d)),
To(Vag(x)) = VX(U(X, P) — To(d)).
Observe, that the formula T (¢) can be constructed effectively from ¢.
Any partially commutative group is a direct product of finitely many
non-abelian directly indecomposable partially commutative groups and its
centre Z(G), Z(G) ~ ZF, k € N. This decomposition is unique up to a
permutation of factors. We refer to them as (direct) components of G.

The centre Z(G) is a normal subgroup and a definable subset of G. It is

the truth set of the following formula

Oz(x) : Vyla,yl =1,
thus Z(G) is O-interpretable in G. Consequently, as shown above, the quo-
tient G/Z(G) is interpretable in G.

Therefore, to work with partially commutative groups from model-
theoretic viewpoint, it suffices to consider free partially commutative groups
with the trivial centre.

Let G be a partially commutative group without centre. As men-
tioned above, in this event G is a direct product of directly indecompos-
able partially-commutative groups, which, in turn are domains by Theorem
4.16. Thus Theorem A and Corollary A of [18] apply and can be restated
as follows.

Theorem A (cf. [18]). Let G be a partially commutative group with trivial
centre. Then for each component G; of G its elementary theory Th(G;) is
interpretable in the group G.

Corollary A (cf. [18]). Let G be a partially commutative group and let
G=Gy x: - xG, xZ", where G; is a non-abelian directly indecomposable
partially commutative group, i = 1,...,n. Then the following hold:
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1) If G = H then H is also a finite direct product of domains and the
centre Z(H), and if

G=Gy1x...xG,xZ", H=H; x...xHp, xZ(H);

are the corresponding decompositions for G and H, then n = m,
Z(H)=7" and G, = H; (after suitable re-ordering of the factors);

2) Th(G) is decidable if and only if Th(G;) is decidable for every
1=1,...,n.

Theorem B ([18]). Let H be a minimal subdirect product of domains. Then
the elementary theory of each component of H is interpretable in the group
H.

Corollary B ([18]). Let H be a minimal subdirect product of k domains
and
H— Gy x...xGyg
be its minimal component decomposition. Then the following hold:
1) if Th(H) is decidable then Th(G;) is decidable for every i =
1,...,k;
2) if Th(H) is A-stable then Th(G;) is A-stable for everyi=1,... k.

Theorem 5.1. Let G be a directly indecomposable partially commutative
group, and Y be an algebraic set over G. Then the following conditions
hold:

1) the coordinate group T'(Y;) of each irreducible component Y; of Y
is interpretable in the group T'(Y);

2) the elementary theory Th(I'(Y;)) of each irreducible component Y;
of Y is interpretable in the group I'(Y').

Proof. Partially commutative groups are linear (see [20, 19]), thus equation-
ally Noetherian (see [1]). We, therefore, can decompose Y as a finite union
of irreducible algebraic sets, ¥ = Y3 U--- UYy, see Corollary 12 in [1]. By
Proposition 12, [1] the coordinate group I'(Y’) is a minimal subdirect prod-
uct of the coordinate groups I'(Y7),...,['(Yy). Every group I'(Y;), being a
coordinate group of an irreducible algebraic set over a domain is again a
domain by Theorem D2 in [1]. Now 1), 2) follow from Theorem B. O

Corollary 5.2. Let G be a directly indecomposable partially commutative
group.
1) If Y =Y, U---UYy is an algebraic set over G, where Y7,...,Y}
are the irreducible components of Y, then the elementary theory of
D(Y) is decidable if and only if the elementary theory of T'(Y;) is
decidable for alli=1,... k.
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(ii) IfY = Y1U---UYy and Z = Z1U- - -UZ; are two irreducible algebraic
sets, where Y1, ..., Yy and Z1, ..., Z; are the irreducible components
of Y and Z, respectively, then T'(Y) is elementary equivalent to
D(Z) if and only if k = | and, after a certain re-enumeration,
I(Y;) is elementary equivalent to I'(Z;) for alli=1,... k.

6. NORMAL FORMS OF FIRST-ORDER FORMULAS

6.1. Conjunctions of positive formulas. Let L,; be the language of
groups enriched by two constants and let S be the class of all groups G
satisfying the following universal sentences:

o (N Vr(([xyal =1A[z,0]=1) >z =1);

o (II) VaVyVz(2?y?22 =1 — [m,y] =1 & [2,2] =1 & [y,2] = 1);

o (III) VxVy (mQ =y = y);

o (IV)Vz ([2%,a] =1 — [x,a] = 1).

Let GROUPS be a set of axioms of group theory. Denote by As the

union of axioms (1), (IT), (III),(IV) and GROUPS. Notice that the axiom
(II) is equivalent modulo GROUPS to the following quasi-identity

VaVyVz(2?y?2? =1 — [x,y] = 1).
It follows that all axioms in Ag are quasi-identities.

Lemma 6.1. The class S contains all partially commutative groups with
trivial centre.

Proof. We first prove that in any partially commutative group G with trivial
centre there exist two elements a and b such that C(a) N C(b) = 1. Indeed,
let G = Gy X -+ X Gg, be the decomposition of G in the form (1). Since
Z(G) =1, each G;, i = 1,...,k is a non-abelian directly indecomposable
partially commutative group. For each ¢ choose a pair of block elements
ai,b; € G; such that Cg, (a;) NCg,(b;) = 1. By Theorem 2.3, it follows that
Celay...ar) = (yar) x - x(ag), Cg(b1...bx) = (vb1) x - -+ x (+/br) and
so Cg(ay ...ar) NCg(by ...bx) = 1. This proves that G satisfies Axiom (I).
In [5] Crisp and Wiest prove the following theorem.

Theorem 6.2 (J. Crisp, B. Wiest, [5]). Let G be a partially commutative
group. Then the equation x2y?z% =1 has only commutative solutions.

So G satisfies Axiom (II).

By [11], partially commutative groups have least roots, and thus G sat-
isfies Axiom (III).

By Corollary 2.4, G satisfies Axiom (IV). O
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Lemma 6.3. Let G € §S. Then the equation
(8) r2ar?a(ybyb ') =1
has only the trivial solution t =1 and y =1 in G.

Proof. Let z,y be a solution of Equation (8) in G. Then we can rewrite (8)
as follows

(9) (za)®a™ = ((y)*b~2)".
Since G satisfies (II), from (9) we deduce that [z?a,a™!] = 1, hence
[#2,a71] = 1. Since G satisfies (IV), it follows that [r,a] = 1. Now,
we can rewrite (9) in the form

() = ()27,
and then, since G satisfies (I1]) we get
(10) x? = (yb)*b 2.

Again, since G satisfies (IT) it follows that [x,b] =1 and [y, b] = 1. Hence-
forth, [x,a] = 1 and [x,b] = 1 therefore, applying (I), we get = 1. In this
event, (10) reduces to y? =1, so y = 1, as desired. O

Corollary 6.4. For any finite system of equations S1(X) =1,...,8,(X) =
1 over G one can effectively find a single equation S(X) =1 such that given
a group G € S, the following holds:

Ve (S1, ...y Sn) = Va(9).

Proof. By induction it suffices to prove the result for £ = 2. In this case,
by the lemma above, the following equation

S1(X)%aS1(X)%a H(Sa(X)bS(X)b )2 =1
can be chosen as the equation S(X) = 1. O
Corollary 6.5. For any finite system of atomic formulas
S1(X)=1,...,8:(X)=1
in Lqp, one can effectively find a atomic formula S(X) = 1 in Lqp such
that ( /k\1 Si(X) =1) is As-equivalent to S(X) =1,
i=

k
(A\S(X)=1) ~ae S(X) =1

i=1
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6.2. Disjunctions of positive formulas. Our next aim is to be able to
rewrite finite disjunctions of equations into conjunctions of equations.

Let 7 be the elementary theory (in the language L, of groups enriched
by two constants) of non-abelian directly indecomposable partially commu-
tative groups, i.e. the set of all first order sentences in the language of
groups enriched by two constants a and b which are true in all non-abelian
directly indecomposable partially commutative groups, together with the
following two formulas:

e The intersection of centralisers of a and b is trivial:
Ve(lz,a] = 1A [z, =1) =1

e The centralisers of a and b are cyclic. An interested reader may
verify that this condition can indeed be written using the first order
language.

Remark 5. Note that any model of 7 lies in S.

Proposition 6.6. Let G be a model of T. Let a,b € G be elements with
cyclic centralisers and such that C(a) N C(b) = 1. Then for any solution
x,y € G of the system

(a2cdim(G)+2) (b2 cdim(G)+2)

[:C,y]:l, [I7y ]:15 [I7y ]:17

either x =1 ory = 1.
Proof. Indeed, since G is a model of 7, since the centraliser dimension of a
group is a model-theoretic notion (see [12]) and since, by Corollary 4.15, any
directly indecomposable partially commutative group satisfies the following
sentence in L p:

(a2 cdim(G)+2)

=1 A2,y =) (z=1vy=1),

the statement follows. O

Vavy([z,y]=1A[z,y

Combining Corollary 4.15 and Lemmas 6.1 and 6.3 yields an algorithm
to encode an arbitrary finite disjunction of equations into a single equation.

Corollary 6.7. For any finite set of equations S1(X) =1,...,5:,(X) =1
one can effectively find a single equation S(X) = 1 such that given any
model G of T, the following holds:

Vg(Sl) U...u VG(Sk) = Vg(S).

Corollary 6.8. For any finite set of atomic formulas S;(X) =
1,...,5:(X) =1 one can effectively find a single atomic formula S(X) =1
such that

(V Si(X)=1) ~r S(X)=1
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Corollary 6.9. Every positive quantifier-free formula ®(X) is equivalent
modulo T to a single equation S(X) = 1.

6.3. Conjunctions and Disjunctions of Inequations. The next result
shows that one can effectively encode finite conjunctions and finite disjunc-
tions of inequations (negations of atomic formulas) into a single inequation
modulo 7.

Lemma 6.10. For any finite set of inequations

one can effectively find an inequation R(X) # 1 and an inequation T(X) # 1

such that
k

(N Si(X)#1) ~r R(X)#1

=1

and
k
(\/ Si(X) #1) ~r T(X)# 1.
i=1
Proof. Similar to Lemma 5 in [17]. O

Corollary 6.11. For every quantifier-free formula ®(X), one can effec-
tively find a formula

U(xX)= \/(Si(X) =1 A Ti(X) £ 1)

=

1

K

which is equivalent to ®(X) modulo T. In particular, if G ia a model of T,
then every quantifier-free formula ®(X) is equivalent over G to a formula
U(X) as above.

7. PosITIVE THEORY OF PARTIALLY COMMUTATIVE GROUPS

In this section we present a procedure of quantifier elimination for posi-
tive formulas over partially commutative groups (an analog of Merzlyakov’s
Theorem for free groups). Our approach to the positive theory of partially
commutative groups is based on the proof of Merzlyakov’s Theorem given
in [17].

7.1. Generalised equations. Let A = {ay,...,a,} be a set of constants
and X = {z1,...,2,} be a set of variables. Set G = G(A) to be a partially
commutative group generated by A and G[X] = G x F(X).

Definition 7.1. A combinatorial generalised equation 2 (with constants
from A*!) consists of the following objects:
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A finite set of bases BS = BS(£2). Every base is either a constant
base or a variable base. Each constant base is associated with
exactly one letter from A*!. The set of variable bases M consists
of 2n elements M = {u1,...,u2n}. The set M comes equipped
with two functions: a function € : M — {1, —1} and an involution
A: M — M (ie., A is a bijection such that A? is an identity on
M). Bases p and A(p) (or 1) are called dual bases. We denote
variable bases by u, A, . ...

A set of boundaries BD = BD(2). BD is a finite initial segment of
the set of positive integers BD = {1,2,...,p+ 1}. We use letters
1,7, ... for boundaries.

Two functions o : BS — BD and §: BS — BD. We call a(u) and
B(u) the initial and terminal boundaries of the base 1 (or endpoints
of u1). These functions satisfy the following conditions: a(b) < 3(b)
for every base b € BS; if b is a constant base then §(b) = «a(b) + 1.

For a combinatorial generalised equation €2, one can associate a system
of equations in variables hi,...,h, over G(A) (variables h; are sometimes
called items). This system is called a generalised equation, and, abusing the
notation, we denote it by the same symbol 2. The generalised equation 2
consists of the following three types of equations.

(i)

oy Pay+1 - haoy—1]"" = [haa)haaoy)+1 - haamy) -1

Each pair of dual variable bases (A, A()\)) provides an equation
over a partially commutative group G

EN) — (A0

These equations are called basic equations. In the case when 3(\) =
a(MA) + 1 and B(AN)) = a(A(N)) + 1, i.e. the corresponding basic
equation takes the form:

]6(/\) = ]E(A(/\))

[Py ha(amy)

)

without loss of generality, we shall assume that the equality above
is graphical.
For each constant base b we write down a coefficient equation

haw) = a,

where a € AF! is the constant associated with b.

Remark 6. We assume that every generalised equation comes associated
with a combinatorial one;

Let A be finite alphabet then the monoid given by the presentation

T = (A| Ra) for R4 asubset of {[a;,q;] | a;,a; € A}
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is called partially commutative monoid. Partially commutative monoids,
are also known as trace monoids and are extensively studied, see [10] and
references there.

Definition 7.2. Let Q(h) = {L1(h) = Ri(h),...,Ls(h) = Rs(h)} be a
generalised equation in variables h = (hq, ..., h),) Wlth constants from A*!.
A sequence of reduced nonempty words U = (U1(4),...,U,(A)) in the
alphabet A*! is a solution of ) if:

1) all words L;(U), R;(U) are geodesic (treated as elements of G) as
written;

2) L;(U) = R;(U), i=1,...s in the partially commutative monoid
T(A*!) with involution.

The notation (€2, U) means that U is a solution of the generalised equation
Q.

Remark 7. Notice that a solution U of a generalised equation €2 can be
viewed as a solution of  in the partially commutative monoid T(A*!)
(i.e., Li(U) = R;(U) modulo commutation) which satisfies an additional
condition: U € T(A*")” and U is a tuple of geodesic words in G.

Obviously, each solution U of € gives rise to a solution of € in the partially
commutative group G(A). The converse does not hold in general, i.e. it
might happen that U is a solution of Q in G(A) but not in T(A*!), i.e. some
equalities L;(U) = R;(U) hold only after a reduction in G. We introduce
the following notation which will allow us to distinguish in which structure
(T(A*!) or G(A)) we are resolving ).

If

§ = {Li(h) = Ri(h), ..., Ly(h) = Ry(h)}
is an arbitrary system of equations with constants from A*!, then by S*
we denote the system of equations

S* = {Ly(R)Ry(h)™* =1,...,Ls(h)Rs(h)" ' =1}
over the group G(A).

Definition 7.3. A generalised equation (Q is called formally consistent if it
satisfies the following conditions.
1) If e(u) = —e(A(p)), then the bases p and A(u) do not intersect,
i.e. none of the items hq (), hg(uy—1 is contained in A(u).
2) A variable cannot occur in two distinct coefficient equations, i.e.,
any two constant bases with the same left end-point are labeled by
the same letter from A%

Lemma 7.4.
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(i) If a generalised equation 2 has a solution then Q) is formally con-
sistent;

(ii) There is an algorithm to verify whether a given generalised equation
is formally consistent or not.

Remark 8. We further consider only formally consistent generalised equa-
tions.

7.2. Reduction to generalised equations. Similarly to the case of free

groups, we now show how for a given finite system of equations S(X, A) =1

over a partially commutative group G one can associate a finite collection

of generalised equations GE(S) with constants from A*!. The collection

GE(S) to some extent describes all solutions of the system S(X, A) = 1.
Write {S(X,4) =1} ={S1 =1,...,S, =1} in the form

11712 ... 7”1[1 = 1,
791729 ... T, = 1
(11> 21722 2o )

Tm1Tm2 - -« Tml,, = 1,
where r;; are letters of the alphabet X+ U A+,

A partition table T = (V,T') of the system above is a pair (a set of geodesic
words, a partially commutative group)

V={Viz1,....5)} 1<i<m,1<j<[), I'=GAUZ),

where V;; € G+ F(Z) = G[Z], n T = G(A U Z) some of the letters in
Z ={z,...,2p} commute, and the following conditions are satisfied:

1) The equality V;1Via...Vy, = 1,1 <i <m, holds in T

2) [Vijl <l = 15

3) if r;; = a € AL, then V;; = a.

Since |Vi;| < I; — 1 then at most |S| = 37" (I; — 1)I; different letters
z; can occur in a partition table of S(X, A) = 1. Therefore we will always
assume that p < |S|.

Each partition table encodes a particular type of cancelation that hap-
pens when one substitutes a particular solution W(A) € G(A) into
S(X,A) =1 and then reduces (in a certain way) the words in S(W(A), A)
into the empty word.

Lemma 7.5. Let S(X,A) =1 be a finite system of equations over F(A).
Then
(i) the set PT(S) of all partition tables of S(X,A) = 1 is finite,
and its cardinality is bounded by a number which depends only on
1S(X, A)l;
(ii) ome can effectively enumerate the set PT(S).
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Proof. Since the words V;; have bounded length, one can effectively enumer-
ate the finite set of all collections of words {V;;} in G[Z] which satisfy the
conditions 2), 3) above. Now for each such collection {V;;}, one can effec-
tively check whether the equalities V;1Via ... Vi, = 1,1 <4 < m hold in one
of the finitely many (since |Z| < o0o0) partially commutative groups I or not.
This allows one to list effectively all partition tables for S(X,A4)=1. O

To each partition table T' = {V;;} one can assign a generalised equation
Qr in the following way (below we use ‘=’ for graphical equality). Consider
the following word V in M (A*! U Z*1):

ViVnVu...Vul ...levmg...lem :yl...yp,

where y; € AT'UZ*! and p = I(V) is the length of V. Then the generalised
equation Q7 = Qrp(h) has p+ 1 boundaries and p variables hi, ..., h, which
are denoted by h = (h1,...,h,).

Now we define bases of 7 and the functions «, 3, e.

Let z € Z. For any two distinct occurrences of z in V:

yi =25, y; =25 (&,¢ €{1,-1})
we introduce a pair of dual variable bases p ;, 1t ; such that A(p. ;) = p. ;
(say, if i < j). Put
olppzi) =4, Blpeg) =i+1,  e(psz;) =&
The basic equation that corresponds to this pair of dual bases is h§* = h;j .
Let z € X. For any two distinct occurrences of = in S(X, A) = 1:
rig =%, rep=a™t (gij,eq € {1,-1})

we introduce a pair of dual bases p ; ;j and fig s+ such that A(pg ;) = o st
(say, if (¢,7) < (s,t) in the left lexicographic order). Now let V;; occurs in
the word V' as a subword

V;j =Yc---Yd-
Then we put

a(pzig) = ¢, Ppaiy) =d+1,  e(peij) = cij-

The basic equation which corresponds to these dual bases can be written in
the form

st

[h()‘(#w,i,j) s hﬂ(#m,i,j)—l]% =G [ha(/tx,.s,f,) s hﬂ(/"m,s,t)_l]a

Let ry; = a € A*!. In this case we introduce a constant base Hij With
the label a. If V;; occurs in V' as Vi; = y., then we put

a(pij) = ¢, Bpij) = c+ 1.

The corresponding coefficient equation is written as h, = a.
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This defines the generalised equation Q7. Put
GE(S) = {Qr | T is a partition table for S(X,A) = 1}.

Then GE(S) is a finite collection of generalised equations which can be
effectively constructed for a given S(X, A) = 1.

For a generalised equation ) we can also consider the same system of
equations in a partially commutative group (not in the monoid). We denote
this system by *. By Gpq) we denote the coordinate group of 2*. Now
we explain relations between the coordinate groups of S(X, A) = 1 and of

For a letter z in X we choose an arbitrary occurrence of z in S(X, 4) =1
as

Tij = Iaij .
Let pt = py,,; be the base that corresponds to this occurrence of x. Then
Vij occurs in V' as the subword

Vii = Ya(u) - - Y8()-1-
Define a word P, (h) € G[h] (where h = {hy,...,h,}) as follows
Po(h, A) = hagy B350,
and put
P(h) = (Pyyy-.., Py)).

The tuple of words P(h) depends on the choice of occurrences of letters from
X in V. It follows from the construction above that the map X — GIh]
defined by x — P, (h, A) gives rise to a G-homomorphism

I GR(S) — GR(QT)‘

Observe that the image m(z) in Gg(q,) does not depend on a particular
choice of the occurrence of z in S(X, A) (the basic equations of Q7 make
these images equal). Hence 7 depends only on Qr. Thus, every solution of
a generalised equation gives rise to a solution of Q*.

To relate solutions of S(X, A) = 1 to solutions of generalised equations
from GE(S) we need the technique developed in Section 3.2.

Let W(A) be a solution of S(X,A) =1 in G(A). If in the system (11)
we make the substitution o : X — W(A), then

(e g g (e
(rarig...ra,)” =1r5H . T, =1

in G(A) for every i = 1,...,m.
Since every product R; = r{jry...r7, is trivial, we can choose a van
Kampen diagram Dpg, for R;. Denote by Zi,...,Z, the subwords wf, 1<
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k

J <k < of r{;, where here w; are defined as in Lemma 3.2. Since, by

ji—1 . - -
Lemma 3.2 w;? =wj, , the word r;; can be written as a word in Zy,..., Zp:

rfj = Vij(gl’_,,’gp)

for some freely reduced words V;;(Z) in variables Z = {z1,...,%,}. Observe
that if r;; = a € A*! then 7, = a and we have V;; = a. By Lemma 3.2,
r¢; is a product of at most I; — 1 words wf, we have [(V;;) <; — 1. Take a
partially commutative group I' = G(A U Z) whose underlying commutation
graph is defined as follows:

e two elements a;,a; in A*! commute whenever they commute in G;

e an element a € A*! commutes with z; if and only if @ commutes
with the word wf corresponding to z;;

e two elements z;,z; € Z commute whenever the corresponding
words wf do.

In the above notation, the set T' = {Vj;} along with the group T is a
partition table for S(X, A) = 1. Obviously,

U(A) = (Z1,...,%p)

is the solution of the generalised equation Qr, which is induced by W (A).
From the construction of the map P(h) we deduce that W(A) = P(U(A)).
The converse is also true: if U(A) is an arbitrary solution of the gener-
alised equation Q, then P(U(A)) is a solution of S(X,A) = 1.
We summarize the discussion above in the following lemma.

Lemma 7.6. For a given system of equations S(X, A) = 1 over G, one can
effectively construct a finite set

GE(S) ={Qr | T is a partition table for S(X,A) =1}
of generalised equations such that

(i) if the set GE(S) is empty, then S(X,A) = 1 has no solutions in
G;

(ii) for each Q(h) € GE(S) and for each x € X one can effectively
find a word Py(h,A) € G[h] of length at most |h| such that the
map x© :— Py(h,A) (z € X) gives rise to a G-homomorphism
7o : Gres)y = Grea);

(iii) for any solution W(A) € G™ of the system S(X, A) = 1 there exists
Q(h) € GE(S) and a solution U(A) of Q(h) such that W(A) =
P(U(A)), where P(h) = (Py,, ..., Py,), and this equality holds in
the partially commutative monoid T(A*);

(iv) for any G-group G, if a generalised equation Q(h) € GE(5) has a
solution U in G, then P(U) is a solution of S(X,A) =1 in G.
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Corollary 7.7. In the notation of Lemma 7.6 for any solution W(A) €
G" = G(A)™ of the system S(X,A) = 1 there exists Q(h) € GE(S) and a
solution U(A) of Q(h) such that the following diagram commutes

™

Grs) Gro)

™w
U

7.3. Positive theory of partially commutative groups and direct
product of groups. In this section we first prove a result on elimination of
quantifiers for positive sentences over a non-abelian directly indecomposable
partially commutative group G = G(A). This proof is based on the notion of
a generalised equation. Combining this result with a theorem of V. Diekert
and A. Muscholl on decidability of equations over partially commutative
groups, see [9], we get that the positive theory of free partially commutative
groups in the language of group theory L and the language L¢ enriched by
constants is decidable. Note that V. Diekert and M. Lohrey, using a different
method, prove a similar result in [7]. Furthermore, we apply the techniques
developed for the proof of quantifier elimination to obtain a result on lifting
arbitrary formulas from G to GxF', where F is a free group of finite rank (see
Theorem 7.12). In order to prove that the positive theory of any partially
commutative group is decidable, we need to study the positive theory of
the direct product of groups. In the appendix of the paper we prove that if
G = Hy x .-+ x Hy, then the positive theory of G in both languages L and
L¢ is decidable if the positive theories of Hy, ..., Hy are decidable.

Recall that every positive formula ¥(Z) in the language L 4 is equivalent
modulo A7 to a formula of the type

Va13yr .. Ve Jdye(S(X, Y, Z,A) = 1),

where S(X,Y,Z,A) = 1 is an equation with constants from A*', X =
(1,..,2), Y = (y1,---,Yk), Z = (21,...,2m). Indeed, one can insert
auxiliary quantifiers to ensure the direct alteration of quantifiers in the
prefix. In particular, every positive sentence in L 4 is equivalent moduloAs
to a formula of the type

Theorem 7.8 (Elimination of Quantifiers). If
G E=Vri Iy .. Vo (S(X, Y, A) = 1),

then there exist words (with constants from G) qi(x1),...,qx(z1,...,2k) €
G[X], such that

G[X] ': S(Ihql(xl)v' <. 7xkaq]€(zla s ,Ik,A)) = 17
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i.e. the equation
S($17y17 s a'rkvykvA) =1
(in variables Y) has a solution in the group G[X].

Proof. Let GE(u) = {1(Z1),...,Q:(Z,)} be generalised equations associ-
ated with the equation S(X,Y,A) =1 in Lemma 7.6. Denote by p; = |Z;|
the number of variables in €);.

Since the group G is directly indecomposable, there exists a path p in
the non-commutation graph A of G beginning in a vertex b; which goes
through every vertex of A at least once. Denote by b; - - - b,, the label of the
path p. Set

b=0b1by---bp_1bpby_1---b1, a=babby = babiby---by_1bybp_1---b2bibo,
and
g1 =b"am " a™2h. . a™ b,

where 0 < my1 < my2 < ... < My p,, max{pi,...,pr}|S(X,A)| < nq and
m € N is a constant which depends only on the generalised equation. Then
there exists hy such that

G E Vzodyz ... Var3ye(S(g1, b1y 22, Y2, - - Tk, yi) = 1).
Suppose now that elements g1, h1,...g,—1,h;—1 € G are given. We define
(12) gi = bMa™mpmam2p™ oM ™
such that

1) 0<mip <mys < ce e Mp, s

2) max{p1,...,prHS(X,A)| < ny;

3) no subword of the type b™a™ib™ occurs in any of the words g,
| < i and in any of the (finitely many) words hj such that h; = Iy
in the partially commutative monoid, [ < .

Then there exists an element h; € G such that

G Vo1 yirr - VarIyw(S(91, by -5 Gis his Tie1, Vi1, - Ty k) = 1)
By induction we have constructed elements g1, h1, ..., gk, hx € G such that

S(glyh17"'7gk7hk) =1

and each g; has the form (12) and satisfies conditions 1), 2), 3).

By Lemma 7.6 there exists a generalised equation Q(Z) € GE(S), words
P(Z,A),Q:(Z,A) € G[Z] (i = 1,...,k) of length lower than p = |Z|, and
a solution U = (uy,...,u,) of Q(Z) in G such that the following words are
equal in the partially commutative monoid:

gi=Pi(U), hi=QiU) (i=1,...,k).
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Notice that from the definition of a and b it follows that no two consecutive
letters in a and b, and thus in g; commute. Therefore, the equality g; =
P;(U) is graphical.

Since n; > p|S(X, A)| (by condition 2)) and P;(U) = y1 ...y, with y; €
U*! q < p, the graphical equalities

(13) gi :bamilbamizb”.amimb:Pi(U) (i=1,...,k)

show that there exists a subword v; = 0™a™4b™ of g; such that every
occurrence of this subword in (13) is an occurrence inside some ujd. For
each i fix such a subword v; = 0™a™4b™ in g;. In view of condition 3) the
word v; does not occur in any of the words g; (j # @), hs (s < ¢), moreover,
in g; it occurs precisely once. Denote by j(i) the unique index such that v;
occurs inside uji(i) in P;(U) from (13) (and v; occurs in it precisely once).

The argument above shows that the variable z;(;) does not occur in words
P(Z,A) (t #1), Qs(Z,A) (s < i). Moreover, in P;(Z) it occurs precisely
once. It follows that the variable z;(; in the generalised equation Q(Z) does
not occur neither in coefficient equations nor in basic equations correspond-
ing to the dual bases related to z; (t # 1), ys (s <1).

. 1\ - .
We “mark” (or select) the unique occurrence of v; (as vi') in Ujgy @ =
1,..., k. Now we are going to mark some other occurrences of v; in the words
U1, ..., U, as follows. Suppose that some uq4 has a marked occurrence of some

v;. If Q contains an equation of the type z5 = 29, then u§ = ul graphically.

Hence u, has an occurrence of the subword viﬂ which corresponds to the

marked occurrence of v in uy. We mark this occurrence of v! in wu,.
Suppose €2 contains an equation of the type

[ha1 ce h51—1]61 = [h'az s hﬁz—l]EQ
such that z; occurs in it, say in the left-hand side of the equality. Then

[ufh s u[ﬁ*l]sl = [UDQ s u52*1]52

in the partially commutative monoid T(A*!). Since vit! is a subword of ug,
a subword v; 1 = b™"ta™iib™ "1 occurs also in the right-hand side of the
above equality, say in u,. Indeed, let w16™a™#ib™w, = w in the monoid
T(A*). Since for any letter [ in wy, k = 1,2 there exists a letter I’ in b such
that [I,1'] # 1 and since, by the definition of a and b, no two consecutive
occurrences in ™ 1a™»ip™~! commute, the statement follows. We mark
this occurrence of vzill in u, and in all the previously marked occurrences
of fuiil = bv;1b. We continue the marking process, but now, instead of
v; we mark the occurrences of v; ;. The marking process stops in finitely
many steps and all the occurrences of the subword v; ) = bk g pm—k
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are marked. For the above argument, it suffices to choose m > k, which
depends on the generalised equation only.

Now in all words ui,...,u, we replace every marked occurrence of
Vi = bm—kgmiipm =k with a new word b ka™iigz; ™~k from the group
G[X]. Denote the resulting words from G[X] by 1, ..., u,. It follows from
description of the marking process that the tuple U = (Q1,...,4,) is a
solution of the generalised equation © in G[X]. Indeed, all the equations
in  hold in the partially commutative monoid if we substitute z; by u;.
Hence the substitution u; — 4; still makes them equal. Now by Lemma 7.6,
X = P(U),Y = Q(U) is a solution of the equation S(X, A) = 1 over G[X]
as desired. a

Corollary 7.9. There is an algorithm which for a given positive sentence
Vai3yr .. Vo Jye(S(X, Y, 4) = 1)

in L o determines whether or not this formula holds in G, and if it does, the
algorithm finds words

ql(‘rl)7 R 7qk($17 R 71‘k) e G[X]
such that

G[X] ': U(ml,q1(l‘1),. .. ,xk,Qk(.Tl,. .. ,J}k)) = 17

i.e. the positive theory of any directly-indecomposable partially commutative
group is decidable.

Proof. The proof follows from Theorem 7.8 and decidability of equations
over free partially commutative groups. Indeed, since the compatibility
problem for a system of equations over a partially commutative group G
reduces to the compatibility of a system of equations S’ over a free group
with rational constraints C, see [9]. In order to prove the Corollary it
suffices to check the compatibility of S’ over a free group with constraints
CU{y; € F[X;]}, where X; = {z1,...,2;}. O

The next result follows directly from Corollary 8.14.

Corollary 7.10. Let G be an arbitrary partially commutative group. Then
the positive theory of G is decidable.

Definition 7.11. Let ¢ be a sentence in the language L4 written in the
standard form

d) = vzlayl .. V$kz|yk QSO(:Elayl; B a‘rkvyk)a

where ¢¢ is a quantifier-free formula in L. We say that G freely lifts ¢ if
there exist words (with constants from G) ¢; (z1), ..., qx(x1,...,2%) € G[X],
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such that
G[X} }: ¢0($1, ql(ml)v sy Ty qk(xh sy Ty A)) =1L

Theorem 7.12. Let G be a non-abelian directly indecomposable partially
commutative group. Then G freely lifts every sentence in L 4 that is true in

G.

Proof. Suppose a sentence

(14)
¢ = V$1E|y1 .. -Vﬂ?kayk(U(ﬂUlayh o ,xkayk) = 1/\V($172Uh o 71‘kayk) 7é 1)7
is true in G. We choose x1 = g1,y1 = h1,..., %k = gk, Yx = hj precisely as

in Theorem 7.8. Then the formula

U(gl,hl,...,gk7hk):1/\V(g1,h1,...7gk,hk)751

holds in G. In particular, U(g1,h1,..., 9k, k) = 1 in G. It follows from
Corollary 7.9 that there are words qi(z1) € Gla1],...,qx(z1,...,21) €
Glz1,. .., xx] such that

G[X] lZ U(.Z‘l,ql(l'h...,xk),...,$k7qk($1,...,l‘k)) =1.

Moreover, it follows from the construction that hy = ¢1(g1),...,hx =
qr(91,- - -, 9K). We claim that

G[X] ': V(x17Q1(‘T17 cee virk)w . 'axk7Qk(x17' .. vxk)) 7& 1.
Indeed, if

V(xlaql(xla-~'axk)7"'7xk7qk(z1a"'7$k)) =1

in G[X], then its image in G under any specialization X — G is also trivial,
but this is not the case for the specialization 1 — ¢1,...,2p — g — a
contradiction. This proves the theorem for sentences ¢ of the form (14). A
similar argument works for formulas of the type

¢=Vr1dy; .. ~V$k3yk\/(Ui(-Tlayla s T Yk) = LAVi(2, 1, - 2, k) 1),

i=1

which is, actually, the general case by Corollary 6.11. |

APPENDIX: POSITIVE THEORY OF THE DIRECT PRODUCT OF GROUPS

In this section we prove that if G = Hq X - - - X Hy, then the positive theory
of G in the language L (and in L) is decidable if the positive theories of
Hq, ..., H; are decidable. Perhaps, this result is known, nevertheless, we
were not able to find a reference.

The following theorem is due to Feferman and Vaught, see [16].
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Theorem 8.13. Let G = Hy X --- x Hy. Then the elementary theory of G
in the language L is decidable, provided that the elementary theory of H;
is decidable, i =1,... k.

Proof. Without loss of generality we may assume that G = A x B.

We wuse induction on the complexity of the formula to prove
the following statement. Given a formula ¢(z1,...,2,) in the lan-
guage Lg, one can effectively construct a finite family of formulas

(¢ = {(Wily1s--syn),¥i(z1,...,20)) | @ € I} such that for all
al,...,0n,b1,...,b, we have

A X B ': @((ala bl)a vy (anﬁ bn))

if and only if there exists ¢ € I such that
A Ei(ar,...,a,) and B | ¥i(b1, ..., by).
o Let ¢ = (2; = x;), set (p) = {(y;i =y;,2 = z)}-
e Let ¢ = (z; = ¢), where ¢ € G, ¢ = (c1,¢2), set {(p) = {(y; =

c1,2; = Ca)}.
e Let ¢ = P(x1,...,2,), where P is a predicate. Set (p) =

{(P(y1s---sYn), P(z1,...,20))}.
o Let ¢ = @1 V ¢z and set (@) = (p1) U (p2).
e Let ¢ = —pp and set

@ = A\~ N\ ~¥||7eP)y,

jeJ iel\J
where P(I) is the power set of I and (¢o) = {(¢,¥}) | i € I}.
e Let ¢ = Jxopo(xo, 21,...,2,) and set

() = {Byovi (Yo, Y1, - - - Yn)s F20Vi (205 21, - .., 2n)) | 1 € I},

where (¢o) = {(¢:,9;) | i € I}.
O

Corollary 8.14. Let G = Hy X --- X Hy. Then the positive theory of G in
the language Lg (in the language L) is decidable, provided that the positive
theories of Hy, ..., Hy are decidable.

Proof. In the notation of Theorem 8.13, we are left to show that if ¢ is a
positive formula in Lg then for all ¢ € I the formulas ¢; and ] are also
positive.

By construction of (p) it follows that ¢; and ¢} are positive when ¢ =
(i = z5), ¢ = (¥ = ¢), ¢ = P(@1,...,20), ¢ = ¢1V 2, and ¢ =
Fxopo(xo, X1, .- ., x,). We are left to consider the two following cases: ¢ =
©1 Ao and ¢ = Vzgpo(To, X1, ..., Tp)-
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Let ¢ = Vzopo. Then ¢ is equivalent to —(Izo—po(z0,1,-..,Tn))-

Thus,
J e P(I)} =

{ (/\ - (axo A ﬂwj) N\ - <3$0/\ﬁ¢§>) J
JeJ’ JjeJ IeP\J' iel

{(/\WO\/%" A vao\/wi) J' € P(P(I

JeJ jeJ  IeP\J’ iel

jeJ i€I\J

oo (s

Let now ¢ = @1 Ao and (1) = {(¢15,9;,;) | i € 1}, 1 =1,2. Then ¢ is
equivalent to —(—¢p1 V —3). Thus,

ool (e )
je€J i€ \J
{ (/\ ﬁ¢2,j7 /\ _‘¢/2,i>
jeJ 1€\ J
{ﬁ{ (/\ R GRTAN ﬂwi,i) Je P(h)} N
jeJ i€ \J
{ (/\ﬁ%,j, /\ _‘¢21) J € P(ls) }} =
jeJ i€lx\J
{ - (/\ ﬂwm) N - ( —, )) J'e P(P(h))} N
JeJ’ jeJ IeP(I)\J i€l \J
{ - (/\ %J) N - ( 4, )) J e 7’(7’(12))} =
JeJ’ jeJ IeP(I2)\J i€I2\J

(Il}ﬂ

Je P(h)} U

JEP(IQ)}} =

J




(1]
2]
(3]
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A Vs AV vh, || €PP()

JeJ’ jeJ I€P(I2)\J i€l2\J
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