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ABSTRACT. In this paper we describe an elimination process which is a de-
terministic rewriting procedure that on each elementary step transforms one
system of equations over free groups into a finitely many new ones. Infinite
branches of this process correspond to cyclic splittings of the coordinate group
of the initial system of equations. This allows us to construct algorithmically
Grushko’s decompositions of finitely generated fully residually free groups and
cyclic [abelian] JSJ decompositions of freely indecomposable finitely generated
fully residually free groups. We apply these results to obtain an effective de-
scription of the set of homomorphisms from a given finitely presented group
into a free group, or, more generally, into an NTQ group.
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Introduction

JSJ decompositions: a bit of history and intentions. A splitting of a
group G is a presentation of G as the fundamental group of a graph of groups.
According to Bass-Serre theory, a group has a non-trivial splitting if and only if it
acts non-trivially on a tree. A splitting is cyclic [abelian] if all edge groups are cyclic
[abelian]. In [65] Sela introduced universal cyclic splittings of a particular type,
so called JSJ decompositions, which contain (in an appropriate sense) all other
cyclic splittings of the group. Such splittings are analogues to the characteristic
submanifold constructions for irreducible 3-manifolds described by Jaco and Shalen
[31] and Johannson [30], hence the name. Sela showed that JSJ decompositions
exist for freely indecomposable torsion-free hyperbolic groups. Existence of JSJ
decompositions for arbitrary finitely presented groups was shown by Rips and Sela
in [64], their method is based on group actions on R-trees. A different way to obtain
JSJ splittings of one-ended hyperbolic groups was proposed by Bowditch [10], he
used the local cut point structures on the boundaries. More general approaches
to JSJ decompositions of groups have been described by Dunwoody and Sageev
[19] and by Fujiwara and Papasoglu [22]. They use tracks on 2-complexes and
actions on products of trees, correspondingly. All these results prove the existence
of JSJ decompositions in various classes of groups, but do not give an algorithm to
construct them.

In this paper we algorithmically construct Grushko’s decompositions of finitely
generated fully residually free groups and cyclic [abelian] JSJ decompositions of
freely indecomposable finitely generated fully residually free groups. We apply
these results to obtain an effective description of the set of homomorphisms from
a given finitely presented group into a free group, or, more generally, into an NTQ
group.

Non-trivial JSJ decompositions of a given group G are very closely related with
automorphisms of G. Originally, they were used mostly to describe the automor-
phism group Aut(G) of G [65]. It turned out recently, that various types of JSJ
splittings are very useful in studying equations over groups and, more generally, ele-
mentary theories of groups. In particular, we show here that such splittings provide
a group theoretic counterpart to various pieces of Makanin-Razborov process and
give algebraic semantics to our elimination rewriting process from [36]. To explain
the main idea of our approach to JSJ we need some notation and definitions.

Three approaches to fully residually free groups. Let ' = F(A) be a
free group with basis A. Fully residually free groups, which are also known as freely
discriminated groups [4], and w-residually free groups [63], play a crucial role in
the theory of equations and model theory of free groups. Recall that a group G
is discriminated by F (or freely discriminated) if for any finite subset K C G of
non-trivial elements there exists a homomorphism ¢ : G — F such that g% # 1 for
each g € K. We describe these groups in Subsection 1.4 and discuss their properties
in Subsection 1.5. It is worthwhile to mention here that finitely generated freely
discriminated groups can be viewed in three different ways each of which gives
one essentially different tools to deal with them. First, they appear as coordinate
groups of irreducible systems of equations over free groups, so methods of algebraic
geometry over groups can be used here, as well as Makanin-Razborov’s techniques;
secondly, they can be obtained from free groups by finitely many free products
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with amalgamation and HNN extensions of a very particular type, hence one can
easily apply methods of Bass-Serre theory; thirdly, these groups can be faithfully
presented by infinite words over abelian ordered groups Z", which provides one with
various cancellation techniques, Nielsen method, and Stallings’ foldings apparatus
to study their finitely generated subgroups. We frequently use all these techniques
below. Notice, that finitely generated fully residually free groups have some other
interesting characterizations. Remeslennikov showed that a finitely generated group
H is fully residually free if and only if H has exactly the same universal theory as F'
[63]. Recently Sela described finitely generated fully residually free groups precisely
as the limit groups [67]. Champetier and Guirardel gave another characterization
of these groups as limits of free groups in a compact space of marked groups [14].

Now we describe briefly the major components of our method.

Fully residually free groups as coordinate groups. We start with a brief descrip-
tion of a few notions from algebraic geometry over groups. For a detailed discussion
on the subject we refer to [4] and [34], see also Section 1.3. By Vg (S) we denote
the set of all solutions of the system S(X,A) = 1 in F (the algebraic set defined
by S). The algebraic set Vi (S) uniquely corresponds to the normal subgroup (the
radical of S):

R(S)={T(X)e F(AUX) | VAe Vp(S)(T(A) =1)}
of the free group F(A U X). The quotient group
Fr(s) = F(AUX)/R(S)

is the coordinate group of the algebraic set V(S). Observe, that if Vi (S) # 0 then
F is a subgroup of Fpg). It has been shown in [4] that algebraic sets Vp(S1)
and Vp(S2) are rationally equivalent if and only if there exists an isomorphism
between their coordinate groups which is identical on F. One can define Zariski
topology on F'™ (m € N) taking algebraic sets as the closed subsets. Guba proved
in [27] that free groups are equationally Noetherian, i.e., this Zariski topology is
Noetherian, so every closed set is a finite union of irreducible components. It turned
out [4] that an algebraic set is irreducible if and only if its coordinate group is fully
residually free. Furthermore, every finitely generated fully residually free group can
be realized as the coordinate group of a finite system of equations over F. From
the group theoretic view-point the elimination process mentioned above is all about
the coordinate groups of the systems involved. This allows one to transform pure
combinatorial and algorithmic results obtained in the process into statements about
fully residually free groups.

Fully residually free groups as fundamental groups of graphs of groups. In order
to describe solutions of equations in free groups Lyndon introduced the notion
of a group with parametric exponents in an associative unitary ring A [47]. In
particular, he described and studied free exponential groups FZ! over a ring of
polynomials Z[t]. One of the principle outcomes of his study is that the group
FZI ig discriminated by F. A modern treatment of exponential groups is due to
Myasnikov and Remeslennikov [55]. They showed, in particular, that the group
FZlt] can be obtained as union of an infinite chain, which starts at F, of HNN-
extensions of a very specific type - extensions of centralizers (see Subsection 1.4).
This implies that a finitely generated subgroup of FZ[ is a subgroup of a group
which can be obtained from F' by finitely many extensions of centralizers, so one
can apply Bass-Serre theory to describe the structure of these subgroups.
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We proved in [36] that finitely generated fully residually free groups are em-
beddable into FZ!*. This, in view of the Lyndon’s result mentioned above, gives
a complete characterization of such groups. It follows from Bass-Serre theory now
that all these groups, except for abelian ones, admit an essential cyclic splitting.

Fully residually free groups via infinite words. Another key component of our
approach to finitely generated fully residually free groups is based on Lyndon’s
length functions and infinite words. To axiomatize Nielsen cancellation argument
Lyndon introduced in [48] abstract length functions on groups (now called Lyn-
don’s length functions). He showed that a group G with a free Lyndon’s length
function with values in Z (viewed as ordered abelian group) is embeddable into a
free group (represented by finite reduced words with natural length function) and
the embedding preserves the length, hence G is free. It turned out that a similar
result holds for finitely generated fully residually free groups. Namely, it has been
shown in [53] that elements of the free Lyndon’s group F' Z[1l can be represented by
infinite words in the alphabet X*!. These words are functions of the type

w1, ) — X

where a,, € Z[t] and [1,a] = {g € Z[t] | 1 < g < ay} is a closed interval in Z][t]
with respect to the standard lexicographical order <. The function L : w — qy,
gives rise to a regular free Lyndon length function on F%[ with values in the
additive group of Z[t], viewed as an abelian ordered group. This implies that every
finitely generated fully residually free group has a free length function with values
in a free abelian group Z" of finite rank with the lexicographic order. Once a
presentation of elements of FZ[ by infinite words is established, a host of problems
about FZI can be solved precisely in the same way as in the standard free group
F. In particular, if H is a finitely generated subgroup of a finitely generated
fully residually free group G, then one can effectively embed G (hence H) into
FZI!, Now using the representation above of elements of G by infinite words one
can algorithmically construct a finite labelled graph T'y; (finite automata) which
accepts precisely elements of H (given by their canonical forms in FZ) (see [57]).
The process of constructing the graph I'y is a direct generalization of the Stallings’
folding procedure, but on infinite words. This allows one to treat finitely generated
subgroups of fully residually free groups precisely in the same manner as in the
standard free groups. This approach was realized in [46] where a host of algorithmic
problems about finitely generated subgroups of finitely generated fully residually
free groups was solved (see also Section 3.2).

Main ideas: elimination process vs JSJ. Our main tool in constructing
JSJ decompositions of groups is a so-called elimination process which is a symbolic
rewriting process of a certain type that transforms formal systems of equations in
groups or semigroups. This process can be viewed as a non-commutative analog
of the classical elimination process in algebraic geometry, hence the name. The
original version of the process was introduced by Makanin in [51]. He showed that
the process gives a decision algorithm to verify whether a given system is consis-
tent or not (decidability of Diophantine problem over free groups) by estimating
the length of the minimal solution (if it exists). In [62] Razborov developed the
process much further, so that the Makanin-Razborov’s process produces all solu-
tions of a system of equations in a free group. We refined Razborov’s version of the
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process in [36] and [40] to show that up to the rational equivalence irreducible alge-
braic sets over I’ can be characterized by non-degenerate triangular quasi-quadratic
systems, or NTQ systems (see Section 2.13), thus introducing NTQ groups which
play an important role in model theory of free groups. Here the "non-degenerate”
part corresponds to the extension theorems in the classical theory of elimination
for polynomials. In fact, our rewriting process from [36] or [40] by no means is
unique, every time it can be easily adjusted to some particular needs. However,
there exist several fundamental common features that unify all variations of our’s
and Razborov’s processes. It is worthwhile to mention here two of them. First,
only three precisely defined infinite branches (subprocesses) can occur in the pro-
cess: linear case (Cases 7-10), quadratic case (Cases 11-12), and general JSJ case
(Cases 13-15) which includes periodic structures and abelian vertex groups (Case
2). Secondly, groups of automorphisms of the coordinate groups are used in encod-
ing the infinite branches of the process. In what follows we refer to processes of this
type as to elimination processes. Observe, that the original Makanin’s process lacks
some of these features (for example, there are no infinite branches corresponding
to the periodic structures).

Notice that the principal ideas from the Makanin’s process (elementary and
entire transformations, complexity, etc.) were used in [8, 23] to prove the classifi-
cation theorem for finitely generated groups acting freely on R-trees and to describe
stable actions on R-trees, via so-called Rip’s machine. Later, these results played a
key part in the proof of existence of JSJ decompositions of finitely presented groups
with a single end [65, 64].

In this paper we show that a modification of the elimination process from [36]
can be used directly to construct effectively JSJ decompositions of finitely generated
fully residually free groups, thus avoiding algorithmically difficult detour into the
limit actions. Theorem 7.1 establishes a correspondence between infinite branches
of an elimination process and splittings of the coordinate group of the system under
consideration: the linear case corresponds to thin (or Levitt) type of a subcomplex
in [8] and [23], the quadratic case corresponds to the surface type (or interval
exchange), periodic structures correspond to toral (or axial) type. Moreover, the
automorphism associated with infinite branches of the process are precisely the
canonical automorphism of the JSJ decomposition associated with the splittings.
Now we are in a position to explain the main idea of the proof.

Let G be a non-abelian finitely generated fully residually free group given as
the coordinate group of a finite system of equations S(A,X) = 1 over F'. Every
solution in F' of the system S(X, A) = 1 gives rise to a homomorphism ¢ : G —
F. Composition of ¢ with an automorphism ¢ of G provides a new solution of
the system S(X, A) = 1 in F. Thus, different types of canonical automorphisms
associated with a JSJ decomposition of G induce solutions of the system S(X, A) =
1 of a particular type, that can be recognized in the elimination process as infinite
branches of the corresponding type. Conversely, infinite branches in the elimination
process for S(X, A) = 1 provide infinite families of canonical automorphisms of G,
that determine the corresponding elementary splitting of G. This, in combination
with Bass-Serre methods and length functions techniques, allows one to reconstruct
the JSJ decompositions of G.
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Main results and organization of the paper. In the next section we collect
some known results on fully residually free groups, algebraic geometry over groups,
and quadratic equations.

In Section 2 we discuss splittings, JSJ decompositions, and canonical automor-
phisms. Here we prove an important technical lemma on induced @ H-subgroups
(Lemma 2.13).

Section 3 contains various results on decidability of algorithmic problems in
finitely generated fully residually free groups. Some of them are known (complete
proofs are in [36, 46, 53]) and some are new.

In Sections 4—6 we introduce and study an elimination process. Initially, we
describe this process as an infinite branching deterministic procedure which starts
at a generalized equation ) and on each elementary step rewrites a given general-
ized equation into a finitely many new ones. The procedure gives rise to an infinite
directed tree T'(?) which is equipped with some extra objects (enriched tree) asso-
ciated with vertices and edges. Namely, the coordinate groups of the generalized
equations (obtained in the process) are associated with vertices, while homomor-
phisms of the corresponding coordinate groups (related to the elementary rewriting
steps) are associated with edges. As was mentioned above infinite branches of this
tree are the focal points of these sections. The periodic structures provide the most
difficult case, they occupy the whole Section 6.

In Sections 7 and 8 we study splittings of the coordinate group and the structure
of solutions of a given finite system of equations over free groups. To this end we cut
off the infinite branches of the tree T'(2) and encode them by groups of canonical
automorphisms of the corresponding coordinate groups. This results into two finite
enriched trees. In one of them, Tgc.(€2), every branch describes a splitting of the
coordinate group F'r(q) of the root equation 2. In the other, Ts01(2), every vertex
v is associated with the coordinate group Fg(q,) of the corresponding system €2,
and also with a group of the canonical automorphisms A, of this coordinate group,
as before edges u — v of Ty,1(€2) are marked by homomorphisms Frq,) — Fre.,)-
We refer to the latter graphs as to Hom-diagrams. The tree Tgec(£2) is the main
instrument to recognize all splittings essential to build JSJ decompositions of the
coordinate group Fp(o) (Theorem 7.7). The tree Ty, (S2) gives, in particular, a
description of all solutions in F' of the initial equation (Theorem 8.1).

In Section 9 we prove

THEOREM 9.1. Let G be a finitely generated freely indecomposable [freely in-
decomposable modulo F] fully residually free group G. Then a non-degenerate JSJ
Z-decomposition [modulo F| of G is a sufficient splitting of G (see the definition in
Subsection 2.19).

In the same section we prove Theorem 9.3 about canonical embeddings of
finitely generated fully residually free groups into NTQ groups. This result ex-
plains how the top quadratic system of equations in an NTQ system assigned to
the NTQ group corresponds to a cyclic JSJ decomposition of the group that we
embed.

In Section 10 we give an algorithm to find Grushko’s decompositions of finitely
generated fully residually free groups. Recall that a free decomposition

G:Gl*"'*Gk*Fr
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is a Grushko’s decomposition of a group G if the factors G1, ..., Gy are freely inde-
composable non-cyclic groups and the factor F;. is a free group of rank r. It is known
that such decompositions of G are essentially unique, i.e., any other decomposition
of G of this type has the same numbers k and r and the indecomposable non-cyclic
factors are conjugated in G to one of the factors G, ..., Gg. The next result shows
that Gruschko’s decompositions (even modulo a given finitely generated subgroup)
of G are effective.

THEOREM 10.1. There is an algorithm which for every finitely generated fully
residually free group G and its finitely generated subgroup H determines whether or
not G has a nontrivial free decomposition such that H belongs to one of the factors.
Moreover, if G does have such a decomposition, the algorithm finds one (by giving
finite generating sets of the factors).

This theorem allows one to reduce algorithmic problems for finitely generated
fully residually free groups to the freely indecomposable ones. For such groups we
prove the following theorem which is one of the major results of this paper.

THEOREM 1. There exists an algorithm to obtain a cyclic [abelian] JSJ decom-
position of a freely indecomposable finitely generated fully residually free group. The
algorithm constructs a presentation of this group as the fundamental group of a JSJ
graph of groups.

Actually, we prove (in Section 13) the following much more general result which
implies Theorem 1.

THEOREM 13.1. There exists an algorithm to obtain a cyclic [abelian] JSJ
decomposition for a finitely generated fully residually free group modulo a given
finite family of finitely generated subgroups.

Combining Theorems 10.1 and 13.1 one can find effectively cyclic [abelian] JSJ
decompositions of the freely indecomposable non-abelian  factors
G1,...,Gy of the Grushko’s decomposition of G. This gives a cyclic [abelian]
splitting of G which completely describes the structure of G as the fundamental
group of a graph of groups.

A variation of Theorem 1 first appeared in [39] (in terms of the elimination
processes), where it was used in the proof of the second Tarski’s conjecture on the
decidability of the elementary theory of free non-abelian groups.

Theorem 1 has numerous applications. Using Theorem 1 we refine in Theorem
11.2 the effective description of a solution set of a system of equations over F' from
[36]. In Section 15 we give a description of solution sets of systems of equations
over finitely generated fully residually free groups. To do this we need the notion
of a Hom-diagram described in Section 11.

THEOREM 11.2. Let G be a finitely generated group and F a free group. Then:

(1) there exists a complete canonical Hom(G, F)-diagram C.
(2) if F is a fized subgroup of G then there exists an F-complete canonical
Homp(G, F)-diagram C.

Moreover, if the group G is finitely presented then the Hom-diagrams from (1) and
(2) can be found effectively.

This theorem implies the following.
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THEOREM 11.3. Let S(X) =1 be a finite system of equations and
G = (F % F[X])/ncl(S).

Then one can effectively construct an F-complete canonical Hom(G, F)-diagram C
such that all solutions of S(X) =1 in F are exactly all F-homomorphisms in C.

THEOREM 14.1. Let G be a finitely generated group and N an NTQ group.
Then:

(1) there emists a complete canonical Hom(G, N)-diagram C.
(2) if N is a fixred subgroup of G then there exists an N-complete canonical
Homy (G, N)-diagram C.
Moreover, if the group G is finitely presented then the diagrams from (1) and (2)
can be found effectively.

This theorem implies the following result

COROLLARY 14.2. Let G be a finitely generated group and H a finitely gener-
ated fully residually free group. Then:

(1) there exists a complete canonical Hom(G, H)-diagram.
(2) if H is a fixed subgroup of G then there exists an H-complete canonical
Hompy (G, H)-diagram.

In Section 12 we construct free regular Lyndon length functions on NTQ groups.

THEOREM 12.6. If G is the coordinate group of a regular quadratic equation,
then there exists a free reqular Lyndon length function £ : G — 72, where Z? is
ordered lexicographically.

THEOREM 12.7. If G is the coordinate group of an NTQ system, then there
exists a free reqular Lyndon length function £ : G — Zt, where 7 is ordered lexico-
graphically.

In Section 14 we prove some results about monomorphisms into fully residually
free groups.

Let G and H be finitely generated fully residually free groups. Consider
monomorphisms from G to H. One can define an equivalence relation on the
set of all such monomorphisms: two monomorphisms ¢ and i are equivalent if
is a composition of ¢ and conjugation by an element from H.

THEOREM 15.1. Let G [ H| be a finitely generated fully residually free group,
and let A = {Aq,...,A,} [respectively, B = {B1,...,B,}] be a finite set of non-
conjugated mazimal abelian subgroups of G [respectively, H]| such that the abelian
decomposition of G modulo A is trivial. The number of equivalence classes of
monomorphisms from G to H that map subgroups from A onto conjugates of the
corresponding subgroups from B is finite. A set of representatives of the equivalence
classes can be effectively found.

COROLLARY 15.2. Let G be a finitely generated fully residually free group, and
let A ={A1,...,A,} be a finite set of mazimal abelian subgroups of G. Denote
by Out(G; A) the set of those outer automorphisms of G which map each A; € A
onto a conjugate of it. If Out(G;.A) is infinite, then G has a non-trivial abelian
splitting, where each subgroup in A is elliptic. There is an algorithm to decide
whether Out(G; A) is finite or infinite. If Out(G; A) is infinite, the algorithm finds
the splitting. If Out(G;.A) is finite, the algorithm finds all its elements.
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This can be compared to the following Paulin’s result [59]. If G is a hyperbolic
group that has infinite Out(G), then G admits a non-trivial small action on a real
tree. In this case G splits over an elementary group [8].

1. Preliminaries

1.1. Free monoids and free groups. Let A = {a3,...,a,,} be a set. By
Frvon(A) we denote the free monoid generated by A which is defined as the set of
all words (including the empty word 1) over the alphabet A with concatenation as
multiplication. For a word w = by ...b,, where b; € A, by |w| or d(w) we denote
the length n of w.

To each a € A we associate a symbol a=t. Put A=! = {a7! | a € A}, and
suppose that AN A=t = (). We assume that a' = a, (a7!)™! = a and A! = A.
Denote A*l = AUA™L Tfw =b]' -+ - b5" € Fyppon (A1), where (g; € {1,—1}), then
we put w™! = b .- b we see that w™! € M(A*!) and say that w™! is an
inverse of w. Furthermore, we put 171 = 1.

A word w € Fypn(A*) is called reduced if it does not contain subwords bb~*
for b € AT If w = wibb~ wo, w € Fruon(A*!) then we say that wiwsy is obtained
from w by an elementary reduction bb~! — 1. A reduction process for w consists
of finitely many reductions which bring w to a reduced word w. This w does not
depend on a particular reduction process and is called the reduced form of w.

Consider a congruence relation on Fi,op (Ajﬂ)7 defined the following way: two
words are congruent if a reduction process brings them to the same reduced word.
The set of congruence classes with respect to this relation forms a free group F(A)
with basis A. If not said otherwise, we assume that F'(A) is given as the set of
all reduced words in AT!. Multiplication in F(A) of two words u,w is given by
the reduced form of their concatenation, i.e., u-v = ww. A word w € Fy,,,(A*!)
determines the element w € F(A), in this event we sometimes say that w is an
element of F'(A) (even though w may not be reduced).

Words u,w € Fyon(AT!) are graphically equal if they are equal in the monoid
Fron(AT1) (for example, a1a2a2_1 is not graphically equal to ay).

Let X = {z1,...,2,}be a finite set of elements disjoint with A. Let w(X) =
w(z1,...,T,) be aword in the alphabet (XUA)*! and U = (uy(A),...,u,(A)) bea
tuple of words in the alphabet A*!'. By w(U) we denote the word which is obtained
from w by replacing each x; by u;. Similarly, if W = (w1(X), ..., w, (X)) is an m-
tuple of words in variables X then by W (U) we denote the tuple (w1 (U), ..., wn(U)).
For any set S we denote by S™ the set of all n-tuples of elements from S. Ev-
ery word w(X) gives rise to a map py : (Fpmon(ATH))" — Fpon(AT!) defined by
pw(U) = w(U) for U € Fppn(AT)™. We call p,, the word map defined by w(X). If
W(X) = (wi(X),...,wn(X)) is an m-tuple of words in variables X then we define
a word map Py : (Fpon(ATH))" — Fron(ATH™ by the rule Py (U) = W (U).

1.2. G-groups. 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. If H and K are G-groups then a homomorphism
¢ : H — K is a G- homomorphism if g¢ = g for every ¢ € G, in this event we
write ¢ : H —¢ K. In this category morphisms are G-homomorphisms; subgroups
are G-subgroups, etc. By Homg(H, K) we denote the set of all G-homomorphisms
from H into K. It is not hard to see that the free product G F'(X) is a free object
in the category of G-groups. This group is called a free G-group with basis X, and
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we denote it by G[X]. A G-group H is termed finitely generated G-group if there
exists a finite subset A C H such that the set G U A generates H. We refer to [4]
for a general discussion on G-groups.

To deal with cancellation in the group G[X] we need the following notation.
Let w = uy---u, € G[X] = G F(X). We say that u is reduced (as written) if
u; # 1, u; and u;4q are in different factors of the free product, and if u; € F(X)
then it is reduced in the free group F(X). By red(u) we denote the reduced form
of u. If red(u) = uy ---un, € G[X], then we define |u| = n, so |u| is the syllable
length of w in the free product G[X]. For reduced u,v € G[X], we write u o v if
the product uv is reduced as written. If u = uq - - - u,, is reduced and uq,u, are in
different factors, then we say that u is cyclically reduced.

Ifu=ro0s v=s'ot, and 7t = r ot then we say that the word s cancels
out in reducing uv, or, simply, s cancels out in uv. Therefore s corresponds to the
mazimal cancellation in uv.

1.3. Elements of algebraic geometry over groups. Here we introduce
some basic notions of algebraic geometry over groups. We refer to [4] and [34] for
details.

Let G be a group generated by a finite set A, F/(X) be a free group with basis
X = {x1,29,...2,}, G[X] = G x F(X) be a free product of G and F(X). If
S C G[X] then the expression S =1 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 (constants). To emphasize this we sometimes write S(X, A) = 1.

A solution of the system S(X) = 1 over a group G is a tuple of elements
gi,---,9n € G such that after replacement of each x; by ¢; the left hand side of
every equation in S = 1 turns into the trivial element of G. Equivalently, a solution
of the system S = 1 over G can be described as a G-homomorphism ¢ : G[X] — G
such that ¢(S) = 1. 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 V(.S) we denote the set of all
solutions in G of the system S =1, it is called the algebraic set defined by S. This
algebraic set V(S) uniquely corresponds to the normal subgroup

R(S) = {T(z) € G[X] | VA € G"(S(A) =1 — T(A4) =1}

of the group G[X]. Notice that if V(S) = 0, then R(S) = G[X]. The subgroup
R(S) contains S, and it is called the radical of S. The quotient group

Gres) = GIX]/R(S)

is the coordinate group of the algebraic set V(S). Again, every solution of S(X) =1
in G can be described as a G-homomorphism Gp(s) — G.

We recall from [55] that a group G is called a CSA group if every maximal
abelian subgroup M of G is malnormal, i.e., M9 N M = 1 for any g € G ~ M.
The class of CSA-groups is quite substantial. It includes all abelian groups, all
torsion-free hyperbolic groups [55], all groups acting freely on A-trees [3], and
many one-relator groups [24].

We define a Zariski topology on G™ by taking algebraic sets in G™ as a sub-basis
for the closed sets of this topology. If G is a non-abelian CSA group, in particular,
a non-abelian fully residually free group (see definition in Subsection 1.4), then
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the union of two algebraic sets is again algebraic. Therefore the closed sets in the
Zariski topology over G are precisely the algebraic sets.

A G-group H is called 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,
e, Vi (S) = Vi(So). If G is G-equationally Noetherian, then we say that G is
equationally Noetherian. It is known that linear groups (in particular, fully resid-
ually free groups) are equationally Noetherian [27, 7, 4]. If G is equationally
Noetherian then the Zariski topology over G™ is Noetherian for every n, i.e., ev-
ery proper descending chain of closed sets in G is finite. This implies that every
algebraic set V in G" is a finite union of irreducible subsets (they are called ir-
reducible components of V), and such decomposition of V' is unique. Recall that
a closed subset V is irreducible if it is not a union of two proper closed (in the
induced topology) subsets. Denote by Fi,r(s) a coordinate group of an irreducible
subvariety of V(95).

1.4. Discrimination and big powers. Let H and K be G-groups. We say
that a family of G- homomorphisms ® C Homg(H, K) separates (discriminates) H
into K if for every non-trivial element h € H (every finite set of non-trivial elements
Hy C H) there exists ¢ € ® such that h® # 1 (h® # 1 for every h € Hy). In this
case we say that H is G-separated (G-discriminated) by K. Sometimes we do not
mention G and simply say, H is separated (discriminated) by K. In the event when
K is a free group we say that H is freely separated (freely discriminated).

Below we describe a method of discrimination which is called a big powers
method. We refer to [55] and [54] for details about BP-groups.

Let G be a group. We say that a tuple u = (uy,...,ux) € G¥ has commutation
if [u;, ui41] = 1 for some i = 1,...,k — 1. Otherwise we call u commutation-free.

DEFINITION 1.1. A group G satisfies the big powers condition (BP) if for any
commutation-free tuple u = (uq, ..., ux) of elements from G there exists an integer
n(u) (a boundary of separation for u) such that

w gt # 1
for any integers a1, ..., ar > n(u). Such groups are called BP-groups.

The following provides a host of examples of BP-groups. Obviously, a subgroup
of a BP-group is a BP-group; a group discriminated by a BP-group is a BP- group
[65]; every torsion-free hyperbolic group is a BP-group [58]. It follows that every
freely discriminated group is a BP-group.

Let G be a non-abelian CSA group and v € G be a non-proper power. The
following HNN-extension

G(u,t) = (G,t ] g' = g(g € Ca(u)))

is called a free extension of the centralizer Cg(u) by a letter ¢. It is not hard to
see that for any integer k the map t — u* extends uniquely to a G-homomorphism
&k G(u,t) — G.

The result below is the essence of the big powers method of discrimination.

THEOREM 1.2. [55] Let G be a non-abelian CSA BP-group and u € G a non-
proper power. If G(u,t) is a free extension of the centralizer of u by t, then the
family of G-homomorphisms {&k | k is an integer} discriminates G(u,v) into G.
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More precisely, for every w € G(u,t) there exists an integer N,, such that for every
k> N, ws #1.

If G is a non-abelian CSA BP-group and X is a finite set, then the group G[X]
is G-embeddable into G(u,t) for any non-proper power u € G. It follows from the
theorem above that G[X] is G-discriminated by G.

Unions of chains of extensions of centralizers play an important part in this
paper. Let G be a non-abelian CSA BP- group and

G=Gy<Gi1<...<G,

be a chain of extensions of centralizers G;+1 = G;(u;,t;). Then every n-tuple of
integers p = (p1,...,pn) gives rise to a G-homomorphism &, : G, — G which is
composition of homomorphisms &,, : G; — G;_1 described above.

A set P of n-tuples of integers is called unbounded if for every integer d there
exists a tuple p = (p1,...,pn) € P with p; > d for each i. The following result is a
consequence of the theorem above.

COROLLARY 1.3. Let G, be as above. Then for every unbounded set of tuples
P the set of G-homomorphisms Ep = {, | p € P} G-discriminates Gy, into G.

Similar results hold for infinite chains of extensions of centralizers (see [55])
and [5]). For example, Lyndon’s free Z[z]-group FZ[*] can be realized as union
of a countable chain of extensions of centralizers which starts with the free group
F (see [55]), hence there exists a family of F-homomorphisms which discriminates
FZle) into F.

1.5. Fully residually free groups. Denote by F the class of all finitely
generated fully residually free groups. In this section we describe some properties
of groups from F, which are crucial for our considerations.

It is not hard to see that every freely discriminated group is a torsion-free CSA
group [4].

Notice that every CSA group is commutation transitive [55]. A group G is
called commutation transitive if commutation is transitive on the set of all non-
trivial elements of G, i.e., if a,b,c € G~ {1} and [a,b] = 1, [b,¢] = 1, then [a,c] = 1.
Clearly, commutation transitive groups are precisely the groups in which centraliz-
ers of non-trivial elements are commutative.

THEOREM 1.4. [63] Let F be a free non-abelian group. Then a finitely generated
F-group G is freely F-discriminated by F if and only if G is F-universally equivalent
to F' (i.e., G and F satisfy precisely the same universal sentences in the language
Ly).

THEOREM 1.5. [4, 34] Let F be a free non-abelian group. Then a finitely
generated F-group G is the coordinate group of a mon-empty irreducible algebraic
set over F if and only if G is freely F-discriminated by F.

THEOREM 1.6. [35] Let F' be a non-abelian free group. Then a finitely generated
F-group is the coordinate group Fr(sy of an irreducible non-empty algebraic set
V(S) over F if and only if G is F-embeddable into the free Lyndon’s Z[t]-group
FZIH,
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Here we state one corollary of the results mentioned above.

THEOREM 1.7. [36] Every group G € F can be obtained from free groups by
finitely many operations of the following type:

(1) free products;

(2) free products with amalgamation along cyclic subgroups with at least one
of them being maximal;

(3) separated HNN extensions along cyclic subgroups with at least one of them
being mazimal;

(4) free extensions of centralizers (and for each element its centralizer extends
at most once).

COROLLARY 1.8. [36, 67] Every finitely generated fully residually free group is
finitely presented.

1.6. Quadratic equations over freely discriminated groups. In this sec-
tion we collect some known results about quadratic equations over fully residually
free groups, which will be in use throughout this paper.

Let S C G[X]. Denote by var(S) the set of variables that occur in S.

DEFINITION 1.9. A set S C G[X] is called quadratic if every variable from
var(S) occurs in S not more then twice. The set S is strictly quadratic if every
letter from wvar(S) occurs in S exactly twice.

A system S = 1 over G is quadratic [strictly quadratic] if the corresponding set
S is quadratic [strictly quadratic].

DEFINITION 1.10. A standard quadratic equation over the group G is an equa-
tion of the one of the following forms (below d,¢; are nontrivial elements from
G):

n
(1) H[ml,yl] =1, n>0

i=1

m
x?Hz-*lcizid: 1, nm>0,n+m>1.

%
1 i=1

n
1=

Equations (1), (2) are called orientable of genus n, equations (3), (4) are called
non-orientable of genus n.

LEMMA 1.11. Let W be a strictly quadratic word over a group G. Then there
is a G-automorphism f € Autg(G[X]) such that W7 is a standard quadratic word
over G.

PROOF. See [49]. O

DEFINITION 1.12. Strictly quadratic words of the type [z,y], 22, 271
c € G, are called atomic quadratic words or simply atoms.

cz, where
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By definition a standard quadratic equation S = 1 over G has the form
ryro-erpd =1,

where r; are atoms, d € G. This number k is called the atomic rank of this
equation, we denote it by r(S). The size of S =1 is a pair size(S) = (g(5),r(9)),
where ¢() is the genus of S = 1. We compare sizes lexicographically from the left.

In Section 1.3 we defined the notion of the coordinate group Gg(s). Every
solution of the system S = 1 is a homomorphism ¢ : Gr(gy — G.

DEFINITION 1.13. Let S = 1 be a standard quadratic equation written in the
atomic form ryrg---rpd = 1 with & > 2. A solution ¢ : Grgy — G of § = 11is
called:

1) degenerate, if r =1 for some ¢, and non-degenerate otherwise;
2) commutative, if [r] ,T?H] =1foralli=1,...,k—1, and non-commutative
otherwise;

3) in a general position, if [r? re, z+1] #1foralli=1,...,k—1,.

Observe that if a standard quadratic equation S(X) = 1 has a degenerate
non-commutative solution then it has a non-degenerate non-commutative solution

35].

THEOREM 1.14. [35] Let G be a freely discriminated group and S =1 a standard
quadratic equation over G which has a solution in G. In the following cases S =1
always has a solution in G in a general position:

(1) S=1 is of the form (1), n > 2;

(2) S =1 isof the form (2), n >0, n+m > 1;

(3) S =1 is of the form (3), n > 3;
(4) S =1 is of the form (4), n > 2;
(5

) 7(S) =2 and S =1 has a non-commutative solution.

The following theorem describes the radical R(S) of a standard quadratic equa-
tion S = 1 which has at least one solution in a freely discriminated group G.

THEOREM 1.15. [35] Let G be a freely discriminated group and let S =1 be a
standard quadratic equation over G which has a solution in G. Then

(1) If S = [z, y]d or S = [z1, 11][x2, y2], then R(S) = ncl(S);

(2) If S = x2d, then R(S) = ncl(zb) where b* = d;

(3) If S = c*d, then R(S) = ncl([zb™1, c]) where d~1 = ¢¥;

(4) If S = 2223, then R(S) = ncl([z1, 22]);

(5) If S = 222323, then R(S) = ncl([x1, x2], [x1, 23], [12, 23]);

(6) If r(S) = 2 and S = 1 has a non-commutative solution, then R(S) =
ncl(S);

(7) If S =1 is of the type (4) and all solutions of S = 1 are commutative,
then R(S) is the normal closure of the following system:

{w1an =81 sn, [og, 2] = 1, [a; Zuxk] Lz, Cl =1, a; Zz»C] =1,
[a;lzl-,ajlzj] =1 (k,i=1,...,n; 4,5=1,...,m)},
where T — S, z; — a; 1S a solution of S =1 and
C=Cg(cf, ... com s1,...,8n)
is the corresponding centralizer. The group G'r(sy is an extension of the
centralizer C.
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Put
r(S) = [X] +&(9),
where £(S) = 1 if the coefficient d occurs in S, and €(S) = 0 otherwise.

DEFINITION 1.16. A standard quadratic equation S(X) = 1is regular if x(S) >
4 and there is a non-commutative solution of S(X) =1 in G, or it is an equation
of the type [z,y]d = 1.

Notice, that if S(X) = 1 has a solution in G, x(S) > 4, and n > 0 in the
orientable case (n > 2 in the non-orientable case), then the equation S =1 has a
non-commutative solution, hence regular.

COROLLARY 1.17.

(1) Ewery consistent orientable quadratic equation S(X) =1 of positive genus
is regular, unless it is the equation [z,y] = 1;
(2) Every consistent non-orientable equation of positive genus is reqular, un-

less it is an equation of the type x°c* = a’c, 223 = a%a%,x%x%x% =1,
or S(X) =1 can be transformed to the form [z;, z;] = [z;,a] =1, i,j =
1,...,m by changing variables.

(3) Ewery standard quadratic equation S(X) =1 of genus 0 is regular unless
either it is an equation of the type ¢i* = d,ci'cs? = cica, or S(X) =1
can be transformed to the form [Z;,%Z;] = [Z,a) =1, i,j = 1,...,m by
changing variables.

2. Splittings

2.1. Graphs. A directed graph X consists of a set of vertices V' (X) and a set of
edges E(X) together with two functions o : E(X) — V(X), 7: E(X) — V(X). For
an edge e € E(X) the vertices o(e) and 7(e) are called the origin and the terminus
of e. A non-oriented graph is a directed graph X with involution — : E(X) — E(X)
which satisfies the following conditions:

e=e, e#e, o) =r(e).

We refer to a pair {e, €} as a non-oriented edge.

A path p in a graph X is a sequence if edges e1,...,e, such that 7(e;) =
oleit1), i € {1,...,n—1}. Put o(p) = o(e1), 7(p) = 7(ey,). Apathp=-e;---e,
is reduced if e; 1 # &; for each i. A path p is closed (or a loop) if o(p) = 7(p).

2.2. Graphs of groups. A graph of groups I' = G(X) is defined by the fol-
lowing data:

1) a connected graph X;

2) a function G which for every vertex v € V(X) assigns a group G, and
for each edge e € F(X) assigns a group G. such that Gz = G., 0(G,) =
7(Ge);

3) For each edge e € E(X) there are monomorphisms ¢ : G, — G, and
T:Ge — Ger.

Let G(X) be a graph of groups and T' a maximal subtree of X. The fundamental
group 7(G(X),T) of the graph of groups G(X) with respect to the tree T' is defined
by generators and relations as follows: 7(G(X),T) =

((kvev(x)Go), tele € B(X)) [ te = 1(e € T),t, ' gte = g7 (g9 € Ge), tete = 1).



102 O. KHARLAMPOVICH AND A. G. MYASNIKOV

It is known that 7(G(X),T) is independent (up to isomorphism) of T. Therefore,
we will omit sometimes the tree T' from the notations and write simply 7(G(X)).

If some presentation is fixed, the non-trivial generators t. will be called stable
letters. The group 7(G(X)) can be obtained from the vertex groups by a tree
product with amalgamation and then by HNN-extensions. The following lemma
shows that subgroups of m(G(X)) are again fundamental groups of some special
graphs of groups related to G(X).

LEMMA 2.1. [16] Let G(X) be a graph of groups, and let H < n(G(X)). Then
H = 7(G(Y)) where the vertex groups of G(Y)) are H N gG,g~' for all vertices
v € X, and g runs over a suitable set of (H,G,) double coset representatives, and
the edge groups are H N gG.g~" for all edges e € X, where g runs over a suitable
set of (H,G.) double coset representatives.

2.3. Definitions and elementary properties of splittings. Let 7(G(X);T)
be the fundamental group of graph of groups G(X) with respect to a maximal sub-
tree T. Let ¢ : G — 7(G(X);T) be an isomorphism of groups. In this event the
triple D = (G, (G(X); T), ¢) is called a splitting of G. A splitting D is a Z-splitting
[abelian splitting] if every edge group is infinite cyclic [abelian]. Splittings of the
type G = A xc B or G = Axc, are called elementary Z-splittings. An elemen-
tary abelian splitting D is called essential if the images of the edge group under
the boundary monomorphisms do not have finite index in the corresponding vertex
groups. A splitting is reduced if all vertex groups of valency one and two prop-
erly contain the images of groups of adjacent edges. An abelian splitting is called
non-degenerate if its graph of groups is reduced and has an edge. A splitting is
non-trivial if its graph of groups has an edge.

Recall, that a splitting of a group G is called 2-acylindrical if for every non-
trivial element g € G, the fixed set of g when acting on the Bass-Serre tree corre-
sponding to the splitting has diameter at most 2. A splitting of a group is a star
of groups, if its underlying graph is a tree T' which has diameter 2.

2.4. Elementary transformations of graphs of groups and splittings.
A conjugation of a splitting of G is a conjugation of 7(G(X); T).
A sliding is a modification of a graph of groups according to the relation

(A1 *oy Ag) O, A3 =~ (Al *Oy Ag) Xy A2

in the case when C; < Cy. More precisely, suppose a graph of groups I' = G(X)
contains vertices v1,vs,v3 with vertex groups A, As, A3 respectively, and edges
er = (v1,v2),ea = (va,v3) with edge groups Cy and Cy and 7., (C1) < 0¢,(Co).
We replace e; by the edge &1 = (vi,v3) with edge group Cy and og, (C1) =
0e, (C1), 76, (C1) = Te,05, e, (C1). Notice that two of the vertices may coincide.

If T is a graph of groups, and G, is an edge group in I' such that o(G.) =
Geo, then conjugation of the boundary monomorphism o is a replacement of the
monomorphism o by o, such that o1,(g9) = h~to(g)h for some h € G, and any
g € Ge.

A splitting G = A x¢, By is obtained by folding from the splitting G = A x¢c B
if C is a proper subgroup of C7 and By = Cy *¢ B. An unfolding is the inverse
operation to folding. A splitting is unfolded if one cannot apply an unfolding to it.

LEMMA 2.2. Elementary transformations preserve the fundamental groups of
graphs of groups up to isomorphism.
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PROOF. The statement is obvious for a conjugation. Suppose the graph of
groups I'1 = G1(X) is obtained from I' = G(X) by an elementary transformation.
Different choice of T' in the graph X defines an isomorphism of the fundamental
group 7(G(X),T). Therefore it is enough to prove the isomorphism of the funda-
mental groups for a suitable choice of T'in X and T} in X;. For sliding we consider
only the case when vertices vy, vo, v3 are different. In this case we choose the tree T
such a way that edges e; and ey belong to T, and obtain 73 by the sliding defined
above from 7. Then the isomorphism becomes obvious.

Suppose 'y = G;(X) is obtained from I" by the conjugation of the boundary
monomorphism ¢. Consider first the case when it is possible to choose T such a
way that e ¢ T. In this case G = 7(G(X); T) has a stable letter ¢ corresponding to
e and a relation t~1o(g)t = 7(g) for any g € Ge. Let t; be a stable letter in the
presentation 7(Gy(X); T') which has the corresponding relation ¢, ‘o4 (g)tn = 7(g).
These two presentations define the same group, because replacing the generator tj,
in the second presentation by h~'t, we obtain the first presentation. Now consider
the case when it is not possible to choose T such a way that e ¢ T'. Then removing
e from X we obtain two connected components X7 and X5. Let G., € X1, G1 and
G5 are fundamental groups of the graphs of groups corresponding to X; and Xo.
Then

m(G(X);T) = G1 *0(G.)=r(G.) G2
and
m(G1(X);T) = G1 #p-10(G)h=r(c.) (G2)-
These presentations define the same group in different generators, and = = xh, for
x € G and corresponding T € Go.
Similarly, in the case of foldings we choose T so that the edge corresponding to

C belongs to T.
O

2.5. Freely decomposable groups. Recall that a group G is freely decom-
posable if it is isomorphic to a non-trivial free product (in which there are at least
two non-trivial factors). Otherwise, G is called freely indecomposable. A free de-
composition

G=Gix*GnxF(Y)

is called Grushko’s decomposition if all the factors Gy, ..., G, are non-cyclic freely
indecomposable groups, and F(Y) is a free group with basis Y (pehaps empty). If
there is another Grushko’s decomposition

G=Hyx--xHy,xF(Z),

then n = m, corresponding factors G; and H; (after reordering) are conjugated,
and |Z] = |Y].

DEFINITION 2.3. Let G be a group and H be a subgroup of G. We say that G
has a non-trivial free decomposition modulo H, if

G~ G+ Gy,
H<G17aHdG27é1.

Now we generalize the definition above.
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DEFINITION 2.4. Let G be a group and K1, ..., K, be subgroups of G. We say
that G has a non-trivial free decomposition modulo K1, ..., K,, if

G~ Gl * G27
K < Gy, and for each ¢ there exists g; € G such that K7* < Gy.

LEMMA 2.5. Let G be a group with a non-trivial splitting D of G. If D contains
an edge with the trivial associated group then G is decomposable into a non-trivial
free product.

PROOF. Let D = G(X) be a non-trivial splitting of G with an edge with the
trivial associated subgroup. Denote by X* the subgraph of X formed by all vertices
in X and all edges in X whose associated groups are non-trivial. Assume, first,
that X is not connected and Y7,...,Y, (n > 2) are the connected components of
X*. By collapsing in D every subgraph Y; into a single vertex, say v;, with the
associated group 71 (Y;) one gets a graph of groups Z in which all the edge groups
are trivial. Since all the vertex groups in D are nontrivial the groups m(Y;) are
non-trivial. By Lemma 2.1 the group 71 (Z) is the free product of its vertex groups
and a free group, so it is freely decomposable. Observe, that G ~ 71(Z) since
collapses preserve the fundamental groups. Therefore G is freely decomposable.

Suppose now that X* is connected. In this case a given maximal subtree T of
X* is also a maximal subtree of X. If e is an edge in X with the trivial associated
subgroup G, then e € T, so te # 1 in G = m1(X). Since G, = 1 the infinite cyclic
group (t.) is a free factor of G. Hence G is freely decomposable. This completes
the proof of the lemma. O

DEFINITION 2.6. Let G be a group and K = {K7,..., K,} be a set of subgroups
of G. We say that a free decomposition of G

G=Gyx--x Gy

is compatible with /C if each subgroup in K is a conjugate of a subgroup of one of the
factors G;. Denote by K; the set of all conjugates of subgroups in K which belong
to G;. This decomposition is called reduced if none of the G; has a non-trivial
compatible free decomposition modulo ;.

PROPOSITION 2.7. Let
G=G1* - xGp+«F(Y)=G=Hy %% Hy, x F(Z),

be two compatible with K reduced free decompositions, then n = m, corresponding
factors G; and H; (after reordering) are conjugated, and |Z| = |Y|.

PRrROOF. Consider a Bass-Serre tree T' corresponding to the first decomposition.
Subgroups from K fix some vertices of this tree. Each subgroup H; acts on T, and,
since it does not have a free decomposition compatible with I, fixes a vertex of this
tree. Therefore it is conjugated into some factor, say G;, of the first decomposition.
Conversely, each G; is conjugated into some H;. Each factor H;, G; is malnormal,
therefore H; and G; are conjugated. The normal closure generated by Hy *---% H,,
and by Gy * - - % Gy, is the same, therefore |Y| = |Z|. O

REMARK 1. In the notations above, if
GG+ xGy
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is a compatible with I decomposition of G, then we will always assume (taking a
conjugation of G if necessary and renaming subgroups G;) that K; < Gy.

DEFINITION 2.8. Let G be a group and K = {K71, ..., K,} be a set of subgroups
of G. An abelian splitting D is called a splitting modulo K if all subgroups from
are conjugated into vertex groups in D.

2.6. Splittings of finitely generated fully residually free groups. The
following result follows immediately from Theorem 1.7.

THEOREM 2.9. FEvery freely indecomposable non-abelian group from F has an
essential Z-splitting.

2.7. Elliptic and hyperbolic subgroups. If H and K are subgroups of a
group G, we say that H can be conjugated into K if it is a conjugate of a subgroup
of K.

An element g € G [a subgroup H < G] is called elliptic in a given splitting of
G if g [correspondingly, H] can be conjugated into a vertex group, and hyperbolic
otherwise.

LEMMA 2.10. [64] Let G be a freely indecomposable group. If D; is an ele-
mentary Z-splitting of G with the edge group C;, (i = 1,2), then Cy is hyperbolic
(elliptic) in Do if and only if Co is hyperbolic (elliptic) in Dy .

A pair of elementary Z-splittings D;(i = 1.2) is called intersecting if they form
a hyperbolic-hyperbolic pair, namely C is hyperbolic with respect to Do and Cy
is hyperbolic with respect to D;.

LEMMA 2.11. Let G € F and N a mazimal abelian non-cyclic subgroup of G.
Then the following holds:
(1) If G = Ax¢ B is an abelian splitting of G then N is elliptic in this splitting;
(2) If G = Ax¢ is an abelian splitting of G then one of the following holds:
a) N is elliptic in this splitting;
b) C is the centralizer C4(v) of some element v e A, C < N9 for some
g € G, and G = Axc N9 is an extension of the centralizer C.

PROOF. The first statement follows from the description of commuting ele-
ments in a free product with amalgamation (see, for example, [50]) . The second
one is a direct corollary of Lemma 2 and Theorem 5 from [24]. O

DEFINITION 2.12. An abelian splitting D of a group G is called normal if all
maximal abelian non-cyclic subgroups of G are elliptic in D. By D(G) we denote
the set of all normal splittings of G. Denote by Dp(G) the class of all normal
splittings of G such that F' belongs to a vertex group.

2.8. Quadratically hanging subgroups. Let D = (G, (G(X);T), ¢) be an
abelian splitting of G. A vertex group Q = G,,v € V is called quadratically hanging
in D (in short, QH-subgroup in D), if the following conditions hold:

1) @ admits one of the following presentations

g m
(5) <p17"'apmuala"'7agvb17"'abg | H[alabl] Hpk> , g > Ovm > ]-7
j=1 k=1
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and if g = 0, then m > 4,

g m
(6) <pl,...,pm,al,...7agl_Ial2 pk>7g>17m>17
j=1 k=1

(in particular, @ is a free group);

2) for every edge e € E outgoing from v, the edge group G is conjugate to
one of the subgroups (p;),i =1,...,m.

3) for each p; there is an edge e; € E outgoing from v such that G, is a
conjugate of (p;).

Notice that for a freely indecomposable group G property 3) is automatically
satisfied. Moreover, using slidings one can modify the splitting D in such a way
that there are exactly m outgoing edges eq,...,e,, from the QH-vertex () and
o(G.,) = (p;) for each edge e;.

A QH-subgroup Q is called a mazimal QH-subgroup (in short, MQH-subgroup)
if for every elementary abelian splitting D of G ( where G = A x¢ B or G = Ax¢)
either @ is elliptic in D, or the edge group C can be conjugated into ), in which
case D is inherited from the Z-splitting of @ along C'.

Non-QH non-abelian vertex groups of D are called rigid.

2.9. QH-subgroups and quadratic equations. Let D be a splitting of G.
One can choose the maximal subtree T" of the graph of groups I" in D as follows. Let
T7 be a maximal subforest of the subgraph of I'" spanned by non-QH non-abelian
vertex groups. Then one can extend 77 to a maximal subforest T5 of the subgraph
of I' spanned by all non-QH vertex groups, and then extend T5 to a maximal tree
T.

Orientable case. Let an MQH subgroup @ in D be given by a presentation

n

H[mivyi]pl “pm =1
i=1

We may assume (see Section 2.8) that there are exactly m outgoing edges e, . . ., e
from the QH-vertex @ and o(Ge,) = (p;) for each edge e;. Denote also 7(Ge,) =
(ci).

In the standard presentation of GG, by generators and relations as the funda-
mental group of D, the relations corresponding to QH-vertex @ have the following

form
n

H[%yi]pl'“pm =1, c¢'=p,i=1,...,m,
i=1
where z; = 1if e; € T, and e, € T. Excluding p; from the relations above one gets
the relation
n
(7) [Tz vilei - crtem =1

i=1

in the presentation of G. We refer to this relation as to the quadratic relation in G
corresponding to Q.
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Conversely, if H € F and ¢y, ..., ¢, € H then the quotient group

n
G=H[Z1,Y1,- s TnsYns 215 - - - s Zm—1]/nCl <H[xi,yi]cfl X -cf,';"fcm>
i=1
can be represented as the fundamental group of a graph of groups with a QH vertex
Q@ given by the presentation
n
[z vilpr - pm =1,
i=1
with outgoing edges e;, i = 1,...,m, such that o(G.,) = (p;) and 7(Ge,) = (¢;) for
each edge e;.
Every homomorphism ¢ : G — F' gives rise to a solution in F' of the quadratic
equation (corresponding to @):
n
(8) [Tz wiled= - chimred, = 1.
i=1
Non-orientable case. If an MQH subgroup @ in D is given by
‘T%"'xipl"'pm =1, CfL =pi, i=1,...,m,
where z; = 1 if e; € T, and e,, € T. Then, similarly to the orientable case, in the
presentation of G (relative to D) the subgroup @ inputs a quadratic relation

Zm —
xio a2t ey, = 1.

The converse is also true, so the quotient group

G=Hlx1,..., 00,21, 2m—1)/ncl (a7 - 22 )7 o)
can be represented as the fundamental group of a graph of groups with a QH
vertex () corresponding to the quadratic relation above. Again, homomorphisms
¢ : G — F give rise to solutions of the equation

2 2 ¢z1 bzm—1

Ty xTpCy o Cp Cm = 1.

2.10. Induced QH-subgroups.

LEMMA 2.13. Let G € F, T’ =T(X) a cyclic [abelian] splitting of G, and Q a
QH-subgroup in I' associated with a vertex v € X with outgoing edges ey, ..., €emn.
Denote by Y1, ...,Yy the connected components of the graph X ~ {e1,...,en} and
by Pi,..., Py - the fundamental groups of the graphs of groups induced from T on
Yi,..., Y. If H is a finitely generated non-cyclic subgroup of G then one of the
following conditions holds:

(1) H is a nontrivial free product;
(2) H < P! for some g€ G and 1 <i < k;
(3) H is freely indecomposable, and for some g € G the subgroup H N Q9 has
finite index in Q9. In this event H N QY is a QH-vertex group in H.
If Hy = HNQ is non-trivial and has infinite index in Q, then Hg is a free
product of some conjugates of pi*,...,p%m,p® and a free group F1 (maybe trivial)
which does not intersect any conjugate of (p;) fori=1,...,m.
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PROOF. We first prove the lemma for a freely indecomposable group G. Denote
by D the splitting of G obtained from the splitting I" by collapsing all the edges
in X not adjacent to the vertex v. Let Dy be the splitting of H induced by D.
Suppose some conjugate of () has a non-trivial intersection with H. Without loss of
generality we can assume it is @ itself. Put Qg = QN H. The group @ is finitely
generated as the intersection of two finitely generated subgroups of a fully residually
free group (see Lemma 3.13 in Section 3) and, therefore, finitely presented.

Suppose that @ has a presentation

n m
(9) Q= (@1, Y1, Tn,Yn D1, P2 | [ [l i [ [ ip = 1)
=1 =1

Let

n

m
Q= (#1800, s &n, G, D1y P D | [ [ 185 36) [ [ i = 1)
=1 =1

Denote by Q a group generated by x;, ys, &, Ui, i, Di, D, D, t: and given by defin-
ing relations

n m
H[xia yl] lep = 17
=1 =1
n m
[, i) [ [ 90 = 1,
=1 =1

The group Q is a closed surface group. It is also a fundamental group of a graph
of groups with two vertices w and w and m + 1 edges eg,...,e, joining these
vertices. The vertex groups are G, = Q, Gy = Q and the edge groups are
Geo = <p>’ Gei = <p2>

There are two possibilities.

1. Qg does not intersect non trivially a conjugate of any subgroup (p;),i =
1,...m and (p). In this case H is a nontrivial free product, because Qg is a non-
trivial vertex group in Dy with all the adjacent edge groups trivial.

2. Qg intersects non trivially (p;)9. Without loss of generality we can suppose

that Qg N (p)? is non trivial. Taking QY, " instead of @y we can suppose that Qg
intersects non-trivially the subgroup (p). Consider a graph of groups I with two
vertices v and 0, and vertex groups @ g, and the double of this group Qu < Q. The
outgoing edges from v correspond to all possible intersections of the conjugates of
(P1)y -y (Pm), (p) in @ with Qg which are not conjugated in Qg. The outgoing
edges from ¢ are their doubles. To obtain I', we identify each edge with its double.
Let Qy be the fundamental group of I' with stable letters sq,...,s,. Suppose
the edge groups of Qy conjugated into (p;) are (p;’%'), j =1,...,k;, where g; are
representatives of ((p;), @r) double cosets in @, and the edge group conjugated into
(p) are (p™9), 1 =1,...,ky (o’s are natural numbers). Relations of Qg consist of

relations of Qg and Qg and relations
prgisor — ﬁazgz’

where g1 = sp1 = 1, and
Qj9isi; _ 59

p; =D
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We will show now that Qy < @Q. Notice first, that ng is conjugated to p
by gj t;g;. Consider a homomorphism ¢ : Qn — Q that extends the natural
embedding of Qg into @) and QH into Q and such that 501 :_gl Lan,
It is a homomorphism, because it preserves the relations of Qg. ~

We have to show that it is a monomorphism. Take some element r € Qg in
tAhe HNN reduced form r = hosilhy - 57" hp, (n > 0), where h; € Qu *(poo—poo)
Q H, €; € {1,—1}. Since r is in the reduced form, there is no consecutive subsequence

Chy ,hk,s” with hy € (p; 79 or sij,hk,s;jl with by, € (ﬁf”g”) Suppose, first, that
n =0, r = hg. Then hg = ¢1G2 - - - ¢n—1Gn, where g; € (p**) and ¢; & (p*°*). This
is a reduced form in the amalgamated product Qg *(pao—peoy @u. This element

S?j =9, g5

considered as an element of Q *,—p Q is also in the reduced form, therefore is
nontrivial. Since @ *(,—p) Q < Q, 7% # 1. Suppose now that n > 0. To obtain ¢
we substitute in r elements sgl = gl_lgl, SZ = g]-_ltigj instead of sy, s;;. We have
to show that ¢ is in the reduced form in Q. Consider first the case, when r does
not contain any s;;, ¢ # 0, therefore, r? does not contain any ¢;. In this case

r? = ho(g;, 9i) ha - (95, §i,) " B

(n = 0), where h; € QH *(poo—poo) Qu,e; € {1,—1}. This is an element from
Q *(p=p) Q If we write hi,...,h, in reduced form, we can see how to write ¢
in reduced form. Without loss of generality we can suppose that e; = —1. Since
gij € Q ~ Qp, the syllable length of (g;lgil)slhl(gi;lgiz)q can become less than
three only in the case e = 1, hy € QH and g“hlgzzl € (p). Suppose this is
the case. Then Qg contamb hi = g;,'P%gi,, DY 950" iy, 93, P2 giy. There-
fore it contains hlgZZ p*1~Fg; . Then g;, and g;, represent the same double coset
and thus equal, which implies that corresponding stable letters so; are the same
and r = hoso_llhls()l -«-hy is not in reduced form. This contradicts to the as-
sumption. Suppose now r does contain s;; for some ¢ > 1. Suppose that we
have a reducible sequence t; pkt in r®. This can only appear from the sequence

thsm in reduced form of r. We can take for definiteness j; = 1,jo = 2. Then
(sifllhsig)‘z5 = g;ltjlgilhg;tigh. As in the previous case we have gilhgle = pf,
and Qg contains h = g, 1pfgh. This implies s; = s9 and r is not in reduced form,
that contradicts the assumption.

Either Qg is a closed surface group (in this case Q has finite index in @ and
Qp is of finite index in Q), or Q is free.

Suppose Qp is free. Denote the elements p; 77 by qo,...,q,, where qq is a
power of p, and rewrite the corresponding relations in the form g = do, ¢;" = §;.
We will prove that for some hy,...,h, € Qg the product {qo) * (g1 )" * - - * (g, )"
is a free factor of Q. Consider the following free groups.

Ry = Qu % (r) s---x (rp), Ry =Qp x (P) %% (7).

Let R, be the amalgamated product of R, and R, amalgamated along subgroups
(qo,q1"s--->q,) and <q0,q1 ;- +»Gy,") such that go = do, ¢;' = §;'. The group Qn is
embedded into R,. More precise, Q * (r1) *---* (r,) is isomorphic to R,,. Indeed,
a mapping 6 that maps @y and Q g identically onto corresponding subgroups of
R,,, maps s; to Ty L, and r; to r; can be extended to an isomorphism.
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The group R, is an amalgamated product of two copies of the free group
Qu * (r1) * --- % (r,) along the same subgroup. By a result of Swan (see [69],
Lemma 7.1) such a group is free if and only if the amalgamated subgroup is a free
factor.

Therefore Qg * (r1) * -+ % (rn,) = {(qo) * (¢*) * - -+ x (¢'») * Fy for some free
group Fy. Each subgroup (g;), in particular (go), is a free factor in Qg by the
same result of Swan. Let Qu = Q' * (go). Considering R,, for n = 1 we obtain
that (qo) * Q% * (r1) = (qo) * (g1*) * Fo. Denote this group by 7. We want to
show that (qo) * (q1)" is a free factor of Qg for some h € Qp. Fix a basis of T
that includes ¢o, some basis of Q% and m = r, and represent elements of (¢]) and
Fp in this basis. We will now be considering bases of T containing qo, ¢j. We
order bases of T' containing qo, ¢} and some elements z = {z1, ..., 2, } the following
way: let nz = (ng,...,n;,...), where n; is the number of elements in z containing
i occurrences of r*!. One basis is smaller than the other if the tuple n; for it is
larger in the left lexicographic order. Let £(z;) be the number of occurrences of r**
in z;. Applying Nielsen transformations that do not change gy and ¢f to a minimal
basis of 7' we turn the set of basis elements that do not contain r*! into a Nielsen
set. We call such a basis a strongly minimal. If, for some z;, E(q’{ziﬂ) < 2, then
either ¢] is completely cancelled, and this contradicts the minimality, or ¢(z;) = 1

and qIZiﬂ is a free factor in Q’;, therefore {qo) * (g1)" is a free factor in Qx and we
do not have to prove anything.

We claim now that by applying Nielsen transformations that do not change qq
and ¢] to a strongly minimal basis of 7" we can turn this basis into a basis with the
following properties: (1) for any two basis elements y1, yo, E(ylyzﬂ) > Ll(y1); (2) if
for a basis element z the number £(z) is odd, then the middle occurrence of r+1
in z is not cancelled in any product of basis elements; (3) in any product of basis
elements, elements with an even number of occurrences of r*! greater than two
have either one of the middle occurrences of r*! uncancelled or, if all occurrences
of r*1 are cancelled, one of the middle letters not cancelled. (4) in any product
of ¢f and elements z;, such that each z; either doesn’t contain r¥1 or contains
two occurrences of r*!, the first and last letter 7*! cannot cancel. The first two
properties we already have for a strongly minimal basis. The proof of (3) is just a
repetition of the proof of the same property in Nielsen’s theorem. We will now prove
(4). Suppose that the first and last letters 7' are cancelled in the product of the
form ¢jz;! - z:; If 2z, # 2i, i = i1,...,1;_1 we can replace z;, by q7z;! - - z;’ and

obtain a smaller basis which contradicts the minimality of the basis qo, g7, 21, - - - 2.
Suppose z;; appears more than once in the product qufll e zf; Suppose zfj ends
with rw, where w € Qg. Then w cannot be expressed in terms of basis elements
of length zero and w # 1 because the expression is nontrivial. Let z/ be the first

element from the right in the expression ¢fz;; zf; that ends with rw, where

w € Qg and does not begin with w=1r=1 (if z: does not begin with w=!r~!, then
t = 7). Multiplying all the other basis elements of length 2 that end with rw by

zftﬂ we will obtain a new basis such that the unique element of length two that

ends with rw or begins with w1y~ (but not both)is z;,. Since the expression

€5 . . . .
q’{zfl1 . zZJJ equals w, in the new basis it ends with z;,, and z;, appears only once.

Replacing z;, by this expression, we obtain a basis smaller than the one we began
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with, contradicting minimality. Let qo, ¢7, 21, - - -, 2x be a basis with properties (1)-
(4). Denote by Fj the free group with basis {z1,...,2r}. Then r € (¢], z1, ..., 2zk)
and T = (qo) * (q1) * (Fé)’“_l. Therefore Qu = {(qo) * (1) * F}.

We can now apply induction on n and prove that Qg is a free product of
conjugates of pi*,...,p%m, p® belonging to Qg and a group F; which does not
intersect any conjugate of (p;) for i = 1,...,m. Each conjugate of p; in H can be
conjugated into one of the groups (p*) in Q. This proves the second statement
of the lemma.

Suppose that for any g the subgroup Q9 N H is either trivial or has the struc-
ture described above. Consider now the decomposition Dy. If the group Fj is
nontrivial, then H is freely decomposable, because the vertex group Qg in Dy is a
free product, and all the edge groups belong to the other factor. If at least for one
subgroup @9, such a group Fj is non-trivial, then H is a non-trivial free product.
Suppose each non-trivial subgroup H N QY is a free product of conjugates of some
elements pj*, a; € Z, in QY. According to the Bass-Serre theory, for the group G
and its decomposition D one can construct a tree such that G acts on this tree, and
stabilizers correspond to vertex and edge groups of D. Denote this Bass-Serre tree
by Tp. The subgroup H also acts on Tp. Let T} be a fundamental transversal for
this action. Since H is not conjugated into any of the subgroups P;, the amalga-
mated product of the stabilizers of the vertices of 17 is a free product of subgroups
H N PY. Therefore H is either such a free product or is obtained from such a free
product by a sequence of HNN extensions with associated subgroups belonging to
distinct factors of the free product. In both cases H is freely decomposable.

In the case when Qg has finite index in Q, Q# has finite index in Q, therefore
the closed surface with the fundamental group Qg is a finite cover of the closed
surface with the fundamental group Q. Therefore Qg is a QH subgroup for H.

Suppose now that G = G1 * --- * G, * F,. is a Grushko’s decomposition of G,
where G, ...,Gy are freely indecomposable non-cyclic groups. Then any other
such decomposition has the same numbers k£ and r and indecomposable factors
conjugated to G1,...,Gg. Since H is freely indecomposable, we can suppose that
H is contained in G1. Let D be a decomposition of G as in the lemma, and H does
not belong to a conjugate of P;. If the intersection QY N H has infinite index in
Q9 for any g € G, then the proof that H should be freely decomposable does not
require the property of G being freely indecomposable. Suppose there exists g € G
such that this intersection has finite index. We can suppose g = 1, then Q < G;.
Then @ is a vertex group in the induced decomposition of GG1, therefore it is a QH
subgroup of G;. Now we can apply Lemma 2.13 to H and G; and conclude that
QN H is a QH subgroup of H. O

2.11. Quadratic decomposition. By Theorem 5.6 from [64] for every f. g.
freely indecomposable torsion free non-surface group H there exists a reduced (may
be trivial) Z-splitting Dgyq4r (2 quadratic decomposition of H ) with the following
properties:

(1) every MQH subgroup of H can be conjugated to a vertex group in Dgyqdr;
every QH subgroup of H can be conjugated into one of the MQH sub-
groups of H; every vertex with a non-MQH vertex group is adjacent only
to vertices with MQH vertex groups;
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(2) if an elementary Z-splitting H = A x¢ B or H = Ax¢ is hyperbolic in
another elementary Z-splitting of H, then C' can be conjugated into some
MQH subgroup;

(3) for every elementary Z- [abelian] splitting H = A x¢ B or H = Ax¢
from D(H) which is elliptic in each elementary Z- [abelian] splitting from
D(H), the edge group C can be conjugated into a non-MQH subgroup of
l)quadr;

(4) if Dy,,,q4, is another splitting that has properties (1)—(4), then it can be

obtained from Dgyqqr by slidings, conjugations, and modifying boundary

monomorphisms by conjugation.

2.12. JSJ-decompositions. All elementary cyclic [abelian] splittings of a
finitely presented (f.p.) torsion free freely indecomposable group are encoded in
a splitting called a JSJ decomposition.

PROPOSITION 2.14. ( [64], part of Theorem 7.1) Let H be a f.p. torsion-free
freely indecomposable group. There exists a reduced, unfolded Z-splitting of H,
called a JSJ decomposition of H, with the following properties.

(1) Bvery MQH subgroup of H can be conjugated to a vertex group in the
JSJ decomposition. Every QH subgroup of H can be conjugated into one
of the MQH subgroups of H. FEvery non-MQH vertex group in the JSJ
decomposition is elliptic in every Z-splitting of H.

(2) If an elementary Z-splitting H = A ¢ B or H = Axc is hyperbolic in
another elementary Z splitting, then C' can be conjugated into some MQH
subgroup.

We call a splitting of a finitely presented group almost reduced if vertices of
valency one and two properly contain the images of the edge groups except vertices
between two MQH subgroups that may coincide with one of the edge groups.

PROPOSITION 2.15. Let H be a freely indecomposable f.g. fully residually free
group. There exists an almost reduced unfolded cyclic [abelian] splitting D € D(H)
of H, where the class D(H) was defined in Section 2.7, with the following properties:

(1) Every MQH subgroup of H can be conjugated to a vertex group in D; every
QH subgroup of H can be conjugated into one of the MQH subgroups
of H; non-MQH subgroups in D are of two types: maximal abelian and
non-abelian, every non-MQH vertex group in D is elliptic in every cyclic
[abelian] splitting in D(H).

(2) If an elementary cyclic [abelian] splitting H = A xc B or H = Ax¢ is
hyperbolic in another elementary cyclic [abelian] splitting, then C' can be
conjugated into some MQH subgroup.

(3) Ewery elementary cyclic [abelian] splitting H = A x¢ B or H = Axc
from D(H) which is elliptic with respect to any other elementary cyclic
[abelian] splitting from D(H) can be obtained from D by a sequence of col-
lapsings, foldings, conjugations and modifying boundary monomorphisms
by comjugation.

(4) If Dy € D(H) is another splitting that has properties (1)—(2), then it
can be obtained from D by slidings, conjugations, and modifying boundary
monomorphisms by conjugation.



EFFECTIVE JSJ DECOMPOSITIONS 113

We will call such a splitting a cyclic [abelian] JSJ decomposition of H. Similar
result holds for the class of splittings D (H). Such a splitting will be called an
cyclic (or abelian) JSJ decomposition of H modulo F.

PROOF. By Lemma 2.11 an elementary abelian non-cyclic splitting from D(H)
is elliptic in all splittings from D(H). The proof of Lemma 2.1 from [64] can be
repeated to show that the case when a cyclic splitting H = Ay ¢, B1 (H = A1x¢,)
is hyperbolic in a non-cyclic abelian splitting H = Ay x¢, By (H = Asxc,) is
impossible.

To construct a decomposition D with properties 1-4, we first construct a cyclic
decomposition Deyeric. We begin with Dgyqq4r and refine it using property (c). We
take an elementary cyclic splitting from D(H), and if there is a non-MQH vertex
group that is not elliptic in this splitting, we split this vertex group. This process
stops, because H is finitely presented [9]. As a result we obtain a cyclic splitting of
H. All non-MQH vertex groups of this splitting are elliptic in all cyclic splittings

from D(H).
Every subgraph corresponding to a decomposition H; x¢, Ha *c, - - - *¢,,_, Hp,
such that Ci,...,C),_1 are subgroups of a maximal abelian subgroup M which

is a subgroup of H; can be modified (using slidings) into a star of groups with
H; at the center. Since all maximal abelian subgroups of G are elliptic in D and
they are malnormal, using slidings we can transform an abelian decomposition into
2-acylindrical decomposition. Now we can refine D.y¢i;c by splitting non-MQH non-
abelian subgroups using non-cyclic abelian splittings from D(H). This procedure
stops by [66], and we obtain a decomposition D with properties (1)—(2). These
properties and 2-acylindricity imply properties (3) and (4). O

COROLLARY 2.16. (from Theorem 1.7) Every freely indecomposable non-abelian
non-surface group from F admits a non-degenerate cyclic [abelian] JSJ decompo-
sition.

Let G be a group and K = {K1,..., K,} be a set of subgroups of G. Consider
a free decomposition G = G * - - - x Gy compatible with K and such that each fac-
tor G; that contains conjugates of some K;,j = 1,...,n, is freely indecomposable
modulo these subgroups and does not have a non-trivial compatible free decom-
position modulo them, and each factor G; that does not contain any conjugate
of K;,7 =1,...,n, is freely indecomposable. For each G; that does not contain
conjugates of any K; we can consider an abelian JSJ decomposition. For each
G; containing conjugates of some Kj ,..., K; one can consider splittings modulo
Kj,,...,K;, and introduce the notion of a JSJ decomposition modulo K, , ..., K.
This decomposition may be degenerate. Similarly to Proposition 2.15 one can prove.

PRrROPOSITION 2.17. Let H be a freely indecomposable f.g. fully residually free
group modulo K = {Kj,,...,K;_ } such that there is no non-trivial compatible free
decomposition of H modulo K. There exists an abelian splitting D € D(H) of H
modulo K (possibly degenerate), where the class D(H) was defined in Section 2.7,
with the following properties:

(1) Every MQH subgroup of H modulo K can be conjugated to a vertex group
in D; every QH subgroup of H modulo IC can be conjugated into one of
the MQH subgroups of H modulo IC; non-MQH subgroups in D are of two
types: mazimal abelian and non-abelian, every non-MQH vertex group in
D s elliptic in every abelian splitting in D(H) modulo K.
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(2) If an elementary abelian splitting H = A x¢c B or H = Axc modulo K is
hyperbolic in another elementary abelian splitting modulo K, then C can
be conjugated into some MQH subgroup.

(3) Ewery elementary abelian splitting modulo K, H = Axc B or H = Axc
from D(H) which is elliptic with respect to any other elementary abelian
splitting modulo IC from D(H) can be obtained from D by a sequence of col-
lapsings, foldings, conjugations and modifying boundary monomorphisms
by conjugation.

(4) If Dy € D(H) is another splitting modulo K that has properties 1-2, then it
can be obtained from D by slidings, conjugations, and modifying boundary
monomorphisms by conjugation.

To obtain an abelian JSJ decomposition of G modulo K we first take a free
decomposition as described above G = Gy * --- % Gy and then an abelian JSJ
decomposition of each factor G; modulo {Kj,,..., K, }.

If G is an F-group, we always suppose that F' < K;.

2.13. NTQ systems and NTQ groups. We recall now the definition of a
NTQ group from [40] and [36].

Let G be a group with a generating set A. A system of equations S = 1 is called
triangular quasiquadratic (shortly, TQ) if it can be partitioned into the following
subsystems

S1(Xy, Xo, ..., X, A) =1,
So(Xo, .., Xy A) =1,

Sn(Xn, A) =1
where for each i one of the following holds:

1) S; is quadratic in variables X;;

2) S, = {ly,2] = L, [y,u] = 1| y,z € X;} where u is a group word in
X;+1U---UX, UA such that its canonical image in G;11 is not a proper
power. In this case we say that S; = 1 corresponds to an extension of a
centralizer;

3) Si=A{ly,2]=1]y,z € X;};

4) S; is the empty equation.

Define G; = Ggs,,...,s,) for ¢ = 1,...,n and put Gp41 = G. The TQ sys-
tem S = 1 is called non-degenerate (shortly, NTQ) if each system S; = 1, where
Xit1,...,Xp are viewed as the corresponding constants from G;y; (under the
canonical maps X; — Giy1, j = 4+ 1,...,n, has a solution in G;;41. The co-
ordinate group of an NTQ system is called an NTQ group.

An NTQ system S = 1 is called regular if each non-empty quadratic equation
in S; is regular (see Definition 1.16).

We say that an NTQ system S(X) = 1 is in standard form if all quadratic
equations in item 1) of the definition are in standard form. Clearly, every NTQ
system S(X) = 1 is rationally equivalent to a unique NTQ system in standard
form, namely, there exists an automorphism ¢ € AutF[X] such that S¢ =1 is a
standard NTQ system. Let S = 1 be a standard NTQ system. Denote by Sg the
set of all regular quadratic equations in S =1
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Let nq1 > ny > ... > ni be the sequence of sizes of equations from Sg in the
decreasing order. Then the tuple rsize(S) = (n1,...,nk) is called the regular size
of the system S = 1. We compare sizes of systems lexicographically from the left.

2.14. Rational equivalence. Recall, that two systems of equations S(X) =
1 and T(Y) = 1 with coefficients from F are rationally equivalent if there are
polynomial maps Y = Px(X) and X = Py (Y) such that the restriction Pg of the
map Py : FIXI — FI¥l onto the algebraic set Vi (S) gives a bijection Ps : Vi (S) —
Ve (T), and the restriction Pr of the map Py onto the algebraic set Ve (T) gives
the inverse of Ps. Sometimes we refer to the maps Px and Py as to change of
coordinates. It was shown in (see [4]) that systems S(X) =1 and T(Y) = 1 are
rationally equivalent if and only if their coordinate groups Fr(s) and Fr(ry are
isomorphic as F-groups. Observe that if f : Fr(s) — Fr(r) is an F-isomorphism,
then X = f(X) and Y = f~1(Y) are corresponding change of coordinates for the
systems S(X)=1and T(Y) = 1.

DEFINITION 2.18. A system S(X) = 1 with coefficients in a group G splits if
there exist a nontrivial partition of X into & > 1 disjoint subsets X = X;U---U Xy,
and elements S;(X;) € G[X;] such that S(X) = 1 is the union of the systems
Si(X)=1,i=1,...,k.

We say that a system S(X) = 1 with coefficients in G splits up to the ratio-
nal equivalence or rationally splits if some system T(Y) = 1 which is rationally
equivalent to S(X) =1 splits.

Notice that S(X) = 1 rationally splits if and only if its coordinate group Gp(s)
is a nontrivial free product of the coordinate groups Gp(s,) with the group of
constants G amalgamated. In the case when the systems S;(X;) = 1 are coefficient
free for i # 1, one has Gr(g) ~ G1 % -+ * G,.

2.15. Canonical automorphisms. Let G = Ax¢ B be an elementary abelian
splitting of G. For ¢ € C we define an automorphism ¢, : G — G such that
de(a) = a for a € A and ¢.(b) = b¢ = ¢ tbe for b € B.

If G =Axc = (A t| ! =, c € C) then for ¢ € C define ¢. : G — G such that
¢c(a) =a for a € A and ¢.(t) = ct.

We call ¢. a Dehn twist obtained from the corresponding elementary abelian
splitting of G. If G is an F-group, where F' is a subgroup of one of the factors A or
B, then Dehn twists that fix elements of the free group F' < A are called canonical
Dehn twists. Similarly, one can define canonical Dehn twists with respect to an
arbitrary fixed subgroup K of G.

DEFINITION 2.19. Let D € D(G) [D € Dp(G] be an abelian splitting of a
group G and G, be either a QH or an abelian vertex of D. Then an automorphism
1 € Aut(G) is called a canonical automorphism corresponding to the vertex G, if
1) satisfies the following conditions:

1) 9 fixes element-wise all other vertex groups in D (hence fixes all the edge
groups);

2) if G, is a QH-vertex in D, then ¢ is a Dehn twist [canonical Dehn twists]
corresponding to some essential Z-splitting of G along a cyclic subgroup
of G;

3) if G, is an abelian subgroup then v acts as an automorphism on G,, which
fixes all the edge subgroups of G,.
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DEFINITION 2.20. Let D € D(G) [D € Dp(G)] be an abelian splitting of a
group G and e an edge in D. Then an automorphism ¢ € Aut(G) is called a
canonical automorphism corresponding to the edge e if ¢ is a Dehn twist [canonical
Dehn twist] of G with respect to the elementary splitting of G along the edge e
which is induced from D.

DEFINITION 2.21. Let D € D(G) [D € Dr(G] be an abelian splitting of a group
[F-group] G. Then the canonical group of automorphisms Ap = Ap(G) of G with
respect to D is the subgroup of Aut(G) generated by all canonical automorphisms
of G corresponding to all edges, all QH vertices, and all abelian vertices of D.

2.16. Canonical automorphisms of QH-subgroups (orientable case).
In this section we discuss some canonical automorphisms of QH-subgroups. Let
GeF.

Let the relation corresponding to a QH subgroup @ in some decomposition of
G be

We define the basic sequence

I'= (717’727 e a’yK(m,n))

of canonical automorphisms of the group G corresponding to Q). Let

X = {x17y1a"'axn7ynazl7~--7Zm}'

We assume that each v € I' acts identically on all the generators from X that are
not mentioned in the description of .

Let m > 1,n = 0. In this case K(m,0) =m — 1. Put
Yooz — zl(cfcfff), Zit1 — zi+1(cficfj§1), fori=1,...,m—1.
Notice that this is a Dehn twists corresponding to the splitting of G as an HNN
extension with the cyclic edge group (p;p;+1) belonging to Q.

Let m =0,n > 1. In this case K(0,n) = 4n — 1. Put

Vai—3 : Yi — Ty, fori=1,...,n (thisis a Dehn twist corresponding to the
splitting of G as an HNN extension with the edge group (z;) and stable letter y;);
Vai—o t Xy — yixg, fori=1,...,n;
Vdi—1 ' Yi — TiYi, forizl,...,n;
1 -1
—1 \— Yil; YiZ;
Y4i Ty — (yza:“rll) R v, T mip — $i+1+1, Yir1 —
1 \—
(yix7;+1) 1yi+1a
fori=1,...,n—1.
Let m > 1,n > 1. In this case K(m,n) =m+ 4n — 1. Put
vi oz — (G, 2 — oz, fori=1,...,m—1;
Zm . —1 e
Tm : Zm — Zm(cfr;nxl_l)v Iy — 'rim o y Y1 — (Cfﬁ"d?l 1) 1y1;
Vm4di-3 1 Yi — Ty, fori=1,...,n;
Vmtdi-2 @ Ti — yxg, fori=1,... n;

Tm44i—1 * Yi — TilYi, for i = ].,...,TL;
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4 1
Ym+4i Xy (yixi_+I1)_1$z‘, Yi — yz‘th—la Tit1 — x?ﬁ”la Yir1 —
(i) it
for i = 1,...,n — 1 (this is a Dehn twist corresponding to the splitting of G
with an edge group <ylx;+11> belonging to Q).

Observe, that in the case m # 0,n # 0 the basic sequence of automorphisms
I" contains the basic automorphisms from the other two cases. This allows us,
without loss of generality, to formulate the results below only for the case K (m,n) =
m + 4n — 1. Obvious adjustments provide the proper argument in the other cases.

The following lemma describes the action of powers of basic automorphisms
from I on X. The proof is obvious, and we omit it.

LEMMA 2.22. Let I' = (71,...,Ym+an—1) be the basic sequence of automor-
phisms and p be a positive integer. Then the following hold:

L i o Fitl 2 Zit1 o .
Yootz o (GG, 2 — s (e )P, fori=1,...,m—1;
. -1 (czmahyP e e
S ] Ut T LR ST sy — (epray ) TPy
p . p . .
Vmidioz : Yi = T;Yi, fori=1,....n;
p : P - '
Vmidio ' Ti = Y;xi, fori=1,....n;
p . p . .
Vmadio1 b Yi = XY, fori=1,...,n;
PRy ] =1 \p
b : —1y- (wiziy) (vizi )
V44 DX, — (yix¢+1) Pry, yi — vy, y Titl = Tipg , Yir1l —

(i) Pyiva,
fori=1,...,n—1.

Now we introduce vector notations for automorphisms of particular type.

Let N be the set of all positive integers and N* the set of all k-tuples of elements
from N. For s € N and p € N* we say that the tuple p is s-large if every coordinate
of p is greater then s. Similarly, a subset P C N* is s-large if every tuple in P is
s-large. We say that the set P is unbounded if for any s € N there exists an s-large
tuple in P.

Let § = (01,...,0x) be a sequence of automorphisms of the group Fg(s), and
p=(p1,..-,px) € N¥. Then by 67 we denote the following automorphism of FRr(sy:

5P = 60 gPE

NoTAaTION 2.23. Let I' = (71, ...,7k) be the basic sequence of automorphisms
for S = 1. Denote by ', the infinite periodic sequence with period T, i.e., 'y, =
{7i}i>1 with 754k = 7. For j € N denote by I'; the initial segment of I'c of the
length j. Then for a given j and p € N7 put

—P

T A PiNPi-L Pt
G =T'; =711 "o

Sometimes we omit p from ¢;, and write simply ¢;.
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2.17. Canonical automorphisms of QH subgroups (non-orientable case).
Similarly we introduce the notion of the basic sequence of automorphisms for a non-
orientable QH subgroup. It is more convenient to consider a non-orientable relation
in the form

m n n
(10) S = H 2 teiz H[mi,yi]xiﬂ =c1 0y l_l[ai7 bila2 .,
i=1 i=1 i=1
or
m n n

(11) S = H 2tz H[Ii’ Yil22 Ty =C1 O H[ai, bilaz 1ar .
i=1

i=1 i=1
Without loss of generality we consider equation (11). We define a basic sequence
I'= (1,72 YK (o))

of automorphisms of Fr(s). We assume that each v € ' acts identically on all the
generators from X that are not mentioned in the description of 7. Automorphisms
Yiy t=1,...,m+ 4n — 1 are the same as in the orientable case.

Let n = 0. In this case K = K(m,0) = m + 2. Put

2
. 2 (g 1),
TYm * Bm — Zm(cfr;nxl)v Ty — xS
. —1,. .
Ym41 : T1 — $1($1$2), To — (11172) x2;
. (z323) (z3x3)
Ym42 i T1— Ty U, Ta—xy .

Let n > 1. In this case K = K(m,n) =m + 4n + 2. Put

2 2
. 2 —1 (ynwan) (ynwn+1).
Ym+44n © Tp — (yn$n+1) Tny, Yn — Yn y  Tntl = Tpyq s
. -1 .
Ym+dn+1 ¢ Tn+1 — zn—0—1(an—l-lxn—o—Q)a LTpt+2 — (xn+1xn+2) Tn+2;3
(m2+112+2) (x2+1f2,+2)
Ymtan42 D Tpgl = Tl T, Tnge = T "

A family of automorphisms
FP = {¢j,p7j € NOap € P}
is called positive unbounded if P and Ny C N are unbounded. A family of homo-

morphisms I'p from Fr(g) onto F', where (3 is a solution in general position, and
I'p is positive unbounded, is a generic family (see Definition 12.8 below).

2.18. Minimal solutions and maximal standard quotients. Let G and
K be H-groups and A < Auty(G) a group of H-automorphisms of G. Two H-
homomorphisms ¢ and ¢ from G into K are called A-equivalent (symbolically,
¢ ~a 1) if there exists o € A such that ¢ = oy (i.e., g¢ = (9°)¥ for g € G).
Obviously, ~ 4 is an equivalence relation on Hompy (G, K).

Let D be a fixed abelian splitting of G and Ap = Ap(G).

DEFINITION 2.24. Let S(X, A) = 1 be a system of equations over F = F(A),
G = FR(s), and D € D(G). Suppose that ¢1,¢2 : Fr(s) — F(AUY) are solutions
of S = 1in a free group F = F(AUY). We write ¢1 <p ¢ if there exists
an automorphism ¢ € Ap and an endomorphism © € Homp(F, F) such that

$o = oty (see Fig. 1) and
Yl < Y el

rzeX rzeX
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F F
FIGURE 1. ¢1 <p ¢o

Notice that if Y = @) then ¢1 < ¢ if and only if ¢1 ~a, ¢ and Y- |z?| <
> sex 2?2, This provides a way to chose representatives in ~ 4 ,-equivalence classes
of automorphisms. A solution ¢ : G — F' is called minimal if ¢ is <p-minimal in
its ~ 4 ,-equivalence class.

Let Rp be the intersection of the kernels of all minimal homomorphisms from
Homp(G, F). Then G/Rp is called the mazimal standard quotient of G relative to
D.

LEMMA 2.25. Assume that D is a fized abelian splitting of G. Then every
F-homomorphism from G onto F can be presented as composition of a canonical
(relative to D) automorphism of G, the canonical epimorphism G — G/Rp, and
an F-homomorphism from G/Rp onto F.

LEMMA 2.26. Let G be a freely indecomposable F-group in F, and D be an
abelian JSJ decomposition of G. Then Ap is a direct product of abelian groups
generated by canonical Dehn twists corresponding to edges of D between non-QH
non-abelian subgroups, and groups of canonical automorphisms corresponding to
MQH and abelian vertex groups.

PRrROOF. Consider two edges eq, es of D such that e; € T and es ¢ T'. Collapsing
all the other edges we obtain G = (H *¢y K,t | A = B), where F < H, A< H,
B < K. We write down the action of canonical Dehn twists corresponding to the
edges of this decomposition on the generators of G. Let ¢ € C,b € B. Then

z% =g, x e H, y® =y yeK, t =tc,
% =z, x e H, yd’b:y,yEK, % = tb.

In this case, ¢.¢p = PpPe.
All the other possible cases can be verified similarly. O

2.19. Sufficient splittings. Let H < G. A family of H-homomorphisms
U={y:G— H}

is called separating if for any nontrivial g € G there exists ¢ € ¥ such that ¢ (g) # 1
in H.
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DEFINITION 2.27. Let G be a group, K = {K;,...,K,} be a set of subgroups
of G and F is a fixed subgroup of K;. We say that there is a sufficient splitting of
G modulo K if one of the following holds:

1) G is freely decomposable modulo K,

2) there exists a reduced K-compatible free decomposition of G in which at
least one factor G; has an abelian splitting D such that all subgroups
from KC; are elliptic in D and such that Repx, (G}, D) is not a separating
family of homomorphisms (F-homomorphisms, if j = 1) from G; into F.

In the case of a freely indecomposable group G, D is a sufficient splitting of G
if and only if the standard maximal quotient G/Rp is a proper quotient of G.

2.20. Maximal standard fully residually free quotients. Let G be a
group with a finite generating set X and D an abelian splitting of G. Denote by
G/Rp = (X | S) a presentation of the maximal standard quotient G/Rp relative to
X. Then the coordinate group Fpg(g) is a quotient of G/Rp. If Sy =1,...,5, =1
are finite systems that determine the irreducible components of the algebraic set
Vr(S) then (see [4])

R(S)=R(S1)N---NR(Sk)
and the radicals R(.S;) are uniquely defined (up to reordering). Notice that the coor-
dinate groups Fr(gs,) are fully residually free, they are called the standard mazimal
fully residually free quotients of G relative to D.

LEMMA 2.28. The restriction of the canonical epimorphism © : G — G/Rp
onto a rigid subgroup of D and onto a subgroup of the abelian vertex group generated
by the images of edge groups, is a monomorphism.

ProOOF. Let H be a rigid subgroups of D. Canonical automorphisms corre-
sponding to D act on H as conjugation. The set of all representatives of the
equivalence classes of solutions H — F with respect to conjugation is a discrim-
inating set for H. Similar argument works for a subgroup of the abelian vertex
group generated by the images of edge groups. O

COROLLARY 2.29. There exists a standard mazimal fully residually free quotient
K of G such that all the restrictions of the canonical epimorphism G — K onto
rigid subgroups of D, onto edge subgroups in D, and onto the subgroups of abelian
vertex groups A generated by the images of all the edge groups of edges adjacent to
A, are monomorphisms.

PROOF. Let K1, ..., K, be all maximal standard fully residually free quotients
of G. Let ¢; : G/Rp — K, be the canonical epimorphism. Suppose that for each
1 there exists an element w; in some rigid subgroup of D or in a subgroup of the
abelian vertex group generated by the images of edge groups such that ¢;(u;) = 1.
Since G is fully residually free, and for any homomorphism from G to F' the image
of u; is a conjugate of ¢;(u;) = 1, there is some ¢ such that each homomorphism
from G to F' satisfies the equation u; = 1. [l

3. Algorithms over fully residually free groups

3.1. Algorithms for equations and coordinate groups. In this section we
collect some results on algorithmic problems concerning equations over free groups
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and their coordinate groups. We assume below that a coordinate group G is given
by a finite system of equations S(X) = 1 over F' in such a way that G = Fg(g).

THEOREM 3.1. The following statements are true:

(1) There is an algorithm which for a given finite system of equations S(X) =
1 over F and a given group word w(X) in X UA determines whether w(X)
is equal to 1 in Fr(s) or not;

(2) There is an algorithm which for a given finite systems of equations S(X) =
1, T(X) =1 over F decides whether or not R(S) = R(T).

PRrROOF. (1) Let S(X) = 1 be a finite system of equations over F' and w a group
word in the alphabet X U A. Then the universal sentence

By =VX(S(X)=1— w(X)=1)

is true in the free group F' if and only if w € R(S). Since the universal theory
Thy(F) is decidable [52] one can effectively check whether or not ®g.,, € Thy(F).
This proves (1). Now (2) follows immediately from (1). O

THEOREM 3.2. ( [36], see also Theorem 8.2 below.) There is an algorithm which
for a given system of equations S(X) =1 over F finds finitely many NTQ-systems
Q1=1,...,Qn =1 over F' and F-homomorphisms ¢; : Fr(s)y — Fpr(q,) such that
any F-homomorphism X\ : Frisy — F factors through one of the homomorphisms
d)iﬂ;: 1,...,n.

COROLLARY 3.3. There is an algorithms which for a given finite system of
equations S(X) = 1 over F finds finitely many groups G1,...,G, € F (given by
finite presentations in generators X U A) and epimorphisms ¢; : Frgy — G such
that any homomorphism ¢ : Frs)y — F factors through one of the epimorphisms

(rblv"'ad)n-

Proor. The result follows from Theorem 3.2 and Theorem 3.20. O

THEOREM 3.4. [35] Given an NTQ system Q over F one can effectively find
an embedding ¢ : Fr(q) — FZit,

THEOREM 3.5. Given a finite system of equations S = 1 over F and an F-
homomorphism ¢ : Fr(sy — H of Frs) into an NTQ F-group H one can effectively
decide whether ¢ is a monomorphism or not.

PRrROOF. Let G = Fpg(g) for a finite system S = 1 over F' and H an NTQ
F-group. Suppose ¢ : Frs) — H is a homomorphism given by the set of images
X% C H. By Theorem 3.20 one can effectively find a finite set, say T, of defining
relations of the subgroup G® = (X?) < H with respect to the generating set
X?. Tt follows that R(S) < R(T). Clearly, ¢ is a monomorphism if and only if
R(S) = R(T). The latter can be checked effectively by Theorem 3.1. O

THEOREM 3.6. Given a finite irreducible system of equations S = 1 over F one
can effectively find an NTQ system Q over F' and an embedding ¢ : Fr(s) — Fr(q)-

PRrROOF. By Theorem 3.2 one can effectively find finitely many NT(Q systems
Q1,...,Qn over F' and F-homomorphisms ¢; : Frs)y — Fp,) such that any
F-homomorphism X\ : Fgrsy — F factors through one of the homomorphisms
¢iyi = 1,...,n. It is known (see [35, 36, 4]) that in this case at least one of
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the homomorphisms ¢; is monic. Now by Theorem 3.5 one can effectively check
which homomorphisms among ¢1, ..., ¢, are monic. This proves the theorem. [

THEOREM 3.7. There is an algorithm which for a given finite irreducible system
of equations S(X) =1 over F finds a finite representation of the coordinate group
Fr(s) with respect to the generating set X U A.

PROOF. By Theorem 3.6 one can effectively find an NTQ system @ over F' and
an embedding ¢ : Fr(s) — Fr(qg)- It follows that one can effectively find the finite
generating set X? U A of the subgroup FE(S) of the group Fg(q). Now, since the
group F'r(q) belongs to F the result follows immediately from Theorem 3.20. [

COROLLARY 3.8. For every finite irreducible system of equations S = 1 one
can effectively find the radical R(S) by specifying a finite set of generators of R(S)
as a normal subgroup.

THEOREM 3.9 ([35]). There is an algorithm which for a given finite system of
equations S(X) =1 over F finds its irreducible components.

PrOOF. We give here another, more direct, proof of this result. By Corollary
3.3 one can effectively find finitely many groups G1,...,G, € F, given by finite
presentations (X U A | T;), and epimorphisms ¢; : F(g) — G such that any homo-
morphism ¢ : GFg(sy — F' factors through one of the epimorphisms ¢1,. .., phiy,.
It is not hard to see that the systems T; = 1 are irreducible over F' and

Now by Theorem 3.1 one can check effectively whether or not Vg (T;) = Vp(Tj) or
Vr(T;) = Vi (S), thus producing all irreducible components of V¢ (.5). O

3.2. Algorithms for finitely generated fully residually free groups. In
this section we collect some results on algorithmic problems for finitely generated
fully residually free groups from [36, 40, 46, 57]. We assume below that groups
from F are given by finite presentations. Notice that if (X | S) is a finite pre-
sentation of a group G € F then S(X) = 1 can be viewed as a finite irreducible
coefficient-free system of equations over F' and R(S) = ncl(S) where the radical
R(S) is taken in the free group F(X) (without coefficients from F'). This allows
one to apply the algorithmic results from the Section 3.1 to groups from F.

THEOREM 3.10. The word problem is decidable in groups from F.

PROOF. Let G € F and g € G. Since G is finitely presented one can effectively
enumerate all consequences of relators of GG, so if g = 1 then g will occur in this
enumeration. On the other hand, one can effectively enumerate all homomorphisms
¢1, b2, ..., from G into a given free group F' (say of rank 2). If g # 1 then, since G is
residually free, there exists ¢; such that ¢;(g) # 1, which can be verified effectively
(by trying one by one all the images ¢1(g), #2(g),...). This shows that the word
problem is decidable in G, as required. O

THEOREM 3.11. [46] The conjugacy problem is decidable in groups from F.

Notice, that Theorem 3.11 also follows from [12], because finitely generated
fully residually free groups are relatively hyperbolic [20].
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THEOREM 3.12. [57] The membership problem is decidable in groups from F.
Namely, there exists an algorithm which for a group G € F given by a finite
presentation (X | R) and a finite tuple of words hi(X),..., hg(X),w(X) in the
alphabet X1 decides whether or not the element w(X) belongs to the subgroup

(h1(X),..., he(X)).

Using an analog of Stallings’ foldings introduced in [53] for finitely generated
subgroups of FZ* one can obtain the following results.

THEOREM 3.13. [46] Let G € F and H and K finitely generated subgroups of
G given by finite generating sets. Then H N K is finitely generated, and one can
effectively find a finite set of generators of H N K.

THEOREM 3.14. [46] Let G € F and H and K finitely generated subgroups
of G given by finite generating sets. Then one can effectively find a finite family
Jc(H, K) of non-trivial finitely generated subgroups of G (given by finite generating
sets), such that

(1) every J € Ja(H, K) is of one of the following types
H9"NK, H"NCk(g2),

where g1 € G\ H, go € K, moreover g1, g2 can be found effectively;
(2) for any non-trivial intersection HYI N K, g € G ~ H, there exists J €
Jo(H,K) and f € K such that

HINK = J7,
moreover J and f can be found effectively.

COROLLARY 3.15. Let H, K be finitely generated subgroups of finitely generated
fully residually free group G . Then one can effectively verify whether or not K is
conjugate into H, and if it is, then find a conjugator.

COROLLARY 3.16. Let H, K be finitely generated subgroups of finitely generated
fully residually free group G, let H be abelian. Then one can effectively find a finite
family J of non-trivial intersections J = H9 N K # 1 such that any non-trivial
intersection H9* N K has form J* for some k € K and J € J. One can effectively
find the generators of the subgroups from J.

THEOREM 3.17. Given a group G € F, a splitting D of G, and a finitely
generated freely indecomposable subgroup H of G (given by a finite generating set
Y) one can effectively find the splitting Dy of H induced from D. Moreover, one
can describe all the vertex and edge groups, and homomorphisms, which occur in
Dy, explicitly as words in generators Y.

PRrROOF. Following Lemma 2.1 one can construct effectively the graph of groups
for the subgroup H using Theorem 3.14. Indeed, for every vertex v € X by Theorem
3.14 one can find effectively the complete finite family of non-trivial subgroups such
that each intersection H N GY were g runs over G contains a conjugate of one of
them in H. If all these intersections are trivial then by Lemma 2.1 the subgroup
H is cyclic. Otherwise there exists a vertex v € X and an element g € G such that
the subgroup H, = H N GY is non-trivial. We start building the graph of groups
I'y for H induced from G with the graph of groups I'; consisting of the vertex v
and the subgroup H, associated with it. Now for every edge e outgoing from v in
the graph X we find by Corollary 3.16 the complete finite set (up to conjugation
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in H,) of non-trivial intersections H, = H, N G¢ were g runs over G. If there are
no non-trivial intersections of this type then either H, = H or H, is a free factor
of H. Since, by Theorem 3.12 the membership problem is decidable in G one can
effectively check whether H = H,, or not. Suppose that H, = H,NGY # 1 for some
g € G and an edge e outgoing from v. If w is the terminal vertex of e then H, # 1
and we have reconstructed an edge in the graph I'y;. Denote by I's the graph of
groups obtained from I'; by adding the edge e and the vertex u with the associated
subgroups H. and H,. If the fundamental group 7(I'2) is equal to H then we are
finished, otherwise we continue as above. In finitely many steps we will get a graph
of groups T', such that 7(T'y) = H. This proves the theorem. O

The Theorem 3.17 allows one to prove an effective version of Theorem 1.7.

THEOREM 3.18. Let G be a finitely generated group which is given as a finite
sequence

(13) F=Gy<G1<...<Gn=G

of extensions of centralizers G, 41 = G;(u;,t;). Then given a finite set of elements
Y C G one can effectively construct the subgroup (Y) generated by Y in G from
free groups by finitely many operations of the following type:
(1) free products;
(2) free products with amalgamation along cyclic subgroups with at least one
of them being maximal;
(3) separated HNN extensions along cyclic subgroups with at least one of them
being mazimal;
(4) free extensions of centralizers;
in such a way that all groups and homomorphisms which occur during this process
are given explicitly as words in generators 'Y .

PrOOF. The result follows from Theorem 3.17 by induction on the length of
the sequence (13). O

COROLLARY 3.19. There is an algorithm which for a given finitely generated
fully residually free group G determines whether G is hyperbolic or not.

PRrROOF. Let G be a finitely generated fully residually free group. By Theorems
3.4 and 3.6 one can effectively embed G into a group (G, which is obtained from
a free group F' by a finite sequence of extensions of centralizers as in 13. Now, by
Theorem 3.18 one can effectively construct G from F' by finitely many operations
of the type (1)—(4). It is known (see, for example, [33]) that in this event G is
hyperbolic if and only if no operations of the type (4) occurred in the construction of
G. The latter can be checked algorithmically when the finite sequence of operations
is given. (Il

As a corollary of the Theorem 3.17 one can immediately obtain the following
result.

THEOREM 3.20. There is an algorithm which for a given NTQ system @ over
F and a finitely generated subgroup H < Fr(q), given by a finite generating set Y,
finds a finite presentation for H in the generators Y .
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PRrROOF. By Theorem 3.4 one can effectively embed Fr(q) into FZI | Tt follows
that one can effectively embed Fg(g) into a finitely generated group H which is
obtained from F by a finite sequence of extensions of centralizer. Now the result
follows from Theorem 3.18. O

THEOREM 3.21. There is an algorithm which for a given group G € F and a
finitely generated subgroup H < G (given by a finite generating setY'), finds a finite
presentation for H in the generators Y .

PROOF. Let G = (X | S) be a finite presentation of G. As we have mentioned
above one can view the relations S(X) = 1 as a coefficient-free finite irreducible
system of equations over F' with the coordinate group G. By Theorem 3.6 one can
effectively embed the group G into the coordinate group Fr(q) of an NTQ system
Q over F. Now the result follows from Theorem 3.20. O

Observe also, that Theorem 3.20 can be derived from [32], Theorem 5.8.

THEOREM 3.22. There is an algorithm which for a given homomorphism ¢ :
G — H between two groups from F decides whether or not:
(1) ¢ is an epimorphism;
(2) ¢ is a monomorphism;
(3) @& is an isomorphism.

PROOF. Let G,H € F and (X | S) a given finite presentation of G.

(1) Obviously, ¢ is onto if and only if G® = H. Observe that G? is generated
by a finite set X?, so by Theorem 3.12 one can effectively verify whether G = H
or not, as required.

(2) By Theorem 3.20 one can effectively find a finite presentation, say (X | T),
of the subgroup G¢ of H with respect to the generating set X¢. Clearly, ¢ is monic
if and only if R(S) = R(T) which can be effectively verified by Theorem 3.1. This
proves (2) and the theorem since (3) follows from (1) and (2).

O

THEOREM 3.23. [42] The Diophantine problem is decidable in groups from F.
Namely, there is an algorithm which for a given group G € F and an equation
S =1 over G decides whether or not the equation S =1 has a solution in G (and
finds a solution if it exists ).

4. Generalized equations over free groups

Makanin [51] introduced the concept of a generalized equation constructed for
a finite system of equations in a free group F' = F(A). Geometrically a generalized
equation consists of three kinds of objects: bases, boundaries and items. Roughly it
is a long interval with marked division points. The marked division points are the
boundaries. Subintervals between division points are items (we assign a variable to
each item). Line segments below certain subintervals, beginning at some boundary
and ending at some other boundary, are bases. Each base either corresponds to a
letter from A or has a double.

This concept becomes crucial to our subsequent work and is difficult to under-
stand. This is one of the main tools used to describe solution sets of systems of
equations. In subsequent papers we will use it also to obtain effectively different
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FIGURE 2. From the cancellation tree for the equation zyz = 1 to
the generalized equation (z = A\joXg, y = Ay 'ods, z = )\glo)\fl).

splittings of groups. Before we give a formal definition we will try to motivate it
with a simple example.

Suppose we have the simple equation zyz = 1 in a free group. Suppose that
we have a solution to this equation denoted by z?,y?, 2? where is ¢ is a given
homomorphism into a free group F(A). Since %, y®, 2¢ are reduced words in the
generators A there must be complete cancellation. If we take a concatenation of the
geodesic subpaths corresponding to 2?,y? and z? we obtain a path in the Cayley
graph corresponding to this complete cancellation. This is called a cancellation tree
(see Fig. 2). In the simplest situation z = A\; o Ao, ¥ = Ay o A3 and 2z = )\gl oA .
The generalized equation would then be the following interval.

The boundaries would be the division points, the bases are the s and the
items in this simple case are also the \’s. In a more complicated equation where the
variables X, Y, Z appear more than one time this basic interval would be extended,
Since the solution of any equation in a free group must involve complete cancellation
this drawing of the interval is essentially the way one would solve such an equation.
Our picture above depended on one fixed solution ¢. However for any equation
there are only finitely many such cancellation trees and hence only finitely many
generalized equations.

4.1. Generalized equations. Let A = {aj,...,a,} be a set of constants
and X = {z1,...,2,} be a set of variables. Put G = F(A) and G[X] = G x F(X).

DEFINITION 4.1. A combinatorial generalized equation € (with constants from
A*1) consists of the following objects:

1. A finite set of bases BS = BS(Q). 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, ..., g2, . The set M
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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 u and
A(p) (or 1) are called dual bases. We denote variable bases by p, A, . ...

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

3. Two functions o : BS — BD and 3 : BS — BD. We call a(u) and 5(p) the
initial and terminal boundaries of the base u (or endpoints of ). These functions
satisfy the following conditions: a(b) < B(b) for every base b € BS; if b is a constant
base then 8(b) = a(b) + 1.

4. A finite set of boundary connections BC' = BC(f2). A boundary connection
is a triple (i,u,7) where 4,j € BD, u € M such that a(p) < i < B(u) and
a(A(p) < 7 < B(A(n)). We will assume for simplicity, that if (¢, u,5) € BC then
(4, A(p),7) € BC. This allows one to identify connections (4, , 7) and (5, A(u), ).

For a combinatorial generalized equation {2, one can canonically associate a
system of equations in wvariables hi,...,h, over F(A) (variables h; are sometimes
called items). This system is called a generalized equation, and (slightly abusing the
language) we denote it by the same symbol Q. The generalized equation 2 consists
of the following three types of equations.

1. Each pair of dual variable bases (A, A(\)) provides an equation

o) (a0,

(ha(yhay+1 7+ hsoy-11"" = [haap) haaon)+1 - haapy) -1

These equations are called basic equations.
2. For each constant base b we write down a coefficient equation

ha(b) = a,

where a € A*! is the constant associated with b.
3. Every boundary connection (p, A, q) gives rise to a boundary equation

[ha(yhay+1 7+ hp—1] = [haao)haay)+1 -+ hg-1],
if e(A\) = e(A(N)) and
[ha(nfray+1 7 hp—1] = [hghgs1 - hﬁ(A()\))—l]_17
if e(\) = —e(A(N)).

REMARK 2. We assume that every generalized equation comes associated with
a combinatorial one.

ExAMPLE 4.2. Consider as an example the Malcev equation [z,y][b,a] = 1,
where a,b € A. Consider the following solution of this equation:

z? = (b a)"2b)"2b"a, y® = (b™a)"?b.

Fig. 3 shows the cancellation tree and the generalized equation for this solution.
This generalized equation has ten variables hq, ..., hip and eleven boundaries. The
system of basic equations for this generalized equation is the following

hi = hz, ha = hg, hs = hg, hihahghs = hghy, hs = hghghip.
The system of coefficient equations is

hgzb, h4:a, hgza, hl():b.
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[x.yllb,a]=1

A
A

FIGURE 3. A cancellation tree and the generalized equation cor-
responding to this tree for the equation [z, y][b, a] = 1.

DEFINITION 4.3. Let Q(h) = {L1(h) = R1(h),...,Ls(h) = Rs(h)} be a gener-
alized equation in variables h = (hy,...,h,) with constants from A*!. A sequence
of reduced nonempty words U = (U (A),...,U,(A)) in the alphabet A*! is a solu-
tion of Q) if:

1) all words L;(U), R;(U) are reduced as written;
2) Li(U) = Ry(U), i=1,...,s.

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

REMARK 3. Notice that a solution U of a generalized equation ) can be viewed
as a solution of 2 in the free monoid Fy,,,(A*?1) (i.e., the equalities L;(U) = R;(U)
are graphical) which satisfies an additional condition U € F(A) < Fyon(ATH).

Obviously, each solution U of 2 gives rise to a solution of 2 in the free group
F(A). The converse does not hold in general, i.e., it might happen that U is a
solution of © in F((A) but not in Fy,on(A*!), i.e., all equalities L;(U) = R;(U) hold
only after a free reduction but not graphically. We introduce the following notation
which will allow us to distinguish in which structure (Fp,on(AT!) or F(A)) we are
looking for solutions for €.

If

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

S* = {Li(h)Ri(h)~" =1,...,Ly(h)Rs(h)~" =1}
over the free group F'(A).
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DEFINITION 4.4. A generalized equations 2 is called formally consistent if it
satisfies the following conditions.

1) If e(pu) = —e(A(w)), then the bases p and A(p) do not intersect, i.e. non
of the the items hq (., hg(u)—1 is contained in A(u).

2) If two boundary equations have respective parameters (p, A, ¢) and (p1, A, q1)
with p < p1, then ¢ < ¢1 in the case when e(A\)e(A(N)) =1, and ¢ = ¢1 in
the case £(A)e(A(X)) = —1, in particular, if p = p; then ¢ = ¢;.

3) Let p be a base such that a(u) = a(A(p)) (in this case we say that bases
w and A(p) form a matched pair of dual bases). If (p, u, ¢) is a boundary
connection related to p then p = gq.

4) A variable cannot occur in two distinct coefficient equations, i.e., any two
constant bases with the same left end-point are labelled by the same letter
from A*!,

5) If h; is a variable from some coefficient equation, and if (i, pu,q1), (i +
1, u, ¢2) are boundary connections, then |¢g1 — go| = 1.

LEMMA 4.5.

(1) If a generalized equation Q has a solution then Q is formally consistent;
(2) There is an algorithm which for every generalized equation checks whether
it is formally consistent or not.

The proof is easy and we omit it.

REMARK 4. In the sequel we consider only formally consistent generalized
equations.

It is convenient to visualize a generalized equation 2 as follows.

1 2 3 p—1 p

A(N)

4.2. Reduction to generalized equations. In this section, following Makanin
[51], we show how, for a given finite system of equations S(X, A) = 1 over a free
group F'(A), one can canonically associate a finite collection of generalized equa-
tions GE(S) with constants from A*!, which to some extent describes all solutions
of the system S(X, A) = 1.

Let S(X, A) =1 be a finite system of equations S; =1,...,S,, = 1 over a free
group F(A). We write S(X, A) =1 in the form

T11T12 T, = 1,

T21722 " T2l, = 1,
(14)

Tmi1Tm2 " Tml,, = 17

where 7;; are letters in the alphabet X+ y A+,
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A partition table T of the system above is a set of reduced words
T:{Vij(zlr"vzp)} (1 <i<m,1 g.]glz)

from a free group F[Z] = F(AU Z), where Z = {z,...,2,}, which satisfies the
following conditions:

1) The equality V;1Via---V;, = 1,1 <4 < m, holds in F[Z];

2) Vil <li—1;

3)ifr;j=ac A*! then Vij = a.

Since |V;;| < 1; — 1 then at most |S| = 31", (I; — 1)I; different letters z; can
occur in a partition table of the equation S(X, A) = 1. Therefore we will always
assume that p < d(S).

Each partition table encodes a particular type of cancellation that happens
when one substitutes a particular solution W(A) € F(A) into S(X,A) = 1 and
then freely reduces the words in S(W(A), A) into the empty word.

LEMMA 4.6. Let S(X,A) =1 be a finite system of equations over F(A). Then

(1) 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 |S(X, A)|;
(2) one can effectively enumerate the set PT(S).

PRrROOF. Since the words V;; have bounded length, one can effectively enumer-
ate the finite set of all collections of words {V;; } in F'[Z] which satisfy the conditions
2), 3) above. Now for each such collection {V;;}, one can effectively check whether
the equalities V;1Via--- Vi, = 1,1 < i < m hold in the free group F[Z] or not. This
allows one to list effectively all partition tables for S(X, A) = 1. O

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

V=ViVig- Vi - Vet Vina - Vint, = Y1+ - Yps

where y; € AT U Z*! and p = d(V) is the length of V. Then the generalized
equation Q7 = Qr(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' as

yi =2, y; =29 (&g €{1,-1})
we introduce a pair of dual variable bases p. ;, (1, ; such that A(u, ;) = p. ; (say,
if i < j). Put
alpizi) =14, Blpz) =i+1,  €(pz) = &
The basic equation that corresponds to this pair of dual bases is h{* = h;j )
Let z € X. For any two distinct occurrences of z in S(X,A) =1 as
rig=at, ree=a" (eij,eq € {1,-1})

we introduce a pair of dual bases fi;; ; and fiz ¢ such that A(,uw,i’j) = g st (sQY,
if (4,7) < (s,t) in the left lexicographic order). Now let V;; occurs in the word V'
as a subword

Vij = Ye* Ya-
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Then we put
a(payij) = ¢ Blpasy) =d+1,  €(pa,i;) =i

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

Est

[ha(l"m,i‘j) T hﬂ(#mﬁi,_i)_l]aij = [ha(#m,-ﬁ,t) e h’ﬁ(ﬂm,-@,t)_l]
Let rjj = a € A*!. In this case we introduce a constant base i; with the label
a. If Vi; occurs in V' as Vj; = y., then we put

a(pij) = ¢, B(pij) = ¢+ 1.
The corresponding coefficient equation is written as h. = a.

The list of boundary connections here (and hence the boundary equations) is
empty. This defines the generalized equation Qp. Put

GE(S) = {Qr | T is a partition table for S(X, A) = 1}.

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

For a generalized equation €2 we can also consider the same system of equations
in a free group. We denote this system by Q*. By Fpr) we denote the coordinate
group of Q*. Now we explain relations between the coordinate groups of S(X, A) = 1
and Q7.

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

Tij = i,

Let 4 = p5,:,; be the base that corresponds to this occurrence of . Then V;; occurs
in V as the subword

Vii = Ya(u) = Yp(w)-1-
Define a word P, (h) € F[h] (where h = {hy,...,h,}) as

Py(h, A) = haguy - hsﬁi(]ﬁ)ﬂ’

and put

P(h) = (Pyyy---, Pr,).
The tuple of words P(h) depends on a choice of occurrences of letters from X in
V. It follows from the construction above that the map X — F'[h]| defined by
x — P,(h, A) gives rise to an F-homomorphism

™ Frs)y = Frer)-

Observe that the image 7(x) in Frq,) 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 7.

Now we relate solutions of S(X, A) = 1 with solutions of generalized equations
from GE(S). Let W(A) be a solution of S(X,A) =1 in F(A). If in the system
(14) we make the substitution o : X — W (A), then

o (e o (on
(raariz - orit,)” =TTy, =1

in F(A) for every i = 1,...,m. Hence every product R; = r{rd---rj can be
reduced to the empty word by a sequence of free reductions. Let us fix a particular
reduction process for each R;. Denote by Zi,...,Z, all the (maximal) non-trivial
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subwords of r7; that cancel out in some R; (i = 1,...,m) during the chosen re-
duction process. Since every word rf; in this process cancels out completely, that
implies that

oa

Tij = ‘/ij(gl,---,gp)

for some reduced words V;;(Z) in variables Z = {z1, ..., z,}. Moreover, the equality
above is graphical. Observe also that if 7;; = a € A*! then r§; = a and we have
Vij = a. Since every word rf; in R; has at most one cancellation with any other
word rf, and does not have cancellation with itself, we have |V;;| < {; — 1. This

shows that the set T'= {V;;} is a partition table for S(X, A) = 1. Obviously,
U(A) = (21,..., %)

is the solution of the generalized 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 reverse is also true: if U(A) is an arbitrary solution of the generalized
equation dp, then P(U(A)) is a solution of S(X, A) = 1.

We summarize the discussion above in the following lemma, which is essentially
due to Makanin [51].

LEMMA 4.7. For a given system of equations S(X,A) = 1 over a free group
F = F(A), one can effectively construct a finite set

GE(S) ={Qr | T is a partition table for S(X,A) =1}

of generalized equations such that

(1) If the set GE(S) is empty, then S(X, A) =1 has no solutions in F(A);

(2) for each QU(H) € GE(S) and for each x € X one can effectively find a word
P.(H,A) € F[H]| of length at most |H| such that the map x :— P,(H, A)
(x € X ) gives rise to an F-homomorphism mq : Fr(sy — Frea);

(3) for any solution W(A) € F(A)™ of the system S(X,A) = 1 there exists
O(H) € GE(S) and a solution U(A) of Q(H) such that W(A) = P(U(A)),
where P(H) = (Py,, ..., P:, ), and this equality is graphical;

(4) for any F-group F, if a generalized equation QU(H) € GE(S) has a solution
U in F, then P(U) is a solution of S(X,A) =1 in F.

COROLLARY 4.8. In the notations of Lemma 4.7 for any solution W(A) €

F(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.

v
Frs; = Freo)

™
w U
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4.3. Generalized equations with parameters. In this section, following
[62] and [36], we consider generalized equations with parameters. These kinds of
equations appear naturally in Makanin’s type rewriting processes and provide a
convenient tool to organize induction properly.

Let Q be a generalized equation. An item h; belongs to a base p (and, in this
event, u contains h;) if a(p) < i < B(p) — 1. An item h; is constant if it belongs
to a constant base, h; is free if it does not belong to any base. By 7v(h;) = v; we
denote the number of bases which contain h;. We call ; the degree of h;.

A boundary i crosses (or intersects) the base p if a(u) < i < B(u). A boundary
i touches the base u (or 7 is an end-point of ) if i = a(p) or i = B(p). A boundary
is said to be open if it crosses at least one base, otherwise it is called closed. We
say that a boundary i is tied (or bound) by a base p (or p-tied) if there exists a
boundary connection (p, y, ¢) such that i = p or i = ¢q. A boundary is free if it does
not touch any base and it is not tied by a boundary connection.

A set of consecutive items [¢, j] = {hi, ..., hi;;j—1} is called a section. A section
is said to be closed if the boundaries i and 7 4+ j are closed and all the boundaries
between them are open. A base p is contained in a base A if a(A\) < a(u) < B(n) <
B(N). If p is a base then by o(u) we denote the section [a(u), 8(w)] and by h(u)
we denote the product of items hq () - -~ hg(u)—1. In general for a section [, j] by
hli, j] we denote the product h;---hj_1.

DEFINITION 4.9. Let © be a generalized equation. If the set ¥ = Xq of all
closed sections of €2 is partitioned into a disjoint union of subsets

(15) Yo =VSUPSUCE,

then  is called a generalized equation with parameters or a parametric generalized
equation. Sections from VX, PY, and CY are called correspondingly, wvariable,
parametric, and constant sections. To organize the branching process properly, we
usually divide variable sections into two disjoint parts:

(16) VY = AL UNAY

Sections from AY. are called active, and sections from NAY. are non-active. In
the case when partition (16) is not specified we assume that AY. = VX. Thus, in
general, we have a partition

(17) Yoq=AYUNAYUPEUCE

If o0 € %, then every base or item from o is called active, non-active, parametric,
or constant, with respect to the type of o.

We will see later that every parametric generalized equation can be written in
a particular standard form.

DEFINITION 4.10. We say that a parametric generalized equation €2 is in a
standard form if the following conditions hold:

1) all non-active sections from NAXq, are located to the right of all active
sections from AY, all parametric sections from PX are located to the
right of all non-active sections, and all constant sections from CY are
located to the right of all parametric sections; namely, there are numbers
1< pa <pna < pp < pe < p=pq such that [1,p4 +1], [pa+1, pna+1],
[onva + 1, pp + 1], and [pp + 1, po + 1] are, correspondingly, unions of all
active, all non-active, all parametric, and all constant sections;
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2) for every letter a € A*! there is at most one constant base in 2 labelled
by a, and all such bases are located in the C'%;
3) every free variable (item) h; of €2 is located in C3.

Sometimes, we label the item associated with some letter by this letter.
Now we describe a typical method for constructing generalized equations with
parameters starting with a system of ordinary group equations with constants from

A.

4.4. Parametric generalized equations corresponding to group equa-
tions. Let

(18) S(X,Y1,Ya,..., Y, A) =1

be a finite system of equations with constants from A*! and with the set of variables
partitioned into a disjoint union

(19) XUY U UY;

Denote by GE(S) the set of generalized equations corresponding to S = 1 from
Lemma 4.7. Put Y = Y3 U---UY,. Let Q € GE(S). Recall that every base u
occurs in 2 either related to some occurrence of a variable from X UY in the system
S(X,Y,A) = 1, or related to an occurrence of a letter z € Z in the word V (see
Lemma 4.6), or is a constant base. If y corresponds to a variable z € X (y € Y;)
then we say that p is an X-base (Y;-base). Sometimes we refer to Y;-bases as to Y
bases. For a base p of Q denote by o, the section o, = [a(u), B(p)]. Observe that
the section o, is closed in () for every X-base, or Y-base. If p is an X-base (Y -base
or Yj-base), then the section o, is called an X-section (Y -section or Y;-section).
If 11 is a constant base and the section o, is closed then we call o, a constant
section. Using the derived transformation D2 we transport all closed Y;-sections to
the right end of the generalized equations behind all the sections of the equation
(in an arbitrary order), then we transport all Y5-sections and put them behind all
Yi-sections, and so on. Eventually, we transport all Y-sections to the very end of
the interval and they appear there with respect to the partition (19). After that
we take all the constant sections and put them behind all the parametric sections.
Now, let AY be the set of all X-sections, NAY. = (), PX be the set of all Y-sections,
and CX be the set of all constant sections. This defines a parametric generalized
equation 2 = Qy with parameters corresponding to the set of variables Y. If the
partition of variables (19) is fixed we will omit Y in the notation above and call Q
the parameterized equation obtained from 2. Denote by

GEpar(Q) ={Qy | Q€ GE(Q) }

the set of all parameterized equations of the system (18).

5. Elimination process: construction of 7'(2)

In [36] and [40], Section 5, we described a general process of transformations
of a generalized equation and construction of fundamental sequences of solutions
of equations. In those papers we called this process “Makanin-Razborov process”,
and sometimes it caused a confusion because the process that we described is quite
different. Since we use different variations of the process, we prefer to call any such
variation here an FElimination process.
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5.1. Elementary transformations. In this section we describe elementary
transformations of generalized equations which were introduced by Makanin in
[61]. Recall that we consider only formally consistent equations. In general, an
elementary transformation ET associates to a generalized equation {2 a finite set
of generalized equations ET(2) = {,...,8,} and a collection of surjective ho-
momorphisms 0; : Grq) — Gra,) such that for every pair (€2,U) there exists a
unique pair of the type (Q;,U;) for which the following diagram commutes.

0;
Frea) Frea,
TrUi U,
A
F(A)

Here 7y (X) = U. Since the pair (Q;,U;) is defined uniquely, we have a well-
defined map
ET : (Q, U) — (Q“ U1>

ET1 (Cutting a base). Suppose 2 contains a boundary connection (p, A, q).
Then we replace (cut in p) the base A\ by two new bases A\; and A2 and also re-
place (cut in ¢) A(A\) by two new bases A(A1) and A(Az2) such that the following
conditions hold.

If e(A) = e(A(X)), then

a(A) =a(), BA)=p, alX)=p, B(:2)=70(N);

a(A(M)) = (AN), BAM)) =g, a(A(X2)) =g, B(A(X2)) = BAN));
If e(A) = —e(A(A)), then

a(M) =a(), BA) =p,  a(l)=p, B(A)=PB(N);

a(A(M)) =g, BAM)) =BAN),  a(A(X2)) =a(A(N), B(AM)) =g

Put e(A;) = (), e(AN)) =e(AN), i=1,2.

Let (p', A, ¢') be a boundary connection in €.

If p’ < p, then replace (p/, A, q’) by (', M\1,¢).

If p’ > p, then replace (p’, \,¢") by (p', A2, ¢).

Notice, since the equation 2 is formally consistent, then the conditions above
define boundary connections in the new generalized equation. The resulting gener-
alized equation € is formally consistent. Put ET(Q2) = {Q'}. Fig. 4 below explains
the name of the transformation ET1.

ET2 (Transfer of a base). Let a base u of a generalized equation 2 be contained
in the base A, i.e., a(X) < a(u) < B(n) < B(A)). Suppose that the boundaries a(p)
and [(u)) are A-tied, i.e., there are boundary connections of the type (a(u), A,v1)
and (B(p), A,72). Suppose also that every u-tied boundary is A-tied. Then we
transfer p from its location on the base A to the corresponding location on the base
A()) and adjust all the basic and boundary equations (see Fig. 5). More formally,
we replace p by a new base p’ such that a(u') = ~1, 8(¢') = 72 and replace each
p-boundary connection (p, 1, q) with a new one (p/,u’,q) where p and p’ come
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"CUT BASE"

FIGURE 4. Elementary transformation ET1.

from the A-boundary connection (p, A,p’). The resulting equation is denoted by
O =ET2(Q).

>l

"TRANSFER BASE"

>l

F1GURE 5. Elementary transformation ET2.
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ET3 (Removal of a pair of matched bases (see Fig. 6)). Let A and A(XA) be a
pair of matched bases in . Since 2 is formally consistent one has e(A) = e(A(N)),
B(A\) = B(A(XN)) and every A-boundary connection is of the type (p, A, p). Remove
the pair of bases A, A(\) with all boundary connections related to A. Denote the
new generalized equation by .

Remark. Observe that, for i = 1,2,3 ETi(2) consists of a single equation €/,
such that Q and Q' have the same set of variables H, and the identity map F[H] —
F[H] induces an F-isomorphism Fgq) — Fr(q). Moreover, U is a solution of €2 if
and only if U is a solution of .

FI1GURE 6. Elementary transformation ET3.

ET4 (Removal of a lonely base (see Fig. 7)). Suppose in Q a variable base
A does not intersect any other variable base, i.e., the items hq(y), ..., hgo)—1 are
contained in only one variable base A. Suppose also that all boundaries in A are
A-tied, i.e., for every i (a(A)+1 < i < 8—1) there exists a boundary b(7) such that
(i, A, b(4)) is a boundary connection in €. For convenience we define: b(a(\)) =
a(A(N) and b(A() = AIARN)) if s(V(AN) = 1, and ba(A)) = BA()) and
B(BN) = a(A(N) if s(N)(ARN)) = —1.

The transformation ET4 carries €2 into a unique generalized equation £2; which
is obtained from € by deleting the pair of bases A and A(\); deleting all the
boundaries a(A\)+1,...,3(A)—1 ( and renaming the rest 3(\)—a(A)—1 boundaries)
together with all A-boundary connections; replacing every constant base 6 which
is contained in A by a constant base ' with the same label as 6 and such that
a(8') = b(a(6)), B(6) = b(3(0)).

We define the homomorphism 7 : Frq) — Fr as follows: w(h;) = h; if
j<a(y) orj > B0V
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N g Py heay—1,  ife(A) = e(AN),
mhi) =4 hyiy - - hyi—1)—1,  ife(A) = —e(AN)

for a+1 << B(A) — 1. It is not hard to see that 7 is an F-isomorphism.

>l

"DELETE LONE BASE"

FIGURE 7. Elementary transformation ET4.

ET5 (Introduction of a boundary (see Fig. 8)). Suppose a point p in a base
A is not A-tied. The transformation ET5H A-ties it in all possible ways, producing
finitely many different generalized equations. To this end, let ¢ be a boundary on
A(X). Then we perform one of the following two transformations:

1. Introduce the boundary connection (p, A, ¢) if the resulting equation € is
formally consistent. In this case the corresponding F-homomorphism 7, : Fr(q)
into Fp(q,) is induced by the identity isomorphism on F[H]. Observe that m, is
not necessary an isomorphism.

2. Introduce a new boundary ¢’ between ¢ and ¢ + 1 (and rename all the
boundaries); introduce a new boundary connection (p, A, ¢’). Denote the resulting
equation by €. In this case the corresponding F-homomorphism 7, : Fp(q) into
Fr(q,) is induced by the map w(h) = h, if h # hg, and 7w(hg) = hg'hg 1. Observe
that g is an F-isomorphism.

Let 2 be a generalized equation and E be an elementary transformation. By
E(92) we denote a generalized equation obtained from 2 by the elementary trans-
formation F (perhaps several such equations) if F is applicable to 2, otherwise we
put E(Q) = Q. By ¢g : Fr) — Fr(g()) we denote the canonical homomorphism
of the coordinate groups (which has been described above in the case E(2) # Q),
otherwise, the identical isomorphism.
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1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 789 10 11
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FI1GURE 8. Elementary transformation ET5.

LEMMA 5.1. There exists an algorithm which for every generalized equation )
and every elementary transformation E determines whether the canonical homo-
morphism ¢g : Frio) — Fr(g@)) i an isomorphism or not.

PrOOF. The only non-trivial case is when £ = E5 and no new boundaries
were introduced. In this case F () is obtained from 2 by adding a new particular
equation, say s = 1, which is effectively determined by Q and E(2). In this event,
the coordinate group

Fre@) = Freus)
is a quotient group of Fpr). Now ¢p is an isomorphism if and only if R(Q2) =
R(Q U {s}), or, equivalently, s € R(€2). The latter condition holds if and only if s

vanishes on all solutions of the system of (group-theoretic) equations 2 =1 in F,
i.e., if the following formula holds in F:

Vay - Va,(Qz, ..., 2,) =1 = s(z1,...,2,) = 1).

This can be checked effectively, since the universal theory of a free group F is
decidable [52]. O

5.2. Derived transformations and auxiliary transformations. In this
section we describe several useful transformations of generalized equations. Some of
them can be realized as finite sequences of elementary transformations, we call them
derived transformations. Other transformations result in equivalent generalized
equations but cannot be realized by finite sequences of elementary moves.

D1 (Closing a section).
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Let o be a section of 2. The transformation D1 makes the section o closed.
To perform D1 we introduce boundary connections (transformations ET5) through
the end-points of ¢ until these end-points are tied by every base containing them,
and then cut through the end-points all the bases containing them (transformations
ET1) (see Fig. 9).

=l
= .

m‘s:

>l

W

77 8910 M

=l
|

M'S:

1 2 B 4 5 6 7 8910 M

R
'J‘1 é Hz
U, =
= =
A2 == |x
3 = —
A3
===

FIGURE 9. Derived transformation D1.
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D2 (Transporting a closed section).

Let o be a closed section of a generalized equation 2. We cut o out of the
interval [1, po] together with all the bases and boundary connections on o and put
o at the end of the interval or between any two consecutive closed sections of €.
After that we correspondingly re-enumerate all the items and boundaries of the
latter equation to bring it to the proper form. Clearly, the original equation €2
and the new one Q' have the same solution sets and their coordinate groups are
isomorphic (see Fig. 10).

iS
F

b)>)
=
Ryl

TRANSPORT A CLOSED SECTION

1 2 3 4 5 6 (7 8 9 10 11
_ I
M| Ho =
=== = Uo
;\qi =
==
7\Q by ——
i3 o
7‘3
==

FIGURE 10. Derived transformation D2.

D3 (Complete cut).

Let Q be a generalized equation. For every boundary connection (p, u,q) in
Q we cut the base p at p applying ET1. The resulting generalized equation € is
obtained from €2 by a consequent application of all possible ET1 transformations.
Clearly, ) does not depend on a particular choice of the sequence of transformations
ET1. Since ET1 preserves isomorphism between the coordinate groups, equations
Q and Q have isomorphic coordinate groups, and the isomorphism arises from the
identity map F[H| — F[H].

D4 (Kernel of a generalized equation).

Suppose that a generalized equation {2 does not contain boundary connections.
An active base y € A¥q is called eliminable if at least one of the following holds:
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a) p contains an item h; with y(h;) = 1;

b) at least one of the boundaries a(p), B(w) is different from 1, p+1 and it does
not touch any other base (except u).

A cleaning process for € consists of consequent removals of eliminable bases
until no eliminable bases left in the equation. The resulting generalized equation is
called a kernel of Q and we denote it by Ker(£2). It is easy to see that Ker(Q2) does
not depend on a particular cleaning process. Indeed, if €2 has two different elim-
inable bases 1, p2, and deletion of u; results in an equation 2; then by induction
(on the number of eliminations) Ker(€2;) is uniquely defined for i = 1,2. Obviously,
w1 is still eliminable in Qg, as well as us is eliminable in ;. Now eliminating
w1 and po from 29 and €y we get one and the same equation €y. By induction
Ker(91) = Ker(g) = Ker(3) hence the result. We say that a variable h; belongs
to the kernel (h; € Ker(Q)), if either h; belongs to at least one base in the kernel,
or it is parametric, or it is constant.

Also, for an equation Q by © we denote the equation which is obtained from 2
by deleting all free variables. Obviously,

Fr) = FR(ﬁ) * F(Y)

where Y is the set of free variables in Q.

Let us consider what happens on the group level in the cleaning process.

We start with the case when just one base is eliminated. Let p be an elim-
inable base in § = Q(h1,...,h,). Denote by Q; the equation resulting from €2 by
eliminating .

1) Suppose h; € p and (h;) = 1. Then the variable h; occurs only once in
2 — precisely in the equation s, = 1 corresponding to the base p. Therefore, in
the coordinate group Fr(q) the relation s, = 1 can be written as h; = w, where w
does not contain h;. Using Tietze transformations we can rewrite the presentation
of Fr(q)y as Fr(qa), where ' is obtained from €2 by deleting s, and the item h;. It
follows immediately that

Fria,) =~ Fre) * (hi)
and

(20) FR(Q) >~ FR(Q’) ~ FR(Qil) * F(Z)

for some free group F'(Z). Notice that all the groups and equations which occur
above can be found effectively.

2) Suppose now that p satisfies case b) above with respect to a boundary .
Then in the equation s, = 1 the variable h;_; either occurs only once or it occurs
precisely twice and in this event the second occurrence of h;_1 (in A(u)) is a part
of the subword (h;_1h;)*'. In both cases it is easy to see that the tuple

(hl, .. .,hi,Q,Su,hiflhi, hiJr]_, ey hp)

forms a basis of the ambient free group generated by (hi,...,h,) and constants
from A. Therefore, eliminating the relation s, = 1, we can rewrite the presentation
of Frq) in generators Y = (hi,...,hi—2,hi_1hi, hiy1,...,h,). Observe also that
any other equation sy = 1 (A # p) of Q either does not contain variables h;_1, h;
or it contains them as parts of the subword (h;_1h;)*!, i.e., any such a word sy
can be expressed as a word w(Y) in terms of generators Y and constants from A.
This shows that

Fria) = F(Y U A) g, (v) a2 = Frian,
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where ' is a generalized equation obtained from ; by deleting the boundary i.
Denote by ©” an equation obtained from Q' by adding a free variable z to the right
end of Q. It follows now that

FR(Ql) >~ FR(Q”) ~ FR(Q) * <Z>
and
(21) FR(Q) ~ FR(W) * F(Z)

for some free group F(Z). Notice that all the groups and equations which occur
above can be found effectively.

By induction on the number of steps in a cleaning process we obtain the fol-
lowing lemma.

LEMMA 5.2.
Fro) = Friara) * F(2)

where F(Z) is a free group on Z. Moreover, all the groups and equations which
occur above can be found effectively.

PRrROOF. Let

D=0 -0 —... > Q; =Ker2

be a cleaning process for Q. It is easy to see (by induction on [) that for every
j=0,...,01—1

Ker Q; = Ker Q.
Moreover, if ;41 is obtained from €2, as in the case 2) above, then (in the notation
above)

Ker(§;)1 = Ker Q.
Now the statement of the lemma follows from the remarks above and equalities (20)
and (21). O

D5 (Entire transformation).

We need a few further definitions. A base p of the equation 2 is called a leading
base if a(u) = 1. A leading base is said to be mazimal (or a carrier) if 8(\) < B(u),
for any other leading base A. Let u be a carrier base of Q. Any active base A # u
with S(A) < B(w) is called a transfer base (with respect to u).

Suppose now that € is a generalized equation with ~(h;) > 2 for each h;
in the active part of Q. An entire transformation is a sequence of elementary
transformations which are performed as follows. We fix a carrier base p of 2. For
any transfer base A we u-tie (applying ET5) all boundaries in A. Using ET2 we
transfer all transfer bases from p onto A(u). Now, there exists some i < 5(p) such
that hy,...,h; belong to only one base p, while h;;; belongs to at least two bases.
Applying ET1 we cut i along the boundary i+ 1. Finally, applying ET4 we delete
the section [1,7 + 1].

D6 (Identifying closed constant sections).

Let A and p be two constant bases in  with labels a®* and a®+, where a € A
and ey,¢, € {1,—1}. Suppose that the sections o(\) = [¢,i+1] and o(u) = [, j+1]
are closed. Then we introduce a new variable base § with its dual A(§) such that
o(6) = [1,i+1], o(A(0)) = [j,7+1], €(6) = ex, e(A(0)) = e,,. After that we transfer
all bases from § onto A(J) using ET2, remove the bases ¢ and A(¢), remove the item
h;, and enumerate the items in a proper order. Obviously, the coordinate group of
the resulting equation is isomorphic to the coordinate group of the original equation.
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5.3. Construction of the tree T'(Q?). In this section we describe a branching
rewrite process for a generalized equation €. This process results in an (infinite)
tree T'(£2). At the end of the section we describe infinite paths in T'().

Complexity of a parametric generalized equation.

Denote by pa the number of variables h; in all active sections of €2, by ng4 =
n4(2) the number of bases in active sections of 2, by v/ - the number of open
boundaries in the active sections, by ¢’ - the number of closed boundaries in the
active sections.

The number of closed active sections containing no bases, precisely one base, or
more than one base are denoted by t40,%ta1,t42 respectively. For a closed section
o € Xq denote by n(o), p(c) the number of bases and, respectively, variables in o.

pa=pa(@ = Y plo)

ocEAYXq

na=nalQ) = Y n(o)
ocEAY
The complexity of a parametric equation 2 is the number

T=7(Q) = Z max{0,n(c) — 2}.
oc€EAYXq

Notice that the entire transformation (D5) as well as the cleaning process (D4)
do not increase complexity of equations.

Let Q be a parametric generalized equation. We construct a tree T'(2) (with
associated structures), as a directed tree oriented from a root vg, starting at vg and
proceeding by induction from vertices at distance m from the root to vertices at
distance n + 1 from the root.

We start with a general description of the tree T'(2). For each vertex v in
T(Q) there exists a unique generalized equation €2, associated with v. The initial
equation ) is associated with the root vg, ,, = Q. For each edge v — v’ (here v
and v’ are the origin and the terminus of the edge) there exists a unique surjective
homomorphism 7(v,v’) : Fr(q,) — Fr(a) associated with v — v'.

If

VU ... U — U

is a path in T'(2), then by (v, u) we denote composition of corresponding homo-
morphisms
m(v,u) = w(v,v1) - 7w(vs, w).

The set of edges of T(2) is subdivided into two classes: principal and auwil-
iary. Every newly constructed edge is principle, if not said otherwise. If v — v’
is a principle edge then there exists a finite sequence of elementary or derived
transformations from €, to €, and the homomorphism 7(v,v’) is composition
of the homomorphisms corresponding to these transformations. We also assume
that active [non-active] sections in €, are naturally inherited from £2,, if not said
otherwise.

Suppose the tree T'(2) is constructed by induction up to a level n, and suppose
v is a vertex at distance n from the root vg. We describe now how to extend the
tree from v. The construction of the outgoing edges at v depends on which case
described below takes place at the vertex v. We always assume that if we have
Case i, then all Cases j, with j < i — 1, do not take place at v. We will see from
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the description below that there is an effective procedure to check whether or not
a given case takes place at a given vertex. It will be obvious for all cases, except
Case 1. We treat this case below.

Preprocessing.

Case 0. In Q, we transport closed sections using D2 in such a way that all
active sections are at the left end of the interval (the active part of the equation),
then come all non-active sections (the non-active part of the equation), then come
parametric sections (the parametric part of the equation), and behind them all
constant sections are located (the constant part of the equation).

Termination conditions.

Case 1. The homomorphism 7(vg,v) is not an isomorphism (or equivalently,
the homomorphism 7 (v, v), where v; is the parent of v, is not an isomorphism).
The vertex v is called a leaf or an end vertex. There are no outgoing edges from v.

LEMMA 5.3. There is an algorithm to verify whether the homomorphism w(v, u),
associated with an edge v — w in T(Q)) is an isomorphism or not.

Proor. We will see below (by a straightforward inspection of Cases 1-15 be-
low) that every homomorphism of the type m(v,u) is a composition of the canon-
ical homomorphisms corresponding to the elementary (derived) transformations.
Moreover, this composition is effectively given. Now the result follows from Lemma
5.1. O

Case 2. €, does not contain active sections. The vertex v is called a leaf or an
end vertex. There are no outgoing edges from v.

Moving constants to the right.

Case 3. ), contains a constant base ¢ in an active section such that the section
o(4) is not closed.

Here we close the section o(§) using the derived transformation D1.

Case 4. ), contains a constant base § with a label a € A*! such that the
section o (d) is closed.

Here we transport the section o(d) to the location right after all variables and
parametric sections in €2, using the derived transformation D2. Then we identify
all closed sections of the type [¢,i+ 1], which contain a constant base with the label
a*!, with the transported section o(9), using the derived transformation D6. In
the resulting generalized equation €2,/ the section o(d) becomes a constant section,
and the corresponding edge (v, v’) is auxiliary. See Fig. 11.

Moving free variables to the right.

Case 5. 2, contains a free variable h, in an active section.

Here we close the section [g, g + 1] using D1, transport it to the very end of the
interval behind all items in €2, using D2. In the resulting generalized equation €,/
the transported section becomes a constant section, and the corresponding edge
(v,v) is auxiliary.

REMARK 5. If Cases 0-5 are not possible at v then the parametric generalized
equation €2, is in standard form.

Case 6. €, contains a pair of matched bases in an active section.

Here we perform ET3 and delete it. See Fig. 12.

Eliminating linear variables.

Case 7. In €, there is h; in an active section with v; = 1 and such that both
boundaries ¢ and ¢ 4 1 are closed.
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FiGURE 11. Case 3-4: Moving constant bases.

Here we remove the closed section [,7 + 1] together with the lone base using
ET4.

Case 8. In ), there is h; in an active section with v; = 1 and such that one of
the boundaries 4,7 + 1 is open, say ¢ + 1, and the other is closed.

Here we perform ET5 and 7-tie ¢+ 1 through the only base T it intersects; using
ET1 we cut 7 in 4 4 1; and then we delete the closed section [, 4+ 1] by ET4. See
Fig. 13.

Case 9. In €, there is h; in an active section with «; = 1 and such that both
boundaries ¢ and ¢4 1 are open. In addition, assume that there is a closed section o
containing exactly two (not matched) bases p1 and po, such that o = o(u1) = o(u2)
and in the generalized equation Q, (see the derived transformation D3) all the bases
obtained from 1, yt2 by ET1 in constructing Q, from €, do not belong to the kernel
of Q.

Here, using ET5, we u1-tie all the boundaries inside u1; using ET2, we transfer
o onto A(py); and remove py together with the closed section o using ET4.

Case 10. Q, satisfies the first assumption of Case 9 and does not satisfy the
second one.

In this event we close the section [i,7 4+ 1] using D1 and remove it using ET4.

Tying a free boundary.

Case 11. Some boundary 7 in the active part of €, is free. Since we do not
have Case 5 the boundary ¢ intersects at least one base, say, u.

Here we p-tie ¢ using ETS5.
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FIGURE 12. Case 5-6: Trivial equations and useless variables.

Quadratic case.

Case 12. ), satisfies the condition «; = 2 for each h; in the active part.

We apply the entire transformation D5.

Let us analyze the structure of Fip(q,) in this case. Let o be a closed section in
the active part o = [hy,...,h;]. Let F1 be a free group with basis {hq,..., h;}. If
o contains an open boundary j, then we can consider a new generalized equation
2 obtained from €, by replacing the product h;_1h; by a new variable h;_l and
represent Friq,) = Fra,)*(h;). Therefore we can suppose that o does not contain
open boundaries. We say that u is a quadratic base if o contains p and A(u),
otherwise p is a quadratic-coefficient base. Denote the set of quadratic-coefficient
bases by C. Suppose that o contains quadratic bases. Let Fj/o be the quotient
of Fy over the normal closure of elements hla(u), B(p)|h[a(A(w)), B(A(u))] L. Let
M be a set that contains exactly one representative of each pair of double bases
on ¢ and contains also each base p such that y € o and A(u) € o. If we identify
each base on o with its double, then the product h;---h; can be written as a
product of bases from M in exactly two different ways pi;, - - - ps,, and pj, - - iy,
Then F} /o is isomorphic to the quotient of the free group F(M) over the relation
My -+ fiy = Mgy - - W, Every element of M occurs in this relation at most twice.
Applying an automorphism of F(M) identical on C, we can obtain another basis
X UT UC of this group such that in this basis the relation has form of a standard
quadratic equation in variables from X with coefficients in F/(C) [49], Section 1.7,
(variables from T do not participate in any relations). The quadratic equation
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FIGURE 13. Case 7-10: Linear variables.

corresponding to ¢ can be written in the standard form with coefficients expressed
in terms of non-active variables. If the equation is regular, then Fg(q,) has a QH
subgroup corresponding to this equation as described in Subsection 2.9.

If o does not have quadratic-coefficient bases, then Fr(q,) splits as a free prod-
uct with one factor being a closed surface group.

Case 13. (1, satisfies the condition v; > 2 for each h; in the active part,
and 7; > 2 for at least one such h;. In addition, for some active base u section
o (1) = [a(u), A(w)] is closed.

In this case using ET5, we pu-tie every boundary inside p; using ET2, we
transfer all bases from p to A(p); using ET4, we remove the lone base p together
with the section o(u).

Case 14. ), satisfies the condition ~; > 2 for each h; in the active part, and
~v; > 2 for at least one such h;. In addition, some boundary j in the active part
touches some base ), intersects some base u, and j is not p-tied.

Here we p-tie j.

General JSJ-case.

Case 15. (), satisfies the condition ~; > 2 for each h; in the active part, and
~v; > 2 for at least one such h;. We apply, first, the entire transformation D5.

Here for every boundary j in the active part that touches at least one base, we
u-tie 7 by every base p containing j. This results in finitely many new vertices €2,
with principle edges (v,v’).
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If, in addition, €2, satisfies the following condition (we called it Case 15.1 in [36])
then we construct the principle edges as was described above, and also construct a
few more auxiliary edges outgoing from the vertex v:

Case 15.1. The carrier base p of the equation Q, intersects with its dual A(u).

Here we construct an auxiliary equation €, (which does not occur in T(2)) as
follows. Firstly, we add a new constant section [p, + 1, p, + 2] to the right of all
sections in €2, (in particular, h, 41 is a new free variable). Secondly, we introduce
a new pair of bases (A, A()\)) such that

a(A) =1L EA) = B(A(w), a(AN) = po + 1, B(AN)) = po + 2.

Notice that €, can be obtained from €, by ET4: deleting & (M) together with the
closed section [p, + 1, py + 2]. Let

To : Fria,) = Frea,)

be the isomorphism induced by ET4. Case 15 still holds for )., but now \ is the
carrier base. Applying to €, transformations described in Case 15, we obtain a list
of new vertices ),, together with isomorphisms

Mo+ Fra,y = Fre,)-

Now for each such v" we add to T(Q2) an auxiliary edge (v,v’) equipped with
composition of homomorphisms 7 (v, v’) = 7,/ o 7, and assign Q, to the vertex v’.

If none of the Cases 0-15 is possible, then we stop, and the tree T'(Q) is con-
structed. In any case, the tree T'(£2) is constructed by induction. Observe that, in
general, T'(Q2) is an infinite locally finite tree.

If Case i (0 < i < 15) takes place at a vertex v then we say that v has type ¢
and write tp(v) = i.

Example. Consider the generalized equation in Fig. 3. For this generalized
equation we first have to move constants to the right (Cases 3, 4). After this we have
Case 11 (tieing free boundaries). Then we have Case 12 (the entire transformation).
At the beginning \; is the leading base, then u is the leading base. After these
transformations we obtain the generalized equation in Fig. 14.

ab

A, V]V i | | o |V

b A A
[X!y][b!a]=1

FIGURE 14. Case 12 for the generalized equation () for the equa-
tion [z, y][b, a] = 1.

For this equation we still have Case 12. Beginning at this vertex of the tree
T(Q2) we have an infinite branch such that for all the vertices v; of this branch
Q,, =Q

Vi1
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LEMMA 5.4. [62, Lemma 3.1] If u — v is a principal edge of the tree T'(2),
then

(1) na(y) < na(Qy), if tp(u) # 3,10, this inequality is proper if tp(u) =
6,7 9,137

(3) V() < ( u) if tp(u )< 13 and tp(u) # 3,11;
(4) 7() < 7(Qu), if tp(u) # 3.

PrOOF. Straightforward verification. O

LEMMA 5.5. Let
V1 — UV — ... = Up —

be an infinite path in the tree T(Q). Then there exists a natural number N such
that all the edges v, — vn11 of this path with n > N are principal edges, and one
of the following situations holds:

1) (linear case) 7 < tp(vy,) < 10 for alln > N

2) (quadratic case) tp(vy,) =12 for alln > N;

3) (general JSJ case) tp(v,) =15 for alln > N.

PrOOF. Observe that starting with a generalized equation €2 we can have Case
0 only once, afterward in all other equations the active part is at the left, then comes
the non-active part, then - the parametric part, and at the end - the constant part.
Obviously, Cases 1 and 2 do not occur on an infinite path. Notice also that Cases 3
and 4 can only occur finitely many times, namely, not more then 2¢ times where ¢
is the number of constant bases in the original equation 2. Therefore, there exists
a natural number N; such that tp(v;) > 5 for all i > Nj.

Now we show that the number of vertices v; (i > N) for which ¢p(v;) = 5 is not
more than the minimal number of generators of the group Fr(q), in particular, it
cannot be greater than p+ 1+ |A|, where p = p(Q2). Indeed, if a path from the root
v to a vertex v contains k vertices of type 5, then 2, has at least k free variables in
the constant part. This implies that the coordinate group Fr(q,) has a free group
of rank k as a free factor, hence it cannot be generated by less than k elements.
Since 7(vo,v) : Fria) — Frea,) is a surjective homomorphism, the group Fpq)
cannot be generated by less then k elements. This shows that k < p+ 1+ |A]. Tt
follows that there exists a number Ny > Nj such that ¢p(v;) > 5 for every i > Nj.

Suppose i@ > No. If ¢tp(v;) = 12, then it is easy to see that tp(v;y1) = 6 or
tp(vig1) = 12. But if tp(v;41) = 6, then tp(v;12) = 5 — contradiction with i > No.
Therefore, tp(vit1) = tp(vig2) = ... = tp(viy;) = 12 for every j > 0 and we have
situation 2) of the lemma.

Suppose now tp(v;) # 12 for all @ > Na. By Lemma 5.4 7(€,,,,) < 7(,)
for every principle edge v; — v;q1 where j > Na. If v; — v;11, where j > Ny,
is an auxiliary edge then tp(v;) = 15 and, in fact, Case 15.1 takes place at v;.
In the notation of Case 15.1 2, is obtained from Qv]. by transformations from
Case 15. In this event, both bases u and A(u) will be transferred from the new
carrier base A to the constant part, so the complexity will be decreased at least
by two: 7(,,,) < T(ij) — 2. Observe also that T(ij) = 7(,) + 1. Hence
T(Qo;,,) < 7(Qo)-

It follows that there exists a number N3 > Nj such that 7(€2,,) = 7(Qy,, ) for
every j > Njs, i.e., complexity stabilizes. Since every auxiliary edge gives a decrease
of complexity, this implies that for every j > N3 the edge v; — v;41 is principle.
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Suppose now that ¢ > N3. We claim that tp(v;) # 6. Indeed, if tp(v;) = 6,
then the closed section, containing the matched bases u, A(u), does not contain
any other bases (otherwise the complexity of Q would decrease). But in this
event tp(v; 1) = 5 which is impossible.

So tp(v;) = 7 for every i > N5. Observe that ET3 (deleting match bases) is the
only elementary transformation that can produce new free boundaries. Observe also
that ET3 can be applied only in Case 6. Since Case 6 does not occur anymore along
the path for i > N3, one can see that no new free boundaries occur in equations €2,
for j > Nj. It follows that there exists a number Ny > N3 such that ¢p(v;) # 11
for every j > Ny.

Suppose now that for some 7 > Ny, 13 < tp(v;) < 15. It is easy to see from
the description of these cases that in this event ¢p(v;41) € {6,13,14,15}. Since
tp(vit1) # 6, this implies that 13 < tp(v;) < 15 for every j > . In this case
the sequence na(€2,;) stabilizes by lemma 5.4. In addition, if tp(v;) = 13, then
nA(Q, ;) < na(Qy,). Hence there exists a number N5 > Ny such that tp(v;) # 13
for all j > Ns.

Suppose i > Nj. There cannot be more than 8(n4(,,)? vertices of type 14 in
a row starting at a vertex v;; hence there exists j > ¢ such that ¢p(v;) = 15. The
series of transformations ET5 in Case 15 guarantees the inequality tp(vj41) # 14;
hence tp(v;41) = 15, and we have situation 3) of the lemma.

So we can suppose tp(v;) < 10 for all the vertices of our path. Then we have
situation 1) of the lemma. O

Vit1

6. Elimination process: periodic structures

Recall that a reduced word P in a free group F is called a period if it is cyclically
reduced and not a proper power. A word w € F is called P-periodic if d(w) > d(P)
and it is a subword of some (integer) power of P. Every P-periodic word w can be
presented in the form

(22) w = ATAl
where A is a cyclic permutation of P¥', r» > 1, A = A, o Ay, and Ay # 1. This
representation is unique if » > 2. The number r is called the exponent of w. A

maximal exponent of P-periodic subword in u is called the exponent of P-periodicity
in u. We denote it ep(u).

DEFINITION 6.1. Let © be a standard generalized equation. A solution H :
h; — H; of Q is called periodic with respect to a period P, if for every variable
section o of  one of the following conditions hold:
1) H(o) is P-periodic with exponent r > 2;
2) d(H(c)) < d(P);
3) H(o) is A-periodic and d(A4) < d(P);
Moreover, condition 1) holds at least for one such o.
The section o is called P-periodic. In this section we will prove the following
result.
PROPOSITION 6.2.

1. Let Q2 be a generalized equation. One can effectively find a number N such
that every periodic solution of Q with some period P (see Definition 6.1) is
a composition of a canonical automorphism of the coordinate group Fr(q)



152 O. KHARLAMPOVICH AND A. G. MYASNIKOV

with either a solution with exponent of periodicity for P less than N or a
solution of a fized equation not in R(QY). These canonical automorphisms
correspond to Dehn twists of Fr(q) which are related to the splitting of
Frq) (which comes from a so-called periodic structure) over an abelian
edge group.

2. Let Q be a generalized equation with parameters Y that has a periodic
solution H of Q0 with period P. Then one can effectively find a number N
such that there are two possibilities.

(1) Freq) has a splitting modulo (Y') and H is a composition of a canoni-
cal automorphism of the coordinate group Frqy corresponding to this
splitting (fizing the subgroup of parameters) with a solution with ex-
ponent of P bounded by Ne(H(Y)) or a solution of an equation not
in R(Q).

(2) e(H) < Ne(H(Y)).

One can effectively find N and the splitting.

We will prove this proposition in Subsection 6.4. We will later formulate a
more detailed statement about splittings of Fp(q) (see Theorem 7.1).

6.1. Definition of a periodic structure. In this subsection we introduce
a notion of a periodic structure which allows one to describe periodic solutions of
generalized equations.

We fix till the end of the section a generalized equation €2 in standard form.
Recall that in Q all closed sections o, bases p, and variables h; belong to either the
variable part VX, or the parametric part P, or the constant part C% of €.

DEFINITION 6.3. Let £ be a generalized equation in standard form with no
boundary connections. A periodic structure on § is a pair (P, R), where

1) P is a set consisting of some variables h;, some bases p, and some closed

sections ¢ from V'Y and such that the following conditions are satisfied:

) if h; € P and h; € u, and A(u) € VY, then p € P;

) if € P, then A(u) € P;

) if p€P and p € o, then o € P;

) there exists a function X mapping the set of closed sections from P
into {—1,+1} such that for every p, 01,02 € P, the condition that
w € o1 and A(u) € oo implies
e(p) - e(Ap)) = X(01) - X(02);

2) R is an equivalence relation on a certain set B (defined below) such that

the following conditions are satisfied:
e) Notice, that for every boundary [ either there exists a unique closed
section o(l) in P containing I, or there exist precisely two closed

a
b
c
d

section s (1) = [4,1], 0vigne = [[,j] in P containing [. The set of
boundaries of the first type we denote by B;, and of the second type
- by By. Put

B = Bi U {lieft, lright | 1 € Ba}

here lics, lright are two ”formal copies” of I. We will use the follow-
ing agreement: for any base p if a(u) € By then by a(u) we mean
a(ft)right and, similarly, if 5(u) € Ba then by G(n) we mean B(1t)iefs.



EFFECTIVE JSJ DECOMPOSITIONS 153

f) Now, we define R as follows. If u € P then
a(p) ~r a(A(w), Bu) ~r BAR) if e(n) = e(A(n))
a(p) ~r BA), B(k) ~r a(A(p) if e(p) = —£(A(w).
REMARK 6. For a given €2 one can effectively find all periodic structures on €.
Let (P, R) be a periodic structure of 2. Put
NP ={ue BQ|3h; € P such that h; € p and A(p) is parametric or constant }

Now we will show how one can associate with a P-periodic solution H of Q2 a
periodic structure P(H, P) = (P, R). We define P as follows. A closed section o is
in P if and only if 0 € VE and H (o) is P-periodic with exponent > 2. A variable
h; is in P if and only if h; € o for some o € P and d(H;) > 2d(P). A base p is in
P if and only if both u and A(u) are in v¥ and one of them contains h; from P.

LEMMA 6.4. Let H be a periodic solution of Q. Then P(H,P) is a periodic
structure on €.

Proor. Let P(H,P) = (P,R). Obviously, P satisfies a) and b) from the
definition 6.3.

Let p € P and p € [i,j]. There exists an unknown hy, € P such that hy € p or
hi € A(p). If hy € p, then, obviously, [i,j] € P. If hxy € A(u) and A(p) € [¢/, 5],
then [i',j'] € P, and hence, the word H[a(A(u)), B(A(i))] can be written in the
form QT/Ql, where Q = Q1Q2; Q is a cyclic shift of the word P*! and r’ > 2. Now
let (22) be a presentation for the section [i,j]. Then Ha(u), B(p)] = B® By, where
B is a cyclic shift of the word A*!, d(B) < d(P), B = B1Bs, and s > 0. From
the equality H[oa(p), B(p)]*™ = H[a(A(p)), B(A(1)))]5A*) and Lemma 1.2.9 [1]
it follows that B is a cyclic shift of the word Q*'. Consequently, A is a cyclic shift
of the word P*!, and r > 2 in (22), since d(H][i,j]) = d(H|[a (1), B(p)]) = 2d(P).
Therefore, [i, j] € P; i.e, part ¢) of the definition 6.3 holds.

Put X ([i,j]) = £1 depending on whether in (22) the word A is conjugate to P
or to P7L. If p € [i1, j1], A(p) € [iz, j2], and p € P, then the equality e(u)-e(A (1))
= X([i1, 71]) - X ([i2, j2]) follows from the fact that given A" Ay = B*By and 1, s > 2,
the word A cannot be a cyclic shift of the word B~!. Hence part d) also holds.

Now let [i,j] € P and ¢ <1 < j. Then there exists a subdivision P = P, P, such
that if X([z,7]) = 1, then the word H[i,l] is the end of the word (P°°)P;, where
P> is the infinite word obtained by concatenations of powers of P, and H][l, j] is
the beginning of the word P»(P), and if X'([¢,j]) = —1, then the word H][i,!]
is the end of the word (P~1)*P; " and HJl,j] is the beginning of P, '(P~1)>.
Again, Lemma 1.2.9 [1] implies that the subdivision P = P; P, with the indicated
properties is unique; denote it by 0(l). Let us define a relation R in the following
way: R(li,l2) = 6(I1) = d(l2). Condition e) of the definition of a periodic structure
obviously holds.

Condition f) follows from the graphic equality H[a(p), 3(1)]F™ = Hla(A (),
B(A())])2A ) and Lemma 1.2.9 [1].

This proves the lemma. ([

Now let us fix a nonempty periodic structure (P, R). Item d) allows us to
assume (after replacing the variables h;, ..., hj_1 by h;_ll, ceey h;l on those sections
[i,j] € P for which X([i,j]) = —1) that e(u) = 1 for all p € P. For a boundary k,
we will denote by (k) the equivalence class of the relation R to which it belongs.
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Let us construct an oriented graph I' whose set of vertices is the set of R—
equivalence classes. For each unknown hj lying on a certain closed section from
P, we introduce an oriented edge e leading from (k) to (k + 1) and an inverse
edge e~ ! leading from (k + 1) to (k). This edge e is assigned the label h(e) = hy,
(respectively, h(e™') = h;'.) For every path r = efl...eF! in the graph T, we
denote by h(r) its label h(ef!)... h(e;ﬂ). The periodic structure (P, R) is called
connected, if the graph T' is connected. Suppose first that (P, R) is connected. We

can always suppose that each boundary of 2 is a boundary between two bases.

LEMMA 6.5. Let H be a P-periodic solution of a generalized equation Q, (P, R) =
P(H,P); ¢ be a cycle in the graph T at the vertex (1); §(I) = Py Ps. Then there
exists n € Z such that H(c) = (PoaPy)™.

PROOF. If e is an edge in the graph I' with initial vertex V’ and terminal
vertex V" and P = PP, P = P{'Pj are two subdivisions corresponding to the
boundaries from V', V" respectively, then, obviously, H(e) = PyP™ P/ (ny € Z).
The claim is easily proven by multiplying together the values H(FE) for all the edges
e taking part in the cycle c. ([

DEFINITION 6.6. A generalized equation (2 is called periodized with respect to
a given periodic structure (P, R) of Q , if for every two cycles ¢; and ¢y with the
same initial vertex in the graph I', there is a relation [h(c1), h(c2)] = 1 in Fp(q).

6.2. Case 1. Set NP is empty. Let I'y be the subgraph of the graph T'
having the same set of vertices and consisting of the edges e whose labels do not
belong to P. Choose a maximal subforest T in the graph 'y and extend it to a
maximal subforest T' of the graph I". Since (P, R) is connected by assumption, it
follows that T is a tree. Let vy be an arbitrary vertex of the graph I' and r(vg, v)
the (unique) path from vy to v all of whose vertices belong to T. For every edge
e : v — v not lying in T, we introduce a cycle ¢, = r(vg,v)e(r(vg,v’))~t. Then
the fundamental group 7 (T, vg) is generated by the cycles ¢, (see, for example, the
proof of Proposition 3.2.1 [49]). This and decidability of the universal theory of a
free group imply that the property of a generalized equation “to be periodized with
respect to a given periodic structure” is algorithmically decidable.

Furthermore, the set of elements

(23) {h(e)[eeTU{h(ce) | e ¢ T}

forms a basis of the free group with the set of generators {hyx | hy is an un-
known lying on a closed section from P}. If p € P, then (8(n)) = (B(A(w))),
(a(p)) = (a(A(p))) by part f) from Definition 6.3 and, consequently, the word
hla(u), B(u)]h[a(A(n)), B(A(r))] 7! is the label of a cycle ¢/ (i) from 1 (T, (a(p)))-
Let c(u) = r(vo, (a(p)))c' ()7 (vo, (apr))) ™. Then

(24) h(c(p) = uhlo(w), B hla(A (), BAW) ™ u™t,

where u is a certain word. Since c¢(p) € 71 (I, vo), it follows that c(u) = b, ({ce | € &
T}), where b, is a certain word in the indicated generators which can be effectively
constructed (see Proposition 3.2.1 [49]).



EFFECTIVE JSJ DECOMPOSITIONS 155

Let BH denote the image of the word b, in the abelianization of 7(I', vg). Denote
by Z the free abelian group consisting of formal linear combinations ZegT NeCe

(ne € Z), and by B its subgroup generated by the elements l;” (1t € P) and the
clements ¢, (e € T, h(e) & P). Let A = Z/B, T(A) the torsion subgroups of the
group A, and Z; the preimage of T(ﬁ) in Z. The group 2/21 is free; therefore,
there exists a decomposition of the form

(25) Z:Zl@fg, Egzl, (Zle)<OO

Note that it is possible to express effectively a certain basis g(l), 5(2) of the

group Z in terms of the generators ¢, so that for the subgroups Z;, Zs gener-
ated by the sets 5(1), 2 respectively, relation (25) holds. For this it suffices, for
instance, to look through the bases one by one, using the fact that under the con-
dition Z = Zl &) 22 the relations B C Zl, (21 : E) < o0 hold if and only if the
generators of the groups B and Zl generate the same linear subspace over Q, and
the latter is easily verified algorithmically. Notice, that a more economical algo-
rithm can be constructed by analyzing the proof of the classification theorem for
finitely generated abelian groups. By Proposition 1.4.4 [49], one can effectively
construct a basis ¢1), &2 of the free (non-abelian) group 7 (T, vg) so that 5(1), Fael
are the natural images of the elements ¢, 2 in Z.

Now assume that (P, R) is an arbitrary periodic structure of a periodized gen-
eralized equation €2, not necessarily connected. Let I'y,...,T, be the connected
components of the graph I'. The labels of edges of the component I'; form in the
equation €2 a union of closed sections from P; moreover, if a base p € P belongs to
such a section, then its dual A(u), by condition f) of Definition 6.3, also possesses
this property. Therefore, by taking for P; the set of labels of edges from I'; be-
longing to P, sections to which these labels belong, and bases y € P belonging to
these sections, and restricting in the corresponding way the relation R, we obtain
a periodic connected structure (P;, R;) with the graph T';.

The notation (P’, R') C (P, R) means that P’ C P, and the relation R’ is
a restriction of the relation R. In particular, (P;, R;) C (P, R) in the situation
described in the previous paragraph. Since €2 is periodized, the periodic structure
must be connected.

Let e1,...,e, be all the edges of the graph I' from T\ Tj. Since Tj is the
spanning forest of the graph T, it follows that h(e1),...,h(e,) € P. Let F(Q)
be a free group generated by the variables of Q. Consider in the group F(Q) a
new basis AUZ consisting of A, variables not belonging to the closed sections from
P (we denote by t the family of these variables), variables { h(e) | e € T} and
words h(¢V)), h(¢®?). Let v; be the initial vertex of the edge e;. We introduce new
variables @) = {u;. |e ¢ T, e € P}, 20 = {2z |eg T, e g P} for 1 <i<m,as
follows

(26) Uje = h(?"(?}o,’[}i)ilh(ce)h(r(’l)o,'Ui)),

(27) h(ei)_luieh(ei) = Zje-

Notice, that without loss of generality we can assume that vy corresponds to
the beginning of the period P.
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LEMMA 6.7. Let Q be a consistent generalized equation periodized with respect
to a periodic structure (P, R) with empty set N(P). Then the following is true.

(1) One can choose the basis ¢V so that for any solution H of Q periodic with
respect to a period P and P(H, P) = (P, R) and any c € ¢V, H(c) = P,
where |n| < 2p.

(2) In a fully residually free quotient of Fr(q) discriminated by solutions from
(1) the image of (h(¢V)) is either trivial or a cyclic subgroup.

(3) Let K be the subgroup of Frq) generated by t, h(e),e € Ty, h(eM), a®
and 29, i = 1,...,m. If |c®)| = s > 1, then the group Frq) splits
as a fundamental group of a graph of groups with two vertices, where one
vertez group is K and the other is a free abelian group generated by h(c(?)
and h(é(l)). The corresponding edge group is generated by h(é(l)). The
other edges are loops at the vertex with vertex group K, have stable letters
h(ei), i =1,...,m, and associated subgroups ('), (z*). If & = 0, then
there is mo vertex with abelian vertex group.

(4) Let AU Z be the generators of the group Friqy constructed above. If
e; € PNT, then the mapping defined as h(e;) — uk h(e;) (k is any
integer) on the generator h(e;) and fixing all the other generators can be
extended to an automorphism of Fr(q).

(5) Ifc € &? and ¢ is a cycle with initial vertex vo, then the mapping defined
by h(c) — h(c')¥h(c) and fizing all the other generators can be extended
to an automorphism of Frq).

PRroOF. To prove assertion (1) we have to show that each simple cycle in the
graph T'g has length less than 2p. This is obvious, because the total number of
edges in 'y is not more than p and corresponding variables do not belong to P.

(2) The image of the group (h(¢("))) in F is cyclic, therefore one of the finite
number of equalities h(c1)™ = h(ca)™, where ¢, co € ¢V n,m < 2p must hold for
any solution. Therefore in a fully residually free quotient the group generated by
the image of { h(¢(1))) is a cyclic subgroup.

To prove (3) we are to study in more detail how the unknowns h(e;) (1 < i < m)
can participate in the equations from Q* rewritten in the set of variables z U A.

If hy, does not lie on a closed section from P, or hy, & P, but e € T (where h(e) =
hi), then hy, belongs to the basis ZU A and is distinct from each of h(eq), ..., h(en,).
Now let h(e) = hg, hi, € P and e ¢ T. Then e = ric.ra, where r1, 75 are paths in 7.
Since e € T, h(c.) belongs to (V) modulo commutation of cycles. The vertices
(k) and (k + 1) lie in the same connected component of the graph I'g, and hence
they are connected by a path s in the forest Tj. Furthermore, r; and sr; ! are paths
in the tree T' connecting the vertices (k) and wvg; consequently, r1 = sry L Thus,
e = sry 'cerg and hy = h(s)h(r2) " h(ce)h(r2). The unknown h(e;) (1 < i < m)
can occur in the right-hand side of the expression obtained (written in the basis
ZUA) only in h(re) and at most once. Moreover, the sign of this occurrence (if it
exists) depends only on the orientation of the edge e; with respect to the root vy of
the tree T. If ro = rhe !4, then all the occurrences of the unknown h(e;) in the
words hy written in the basis & U A, with hy & P, are contained in the occurrences
of words of the form h(e;) T h((rh)tcer)h(e;)*!, i.e., in occurrences of the form
h(e;) T h(c)h(e;)*!, where c is a certain cycle of the graph I starting at the initial

vertex of the edge eiﬂ.
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Therefore all the occurrences of h(e;), ¢ = 1,...,m in the equations corre-
sponding to p ¢ P are of the form h(e; *)h(c)h(e;). Also, h(e;) does not occur in
the equations corresponding to p € P in the basis AU Z. The system Q* is equiva-

lent to the following system in the variables z, 29, @), A,i =1,...,m : equations
(26), (27),

(28) [uiel ) uiez] =1,

(29) [h(cl)a h(CQ)] = 1a C1,C2 € 6(1)56(2)3

and a system ¢ (h(e),e € T~ P, h(cM), 1,2 4D, A) = 1, such that either h(e;) or
¢ do not occur in . Let K = Fp(p)- Then to obtain Frq) we fist take an HNN
extension of the group K with abelian associated subgroups generated by @(?) and
z() and stable letters h(e;), and then extend the centralizer of the image of (¢(1))
by the free abelian subgroup generated by the images of ¢(2).
Statements (4) and (5) follow from (3).
|

We now introduce the notion of a canonical group of automorphisms corre-
sponding to a connected periodic structure.

DEFINITION 6.8. In the case when the family of bases NP is empty automor-
phisms described in Lemma 6.7 for e1,...,e,, € T\ Tp and all ¢, fore € P\ T
generate the canonical group of automorphisms Py corresponding to a connected
periodic structure.

LEMMA 6.9. Let Q2 be a nondegenerate generalized equation with no boundary
connections, periodized with respect to the periodic structure (P, R). Suppose that
the set NP is empty. Let H be a solution of 2 periodic with respect to a period P and
P(H,P) =<P,R>. Combining canonical automorphisms of Fr(qy one can get a
solution H' of Q with the property that for any hy € P such that Hj, = P,P™ P
(P, and Py are an end and a beginning of P), H,;" = PQPnz—Pl, where nk,n;: >0
and the numbers nz s are bounded by a certain computable function f2(Q, P, R).

Forallhk¢PHk:H,j.

Proor. Let 6((k)) = Pl(k)Pz(k). Denote by t(u, hx) the number of occurrences
of the edge with label hj, in the cycle c,, calculated taking into account the orien-
tation. Let

(30) Hy, = P pr plE+D)

(hy lies on a closed section from P), where the equality in (30) is graphic whenever
hi € P. Direct calculations show that

(31) H(b,) = P tluhe) (kD).

This equation implies that the vector {ny} is a solution to the following system of
Diophantine equations in variables {zj|hy € P}:

(32) >t hi)ze+ Yt hi)ng =0,

hr€P hi &P
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u € P. Note that the number of unknowns is bounded, and coefficients of this
system are bounded from above (|ng| < 2 for hy ¢ P) by a certain computable
function of Q,P, and R. Obviously, (Pz(k))*lH,ij_lPQ(k) = P" ™ commutes
with H(c), where ¢ is a cycle such that H(c) = P™, ng < 2p.

If system (32) has only one solution, then it is bounded. Suppose it has infin-
itely many solutions. Then (z1,...,2g,...) is a composition of a bounded solution
of (32) and a linear combination of independent solutions of the corresponding ho-
mogeneous system. Applying canonical automorphisms from Lemma 6.7 we can
decrease the coefficients of this linear combination to obtain a bounded solution
H™. Hence for hy = h(e;), e; € P, the value Hy can be obtained by a composition
of a canonical automorphism (Lemma 6.7) and a suitable bounded solution H* of
Q. O

6.3. Case 2. Set NP is non-empty. We construct an oriented graph BT’
with the same set of vertices as I'. For each item hy ¢ P such that hy lie on a
certain closed section from P introduce an edge e leading from (k) to (k + 1) and
e~! leading from (k + 1) to (k). For each pair of bases u, A(u) € P introduce an
edge e leading from (a(u)) = (a(A(u))) to (B(1)) = (B(5(u))) and e~ ! leading from
(B(w)) to (a(p)). For each base p € NP introduce an edge e leading from (a(u) to
(B(1)) and e~ leading from (B(u)) to (a(p)). denote by BTy the subgraph with
the same set of vertices and edges corresponding to items not from P and bases
from p € NP. Choose a maximal subforest BTy in the graph BI'y and extend it
to a maximal subforest BT of the graph BI'. Since P is connected, BT is a tree.
The proof of the following lemma is similar to the proof of Lemma 6.5.

LEMMA 6.10. Let H be a solution of a generalized equation ) periodic with
respect to a period P, (P,R) = P(H, P); c be a cycle in the graph BT at the vertex
(1); 6(1) = PyP2. Then there exists n € Z such that H(c) = (PoPy)".

As we did in the graph I, we choose a vertex vg. Let r(vg, v) be the unique path
in BT from vy to v. For every edge e = e(u) : v — v/ not lying in BT, introduce a
cycle ¢, = r(vg,v)e(p)r(vo,v') . For every edge e = e(hy) : V — V' not lying in
BT, introduce a cycle ¢, = r(vg,v)e(hy)r(vg,v') L.

It suffices to restrict ourselves to the case of a connected periodic structure.
If e = e(hy), we denote h(e) = hy; if e = e(u), then h(e) = p. Let er,...,em
be all the edges of the graph BT from BT ~ BTy. Since BTj is the spanning
forest of the graph BT, it follows that h(e1),...,h(em) € P. Consider in the free
group F(€) a new basis AU Z consisting of A, items hy such that hj does not
belong to closed sections from P (denote this set by t), variables {h(e)|e € T} and
words from h(CM), h(C®?)), where the set C(1), C) form a basis of the free group
7(BT,vg), C correspond to the cycles that represent the identity in Fre) (ifv
and v’ are initial and terminal vertices of some closed section in P and r and r; are
different paths from v to ', then 7(vg,v)rr] *r(vo,v) ! represents the identity),
cycles ¢, 0 € NP and cp,, hi & P; and C®) contains the rest of the basis of
W(BF, ’00).

We study in more detail how the unknowns h(e;) (1 < ¢ < m) can participate
in the equations from Q* rewritten in this basis.

If hy does not lie on a closed section from P, or hy = h(e),h(u) = h(e) &€ P,
but e € T, then h(u) or hy belongs to the basis z U A and is distinct from each
of h(e1),...,h(em). Now let h(e) = h(p), h(r) ¢ P and e ¢ T. Then e = rycera,
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where 71, o are path in BT from (a(u)) to vg and from (8(u)) to vg. Since e € BTy,
the vertices (a(p)) and (8(u)) lie in the same connected component of the graph
BT, and hence are connected by a path s in the forest BT,. Furthermore, r; and
sry ! are paths in the tree BT connecting the vertices (a(u)) and vo; consequently,
r1 = sry b, Thus, e = sr5 'cory and h(p) = h(s)h(r2) " h(ce)h(rs). The unknown
h(e;) (1 € ¢ < m) can occur in the right-hand side of the expression obtained
(written in the basis Z U A) only in h(r2) and at most once. Moreover, the sign
of this occurrence (if it exists) depends only on the orientation of the edge e; with
respect to the root vy of the tree T'. If ro = réef%éﬂ then all the occurrences of
the unknown h(e;) in the words h(u) written in the basis Z U A, with h(u) € P,
are contained in the occurrences of words of the form h(e;)TLh((15) " teerh)h(e:) ™,
i.e., in occurrences of the form h(e;)T'h(c)h(e;)™!, where c is a certain cycle of the
graph BI starting at the initial vertex of the edge efl. Similarly, all the occurences
of the unknown h(e;) in the words hy written in the basis Z, A, with hy & P, are
contained in occurrences of words of the form h(e;) T h(c)h(e;)*?.

Therefore all the occurences of h(e;), i = 1,...,m in the equations correspond-
ing to y ¢ P are of the form h(e; *)h(c)h(e;). Also, cycles from C(!) that represent
the identity and not in BTy are basis elements themselves. This implies

LEMMA 6.11.
(1) Let K be the subgroup of Frq) generated by t, h(e),e € BTy, r(CM) and
a®, 20 4 =1,...,m, where elements z") are defined similarly to the case
of empty N'P.

If |CP)| = s > 1, then the group Fr(q) splits as a fundamental group
of a graph of groups with two vertices, where one vertex group is K and the
other is a free abelian group generated by h(C®) and h(C™M). The edge
group is generated by h(C(l)). The other edges are loops at the verter with
vertez group K and have stable letters h(e),e € BT ~ BTy. If C®) = (),
then there is no vertex with abelian vertex group.

(2) Let H be a solution of Q periodic with respect to a period P and (P, R) =
P(H, P). Let P, P, be a partition of P corresponding to the initial vertex
of ei. A transformation H(e;) — PaPiH(e;), i € {1,...,m}, which is
identical on all the other elements from A, H(Z), can be extended to an-
other solution of Q*. If ¢ is a cycle beginning at the initial vertex of e;,
then the transformation h(e;) — h(c)h(e;) which is identical on all other
elements from AU T, is an automorphism of Fr(q).

(3) If c(e) € CP), then the transformation H(c(e)) — PH(c(e)) which is
identical on all other elements from A, H(Z) , can be extended to another
solution of Q*. A transformation h(c(e)) — h(c)h(c(e)) which is identical
on all other elements from AUZ, is an automorphism of Fr(q)-

DEFINITION 6.12. If € is a nondegenerate generalized equation periodic with
respect to a connected periodic structure (P, R) and the set NP is non-empty,
we consider the group A(2) of transformations of solutions of Q*, where A(f2) is
generated by the transformations defined in Lemma 6.11. If these transformations
are automorphisms, the group will be denoted A(f).

DEFINITION 6.13. In the case when for a connected periodic structure (P, R),
the set C'(®) has more than one element or C? has one element, and C") contains
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a cycle formed by edges e such that variables hy, = h(e) are not from P, the periodic
structure will be called singular.

This definition coincides with the definition of singular periodic structure given
n [36]) in the case of empty set A.
Lemma 6.11 implies the following

LEMMA 6.14. Let 2 be a nondegenerate generalized equation with no boundary
connections, periodized with respect to a singular periodic structure (P, R). Let
H be a solution of Q periodic with respect to a period P and (P,R) = P(H, P).
Combining canonical automorphisms from A(Y) one can get a solution HT of Q
with the following properties:

1) For any hy € P such that H, = PyP™ P (P, and Py are an end and a
beginning of P) H;" = P, P Py, where ng,ng € Z;

2) For any hy ¢ P, H, = H; ;

3) For any base p & P, H(p) = HT (u);

4) There exists a cycle ¢ such that h(c) # 1 in Frq) but HT(c) = 1.

Notice, that in the case described in the lemma, solution H* satisfies a proper
equation. Solution HV is not necessarily a solution of the generalized equation (2,
but we will modify € into a generalized equation Q(P, BT). This modification will
be called the first minimal replacement. Equation Q(P, BT) will have the following
properties:

(1) Q(P, BT) contains all the same parameter sections and closed sections which
are not in P, as ;

(2) H* is a solution of Q(P, BT);

(3) group Freaep,Br)) is generated by the same set of variables h1, ..., hs;

(4) Q(P, BT) has the same set of bases as ) and possibly some new bases, but
each new base is a product of bases from 2;

(5) the mapping h; — h; is a proper homomorphism from Frq) onto Frqp, Br))-

To obtain (P, BT) we have to modify the closed sections from P.

The label of each cycle in BI' is a product of some bases g ---ug. Write a
generalized equation Q for the equations that say that uq---ur = 1 for each cycle
from C'V) representing the trivial element and for each cycle from C®. Each u;
is a product uz = h;1---hy. Due to the first statement of Lemma 6.14, in each
product H; H ;.j+1 either there is no cancellations between H J; and H; Tit1, O one
of them is completely cancelled in the other. Therefore the same can be said about
each pair H™(u;) H (1411), and we can make a cancellation table without cutting
items or bases of Q.

Let Q be a generalized equation obtained from €2 by deleting bases from L PUNP
and items from P from the closed sections from P. Take a union of Q and Q on the
disjoint set of variables, and add basic equations identifying in Q and Q the same
bases that don’t belong to P. This gives us Q(P, BT).

Suppose that C(?) for the equation € is either empty or contains one cycle.
Suppose also that for each closed section from P in ) there exists a base pu such
that the initial boundary of this section is a(p) and the terminal boundary is

BA(R)-

LEMMA 6.15. Suppose that the generalized equation €) is periodized with respect
to a non-singular periodic structure P. Then for any periodic solution H of Q)
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we can choose a tree BT, some set of variables S = {hj,,...,h;,} and a solution
HY of Q equivalent to H with respect to the group of canonical transformations
A(Q) in such a way that each of the bases \; € BT ~. BTy can be represented as
Ai = ANithi, Mia, where hy, € S and for any h; € S, \H;"\ < f3|P|, where f3 is some
constructible function depending on Q. This representation gives a new generalized
equation ) periodic with respect to a periodic structure P’ with the same period P
and all hj € S considered as variables not from P'. The graph BT for the periodic
structure P’ has the same set of vertices as BT, has empty set C?) and BT" = BT},

Let ¢ be a cycle from CY) of minimal length, then H(c) = P™e, where |n.| < 2p.
Using canonical automorphisms from A(Q) one can transform any solution H of Q
into a solution H* such that for any h; € S, \H]ﬂ < fadlc|. Let P’ be a periodic
structure, in which all h; € S are considered as variables not from P’, then BT’
has empty set C?) and BT' = BT}).

PROOF. Suppose first that C(?) is empty. We prove the statement of the lemma
by induction on the number of edges in BT ~ BTy. It is true, when this set is
empty. Consider temporarily all the edges in BT ~ BT, except one edge e()\) as
edges corresponding to bases from NP. Then the difference between BT and BT
is one edge.

Changing H(e(\)) by a transformation from A(Q) we can change only H(e')
for ¢/ € BI' that could be included into BT ~. BT} instead of e. For each base
€ NP, H(p) = Po(p) P Py (1), for each base u € P, H(p) = Po(pu) P> Py ().
For each cycle ¢ in CY) such that h(c) represents the identity element we have a
linear equation in variables x(p) with coefficients depending on n(u). We also know
that this system has a solution for arbitrary x(A) (where A € BT \ BT}) and the
other x(v) are uniquely determined by the value of z()).

If we write for each variable hy € P, Hy = P, PY* Py}, then the positive un-
knowns yy’s satisfy the system of equations saying that H(u) = H(A(u)) for bases
i € P and equations saying that u is a constant for bases u € NP. Fixing x(\) we
automatically fix all the y;’s. Therefore at least one of the y; belonging to A can
be taken arbitrary. So there exist some elements y; which can be taken as free vari-
ables for the second system of linear equations. Using elementary transformations
over Z we can write the system of equations for y;’s in the form:

niyr 0 e =myyx +C1
n2Y2 e = mayi + Co
(33)
Ng—1Yk—1 = Mi—1Yk + Cr—1,

where C, ... C} are constants depending on parameters, we can suppose that they
are sufficiently large positive or negative (small constants we can treat as constants
not depending on parameters). Notice that integers ny,mq,...,ng_1,Mg—1 in this
system do not depend on parameters. We can always suppose that all ny,...,ng_1
are positive. Notice that m; and C; cannot be simultaneously negative, because in
this case it would not be a positive solution of the system. Changing the order of the
equations we can write first all equation with m;, C; positive, then equations with
negative m; and positive C; and, finally, equations with negative C; and positive
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m;. The system will have the form:

niyr 0 s = malyr +|Chl,
neye oo = —|mglys + [Cl,
(34) .
NsYs = |m9|yk - |C'3|

If the last block (with negative Cj) is non-empty, we can take a minimal y of
bounded value. Indeed, instead of ys we can always take a remainder of the division
of ys by the product ny...ng_1|mq ... mg_1|, which is less than this product (or
by the product nj ...ng_1|my ... mg_1|n. if we wish to decrease y; by a multiple
of n.). We respectively decrease y; and adjust y;’s in the blocks with positive C;’s.
If the third block is not present, we decrease y; taking a remainder of the division
of yr by n1...ng_1 (or by ny...ng_1n.) and adjust y;’s. Therefore for some h;
belonging to a base which can be included into BT ~\ BTy, | H*(h;) |[< f3 | P | .
Suppose this base is A, represent A = A1h; 2. Suppose e(A) : v — vy in BI'. Let
v, v3 be the vertices in BI' corresponding to the initial and terminal boundary of
hi. They would be the vertices in I', and I and BT have the same set of vertices. To
obtain the graph BI” from BI" we have to replace e(\) by three edges e(A1) : v — va,
e(hy) : v2 — vz and e(A2) : v3 — v1. There is no path in BTy from ve to vs, because
if there were such a path p, then we would have the equality hx = h(c1)h(p)h(cz2), in
FRr(q), where c; and c3 are cycles in BI" beginning in vertices v2 and vg respectively.
Changing H}, we do not change H(c;), H(ce) and H(p), because all the cycles are
generated by cycles in C'1). Therefore there are paths r : v — vy and 71 : v3 — v;
in BTy, and edges e(A1), e(A2) cannot be included in BT’ \ BT} in BI". Therefore
BT' = BT}. Now we can recall that all the edges except one in BT ~ BT, were
temporarily considered as edges in NP. We managed to decrease the number of
such edges by one. Induction finishes the proof.

If the set C® contains one cycle, we can temporarily consider all the bases
from BT as parameters, and consider the same system of linear equations for y;’s.
Similarly, as above, at least one y; can be bounded. We will bound as many y;’s as
we can. For the new periodic structure either BT contains less elements or the set
C® is empty.

The second part of the lemma follows from the remark that for u € T left
multiplication of h(u) by h(rer™!), where r is the path in T from vy to the initial
vertex of p, is an automorphism from A(€2). O

We call a solution H* constructed in Lemma 6.15 a solution equivalent to H
with mazimal number of short variables.

Consider now variables from S as variables not from P’, so that for the equation
Q the sets C® and BT’ \. BT} are both empty. In this case we make the second
minimal replacement, which we will describe in the lemma below.

DEFINITION 6.16. A pair of bases p, A(u) is called an overlapping pair if e(u) =

1 and B(n) > a(A(n)) > afp) or e(p) = —1 and B(p) < B(A(n) < afp). If a
closed section begins with a(u) and ends with S(A(n)) for an overlapping pair of
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bases we call such a pair of bases a principal overlapping pair and say that a section
is in overlapping form.

Notice, that if A € NP, then H()) is the same for any solution H, and we just
write \ instead of H ().

LEMMA 6.17. Suppose that for the generalized equation Q' obtained in Lemma
6.15 the sets C? and BT’ ~ BT} are empty, P’ is a non-empty periodic structure,
and each closed section from P’ has a principal overlapping pair. Then for each
base p € P’ there is a fived presentation for h(u) = [[(parameters) as a product
of elements h(\),\ € NP, hy € P’ corresponding to a path in BI'y. The mazimal
number of terms in this presentation is bounded by a computable function of €.

PROOF. Let e be the edge in the graph BI" corresponding to a base p and
suppose e : v — v’. There is a path s in BT’ joining v and v’ , and a cycle ¢ which
is a product of cycles from C") such that h(u) = h(¢)h(s). For each cycle ¢ from
CW) either h(c) =1 or ¢ can be written using only edges with labels not from P’;
therefore, ¢ contains only edges with labels not from P’. Therefore

(35) h(p) = H(pammeters) = h(A;)Iy - - - h(As, ) g,
where the doubles of all \; are parameters, and Iy, ..., II, are products of variables
hi, € P'. O

In the equality
(36) H(p) = H(Xi)) Uy -+ H (A1,
where IIy,...,II, are products of Hj, for variables hy, ¢ P’, the cancellations
between two terms in the right side are complete because the equality corresponds
to a path in BT'(. Therefore the cancellation tree for the equality (36) can be
situated on a horizontal axis with intervals corresponding to A;’s directed either to
the right or to the left. This tree can be drawn on a P-scaled axis. We call this
one-dimensional tree a p-tree. Denote by I(\) the interval corresponding to A in
the p-tree. If I(p) C Uy, enp I(Ai), then we say that u is covered by parameters.
In this case a generalized equation corresponding to (36) can be situated on the
intervals corresponding to bases from NP.

We can shift the whole p-tree to the left or to the right so that in the new
situation the uncovered part becomes covered by the bases from NP. Certainly,
we have to make sure that the shift is through the interval corresponding to a cycle
in C(M, Equivalently, we can shift any base belonging to the p-tree through such
an interval.

If ¢ is a cycle from C'(") with shortest H(c), then there is a corresponding c-tree.
Shifting this c-tree to the right or to the left through the intervals corresponding to
H(c) bounded number of times we can cover every H;, where h; € S by a product
H(Xj)I ... H(\j,)I;, where IIy,...,II; are products of values of variables not
from P and Aj,,...A;, are bases from NP. Combining this covering together with
the covering of H(u) by the product (36), we obtain that H([a(), B(A(n))]) is
almost covered by parameters, except for the short products I1. Let h(u) be covered
by

(37) h(Al)Hla SR h(As)Hsa
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where h(A1), ..., h(As) are parts completely covered by parameters, and Iy, . . ., I,
are products of variables not in P. We also remove those bases from NP from each
A; which do not overlap with h(p). Denote by f; the maximal number of bases in
NP and h; ¢ P in the covering (37).

If A\ij,..., N, are parametric bases, then for any solution H and any pair
>\ia)\j S {/\iw"'v)‘is} we have either | H(/\l) ‘<| H()\]) | or | H()\l) |=| H(/\J) ‘
or | H(A;) |>| H(X;) |. We call a relationship between lengths of parametric bases
a collection that consists of one such inequality or equality for each pair of bases.
There is only a finite number of possible relationships between lengths of parametric
bases. Therefore we can talk about a parametric base A of maximal length meaning
that we consider the family of solutions for which H(\) has maximal length.

LEMMA 6.18. Let A\, € NP be a base of maz length in the covering (37) for
w € P. If for a solution H of Q, and for each closed section [a(p), B(A(p)] in
P, min | Hla(v),a(A(v))] |<| H(A,) |, where the minimum is taken for all pairs
of overlapping bases for this section, then one can transform  into one of the fi-
nite number (depending on Q) of generalized equations Q(P) which do not contain
closed sections from P but contain the same other closed sections except for para-
metric sections. The content of closed sections from P is transferred using bases
from NP to the parametric part. This transformation is called the second minimal
replacement.

PRrROOF. Suppose for a closed section [a(u), B(A(u))] that there exists a base
A in (37) such that | H(A) |> min (H(a(v),a(A(v))), where the minimum is
taken for all pairs of overlapping bases for this section. We can shift the cover
H(A), ..., H(A)II, through the distance dy =| H[a(p), a(A(u))] | . Consider
first the case when d; <| H(X) | for the largest base in (37). Suppose the part of
H(u) corresponding to II; is not covered by parameters. Take the first base Aj in
(37) to the right or to the left of IT; such that | H(\;) |> d1. Suppose J; is situated
to the left from II;. Shifting A; to the right through a bounded by f; multiple of
dy we will cover II;.

Consider now the case when d; >| H(\) |, but there exists an overlapping pair
v, A(v) such that

dy =| Hla(v), a(A@)] < HQA) | -

If the part of H(u) corresponding to II; is not covered by parameters, we take the
first base \; in (37) to the right or to the left of IT; such that | H();) |> d2. Without
loss of generality we can suppose that \; is situated to the left of II,. Shifting Aj
to the right through a bounded by f; multiple of dy we will cover II;.

Therefore, if the first alternative in the lemma does not take place, we can
cover the whole section [a (i), 5(A(n))] by the bases from NP, and transform 2
into one of the finite number of generalized equations which do not contain the
closed section [a(pu), B(A(p))] and have all the other non-parametric sections the
same. All the cancellations between two neighboring terms of any equality that
we have gotten are complete, therefore the coordinate groups of new equations are
quotients of Frq)- O

6.4. Proof of Proposition 6.2. The first statement follows from Lemmas
6.7 and 6.9. The second statement follows from Lemmas 6.11, 6.14, 6.15, 6.17.
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7. Elimination process: splittings of coordinate groups

7.1. Minimal solutions. Let F' = F(AUB) be a free group with basis AUB,
Q) be a generalized equation with constants from (AU B)*!, and parameters A. Let
A(Q) be an arbitrary group of (AU A)-automorphisms of Fgq). For solutions H®
and H® of the equation Q in the group F we write H(®) <A@ H®) if there
exists an endomorphism 7 of the group F' which is an (A4, A)-homomorphism, and
an automorphism o € A(€2) such that the following conditions hold: (1) mge =
omgm, (2) For all active variables d(H,El)) < d(Hf)) forall 1 < k < p and
d(H,il)) < d(H,?)) at least for one such k.

We also define a relation <.4(q) by the same way as <) but with extra
property: (3) for any k, j, if (H,iz))e(HJ(.Z))‘s in non-cancellable, then (H,il))e(HJ(-l))‘s
in non-cancellable (e,§ = £1). Obviously, both relations are transitive.

A solution H of Q is called A(Q2)-minimal if there is no any solution H' of
the equation  such that H' <, H. Since the total length Y7 | I[(H;) of a
solution H is a non-negative integer, every strictly decreasing chain of solutions
H>H">. . >HF" > A(q) --- is finite. It follows that for every solution H of Q
there exists a minimal solution H° such that H° < A(Q) H.

7.2. Splittings. Assign to some vertices v of the tree T'(Q2) splittings of F(q,)
and groups of canonical automorphisms of groups Frq,) corresponding to these
splittings.

THEOREM 7.1.

(1) If tp(v) = 12, and the quadratic equation corresponding to the quadratic
section o is regular, then either Fr(q,) is a free product where one factor
is a closed surface group or there is a splitting of Frq,) containing a
QH-subgroup Q corresponding to this quadratic equation.

(2) Iftp(v) = 2, and (P, R) is a singular periodic structure, then either Frq,)
s a free product where one factor is a free abelian group or Frea,) has a
splitting with an abelian vertex group generated by the cycles €V, &2 and
edge group generated by &Y for this periodic structure.

(3) Iftp(v) = 2, and (P, R) is a non-singular non-empty periodic structure,
then Fr(q,) has an abelian splitting as an HNN extension with stable
letters corresponding to h(e),e € T \ Tp.

(4) Let 7 <tp(v) < 10. There exists a number N = N(§,) such that if there
is a branch of length N in T(Q,) beginning at v with each vertex w of type
7 < tp(w) < 10, then Friq,) splits as Fra,) = Frkeq) * F(Z), where
F(Z) is a free group on Z.

(5) Let tp(v) = 15. There exists a number N = N(§,) such that if T(,)
contains a branch with all vertices of type 15 beginning at v, then Frq,)
either has a splitting as in 3) or has a QH subgroup or both.

Moreover, all the splittings in Statements (1)—(5) and the number N can be
found effectively.

PROOF. Statement (1) follows from the argument in the description of Case
12. Statements (2) and (3) follow from Lemmas 6.7 and 6.11. Statement (4)
follows from Lemma 5.2. Statement (5) follows from Proposition 7.5 to be proved
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below. The statement about the effectiveness follows from the effectiveness of the
construction of a finite tree Tp(€2) in the next two subsections. O

For each vertex v such that tp(v) = 12 the group of automorphisms A(£,)
assigned to it is the canonical group of automorphisms of Fr(q,) corresponding to
Q@ (and, therefore, identical on A).

For each vertex v such that 7 < tp(v) < 10 we assign the group of automor-
phisms invariant with respect to the kernel.

For each vertex v such that tp(v) = 2, assign the group A, generated by the
groups of automorphisms constructed in Lemma 6.11 that applied to €2, and all
possible non-singular periodic structures of this equation.

Let tp(v) = 15. Apply transformation D3 and consider Q = Q,. Notice that
the function ~; is constant when h; belongs to some closed section of €2,. Applying
D5, we can suppose that the section [1,j 4 1] is covered exactly twice. We say now
that this is a quadratic section. Assign to the vertex v the group of automorphisms
of Fr(q) acting identically on the non-quadratic part.

7.3. The finite subtree T)(Q2) of T(2): cutting off long branches. For
a generalized equation {2 with parameters we construct a finite tree Tp(£2). Then
we show that the subtree of T'(£2) obtained by tracing those paths in T'(2) which
actually can happen for “short” solutions is a subtree of Ty ().

According to Lemma 5.5, along an infinite path in T'(Q2) one can either have
7 < tp(v) < 10 for all k or tp(vy) = 12 for all k, or tp(vy) = 15 for all k.

LEMMA 7.2. [Lemma 15 from [36]] Let v1 — vg — -+ — v — --- be an
infinite path in the tree T(), and 7 < tp(vg) < 10 for all k. Then among {Q4}
some generalized equation occurs infinitely many times. If Q,, = Q,,, then w(vg, v;)
is an isomorphism invariant with respect to the kernel.

LEMMA 7.3. Let tp(v) = 12. If a solution H of Q, is minimal with respect to
the canonical group of automorphisms, then there is a recursive function fo such
that in the sequence

(38) (Qp, H) — (Q,, HY) — - = (Q,,, HY), ...,

corresponding to the path in T(Q,) and for the solution H, case 12 cannot be
repeated more than fy times.

PRrROOF. If u and Ap both belong to the quadratic section, then p is called a
quadratic base. Consider the following set of generators for Fr(q,): variables from
A and quadratic bases from the active part. Relations in this set of generators
consist of the following three families.

1) Relations between variables in A.

2) If p is an active base and A(pu) is a parametric base, and A(u) = h; -+ hite,
then there is a relation pu = h; - - - hj4y.

3) Since v;=2 for each h; in the active part the product of h;-- - h;, where
[i,7+ 1] is a closed active section, can be written in two different ways w;
and wy as a product of active bases. We write the relations wjw, -1
These relations give a quadratic system of equations with coefficients in
the subgroup generated by A.

When we apply the entire transformation in Case 12, the number of variables
is not increasing and the complexity of the generalized equation is not increasing.
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Suppose the same generalized equation is repeated twice in the sequence (38). for
example, Q; = Q; . Then 7(v;,v;4x) is an automorphism of Fpq,) induced by
the automorphism of the free product (A) x B, where B is a free group generated
by quadratic bases, identical on (A) and fixing all words wjwy . Therefore, H? >
H*k which contradicts to the minimality of H. Therefore there is only a finite
number (bounded by fy) of possible generalized equations that can appear in the
sequence (38). O

Let H be a solution of the equation Q with quadratic part [1, 7+ 1].If u belongs
and Ap does not belong to the quadratic section, then p is called a quadratic-
coefficient base. Define the following numbers:

J
(39) di(H) = d(H,),

(40) da(H) =) d(Hla(p), B(w)),

where p is a quadratic-coefficient base.

LEMMA 7.4. Let tp(v) = 15 For any solution H of Q, there is a minimal
solution HY, which is an automorphic image of H with respect to the group of
automorphisms defined in the beginning of this section, such that

di(H") < f1(Q) max {do(H),1},
where f1(Q) is some recursive function.

Proor. Consider instead of €2, equation 2 = (QU) which does not have any
boundary connections, Fr(q,) is isomorphic to Fpr(q). Consider a presentation of
FRr(q,) in the set of generators consisting of variables in the non-quadratic part and
active bases. Relations in this generating set consist of the following three families.

1) Relations between variables in the non-quadratic part.

2) If p is a quadratic-coefficient base and A(u) = h;---hj1¢ in the non-
quadratic part, then there is a relation p = h; - - hjy¢.

3) Since y;=2 for each h; in the active part the product h;---h;, where
[i,7 4+ 1] is a closed active section, can be written in two different ways
wy and we as a product of quadratic and quadratic-coefficient bases. We
write the relations wjwy ' = 1.

Let H be a solution of €, minimal with respect to the canonical group of
automorphisms of the free product By * B, where B is a free group generated by
quadratic bases, and Bj is a subgroup of Fg,) generated by variables in the
non-quadratic part, identical on (A) and fixing all words w;w; *.

Consider the sequence

(41) (L H) = (Qp,, HY) = ... = (Q,, HY),....

Apply now the entire transformations to the quadratic section of Q. As in the
proof of the previous lemma, each time we apply the entire transformation, we do
not increase complexity and do not increase the total number of items in the whole
interval. Since H is a solution of €, if the same generalized equation appear in this

.2 — . — .
sequence 2% + 1 times then for some j, j + k we have H? >, Hit*_ therefore the
same equation can only appear a bounded number of times. Every quadratic base
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(except those that become matching bases of length 1) in the quadratic part can
be transferred to the non-quadratic part with the use of some quadratic-coefficient
base as a carrier base. This means that the length of the transferred base is equal
to the length of the part of the quadratic-coefficient carrier base, which will then be
deleted. The double of the transferred base becomes a quadratic-coefficient base.
Because there are not more than n4 bases in the active part, this would give

di(H') < nads(H'),

for some solution H* of the equation Q,. But H* is obtained from the minimal
solution H in a bounded number of steps. ([

We call a path v7 — vy — ... = v — ... in T(Q) for which 7 < ¢p(vg) < 10
for all k or type 12 prohibited if some generalized equation with p variables occurs
among {Q, | 1 < i < ¢} at least 2(%°) 4 1 times. We will define below also
prohibited paths in T(Q), for which ¢p(vy) = 15 for all k. We will need some
auxiliary definitions.

Introduce a new parameter

T, =Ty + P — Py

where p is the number of variables of the initial equation Q and p! the number
of free variables belonging to the non-active sections of the equation €2,. We have
ph, < p (see the proof of Lemma 5.5), hence 7/ > 0. In addition if v;1 — vg is an
auxiliary edge, then 75 < 79.

Define by the joint induction on 7, a finite subtree To(€2,) and a natural number
5(2y). The tree Tp(£2,) will have v as a root and consist of some vertices and edges
of T(2) that lie higher than v. Let 7/=0; then in T'(Q2) there can not be auxiliary
edges and vertices of type 15 higher than v. Hence a subtree Ty(2,) consisting of
vertices vy of T'(Q?) that are higher than v, and for which the path from v to vy
does not contain prohibited subpaths, is finite.

Let now
(42) S(QU) :mgx (rga%{pwfz(Qw,’P,R), f4(Qiua,P7R)}a
where w runs through all the vertices of Ty (v) for which ¢p(w) = 2, Q,, contains non-
trivial non-parametric sections, (P, R) is the set of non-singular periodic structures
of the equation €, f> is a function appearing in Lemma 6.9 (f2 is present only if
a periodic structure has empty set NP) and €, is constructed as in Lemma 6.15,
where f4 is a function appearing in covering 37.

Suppose now that 7, > 0 and that for all v; with 7, < 7, the tree Ty(£2,,)
and the number s(€,,) are already defined. We begin with the consideration of the
paths

(43) rT=U1 — U — ... — Unp,

where tp(v;) = 15 (1 <4 < m). We have 7, = 7,.

Denote by p; the carrier base of the equation €,,,. The path (43) will be called
p-reducing if ;1 = p and either there are no auxiliary edges from the vertex vs and
w1 occurs in the sequence 1, ..., ty,—1 at least twice, or there are auxiliary edges
Vg — Wi,Vy — Ws...,Vs — Wi from vg and p occurs in the sequence pq, ..., thn—1
at least maxi ¢ <k (€, ) times.

i
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The path (43) will be called prohibited, if it can be represented in the form

(44) r=r181---TSir,
such that for some sequence of bases 71, ..., 7; the following three properties hold:
1) every base occurring at least once in the sequence p1, .. ., ty,—1 occurs at

least 40n? f1(Qy,) + 20n + 1 times in the sequence 7y, ..., 7, where n is
the number of pairs of bases in equations §2,,,

2) the path r; is n;-reducing;

3) every transfer base of some equation of path r is a transfer base of some
equation of path 7’.

The property of path (43) of being prohibited is algorithmically decidable. Every
infinite path (43) contains a prohibited subpath. Indeed, let w be the set of all
bases occurring in the sequence pi1, ..., tm,... infinitely many times, and @ the
set of all bases, that are transfer bases of infinitely many equations €2,,. If one
cuts out some finite part in the beginning of this infinite path, one can suppose
that all the bases in the sequence p1,..., tiym,... belong to w and each base that
is a transfer base of at least one equation, belongs to @. Such an infinite path
for any p € w contains infinitely many non-intersecting p-reducing finite subpaths.
Hence it is possible to construct a subpath (44) of this path satisfying the first two
conditions in the definition of a prohibited subpath. Making 7’ longer, one obtains
a prohibited subpath.

Let T'(€,) be a subtree of T(£,) consisting of the vertices v; for which the
path from v to vy in T(92) contains neither prohibited subpaths nor vertices v
with 7, < 7., except perhaps v;. So the terminal vertices of T'(€2,) are either
vertices vy such that 7, < 7/, or terminal vertices of T'(2,). A subtree T"(Q,)
can be effectively constructed. Tp(€2,) is obtained by attaching of Tp(£2,,) (already
constructed by the induction hypothesis) to those terminal vertices vy of T"(,,) for
which 7, < 7). The function s(,) is defined by (42). Let now Ty (2) = To(y,)-
This tree is finite by construction.

7.4. Paths corresponding to minimal solutions of 2 are in T;(2). No-
tice, that if tp(v) = 6 and v — wy,...,v — wy, is the list of principal outgoing
edges from v, then the generalized equations €, ,...,,, are obtained from €2,
by the application of several elementary transformations. Denote by e a function
that assigns a pair (€, H?) to the pair (Q,, H). For tp(v) = 4,5 this function is
identical.

If tp(v) = 15 and there are auxiliary edges from the vertex v, then the carrier
base y of the equation Q, intersects A(u). For any solution H of the equation €2,
one can construct a solution H’ of the equation Q,/ by H, .= H[L,B(A(n))]. Let
e(Qy, H) = e(Qyr, H').

In the beginning of this section we assigned to vertices v of type 12, 15, 2 and
such that 7 < tp(v) < 10 of T(2) the groups of automorphisms A(f2,).Denote by
Aut(Q) the group of automorphisms of Fr(q) , generated by all groups
7(vo, v) A(Qy)m(vo,v) "L, v € To(R). (Here m(vg,v) is an isomorphism, because
tp(v) # 1.) We are to formulate the main technical result of this section. The
following proposition states that every minimal solution of a generalized equation
Q with respect to the group A(Q) either factors through one of the finite family
of proper quotients of the group FR(Q) or (in the case of a non-empty parametric
part) can be transferred to the parametric part.
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PROPOSITION 7.5. For any solution H of a generalized equation §) there exists
a terminal vertex w of the tree To(€)) having type 1 or 2, and a solution H®W) of q
generalized equation ), such that
(1) 7g = on(vo,w)Tgw ™ where m is an endomorphism of a free group F
o € Aut(Q);
(2) if tp(w) = 2 and the equation €, contains nontrivial non-parametric sec-
tions, then there exists a primitive cyclically reduced word P such that
HW) s periodic with respect to P and one of the following conditions
holds:
(a) the equation U, is singular with respect to a periodic structure
P(H™), P) and the first minimal replacement can be applied,
(b) it is possible to apply the second minimal replacement and make the
family of closed sections in P empty.

Construct a directed tree with paths from the initial vertex
(45) (QH) = (Quy, HO) — (2, HV) — ... = (Q,,, HW) — ...

in which the v; are the vertices of the tree T'(2) in the following way. Let vy = vg
and let H(") be some solution of the equation €2, minimal with respect to the group
of automorphisms A(Qug) with the property H > H®.

Let i > 1 and suppose the term (£2,,, H®) of the sequence (45) has been
already constructed. If 7 < tp(v;) < 10 or tp(v;) = 12 and there exists a minimal
solution H* of Q,, such that A+ < H® | then we set v;1 = vy, HOH) = A+,

If tp(v;) = 15, v; # v;—1 and there are auxiliary edges from vertex v;: v; —

wiy,...,v; — wy (the carrier base u intersects with its double A(u)), then there
exists a primitive word P such that
(46) H9[1,3(A(p))] = P"Py,r > 2, P= PPy,

where = denotes a graphical equality. In this case the path (45) can be continued
along several possible edges of T'(£2).

For each group of automorphisms assigned to vertices of type 2 in the trees
To(Qw,), ¢ = 1,...,k and non-singular periodic structure including the closed sec-
tion [1, B(A(u)] of the equation €, and corresponding to solution H*) we replace
H® by a solution H)* with maximal number of short variables (see the definition
after Lemma 6.15). This collection of short variables can be different for different
periodic structures. Either all the variables in H(®* are short or there exists a
parametric base Apax of maximal length in the covering 37. Suppose there is a pu-
reducing path (43) beginning at v; and corresponding to H®*. Let pq,. .., ftm be
the leading bases of this path. Let H* = H®+ ... HJ be solutions of the general-
ized equations corresponding to the vertices of this path. If for some pu; there is an
inequality d(ﬁj [a(pi), a(A(pi))]) < d(Amax), we set (Qvi+17ﬁ(i+1)) = ¢'(Q,, HY)
and call the section [1, 3(A(u))] which becomes non-active, potentially transferable.

If there is a singular periodic structure in a vertex of type 2 of some tree
To(Qw,),i € {1,...,k}, including the closed section [1, 5(A(p)] of the equation £,
and corresponding to the solution H(?), we also include the possibility
(Q'UH»I ) H(H_l)) = el(va g(l))

In all of the other cases we set (Qy,,,, H*V) = ¢(Q,,, HW+), where HO+
is a solution with maximal number of short variables and minimal solution of €,
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with respect to the canonical group of automorphisms P,, (if it exists). The path
(45) ends if tp(v;) < 2.

We will show that in the path (45) v; € Tp(R2). We use induction on 7.
Suppose v; € To(2), and let iy be the first of such numbers. It follows from the
construction of Tp(§2) that there exists i3 < ig such that the path from v;, into v;,
contains a subpath prohibited in the construction of T5(f2y, ). From the minimality
of i it follows that this subpath goes from v;, (i1 < i2 < ig) to v;,. It cannot
be that 7 < tp(v;) < 10 or tp(v;) = 12 for all i3 < i < 41, because there will
be two indices p < ¢ between is and ip such that H® = H@ and this gives
a contradiction, because in this case it must be by construction vpy; = v,. So

Suppose we have a subpath (43) corresponding to the fragment

(47) (Qy,, HVY = (Q,, HD) — ... = (Q,, , H™) — ...

of the sequence (45). Here vy, vs,...,v,—1 are vertices of the tree Tp(f2), and for
all vertices v; the edge v; — v;41 is principal.

As before, let p; denote the carrier base of §2,,, and w = {u1, ..., ttm-1}, and
@ denote the set of such bases which are transfer bases for at least one equation in
(47). By w; denote the set of such bases p for which either u or A(u) belongs to
w U w; by wy denote the set of all the other bases. Let

a(w) = min(min (), j),
HEW2
where j is the boundary between active and non-active sections. Let

Xy = Hla(p), B(p)]-
If (Q, H) is a member of sequence (47), then denote

a(w)—1
(48) do(H)= Y d(Hy),
(49) Yo(H) =Y d(X,) - 2d,(H).

Every item h; of the section [1, a(w)] belongs to at least two bases, and both
bases are in wy, hence 1, (H) > 0.

Consider the quadratic part of Q,, which is situated to the left of a(w). The
solution H™) is minimal with respect to the canonical group of automorphisms

corresponding to this vertex. By Lemma 7.4 we have
(50) di(HW) < f1(Qu,)do(HD).

Using this inequality we estimate the length of the interval participating in the
process d,,(H (1)) from above by a product of v, and some function depending on
f1. This will be inequality 55. Then we will show that for a prohibited subpath
the length of the participating interval must be reduced by more than this figure
(equalities 65, 66). This will imply that there is no prohibited subpath in the path
47.

Denote by 7;(w) the number of bases p € wy containing h;. Then

(51) ST dxM) =" dHD )yi(w),
=1

pEWL
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where p = p(€,,). Let
I={i|l1<i<aw)—1&y;, =2}

and
J={i|1<i<a(w)—1&y; > 2}.
By (48)
(62) o (HD) = dH)+ D> dH) = di(HD) + Y d(HY).

i€l = icJ
Let (A, A()\)) be a pair of quadratic-coefficient bases of the equation €,,, where X
belongs to the nonquadratic part. This pair can appear only from the bases p € w;.
There are two types of quadratic-coefficient bases.

Type 1. X is situated to the left of the boundary a(w). Then A is formed
by items {h; | ¢« € J} and hence d(X,) < ZieJd(Hi(l)). Thus the sum of the
lengths d(Xy) + d(Xa(y)) for quadratic-coefficient bases of this type is not more
than 2n) ", ; d(Hi(l)).

Type 2. X is situated to the right of the boundary a(w). The sum of length of
the quadratic-coefficient bases of the second type is not more than

P
2 Y dH)y(w).
i=a(w)
‘We have
p
(53) do(HV) <20y d(HP) +2 Y d(HY )yi(w).
ieJ i=a(w)
Now (49) and (51) imply
p
(54) vo(AM) = > dHY) + Y d(HY yi(w).
ieJ i=a(w)
Inequalities (50), (52),(53),(54) imply
(55) dy(HM) < max{yp, (H)(2nf1(Q,) + 1), f1(Q,)}-

From the definition of Case 15 it follows that all the words H[1, p; + 1] are
the ends of the word H(M[1, p; + 1], that is
(56) HWOL, py +1] = UHO(L, p; + 1],

On the other hand bases u € wo participate in these transformations neither as
carrier bases nor as transfer bases; hence H[a(w), p; + 1] is the end of the word
HOI[1, p; + 1], that is

So we have

(58)

dy(HD) = dy(HOHY) = d(Vi) = d(Viga) = d(Uiga) — d(U3) = d(X)) = d(X D).
In particular (49),(58) imply that 1, (HM) = ¢, (H®) = ... = ¢, (H™) = 1.

Denote the number (58) by 6;.



EFFECTIVE JSJ DECOMPOSITIONS 173

Let the path (43) be p-reducing, that is either py = p and vy does not have

auxiliary edges and p occurs in the sequence p1, . . ., tm—1 at least twice, or vy does

have auxiliary edges vy — wy,...v2 — wi and the base p occurs in the sequence

Wiy m—1 at least maxigi<k $(Qy,) times. Estimate d(Up,) = Z?:ll 0; from

below. First notice that if p;, = u;, = p(iy < i2) and p; # p for iy < i < ig, then
ia—1

(59) D6 = d(H L a(A(p+1))).

=iy

Indeed, if iy = i; + 1, then &;, = d(H[1,a(A(n))] = d(HOTV[1, a(A(k))]. If
iz >y + 1, then p;, 11 # p and p is a transfer base in the equation {,, ,,. Hence
iy 41+ d(HOHD 1, a(p)]) = d(HOHI[1, i, +1)]). Now (59) follows from

ig—1

S 6 > A1, a ().

i=iy+2
So if vy does not have outgoing auxiliary edges, that is the bases ps and A(ug) do
not intersect in the equation €,,; then (59) implies that

m—1
> 6 = dHP[L, a(App)]) = d(X[D) = d(XP) = d(X V) - 61,

M2
i=1

which implies that
m—1
(60) 0; >

i=1

a(xih).

N —

Suppose now there are outgoing auxiliary edges from the vertex ve: v —
wy,...,v3 — wg. The equation Q,, has some solution. Let H®[1, a(A(us))] =
Q, and P a word (in the final A’s) such that @ = P, then X,(fz) and X,(f) are
beginnings of the word H®[1, 3(A(uz))], which is a beginning of P>. Denote
M = maxi gk S(ij).

By the construction of (45)we either have

(61) X =P'P,P=PPyr<M.

or for each base y;, i > 2, there is an inequality d(H® (a(u;), a(A(p;)))) = d(N)
and therefore

(62) d(X(P) < Md(HD [apss), (A (i)
Let pi, = pi, = pyiy <oy pg # p for iy <i <ig. If
i1+1
(63) d(x[ 1Y) > 2d(P)

and H+D[1, p; o1 + 1] begins with a cyclic permutation of P3, then
A(HOI[1, a(A(ps, 1)) > d(XP) /M. Together with (59) this gives

ip—1

> 6> d(xP)/M.

i=i
The base p occurs in the sequence pi, ..., m—1 at least M times, so either (63)
fails for some i, <m —1or S ' §; (M — 3)d(X ) /M.
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If (63) fails, then the inequality d(X5."") < d(X}:T1), and the definition (58)
imply that

Z 8 = d(X(V) —d(X D) > (M —2)d(XP)/M;

Hiqy+1

so everything is reduced to the second case.
Let

m—1
0 > (M = 3)d(X)/M.
i=1
Notice that (59) implies for i; = 1 Zi:l ;= d(Q) = d(P); so

Zaz maz{1, M — 3}d(X?) /M.

Together with (61) this implies ZZ’;I 6 = %d(XfLQ)) = %(d(X;(Ll)) — 01). Finally,

m—1
1
(64) > 6> Eaz(X;ﬁ).
i=1

Comparing (60) and (64) we can see that for the p-reducing path (43) inequality
(64) always holds.
Suppose now that the path (43) is prohibited; hence it can be represented in

the form (44). From definition (49) we have >_ . d (X,Y”)) > 1,; so at least for

one base p € w; the inequality d(X m)) >3-4, holds. Because XI(L m) - (X(ANZ;))il’

we can suppose that p € wU®. Let m; be the length of the path r1s1 - - 75 in (44).
If 4 € @ then by the third part of the definition of a prohibited path there exists

my < i < m such that u is a transfer base of €,,. Hence, d(X,STl)) > d(X,g?) >
d(X,(f)) > d(X,Sm)) > ﬁww. If p € w, then take u instead of p;. We proved the
existence of a base p € w such that

1
(m1)y >
(65) d(XM )= an/Jw.

By the definition of a prohibited path, the inequality d(Xff)) > d(XfAml)) (1<i<
my), (64), and (65) we obtain

m11

(66) Z 0i > max{ - zpw, 1}(40n% f1 + 200 + 1).

By (58) the sum in the left part of the inequality (66) equals d,, (HM)Y —
d,(H™)); hence

_ 1
d,(AY) > max{ o1, 1}(40n2 f1 4 20m + 1),

which contradicts (55).

This contradiction was obtained from the supposition that there are prohibited
paths (47) in the path (45). Hence (45) does not contain prohibited paths. This
implies that v; € Tp(Q2) for all v; in (45). For all ¢ v; — v;41 is an edge of a finite
tree. Hence the path (45) is finite. Let (€2, H*) be the final term of this sequence.
We show that (€2, H") satisfies all the properties formulated in the lemma.
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The first property is obvious.

Let tp(w) = 2 and let €, have non-trivial non-parametric part. It follows from
the construction of (45) that if [j, k] is a non-active section for ,,, then H®[j, k] =
HOD[ k] = ... = H®™[j,k]. Hence (46) and the definition of s(f2,) imply that
the word h; ---h,, can be subdivided into subwords hli1,is], ..., hlix—1,1x], such
that for any a either H(®) has length 1, or hlia,iqa+1] does not participate in basic
and coefficient equations, or HW [iasiqa+1] can be written as

(67) H(w)[iaaia-‘rﬂ = P;P;; Pa = P/PH'T > (rga}% max{pwa(QwaP, R)7f4(Q;u)}a

a” a’

where P, is a primitive word, and (P, R) runs through all the periodic structures of
Q,, such that either one of them is singular or for a solution with maximal number
of short variables with respect to the group of extended automorphisms all the
closed sections are potentially transferable. The proof of Proposition 7.5 will be

completed after we prove the following statement.

LEMMA 7.6. If tp(w) = 2 and every closed section belonging to a periodic
structure P is potentially transferable (the definition is given in the construction
of Ty in case 15), one can apply the second minimal replacement and get a finite
number (depending on periodic structures containing this section in the vertices of
type 2 in the trees To(w;), i =1,...,m ) of possible generalized equations containing
the same closed sections not from P and not containing closed sections from P.

PROOF. From the definition of a potentially transferable section it follows
that after finite number of transformations depending on f4(€,,P), where u runs
through the vertices of type 2 in the trees To(w;),i = 1,...,m, we obtain a cycle
that is shorter than or equal to d(Amax). This cycle is exactly hla(p;), a(A(p;)] for
the base p; in the p-reducing subpath. The rest of the proof of Lemma 7.6 is a

repetition of the proof of Lemma 6.18. ([l

7.5. Construction of the decomposition tree Ty..(2) from Tp(2). We
can define now a decomposition tree Tyec(£2). To obtain Tye.(2) we add some edges
to the terminal vertices of type 2 of Tp(2). Let v be a vertex of type 2 in Tp(€2).
If there is no periodic structures in €, then this is a terminal vertex of Tyec(€2).
Suppose there exists a finite number of combinations of different periodic struc-
tures Pq,...,Ps in Q,. If some P; is singular, we consider a generalized equation
Quep,,...p,) obtained from Q,(Pi,...,P,) by the first minimal replacement corre-
sponding to P;. We also draw the edge v — u = u(Pyq,...,Ps). This vertex u
is a terminal vertex of Tgec(2). If all Py,...,Ps in Q, are not singular, we can
suppose that for each periodic structure P; with period P; some values of variables
in P; are shorter than 2|P;| and values of some other variables are shorter than
f3(Q,)|P;|, where f3 is the function from Lemma 6.15. Then we apply the second

minimal replacement. The resulting generalized equations €, ,...,€,, will have
empty non-parametric part. We draw the edges v — wuy,...,v — Uz in Tgec(Q).
Vertices uq, ..., u; are terminal vertices of Tgec(2).

Combining this construction with Theorem 7.1 and Proposition 7.5 we obtain
the following theorem.

THEOREM 7.7. Let Q be a generalized equation without parameters. To each
branch of Tyec(€2) with terminal vertex w one can assign a splitting (maybe degen-
erate) of Freqy such that every solution H of Q corresponding to this branch can
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be transformed by a canonical automorphism corresponding to this splitting into a
solution HY of Q. The group Fr(a,,) is a proper quotient of Fr(q).

8. Structure of solutions, the solution tree Ty, (2, A)

Let Q = Q(H) be a generalized equation in variables H with the set of bases
Bqo = BUA. Let Tyec(92) be the tree constructed in Subsection 7.5 for a generalized
equation € with parameters A.

Recall that in a leaf-vertex v of Tyec(2) we have the coordinate group F R(Q.)
which is a proper homomorphic image of Fr(q). We define a new transformation R,
(we call it leaf-extension) of the tree Tye.(02) at the leaf vertex v. We take the union
of two trees Tyec () and Tyec(€2,) and identify the vertices v in both trees (i.e., we
extend the tree Tgec(2) by gluing the tree Tgec(£2,) to the vertex v). Observe that
if the equation 2, has non-parametric non-constant sections (in this event we call
v a terminal vertez), then Tgec(§),) consists of a single vertex, namely v.

Now we construct a solution tree Ty (€2) by induction starting at Tgec(2). Let v
be a leaf non-terminal vertex of T(©) = Ty..(Q). Then we apply the transformation
R, and obtain a new tree T = R, (Tyec(R)). If there exists a leaf non-terminal
vertex v; of T, then we apply the transformation R,,, and so on. By induction
we construct a strictly increasing sequence of trees

(68) TOcTWc. .. .cT®C....

This sequence is finite. Indeed, suppose to the contrary that the sequence is infinite
and hence the union 7(°) of this sequence is an infinite tree in which every vertex
has a finite degree. By Konig’s lemma there is an infinite branch B in T(>). Observe
that along any infinite branch in 7(>) one has to encounter infinitely many proper
epimorphisms. This contradicts the fact that F' is equationally Noetherian.

Denote the union of the sequence of the trees (68) by Tio1(2,A). We call
Tso1(Q2, A) the solution tree of Q with parameters A. Recall that with every edge e
in Tyee(2) (as well as in Ty (2, A)) with the initial vertex v and the terminal vertex
w we associate an epimorphism

Te : Fr,) = Frea,)-

It follows that every connected (directed) path p in the graph gives rise to a com-
position of homomorphisms which we denote by m,. Since Ty (€2, A) is a tree the
path p is completely defined by its initial and terminal vertices w,v; in this case we
sometimes write m,, instead of m,. Let m, be the homomorphism corresponding
to the path from the initial vertex vy to a given vertex v, we call it the canonical
epimorphism from Fprq) onto Fr(q,)-

Also, with some vertices v in the tree Tye.(€2), as well as in the tree T5,1(£2, A),
we associate groups of canonical automorphisms A(€2,) or extended automorphisms
A(Q,) of the coordinate group F R(Q,) Which, in particular, fix all variables in the
non-active part of €2,,. We can suppose that the group fl(Qv) is associated to every
vertex, but for some vertices it is trivial. Observe also, that canonical epimorphisms
map parametric parts into parametric parts (i.e., subgroups generated by variables
in parametric parts).
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Recall that writing (Q,U) means that U is a solution of . If (Q,U) and
1 € Bq, then by py we denote the element

(69) 1 = [tage oo -1
Let By = {uy | 1 € B} and Ay = {uv | p € A}. We refer to these sets as the set
of values of bases from B and the set of values of parameters from A with respect
to the solution U. Notice, that the value py is given in (69) as a value of one fixed
word mapping

Pu(H) = [hagu - hﬂ(u)—l]a(u)'
In vector notation we can write that

By = Pp(U), Ay = Py(U),

where Pg(H) and Py (H) are corresponding word mappings.
The following result explains the name of the tree Ty (2, A).

THEOREM 8.1. Let Q = Q(H, A) be a generalized equation in variables H with
parameters A. Let Tyo1(2, A) be the solution tree for Q with parameters. Then the
following conditions hold.

(1) For any solution U in F of the generalized equation Q there exist: a path
vg — V1 — ... — Uy =0 in T (Q, A) from the root vertex vy to a terminal
vertex v, an abelian splitting of each of FR(QUO), s Frea,,), a sequence
of canonical automorphisms o = (09, ...,0n),0; € A(dy,), and a solution
U, in F of the generalized equation 2, such that the solution U (viewed
as a homomorphism Frq)y — F) is equal to the following composition of
homomorphisms

(70) U=%®:;v, =00Tu,0,01" " Tu, 10,000y

(2) For any path vg — v1 — ... — v, = v 0 Ty (Q, A) from the root vertex
vy to a terminal verter v, a pair consisting of a sequence of canonical
automorphisms o = (0g,...,0n),0; € A(Qy,), and a solution U, in F of
the generalized equation €, the composition ®, y, , gives a solution in F
of the corresponding group equation Q* = 1; moreover, every solution in
F of Q" =1 can be obtained this way.

(3) For each terminal vertex v in Ty (2, A) there exists a word mapping
Qu(Hy) such that for any solution U, of Q, and any solution U = @, 1,
from (70) the values of the parameters A with respect to U can be written
as Ay = Qu(Uy) (i-e., these values do not depend on o) and the word
Q. (Uy) is reduced as written.

PROOF. Statements (1) and (2) follow from the construction of the tree Ty (2, A).
To verify (3) we need to invoke the argument above this theorem which claims that
the canonical automorphisms associated with generalized equations in Ty, (€2, A)
fix all variables in the parametric part and, also, that the canonical epimorphisms
map variables from the parametric part into themselves. (I

THEOREM 8.2. For any finite system S(X) =1 over a free group F, one can
find effectively a finite family of nondegenerate triangular quasi-quadratic systems
Ui,...,Ux and word mappings p; : Ve(U;) — Vg(S) (i = 1,...,k) such that for
every b € Vp(S) there exists i and ¢ € Vp(U;) for which b = p;(c), i.e.

Ve(S) = pr(Ve(Ur)) U+ Upk (Ve (Us))
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and all sets p;(Vr(U;)) are irreducible; moreover, every irreducible component of
Ve (S) can be obtained as a closure of some p;(Vr(U;)) in the Zariski topology.

PRroOOF. Each solution of the system S(X) = 1 can be obtained as X = p;(Y;),
where Y; are variables of Q = (); for a finite number of generalized equations.
We have to show that all solutions of 2* are solutions of some NTQ system. We
can use Theorem 8.1 without parameters and Theorem 7.1. In this case €2, is
an empty equation with non-empty set of variables. In other words Fr(q,) =
F % F(hy,...,h,). To each of the branches of Ty, we assign an NTQ system from
the formulation of the theorem. Let (2, be a leaf vertex in Tyec. Then Fg(q,) is
a proper quotient of Fr(q). Consider the path vo,v1,...,v, = w in Tyec(2) from
the root vertex vy to a terminal vertex w. All the groups F' R(0,,) aTe isomorphic.
There are the following five possibilities.

1. tp(vn—1) = 2. In this case there is a singular periodic structure on §2,, _,. By
Lemma 6.7, Frq, )isa fundamental group of a graph of groups with one vertex
group K, some free abelian vertex groups, and some edges defining HNN extensions
of K. Recall that making the first minimal replacement we first replaced Frea, )
by a finite number of proper quotients in which the edge groups corresponding to
abelian vertex groups and HNN extensions are maximal cyclic in K. Extend the
centralizers of the edge groups of 2, , corresponding to HNN extensions by stable
letters t1,...,tx. This new group that we denote by N is the coordinate group of
a quadratic equation over Fr(q,) which has a solution in Frq,)-

In all the other cases tp(v,—_1) # 2.

2. There were no auxiliary edges from vertices vg, vy, ..., v, = w, and if one of
the Cases 7-10 appeared at one of these vertices, then it only appeared a bounded
(the boundary depends on 2,,) number of times in the sequence. In this case we
replace FR(Q) by FR(Qw)

3. Fp(q,) is a term in a free decomposition of FR(QUWl) (€ is a kernel of a
generalized equation €2, ). In this case we also consider Fg(q, ) instead of Fr(q).

4. For some i tp(v;) = 12 and the path v;, ..., v, = w does not contain vertices
of type 7 — 10,12 or 15. In this case Fr(q) is the coordinate group of a quadratic
equation.

5. The path wvg,v1,...,v, = w contains vertices of type 15. Suppose
Vijye s Vistk,;, J = 1,...,1 are all blocks of consecutive vertices of type 15 This
means that tp(vi;4x;41) # 15 and @5 + k;j +1 < ij41. Suppose also that none of
the previous cases takes place. To each v;; we assigned a quadratic equation and a
group of canonical automorphisms corresponding to this equation. Going along the
path v;,,...,v;1k,, we take minimal solutions corresponding to some non-singular
periodic structures. Each such structure corresponds to a representation of F’ R(2, )

J

as an HNN extension. As in the case of a singular periodic structure, we can sup-
pose that the edge groups corresponding to HNN extensions are maximal cyclic and
not conjugated in K. Extend the centralizers of the edge groups corresponding to
HNN extensions by stable letters ¢1,...,t;. Let N be the new group. Then N is the
coordinate group of a quadratic system of equations over F/ R(Qu; oy 1) Repeating
this construction for each j =1,...,, we construct NTQ systenil oifer Fr.)-

Since Fpr(q,) is a proper quotient of Fr(q), the theorem can now be proved by
induction.

O



EFFECTIVE JSJ DECOMPOSITIONS 179

9. Maximal standard quotients and canonical embeddings of F-groups

In this section we construct standard quotients and canonical embeddings
of freely indecomposable finitely generated fully residually free groups into NTQ
groups.

9.1. JSJ-decompositions are sufficient splittings. In this section we prove
that a non-degenerate JSJ decomposition D of a finitely generated freely indecom-
posable fully residually free group G is a sufficient splitting of G, i.e., the standard
maximal quotient G/Rp is a proper quotient. Let, as usual, F' be a fixed free
non-abelian group.

THEOREM 9.1. Let G be a finitely generated freely indecomposable [freely inde-
composable modulo F) fully residually free group G. Then a non-degenerate JSJ Z-
decomposition [modulo F| of G is a sufficient splitting of G.

PROOF. Let D be a non-degenerate JSJ decomposition of the group G =
Fry. Recall, that by GE(U) we denote the finite set of the initial generalized
equations associated with U = 1 (see Section 4.2). For each Q € GE(U) we are
going to construct a tree T,,,4(Q2) as follows. Let Tyec(2) be the decomposition
tree which has been constructed in Subsection 7.5. Suppose v is a leaf vertex of
Tiec(2) and Q, is the generalized equation associated with v in Tgec(2). By the
construction the group Fr(q,) is a proper quotient of Frq). If the image of G'in
FRr(n,) under the quotient epimorphism Fr) — FRr(q,) is not a proper quotient
of G, then we extend the tree Tye.(€2) by gluing up the tree Tyec(£2,) to the vertex
v (by identifying the vertex v in Tgec(2) with the root vertex in Tye.(€2,)). Denote
the resulting tree by Tyec(€2)'. Again, if there is a leaf vertex v' € Tyec(Q2)’ such that
the canonical image of G in the group associated with v’ is not a proper quotient of
G then we extend Tye.(2) by gluing up the tree Tyec(2),) to the vertex v’ (we refer
to this operation as to leaf extension). More formally, let Ty = Tgec(2). Suppose
a tree T; with associated groups and homomorphisms is already constructed. If
there is a vertex w € T; such that the image of G in the group associated with w
is not a proper quotient of G' then we glue up the tree Tyec(€2,) to the vertex w
(by identifying w with the root vertex in Tye.(€2,)) and denote the resulting tree
by Tit1.

Claim. The sequence
(71) TocTyCcTy C...
is finite.

Indeed, suppose the sequence (71) is infinite. Then the graph T' = [J;2, T} is
infinite. Then by Konig’s lemma there is an infinite branch in T, say,
(72) Vg — VL — Vg — ...

Therefore there exists an infinite subsequence, say,

Vig =™ Uiy — Vi — .«

such that for every vertex v;; in this sequence at some step the tree TdeC(Qvij) was
glued to the vertex v;;. It follows that the homomorphism corresponding to the
edge v;,—1 — v;; is a proper epimorphism. Hence there are infinitely many proper
epimorphisms associated with the edges of the branch (72). This implies that there
exists an infinite sequence of epimorphisms of finitely generated residually free
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groups which contains infinitely many proper epimorphisms - contradiction with
the equationally Noetherian property of free groups. This proves the claim.
Denote the union tree T of the finite sequence (71) by T,,4(£2). Fix some
terminal vertex w of T,,(U, ). Each homomorphism from the image of G in
FRr(q,) into F factors through a finite number of fully residually free quotients.
Denote one such quotient by G = Fry * F(t1, ..., t), where U is irreducible, and

t1,...,t; are free variables from quadratic equations.
Let vg be the initial vertex of Tyec(€2), v1 be the terminal vertex of Tyec(9),
vy be the terminal vertex of Tyec(€),,) and so on, v, = w. Each solution of

U = 1 corresponding to this branch of T,,4(U, ) can be transformed by canon-
ical automorphisms corresponding to vertices of Tgec(£2) (which are canonical au-
tomorphisms from Ap,, where Dq is a decomposition of Fgq), see Subsection
7.2) and, subsequently, by canonical automorphisms corresponding to vertices of
Taec(2y,),7 = 1,...,n (which are canonical automorphisms from Ap,, where D; is
a decomposition of F’ R(Qvi)), into a solution satisfying a proper equation.

By Lemma 2.13, for each QH subgroup @ in FR(Q%), either the intersection of
G with some conjugate @Y is of finite index in Q9 and is a QH subgroup of G, or G
is conjugated into the fundamental group of a connected component of the graph
of groups obtained from D by removing the vertex and edges corresponding to Q.
Case 1) in the lemma cannot take place because G is freely indecomposable. In
the case when G is conjugated into the fundamental group of the graph of groups
obtained from D by removing the vertex and edges corresponding to @, each solu-
tion of U =1 can be obtained from a solution of €2,, minimal with respect to the
canonical group of automorphisms corresponding to Q. If G has trivial intersection
with all conjugates of some edge group of D;, then again each solution of U = 1 can
be obtained from a solution of €2,, minimal with respect to the group generated by
the canonical Dehn twists along this edge. If the intersection G N QY has a finite
index, then it is a QH subgroup (1 of G and the group of automorphisms of ()1 in-
duced by canonical automorphisms of Q9 has finite index in the group of canonical
automorphisms of Q9. Let F R(D.,) be the factor that contains G in some Grushko
decomposition of Fra, ). Let A(FR(Qvi)) be the group of outer canonical automor-
phisms of FR(QUi) induced from canonical automorphisms of Freq, ). By Lemma
2.13, the group of canonical automorphisms of F R(2,) corresponding to Q9 (where
Q is a QH subgroup of F' R(Qvi)) that induce canonical automorphisms of G has finite
index in the subgroup of A(FR(QUi)) corresponding to ). Denote by AG(FR(QUl))
the subgroup of A(F' R(Qw)) generated by canonical Dehn twists corresponding to
the splittings of I R(.,) that induce non-trivial splittings of G. The subgroup A;,q
of Ag(F R(Qvi)) consisting of automorphisms that induce automorphisms of G, has
finite index in Ag(FR(QW)).

This implies that using canonical automorphisms corresponding to the JSJ
decomposition of G, we can transform each solution ¢ of U = 1 into a solution
that is not longer than ¢ and satisfies one of the finite number of proper equations
(which can be effectively found) or, equivalently, satisfies a proper equation which
represents this disjunction of equations. Since a minimal solution in the equivalence
class of ¢ factors through some branch of T,,,(f) for one of the finite number of

generalized equations {2, it must satisfy this proper equation.
O
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9.2. Quasi-quadratic systems associated with Z-splittings. Let G be a
finitely generated freely indecomposable fully residually free group and D a non-
degenerate JSJ Z-decomposition of G. Combining foldings and slidings, we can
transform D into an abelian decomposition in which each vertex with non-cyclic
abelian subgroup that is connected to some rigid vertex, is connected to only one
vertex which is rigid. We suppose from the beginning that D has this property.
Let L;,i € I be a (finite) collection of all standard maximal fully residually free
quotients of G relative to D and 7; : G — L; the corresponding canonical epimor-
phisms. By Corollary 2.29 one can enumerate these quotients as

Ll,...7Lk7...7Lk+s7 k}l,s}(),

in such a way that for each i = 1,. .., k all the restrictions of 7; onto rigid subgroups
of D, onto edge subgroups in D, and onto the subgroups of the abelian vertex
groups A generated by the images of all the edge groups of edges adjacent to A,
are monomorphisms. Let Hi,...,H, be rigid subgroups of G in D. Consider
the Grushko’s decomposition of L; compatible with the collection of subgroups
mi(H1), ..., mi(Hy):

Li :Li,l*"'*Li,ai >1<F'(t1,...,tﬁi)7

where F(t1,...,ts,) is the maximal free factor that does not contain conjugates of
any of the subgroups m;(Hi),...,m;(Hy). Denote
GIL' = Li,l koo *Lz,a,

In this section we show that G embeds into a group G; which is a particular
extension of the group G;, i = 1,...,k. More precisely, G; is the fundamental
group of a graph of groups I'; obtained from a single vertex v with the associated
vertex group G, = G; by adding finitely many edges corresponding to extensions
of centralizers (viewed as amalgamated products) and finitely many QH vertices
connected only to v (see Figure 15).

We start with description of the extensions G; of G;. Fix an integer 4, i =
1,...,k and, to simplify notation, denote G; by G, m; by 7, and G; by G*. Let
G = Py * --- x P, be the Grushko decomposition of G. Then by construction of
G, each factor in this decomposition contains a conjugate of the image of some
rigid subgroup or an edge group in D. Let gi1,...,g; be a fixed finite generating
set of Gi. For an edge e € D we fix a generator d. of the cyclic edge group G, (or
generators of an abelian edge group connecting a non-cyclic abelian vertex group
to a rigid subgroup). The required extension G* of G is constructed in three steps.
On each step we extend the centralizers Cg(m(d.)) of some edges e in D or add
a QH subgroup. Simultaneously, for every edge e € D we associate an element
se € Ca+(m(de))-

Step 1. Let E,;4 be the set of all edges between rigid subgroups in D. For each
edge e € I we do the following. If

G = Ax, Band G = 7(A) *(z(4.)) 7(B)
or
G = Axy,y and G = 1(A)*(z(a.))

then we delete the edge e from F,;,. In this case we associate the trivial ele-
ment s, = 1 with e. Denote the resulting set of edges by E’. One can define an
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F1GURE 15. The graph of groups I'; of the coordinate group of the
quasi-quadratic system over Gj;.

equivalence relation ~ on E’ assuming for e, f € E’ that
e~ [ 4= (3ges € Q) (07 Calnle)ges = Caln(1).

Let E be a set of representatives of equivalence classes of E/ modulo ~. -
Now we construct a group G(Y) by extending every centralizer C (7 (d,)) of G,
e € E as follows. Let

e]={e=-e1,...,eq.}
(1)

and ye /... ,yéq“) be new letters corresponding to the elements in [e]. Then put
GO = {Gy®, .yl (e € B) | [Clr(de), y) = 1,1y, o] = 16,5 =1, q.) ).

One can associate with G(!) the following system of equations over G:

(73) [ges7y((3‘])]:]‘7 [y((il)’y((ij)]zl) i?j:17"'7qe7 821""?pe7 eEE,
where yéj ) are new variables and the elements Jels- - -, Jep, are constants from G

which generate the centralizer C(m(d.)). We assume that the constants g.; are given

as words in the generators g1, ..., g; of G. We associate the element s,, = yé’) with

the edge e = e¢;.

Step 2. Let A be a non-cyclic abelian vertex group in D and A, the subgroup
of A generated by the images in A of the edge groups of edges adjacent to A.
Then A = Is(Ae) x Ag where Is(A,.) is the isolator of A, in A (the minimal direct
factor containing A.) and Ay a direct complement of Is(A.) in A. Notice, that
the restriction of m on Is(4.) is a monomorphism (since 7 is injective on A, and
A, is of finite index in Is(A.)). For each non-cyclic abelian vertex group A in D
we extend the centralizer of (Is(A.)) in G by the abelian group Ay and denote
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the resulting group by G(®. Observe, that since 7(Is(A.)) < G the group G? is
obtained from G by extending finitely many centralizers of elements from G.

If the abelian group Ag has rank r then the system of equations associated with
the abelian vertex group A has the following form

(74) [yp7yq]:]-a[yp7dej}:1, p,q:]-a"'vrvj:]-w"apev
where y,,y, are new variables and the elements det,. .. ,d_epe are constants from
G which generate the subgroup 7(Is(A.)). We assume that the constants d.; are
given as words in the generators g1,...,g; of G.

Denote by

Si(Y1, -3 YUt, 91, 5g1) =1
the union of the system (73) and all the systems (74) for every abelian non-cyclic
vertex group A in D. Here y,...,y; are all the new variables that occur in the
equations (73), (74).

Step 3. A QH subgroup @ such that m(Q) is a QH subgroup of G of the same
size (see Section 1.6) is called a stable QH subgroup. Let @ be a non-stable QH
subgroup in D. Suppose @ is given by a presentation

H[Iivyi]pl o pm =1L

i=1
where there are exactly m outgoing edges ey, ..., e, from @ and o(G.,) = (p;),
7(Ge,) = (c;) for each edge e;. We add a QH vertex @ to G by introducing new
generators and the following quadratic relation

n

(75) [Tl vl (7)™ - () =1

i=1

to the presentation of G(?). Observe, that in the relations (75) the coefficients in
the original quadratic relations for @) in D are replaced by their images in G.

Similarly, one introduces QH vertices for non-orientable QH subgroups in D.
We refer to Section 2.9 for details on quadratic relations associated with non-
orientable QH subgroups.

The resulting group is denoted by G* = G(3).

Let

S =821,y Zmyg1y---501) =1

be union of the quadratic systems of the type (75) for orientable and non-orientable
non-stable QH subgroups in D. Here the set of variables {z1,..., 2} is union of
all variables in quadratic equations of the type (75). Let D* be a splitting of G*
with the following vertex groups: factors Py, ..., P, in the compatible reduced free
decomposition of G, abelian vertex groups corresponding to relations (73), (74),
and QH subgroups added to G. Let T* be a maximal subtree in the underlying
graph I'*. So far we defined elements s, only for edges between two rigid subgroups
of D.

Now we define an F-homomorphism v : G — G* and show that ¢ is injective.
In the process we will associate elements s, to the remaining edges of D. We need
the following lemma.

LEMMA 9.2.
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(1) Let H = A*g B and m : H — H be a homomorphism such that the
restrictions of m on A and B are injective. Put

H* = (H,y|[Cx(n(d).y] = 1).
Then for every u € Cy«((w(d)), u & Cz(w(d)), a map

_J ), =xeA,
V(@) = { ()", z€B.
gives rise to a monomorphism v : H — H*.

(2) Let H=(A,t|d" =c) and 7 : H — H be a homomorphism such that the
restriction of ™ on A is injective. Put

H* = (H,y|[Cq(n(d)),y] =1).
Then for every u € Cy«((n(d)), u & Cg(w(d)), a map

() = { m(z), w€A,

ur(x), x=t.
gives rise to a monomorphism vy : H — H*.

PrROOF. We prove (1), a similar argument proves (2). Clearly, the map 1
agrees on the intersection A N B, so it defines a homomorphism ¢ : Hy.q — G.
Straightforward verification shows that 1) maps reduced forms of elements in H,;,
into reduced forms of elements in G. This proves that v is injective. O

We define the homomorphism 1 : G — G* with respect to the splitting D of G.
Let T be the maximal subtree of D. First, we define ¥ on the fundamental group
of the graph of groups induced from D on T. Notice that the subgroup F is elliptic
in D, so there is a rigid vertex vy € T such that F' < G,,. Mapping 7 embeds G,,
into G, hence into G*.

Let P be a path v9g — v1 — ... — v, in T that starts at vg. With each edge
e; = (vi—1 — v;) between two rigid vertex groups we have already associated the
element s.,. Let us associate elements to other edges of P:

a) if v;_ is a rigid vertex, and v; is either abelian or QH, then s., = 1;

b) if v;—1 is a QH vetrex, v; is rigid or abelian, and the image of e; in the decom-
position D* of G* does not belong to 7™, then s., is the stable letter corresponding
to the image of e;;

c) if v;_1 is a QH vertex and wv; is rigid or abelian, and the image of e; in the
decomposition of G* belongs to T, then s., = 1.

d) if v;_; is an abelian vertex with G,,_, = A and v; is a QH vertex, then s,
is an element from A that belongs to Ayp.

Since two abelian vertices cannot be connected by an edge in I', and we can
suppose that two QH vertices are not connected by an edge, these are all possible
cases.

We now define the embedding ¢ on the fundamental group corresponding to
the path P as follows:

Y(x) = w(x)’ % for x € G,,.

This map is a monomorphism by Lemma 9.2. Similarly we define v on the fun-
damental group of the graph of groups induced from D on T'. We extend it to G
using the second statement of Lemma 9.2.
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~ We constructed a finite number of proper fully residually free quotients of G:
G, ..., G where the systems S =1 A S; = 1 have solutions. Let G; = FR(Ui)'
Now Up (21, -y Zms Y1, -+ Yt, 915 - - -, G1) = 1 is the system

S(215- 5 2my g1s--5q1) =1
Si(Yrs - Y, 915--,91) =1
Ui(glv"',gl) =1
If G = Frv) is a surface group, we take the system S = 1 the same as U = 1,
S; =1 and U; = 1 trivial. If G is a free abelian group, we take S = 1 the same as
U=1,and S =1,U =1 trivial. If G is cyclic, we do not construct Up; = 1.
We summarize the construction in the following theorem.

THEOREM 9.3. Let U(X) =1, X = {x1,...,x,}, be a finite irreducible system
of equations over F such that G = Fry is freely indecomposable (modulo F) if
U(X) =1 has non-trivial coefficients. Let D be a JSJ Z-decomposition of G. Then
one can effectively construct finitely many equations

nx)=1,...,vy(X) =1
with coefficients in F' and finitely many systems
Upi1=1,....Upr=1
over F' with embeddings

¢1: Frwy = Frup.)s -+ Ok 2 Freuy = Frup )
such that:
1) Vi ¢ RU),i=1,....s.
(2) Upi(#1s---s Zm, Y15+ Yty 91, - - -, G1) = 1 is a system of the following type

*S_'(Zlv"‘vzmvglv"',gl) =1

Si(ylw"?ytaglw'wgl) =1
Ui(917~-~7gl) =1

where U; = 1 is irreducible, S = 1 is a non-degenerate quadratic system in
variables z1, ..., zm over G; = Fr,), variables z1, ..., zy, are standard
generators of MQH subgroups of G and stable letters corresponding to
non-tree edges adjacent to QH subgroups, S; = 1 corresponds to extensions
of centralizers of elements from Frg,). There is a splitting D;* of the
fundamental group of the system Up; modulo free factors of Gi; MQH
verter groups in D;* correspond to equations from the system S = 1,
abelian vertex groups correspond to equations from the system S; = 1.

(3) Freo, * Fit1,...,tp,) is a proper quotient of Fry with the canonical
epimorphism m; : Fryy — Fr,) * F(t1, ... ts,), i =1,...,k, which can
be found effectively.

4) VIU)=p1(V(Upn))U---Upk(V(Upi)) UV U N V1)U---UV(U A V),
where the word mappings p; = (Di1,.--Din),t = 1,...,k, correspond to
the embeddings ¢1,..., ¢k, i.e., for every i and every x; € X

Gi(x5) = pij (21, Zms Y1 -+ Yts Gy -+ -5 GI)-

(5) Let ®; = {¢pomp |0 € Ap,«, ¥ € V(U;)}. Then @; C p;(V(Up,;)) and
V(U)=®,U---Ud, UV(U A V))U---UV(U A V).
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PROOF. We have already constructed the systems

Upr=1,...,Upsp =1

s

and embeddings

¢1: Fray = Frwp.a)s -5 Ok Fruy = Frp.,)-
Recall that Lj,...,Liys is a family of all standard maximal fully residually
free quotients for G such that for each i = 1,...,k all the restrictions of m; onto

rigid subgroups of D, onto edge subgroups in D, and onto the subgroups of the
abelian vertex groups A generated by the images of all the edge groups of edges
adjacent to A, are monomorphisms. Consider now fully residually free quotients
Ly41, ..., Lgys. For each quotient Lj,; there exists an element V; from a rigid
subgroup or from A, for some abelian vertex group A such that m;(V;) = 1. Since
all automorphisms from Ap only conjugate rigid subgroups, all solutions of U = 1
that can be represented as a composition omw;, where o € Ap, satisfy the equation
Vi=1

In order to prove statements (4) and (5) we just notice that the set ¢;o, where
o € Ap- is the set of canonical automorphisms from Ap except the automorphisms
corresponding to stable QH subgroups and edges between rigid subgroups for which
we did not extend their centralizers. Using these automorphisms one can transform
an arbitrary solution into a solution in one of the maximal fully residually free
quotients. O

10. Effective free decompositions

In this section we prove the following result, which is one of the corner stones
in constructing JSJ decompositions affectively.

THEOREM 10.1. There is an algorithm which for every finitely generated fully
residually free group G and its finitely generated subgroup H determines whether
or not G has a nontrivial free decomposition modulo H. Moreover, if G does have
such a decomposition, the algorithm finds one (by giving finite generating sets of
the factors).

PROOF. Let G be a finitely generated fully residually free group, G = (Z |
U(Z)), where U(Z) = 1 is an irreducible system over F. Let H be a finitely
generated subgroup of G given by a finite set of generators H = (h1(Z), ..., h,(2)),
where h;(Z) is a word in generators Z. For every ¢ = 1,...,n add the equation y; =
h;(X) to the system U(Z) = 1. We denote the resulting system by Uy (Z,Y) = 1.

Let

(76) GGy %Gy

be a free decomposition of G such that H < G1, G is freely indecomposable modulo
H, and G, is a freely indecomposable non-trivial group for i # 1. We deduce from
(76) that G = FRr(s) for some irreducible system S(X) = 1 over F which splits as
S(X) =51(X1)U---USE(Xg); here S;(X;) is a finite set of defining relations of G;.
Notice that the system S;(X;) = 1 may contain constants from F, but S;(X;) =1
are coefficient free. Obviously, the system S(X) = 1 is rationally equivalent to
U(Z)=1aswell as to Uyg(Z,Y) =1. Let F' = F(A), F; be an isomorphic copy of
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F and «; : F — F; be a fixed isomorphism (i = 2,...,k). Denote by F* the free
product
F*:Fl*FQ*---*Fk

in which Fy = F'. For every p € Hom(G, F') there exists A\, € Hom(G, F*) defined
for x € X; as Ay(x) = a;(plg,(x)). Every solution of S(X) = 1 in F can be
obtained by a substitution from a solution A such that A(z) € F; for + € X;. Since
G is discriminated by F' we can chose A such that A(x) # 1 for any « € X (otherwise
we can replace X by a smaller set of generators for G).

Denote by ¢, the solution of the system Uy = 1 which is obtained from A by
changing coordinates. Varying the solution A we will get a set of solutions

O = {ox | A},

which discriminates Fr(gy into F*. We may assume that all solutions in ® have
syllable length in F™* not greater than a constant K depending on the expressions
of generators Z in terms of generators X.

Since the set GE(Up) of generalized equations corresponding to the system
Un(Z,Y) =1 is finite, there exists a generalized equation Q¢ € GE(Up) and the
canonical embedding v : Fr,) — FRr(s) such that some infinite subset of ®
factors through « and discriminates Fr(y,,). For simplicity we denote this subset
again by ® and also identify G' ~ Fg(y,,) with its image v(Fr(u,,)) in Fr,)-

We claim that given ¢ one can effectively construct a generalized equation (2
with the following properties:

a) there is an embedding ¢ : Fra,) — Fr);

b) the set of all closed sections of €2 is partitioned into a disjoint union of
subsets C1,...,Ck such that any base from C; has its dual base in Cj,
which implies that

Fr) = Fry) * - * Friay)
where €2; is the generalized equation situated over the section Cj;
c) d(v(Fresy))) < Freay)-

Let TdeC(UH,Qq>) be the tree constructed in Subsection 9.1. Since the tree
TdeC(UH, Qg) is finite there is a branch B of this tree from the root vy to a leaf,
say w, such that an infinite discriminating subset of homomorphisms from ® goes
along this branch. Again we denote this subset by ®. Let e = (v,u) be an edge
in B, 7p, the canonical homomorphism from Q¢ into Frq,) along the branch B,
7, the restriction of mp , onto Fry,), and G(u) = 75, (Fr(w,)). When doing
the Elimination process along the branch B the following cases may occur at the
vertex v.

1) Neither a quadratic section nor a periodic structure occurs in constructing
the generalized equation 2, at v.

2) A quadratic section or a periodic structure occurs in constructing the gen-
eralized equation €2, at v and the splitting induced on G(v) from Fgq,)
is insufficient, i.e., the homomorphism 7%, : Frwy) — G(v) is an iso-
morphism.

3) A quadratic section or a periodic structure occurs in constructing the gen-
eralized equation €2, at v and the splitting induced on G(v) from Fpq,)
is sufficient, i.e., the homomorphism 7%, : Frw,) — G(v) is not an
isomorphism. Notice that this case can occur only if u = w.
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Observe that given a branch B one can effectively construct the homomorphism
TR, because the construction of the tree TdeC(UH, Qg ) is effective. Also, effective-
ness of the homomorphism ~ implies that one can effectively find the subgroup
Frwy) in Q¢ hence the homomorphism 7 . It follows that one can effectively
decide which of the cases above occurs at a given vertex v € B. Indeed, if the case
1) occurs at v then it is obvious from the process. If the case 1) does not occur
then to distinguish the case 2) from the case 3) one needs to check whether the
homomorphism 7, is an isomorphism or not. This can be done effectively by
Theorem 3.22.

It follows that one can effectively find the set V(3) of all the vertices v €
TdeC(U 1, Q) for which the third case holds. There are two cases here. Considering
these cases we identify G with its image G(v).

Case 1. Suppose there is no vertex from V(3) in the branch B. In this event
either the vertex v = w is a leaf and it has type 2 (in the tree T'(Qs)) or €, is
obtained from €2, by a second minimal relacement and w has type 2. Therefore, in
the equation €2, all the bases are located in the non-active part. Observe that by
the construction of the tree TdeC(U 1, Q) the non-active part of Q,, does not have
periodic structures. Hence it coincides with the parametric part. There are several
cases to consider. Considering these cases we identify G with its image G(w).

Case 1.1. All the pieces of the bases corresponding to the generators Z of G in
Q4 are eventually transferred to the parametric part of £2,,. In this case the group G
is freely indecomposable modulo H. Indeed, observe first that each homomorphism
¢ from ® maps all the items from the parametric part of 2, to the subgroup F}
of F* . This follows from the fact that ¢(H) < F; and the property that solutions
of generalized equations are reduced as written, so the image under ¢ of a piece of
a base corresponding to a generator, say h of H occurs in ¢(h) as a subword, so it
again belongs to Fy. This implies that ¢(G) < F} for every ¢ € ® - hence G = Gy,
thus G is freely indecomposable.

Case 1.2. Not all pieces of the bases corresponding to the generators Z of G
in Qg are eventually transferred to the parametric part of ,, (some of them were
deleted as matched bases). In this case F R(Q,) 1S @ non-trivial free product of a
free group F,, generated by free variables of €2, and the subgroup H,, generated
by the items in the parametric part of .

Case 1.2a. If G is not elliptic in the splitting Fr(q,) = Fw * Hy then it has a
non-trivial induced decomposition and one can find it effectively by Theorem 3.17.
This finishes the proof of the theorem in this case.

Case 1.2b. If G is conjugated into F, then by Theorem 3.14 one can effectively
verify this and find a conjugator. In this event one has an effective embedding of
G into a free group F,,, so G is free and using the standard techniques from free
groups it possible to find a basis of G, thus proving the theorem.

Case 1.2c. If G is conjugated into H,, (in this case G < H,,) then the coordinate
group of the generalized equation 2, i which is located on the parametric part of
(2, is a proper quotient of the group Fg(q,). In this case we have an effective
embedding of G into Fg(q, ,) and induction finishes the proof.

Case 2. Suppose now that there is a vertex v as in the case 3) in the branch
B. The group Fg(q,) admits a sufficient splitting D. Recall that the set of the
canonical automorphisms Ap of the splitting D consists of canonical Dehn twists
related to some elementary Z-splittings or abelian splittings from D. Considering
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this case we again identify G with its image G(v). Let o be a quadratic section or a
section corresponding to a periodic structure which occurs in €,. If ¢ is quadratic,
we add a non-active “duplicate” o* of o to the generalized equation €2,,. Namely, we
add a copy o* of the section o to the end of the equation 2,, make o* non-active,
and for each non-variable base b in ¢ identify the duplicate b* of b in ¢* with b by
remembering a graphical equality b = b*. If ¢ corresponds to a periodic structure,
we take as 0* a section defining the corresponding extension of a centralizer, c* in
this case is an abelian section. Denote this equation €2, ,. For a minimal solution
with respect to Ap it will be transformed into some 2, ,, and the equality b = b*
will be transformed into some expression without cancellation of b* as a product
of bases of Q,,. Construct a new “bookkeeping” tree Tpoor(Un, Qs) the following
way. First we construct an auxiliary tree To pook (U, Q4 ). The initial vertex of this
tree is the same as the initial vertex of TdeC(UH, Qg). All the other vertices will be
terminal vertices. Let w be a terminal vertex of Tgec(Un, Q). Let v be a vertex
that precedes w. To each such vertex v we assign some quadratic section ¢ for which
a minimal solution with respect to canonical automorphisms corresponding to this
section satisfies a proper equation or a section corresponding to a periodic structure
in Q,. If o is a quadratic section, let 2 be a generalized equation obtained from
Q, by deleting o from €,,. Notice that the complexity of €2/ is strictly less than the
complexity of ,. Let €, , be obtained from €, , by deleting the quadratic section
o. If o is a section corresponding to a periodic structure, then we assign to the
terminal vertex of Tp book (Usr, 2¢) the generalized equation €, . If o is quadratic,
then we assign to the terminal vertex of Ty book (Umr, 2s) the generalized equation
Q,, ,- To obtain Thook(Un, 2e) we first construct Tp book (Un, 24 ). If for a terminal
vertex of Ty ook (Umr, 2s) o corresponds to a periodic structure, then we paste to
this vertex To ook (Un s Q.o ). If a terminal vertex of Tp ook (Unr, Q¢) has quadratic
section o, then we paste to this vertex 7o pook (Un, €2, ). We iterate this process.
The tree Thook(Usr, Qo) is finite because on each step of the construction we either
decrease the complexity of the generalized equation from the previous step or we
do not increase the complexity and the group generated by all the variables except
the ones on the sections o* is a proper quotient of such group on the previous step.

If ® is constructed using infinitely many Dehn twists related to an edge group
(u) < Fp(q,), then u € G,. Moreover, because of our choice of the set of homo-
morphisms @, the element u has to belong to one of the free factors 75(G;) of G,
which are homomorphic images of the initial free factors of G. Indeed, suppose
that the cyclic syllable length of v in G, is more than 1, then, applying sufficiently
many Dehn twists related to u, one can obtain an element of arbitrary large syllable
length. In this event, applying automorphisms from Ap, we can obtain a set of
solutions with arbitrary syllable length in F', which contradicts to the choice of ®.

Let o be a quadratic section for Fr(q,) and let @) be the corresponding QH
subgroup of Frq,). Denote by € the generalized equation obtained from €2, by
removing o. Then the complexity of ! is strictly less than the complexity of €.
By induction we can decide if Fr(q:) can be represented as in b). Represent Frq,)
as a fundamental group of a graph of groups with one vertex group @ and the
others subgroups of Fr(q/). Denote this decomposition by D;. By Theorem 3.17
we can find effectively the induced decomposition D;(G) of G.

The following cases occur.

Case 2.1. G is conjugated into Fr(q/). In this case we apply induction.
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Case 2.2. G is conjugated into @, then G is free.

Case 2.3. G is not conjugated into Fr(q/) and all the conjugates of Q7 have
the intersection Q9 N G of infinite index in Q7. Then by the corollary from Lemma
3.14, G is freely decomposable modulo H, and the decomposition D;(G) which can
be found effectively by Theorem 3.17, is a free decomposition.

Case 2.4. Some conjugate of @7 has the intersection Q7 N G of finite index in
QY. Without loss of generality we can suppose Qg = @ N G is of finite index in
Q. As a group of a surface with boundaries, Q)¢ is freely indecomposable modulo
the edge groups. Let D2(G) be a free decomposition of G modulo H. Either Q¢
is a QH subgroup of one of the factors in the decomposition Do(G) , or one of the
edge groups in Q¢ is hyperbolic in Do(G). In the second case all other edge groups
can be all together included into a basis of the free group Q¢, they generate a free
factor in the decomposition of Q. The other factor in the free decomposition of
Q¢ is a free factor in a free decomposition of G. In this case a minimal solution of
Uy = 1 with respect to canonical automorphisms of Q¢ does not satisfy a proper
equation and we can pass to this minimal solution.

Obviously, all abelian subgroups of G are elliptic in any free decomposition of
G.

To finish case 3) apply induction to the generalized equation in the terminal
vertex of To book(Un, e). Going along some branch of the tree Thook(Un, Qa)
we either obtain a free decomposition of G as one of the induced decompositions
considered in the process or arrive to a generalized equation, in which the set of
closed active and parametric sections is partitioned into disjoint subsets of inde-
pendent sections described above. Adjoining the sections from o*, we suppose that
they all have syllable length one, so if the expressions for constant bases from o*
include variables from several independent close sections on the next level of the
tree Thook (Um, Qe ), we join these sections into the same component. Going from
the leaf vertices of this tree to the initial vertex, we obtain the generalized equation
Q with the properties a)—c). If in a)-c) we have k = 1 for all the branches of
Thvook(Un, Qa), then G is freely indecomposable modulo H. O

COROLLARY 10.2. There is an algorithm which for every finitely generated fully
residually free group G finds its Grushko decomposition.

COROLLARY 10.3. There is an algorithm which for every finitely generated fully
residually free group G and its finitely generated subgroup H finds a free decompo-
sition of G modulo H

G~Gix---%G,,
such that H < G and Gy is freely indecomposable modulo H, G; is freely indecom-
posable non-trivial group for everyi=2,...,n.

COROLLARY 10.4. There is an algorithm which for every finitely generated fully
residually free group G and a family of finitely generated subgroups Hy, . .., H,, finds
a reduced compatible free decomposition of G modulo {Hy,...,Hpy}

such that Hy < Gy. This decomposition of G may be trivial.

PRrROOF. Notice that since conjugates of different factors in a free decompo-
sition intersect trivially, a subgroup can be conjugated only into one factor in a
given decomposition. We try all possible combinations for subgroups that can be
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conjugated into the same factor as Hy. Suppose they are Hy,..., Hs;. Let H; be
generated by hji,...,hi;. We represent hg;, = gi_li_zikgi for k =2,...,7; and put
all the elements hyy, k = 1,...,4), hiy,i=1,...s, k=1,...,j; into the parametric
part of the initial generalized equations. We include the case when some of g;’s are
trivial. As in the proof of the theorem, we can find a free decomposition of G such
that all Hy,..., Hs are conjugated into the same factor, and H; belongs to this

factor. If the obtained decomposition is non-trivial, apply induction. O

THEOREM 10.5. There is an algorithm which for every finitely generated fully

residually free group G determines whether G is free or not, and if it is the algorithm
finds a free basis of G.

PRrROOF. Let G be a finitely generating fully residually free group. By Corollary
10.2 one can effectively find a Grushko decomposition of G:

G=Gi*x--xGp

so the factors G;, which are given by finite sets of generators G; = (Y;), are freely
indecomposable. By Theorem 3.21 one can find finite presentations of the groups
G;. Since the word problem is decidable in every group G; one can effectively verify
whether each one of the groups G; is abelian or not. If one of the groups G; is non-
abelian then G is not free. Otherwise, one has to check if all the abelian groups
G, are cyclic or not. This can be done algorithmically since the finitely generated
abelian groups G; are given by their finite presentations. If one of them is not cyclic
then G is not free, and if all of them are cyclic then G is a free product of infinite
cyclic groups, hence free. This proves the theorem. O

11. Homomorphisms of finitely generated groups into fully residually
free groups

11.1. Hom-diagrams. Let G and H be finitely generated groups. Recall
that by Hom(G, H) we denote the set of all homomorphisms from G into H. If G
contains H as a fixed distinguished subgroup then by Hom g (G, H) we denote the
set of H-homomorphisms from G onto H (the set of retracts from G into H). In
this section for a free non-abelian group F' we describe the set Homp(G, F') as well
as Hom(G, F) in terms of hom-diagrams.
Let T be a rooted directed tree with the set of vertices V.=V (T') and the set
of edges E = E(T). Suppose that for every vertex v € V there is a group G, and a
group of automorphisms A, < Aut(G,) associated with v, and with every directed
edge e = (u,v) € E there is a homomorphism =, , : G, — G, associated with e.
We call this structure a hom-diagram. Suppose a group G = G, is assigned to the
root vertex vg in T. Then every branch (directed path) B in T from vy to a leaf
vertex v,
B:v—uv—...—>ov,

determines a set of homomorphisms &5 C Hom(G, G,) as follows. Put
Ap=Ay, X - X A,

If o = (00,...,0,) € Ap then

¢B7O' = UOTrUO;'Ul 0-27711171)2 R Trvnflfun On
is a homomorphism from Hom(G, G,, ). Set
dp = {¢B,g | o€ AB}
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Now assume that a group H is given and for every leaf vertex v in T' the group G,
associated with v is a free product G, = H, 1 *... H, ¢ F, of (non-free) subgroups
H,; of H and a free group F, = F,(X,) with basis X,,. We denote such diagrams
by C = C(T,G, H) and refer to them as to Hom(G, H)-diagrams. If v is a leaf
vertex of T' then embeddings A; : H, ; — H together with a map § : X, — H give
rise to the canonical homomorphism

%\,5 : Gv — H.

It follows that the branch B, and a triple o, A = {A1,..., s}, & determine a
homomorphism ¢ s ¢ = ¢B,0¥r,¢ Which is composition of ¢p, and 1 ¢:

¢B,0‘,)\,§ . G — H

The set ®¢ p of all such homomorphisms is called the fundamental sequence of the
hom-diagram C determined by the branch B. Union of all fundamental sequences
of the hom-diagram C is denoted by

CHom(G,H) = U{CIDQB | B is a branch of T},

we refer to it as to the set of all homomorphisms from Hom/(G, H) determined by
C. f CHom(G,H) = Hom(G, H) then we say that the hom-diagram C(T, G, H) is
complete.

We say that a hom-diagram C is canonical if the following conditions are satis-
fied:

1) all groups G, associated with vertices in T are fully residually H, except,
perhaps, for the group G associated with the root vertex vy;

2) all homomorphisms 7, associated with edges of T are surjective and proper
(i.e., with a non-trivial kernel);

3) the groups of automorphisms A, are canonical with respect to some JSJ
decomposition of free quotients in a Grushko decomposition of G, (see
Section 2).

In the case where H is a fixed subgroup of G one can consider only the set
of retracts Homy (G, H). In this event we assume that in the corresponding hom-
diagram C all homomorphisms assigned to edges in T" are H-homomorphisms, the
vertex groups G, associated with leaves v in T" are isomorphic to H +H, 1 *. . .xH,, %
F,, where H,, are (non-free) subgroups of H, and the mappings A, : H * H,, — H
are identical on H and embeddings on H,. In this case we say that C is H-complete
or Hompy (G, H)-complete it Homg(G,H) = CHompy (G, H).

We say that a hom-diagram can be found effectively if all groups G, are given
by some finite presentations, for all groups A, particular finite generated sets are
given, all homomorphisms 7. and the automorphisms generating A, are given by
their images on the corresponding finite generating sets.

11.2. Description of homomorphisms from a finitely generated fully
residually free groups into a free non-abelian group. Let G be a finitely
generated fully residually free group. In this section we describe effectively the sets
Hom(G, F) and Homp(G, F) in terms of hom-diagrams.

THEOREM 11.1. Let G be a group from F and F a free group. Then:

(1) there exists a complete canonical Hom(G, F)-diagram C.
(2) if F is a fized subgroup of G then there exists an F-complete canonical
Homp (G, F)-diagram C.
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Moreover, the Hom-diagrams from (1) and (2) can be found effectively.

PrOOF. Since G is fully residually free, it can we represented as G = Fg
for the irreducible system U = 1 over F. We construct an embedding tree Tepnp(G)
by induction. Observe from the beginning that Tp,,,(G) is a rooted tree oriented
from the root vyg. We associate the group G with vy. Let U;,i = 1,...,t be the

systems corresponding to U = 1 from Theorem 9.3. We add new vertices v11, .. ., V1t
and connect vy with each vy; by an edge e;;. We associate the group F R(T;) *
F(t1,...,t,) with the vertex vy;, and the canonical epimorphism

Tt Fry = Fre,y * Ft1, .- tx,)

with the edge e1;,7 =1,...,t. By Corollary 10.2 one can find a Grushko’s decompo-
sition of Fp g, effectively. Notice, that freely indecomposable non-abelian factors
in the Grushko’s decomposition of Fr(7,) again satisfy Theorem 9.3. This allows
one to continue the construction of a tree by induction. The resulting rooted tree
is denoted by Temn(G), we refer to it as to the embedding tree. By construction,
every vertex in Tom,,(G) has only finitely many outgoing edges. We claim that this
tree is finite. Indeed, since the group F is equationally Noetherian it follows that
there are no infinite sequences of proper surjective homomorphisms of irreducible
coordinate groups. Now the claim follows from Koenig’s lemma.

By construction G is embedded into the NT(Q group corresponding to each
branch of Tu,b(G). The solution tree T' = Ty (U) which in an underlying tree of
the Hom-diagram for Hom(G, F) or Homp (G, F) can be obtained from Temp(G)
by adding edges connecting vg to the initial vertices of Temn(Frwav;)) for each
equation V; = 1 from Theorem 9.3 and adding similar edges on each level of the
construction. The groups of automorphisms A, assigned to vertices of Ty, (U) are
canonical groups of automorphisms corresponding to JSJ decompositions of these
groups. By Theorem 9.3 the Hom-diagram corresponding to Ty, (U) is complete
and canonical. It can be found effectively by Theorem 13.1. O

11.3. Hom-diagrams of finitely generated groups. In 1987 Razborov
proved the following remarkable result [62]: for every finitely generated group G
and a free non-abelian group F' one can effectively find a complete constructive
hom-diagram C = C(T,G, F). In his diagram the associated groups were not, in
general, fully residually free (only residually free), the homomorphisms were not
necessary onto, and the groups of automorphisms were not canonical. In the paper
[36] the authors rewrote the Razborov’s elimination process which allowed them
to show that all the associated groups G, are subgroups of the coordinate groups
of NTQ-systems, hence fully residually free. Still the diagram was far from being
canonical.

The following is a rephrasing of Theorem 5 from the preprint [39].

THEOREM 11.2. Let G be a finitely generated group G and F a free group.
Then:

(1) there exists a complete canonical Hom(G, F)-diagram C.
(2) if F is a fized subgroup of G then there exists an F-complete canonical
Homp(G, F)-diagram C.
Moreover, if the group G is finitely presented then the Hom-diagrams from (1) and
(2) can be found effectively.
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PRrROOF. It follows directly from Theorem 9.3 and the construction of Ty, in
Subsection 11.2. [l

11.4. Solutions of systems of equations in free groups and hom-
diagrams. In this section we describe effectively all solutions of a finite system
of equations in a free non-abelian group F'.

THEOREM 11.3. Let S(X) =1 be a finite system of equations and
G = (F x F[X])/ncl(S).

Then one can effectively construct an F-complete canonical Hom(G, F)-diagram C
such that all solutions of S(X) =1 in F are exactly all F-homomorphisms in C.

12. Free Lyndon length functions on NTQ groups.

12.1. Lyndon length functions. In paper [48] Lyndon introduced an ab-
stract notion of a length function on a group, which gives an axiomatic approach
to Nielsen cancellation argument. In this section we briefly discuss length functions
on groups.

Let G be a group and A an ordered abelian group. Then a function [ : G — A
is called a (Lyndon) length function on G if the following conditions hold:

(L1) Ve e G: l(z) 2 0and (1) = 0;

(L2) Vo e G: l(z) =1(z71);

L3) V5,2 €G: c(z,y) > clx,2) — ez, 2) = c(y, 2),

where c(z,y) = 5 (U(z) +1(y) — l(z~'y)).
In general c¢(z,y) ¢ A, but c(z,y) € Ag, where Ag is a Q-completion of A, so in
the axiom (L3) we view A as a subgroup of Ag.

Below we list several extra axioms which describe some special classes of Lyndon
length functions. Sometimes we write z10- - -ox,, instead of z1 ...z, if l(x1 -+ x,) =
Hxy)+ -+ U(zp).

(L4) Vz e G: c(z,y) € A.

A length function [ : G — A is called free, if it satisfies

(Ls) VzeG: z#1—1(2?) > ().

A group G has a Lyndon length function I : G — A, which satisfies axioms (L4)-
(L5) if and only if G acts freely on some A-tree. This is a remarkable result due to
Chiswell (see [15]).

A length function ! : G — A is called regular if it satisfies the following regularity
axiom:

(L6) Va,y € G,Ju,z1,y1 € G :
r=uox; &y=uoy & l(u)=c(z,y).

The regularity condition is crucial for Nielsen’s cancellation method, which is the
base for generalized equations and elimination process from Sections 4 and 5 for
solving equations over F'.
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12.2. Free regular Lyndon length functions on HNN-extensions. In
this section we will show how to extend a free regular length function given on a
group H € F onto an HNN extension of H of a particular type in such a way that
the extended length function is again free and regular.

Let H be a group from F, A an ordered abelian group, and ¢y : H — A a free
regular length function on H.

Suppose that

(77) G=(Hx|z ‘vz =u),

where elements u,v € H satisfy the following conditions:
1) Ly (u) =L (v);
2) u,v are cyclically reduced, i.e., u?> = u o u,v?> = v o v, and not proper
powers;
3) the subgroups (u) and (v) are conjugately separated in H, i.e., (u)"N(v) =
1 for every h € H.

Define a function

g@tGﬂAOZA@Z

as follows. Suppose g € G is given in its reduced form (as an element of the HNN
extension G)

9=g17"" g2 Gm T Gm1-

For n € N define

1(g,n) = L (g1 (0™ ") gy - gy (V™) O™ g 1) — mlpr (VU™
1, if a >0,
-1, if ap <0
It has been shown in [56, 53] that for every g € G there exists a positive integer
ng = no(g) such that VYn > ng ¢1(g,n) = ¢1(g,n0). Put £1(g9) = £1(g,n0(g)) and
define

where e(ay) =

la(g) = <£1(9),Z|0¢i|> .

Then the function ¢ : G — A @ Z is well-defined.
The following result follows from [56] and [53], a more detailed version is
contained in [43].

THEOREM 12.1. Let H be a group from F with a free regular length function
fg :H— A and

G=(Hz |z vz =u)
an HNN extension of H of the type (77). Then the function
bg:G—ABZ,

constructed above, is a free reqular length function on G.
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12.3. Coordinate groups of regular quadratic equations. Let G be a
finitely generated freely indecomposable fully residually free group. Let U = 1 be
an irreducible system over F, such that G = Fr(y). Let @ be a MQH subgroup of
G. Consider a relation

n

k
(78) H[mi, i) H a7t =1

i=1
or
n k
(79) H 22| |ed =1
r=1 =1

corresponding to (). We define the basic sequence

I'= (71v727 s a’YK(m,n))

of canonical automorphisms of the group G corresponding to the vertex group @ the
same way as we did for the corresponding quadratic equation. A family of solutions
U ={¢8|¢eTlp}for U=1, where 8 is an arbitrary solution of U = 1 in general
position for QQ and I'p is a positive unbounded family of canonical automorphisms
of H is called positive unbounded with respect to Q.

Take a solution 3 : G — F in general position with respect to ). Denote by
Sg =1 an equation

k
(80) [owl [[7da" =1
i=1 j=1
corresponding to the subgroup ). Take a positive unbounded family of solutions
for the equation Sg = 1 and consider a generalized equation Q = Qg, for this family
of solutions.

LEMMA 12.2. The group Frq) is a free product of a group isomorphic to Fr(s,)
and a free group.

PRrROOF. By the implicit function theorem ([45], Theorem A) there is a sur-
jective Fp(s,)-homomorphism 6 : Fr) — Fr(s,;). We can represent Fpq) =
Fr(sy* F for some quadratic equation S = 1 and free group F1, therefore Fr(s) is
isomorphic to a subgroup of finite index of Fr(s), and the retract is an isomorphism
between Fp(s) and Fg(s,). Hence Fr(q) in the variables of {2 is a free product of
a group isomorphic Fr(s,) and a free group with some generators h;,,...,h (I

ipe
Assign to the free generators values corresponding to a minimal solution of 2.

Denote by €’ the new generalized equation. Then the coordinate group of Fr(q)
is isomorphic to Fp(s,)-

LEMMA 12.3. For any positive number N there is a solution of Q' such that one
pair of variable bases in longer than N times the maximal length of other variable
bases.

PRroOOF. Fix some solution of €. We can make one of the pairs of variable
bases of €’ much longer than all the others by pre-composing this solution with a
power of a suitable automorphism of Frq). O

Now we apply the entire transformation and bring ' into the overlapping form
Q" (see Definition 6.16).
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LEMMA 12.4. Generalized equation Q" does not have open boundaries.

Proor. If Q" had an open boundary, the coordinate group would split as a
free product modulo F. This is not the case. (I

Equation Q" consists of one closed section and this section is partitioned
as A1 A = A(Ny) - A(Ni,)A(w) where some of the bases are quadratic-
coefficient bases. Since Q2" does not have open boundaries, the group Friqr) ~
FRr(s,) can be generated by F' and the bases of {2 and has relations:

PAL A = AN ) - AN )A(), = A(p), \i = A(N;)

for each A;. It is, therefore, generated by F' and the set of representatives of dual
bases and has in these generators just one defining relation

[YREED W= VIRRES VT

Denote by F[)] a free group generated by F' and all the bases A;. We proved the
following

LEMMA 12.5. The group Fr(s,) is an HNN extension of F[\| with stable letter
wand relation
PAL - At = iy A,

12.4. Free regular Lyndon length functions on coordinate groups of
regular quadratic equations. In this section we will construct a free regular
Lyndon length function €5 from Fpg,) into Z* corresponding to €. Here Z? is
ordered lexicographically from the right.

In the case of the group Fg(s,) the function ¢; from Section 12.2 is just the
ordinary length of a reduced word in the free group F[A]. In particular for each
variable base A; we have {3()\;) = ¢1(\;) = (1,0). The base p is infinitely longer
than A;, namely ¢g(p) = (0,1). Futhermore, £g(A;, -+ Ai,) = £g(A1---Ay) and
C(PJ& ()‘11 T )‘is)k) = kéﬁ()‘ll T )‘is)v C(:Ufilv (/\1 T )\n)ik) - kgﬂ(/\l T )\n) for any
positive number k.

In particular, we just proved the following result.

THEOREM 12.6. If G is the coordinate group of a quadratic equation, then
there exists a free reqular Lyndon length function € : G — Z2, where Z? is ordered
lexicographically.

Two elements x and y in a group G with the length function ¢ are said to be
commensurable if there exist natural numbers m and n such that mé(x) > ¢(y) and
nily) > ((x).

Notice, that for all possible solutions 3 in general position with respect to @) and
coordinate groups Fr(s,) there is a finite number of possible generalized equations
in the overlapping form up to the values of constant bases.

Let now Q = {Q1,...,Q} be a family of all the MQH vertex groups in the JSJ
decomposition of G (modulo subgroups K1, ..., K). For each solution 8: G — F
we can construct a group Fr(s,) which is the coordinate group of a quadratic
system corresponding to @ over F'. Denote this system Q’. Starting with a positive
unbounded family of solutions corresponding to Q' we can similarly construct a
length function lg : Fr(s,) — Z2.

Let A = {A1,...,A;} be a family of all the abelian vertex groups in the JSJ
decomposition of G' (modulo subgroups Kj, ..., K). For each group Fpy s55) where
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the images of the edge groups adjacent to subgroups from A are non-trivial, we
can assign a group Fr(p,) which is obtained by an extension of centralizers of these
images by the groups from .A. Denote this family in Fgr(p,) by A'. If m is the
maximum of ranks of the groups from A’, then one can construct a free regular
Lyndon’s length function Lg : Frp,) — 2™

12.5. Free regular Lyndon length functions on NTQ groups. In this
section we construct regular free length functions with values in Z" on a coordinate
group of an NTQ system.

THEOREM 12.7. If G is the coordinate group of an NTQ system, then there
exists a free reqular Lyndon length function £ : G — Zt, where Z is ordered lexico-
graphically.

PRrROOF. Consider a NTQ system S :
S1(Xq,...,Xn) =1,

Sn(X,) = 1.

Construct a solution X = X;U---UX, inductively. If S;, = 1 is a regular quadratic
equation, we denote ©,, = ¢, where 3 is some solution in a general position and
¢ belongs to a positive unbounded family of automorphisms for Fr(g, . If S, =1
is a system of the type Ucom (see Definition 39 in [40]), and Ucom : {[Yp,¥s] =
L[yp,u] = 1,p,s = 1,...,7}, we take a solution y; = u¥,...,y, = u" and
also denote it by 6,,. Now, if S; = 1 is a regular quadratic equation, we denote
O; = 90,1, where ¢ belongs to a positive unbounded family of automorphisms. If
S; = 1is a system of the type Ucom : {[Up,ys] = 1, [yp, u¥i+1] = 1,p,s = 1,...,7}, we
take a solution y; = uN%+1, ...y, = v %+ and also denote it by ;. Finally, 6,
is a solution for X. A family of solutions © = 0 is called positive unbounded family
of solutions for the NTQ system. One can construct a generalized equation for a
positive unbounded family of solutions on Fg(g) and then by induction construct a

regular length function ¢ : Frg) — Z*. O

Every positive unbounded family of solutions © is a generic family of solutions
for S. We recall the definition of a generic family of solutions of a NTQ system.

DEFINITION 12.8. A family of solutions © of a regular quadratic equation
S(X) = 1 over a group G is called generic if for any equation V(X,Y A) = 1
with coeflicients in G the following is true: if for any solution 8 € © there exists
a solution of V(X? Y, A) = 1 in G, then V = 1 admits a complete S-lift. If the
equation S(X) = 1is empty (G rs) = G* (X)) we always take as a generic family
a sequence of growing different Merzlyakov’s words (defined in [40], Section 4.4).

Let W(X, A) = 1 be a NTQ system that consists of equations S; (X1,...,X,) =
1,...,8.,(X,) = 1. A family of solutions ¥ of W(X,A) = 1 is called generic if
U = U,...V,, where ¥, is a generic family of solutions of S; = 1 over G,y if
S; = 1 is a regular quadratic system, and VU, is a discriminating family for S; = 1
if it is a system of the type Ucom-
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13. Effective construction of JSJ decompositions of groups from F.
In this section we prove the following result.

THEOREM 13.1. There exists an algorithm to obtain a cyclic [abelian] JSJ
decomposition for a f.g. fully residually free group G modulo a given finite family
of finitely generated subgroups. The algorithm constructs a presentation of G as a
fundamental group of a JSJ decomposition.

13.1. Construction of T;g;. In this subsection we will extend the tree T'(2)
to a tree To.(2) which will serve as an auxiliary tree for the construction of the
tree Tygy. This tree will be used to construct a JSJ decomposition of the group G.

We are looking for a JSJ decomposition modulo subgroups F' < Kj,..., K,
of G. Let K; be generated by h;1,...,hi;,. We represent hj, = g;lﬁikgi for k =
2,...,7; and put all the elements hyp, k = 1,...,4,, hp,i =1,...8, k=1,...,7%
into the parametric parts of the initial generalized equations. We include the case
when some of g;’s are trivial.

We do not consider in the construction of T..:(2) vertices of type 1 as final
vertices. In other words, at each vertex v of type 1 we glue a tree T(£2,) and iterate
this process. We introduce also a new case 12.1, which can have place together
with case 12 and produces an auxiliary edge.

Case 12.1 Announce all the quadratic closed sections to be non-active sections.
The corresponding edge is auxiliary.

PROPOSITION 13.2. Let Q = {Q1,...,Qs} and A = {A;,..., A} be respec-
tively all MQH subgroups and all abelian vertex groups in an abelian JSJ decom-
position of a freely indecomposable fully residually free group G (modulo subgroups
Ki,...,Ky). There erists a generalized equation Q for G such that a discriminating
family of F-solutions of U = 1 onto different groups Fr(p,) that take subgroups from
Q and A onto their images in Q' and A’ factors through Q. Moreover, one can
effectively construct a finite subtree Tys7() of Tert () with the property that such
a family of solutions factors through Q, for a leaf vertex v (of type 2) of Tyss(Q).

PRrOOF. When we consider a solution H of the generalized equation €, it is a
solution in some group Fr(p,) which has a regular free length function Lg. Since
we consider here an arbitrary solution from the family, we denote by ¢ the length
function Lg which corresponds to the given solution. All these length functions are
similar.

If we have an infinite path in 7'(Q)

V1 — V2 — = Up — ...,

then by Lemma 5.5 we have three possibilities: 1) a linear case, 2) a quadratic case,
3) case 15.

1) In this case G must be conjugated into the coordinate group of the kernel
of Fr(q,, ), and we can work with the kernel of (2, instead of it.

2) In this case there is an auxiliary edge. Transformation of Case 12.1 and 15.1
decreases the complexity 7’.

3) Since there is only a finite family of generalized equations for U = 1, there
exists at least one of them such that a discriminating family of solutions onto groups
Fp(p,) that are retracts on I and map Q, A onto Q’, A’ factors through (2. Denote
this family by ¥. Let Q¢ be a family of QH vertex groups @ of Fq) such that
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Q7 N H has infinite index in QY for any g € Fr(q). We take for each solution in
U an equivalent solution minimal with respect to groups of automorphisms of Q¢
among solutions that extend to a solution of €.

Denote by Qg, the set of QH vertex groups @ of Fr(q) such that for some
g € Fr(q), the intersection Q9 NG has a finite index in @Y. Let a quadratic section
[41,72] of Q (see transformation D3) correspond to a QH subgroup conjugated into
one of the subgroups in Qgy,.

Let H be a solution of . Denote by d; (H) the length of H[jy, j2] and by do(H)
the sum of the lengths of the quadratic-coefficient bases on [jy, jo]. If do(H) > (r,1)
for some r € Z, then there exists a solution Ht of Q equivalent to H with respect
to the group of automorphisms of @ N H such that

(81) di(H) < f1(Q)d2(H),

where f1(Q) is a function from Lemma 32. If dy(H) = (r,0) for some r € Z,

then there exists a solution HT of  equivalent to H with respect to the group of
automorphisms of @ N H such that

(82) di(H) < f1(2)(0,1),

where f1(Q2) is a function similar to the one from Lemma 32, maybe slightly in-
creased.

For quadratic sections corresponding to Qy;, we replace H by H*. Denote the
new family of solutions of U = 1 by W,,;,. We will show that every path in T'(f)
for a family W,,;, after finite number of steps either does not have active bases or
comes to a vertex v such that €2, begins with an overlapping pair of bases, and,
therefore, has an outgoing auxiliary edge.

LEMMA 13.3. Suppose for the subinterval [1,6] ~of the interval I of a generalized
equation Q0 and a solution H of Q we have di(H[1,6]) < f1(Q)d2(H[1,6]). Let
Q= Q,, and there is a path

(83) T=01 — Vg — ... — Up,

where tp(v;) = 15 (1 < i < m) in the tree T(QY), the leading base of Q,, (1 < i< m)
does not overlap with its double, and the initial boundary of €, is to the left of
the boundary & of ). Then this path cannot contain a prohibited subpath.

PrOOF. The proof repeats the proof of Proposition 7.5 for a generalized equa-
tion in a group with non-archimedian length function. We consider a subpath (43)
corresponding to the fragment

(84) (Qy,, HVY = (Q,, HD) — ... = (Q,, , H™) — ...
of the sequence (45). Here vy, va,...,v,—1 are vertices of the tree Tp(2), and for
all vertices v; the edge v; — v;41 is principal.

Let u; denote the carrier base of Q,,, and w = {u1,..., tm-1}, and @ denote

the set of such bases which are transfer bases for at least one equation in (84). By
w1 denote the set of such bases u for which either p or A(u) belongs to w U @; by
w9 denote the set of all the other bases. Let

a(w) = min(min a(x), 9).
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Let X,, = H[a(p), B(p)]. If (Q, H) is a member of sequence (84), then denote

pEWL

Every item h; of the section [1, a(w)] belongs to at least two bases, and both
bases are in wy, hence 1, (H) > 0.

Consider the quadratic part of Q,, which is situated to the left of a(w). The
solution H™) is minimal with respect to the canonical group of automorphisms
corresponding to this vertex. We have

(87) dy(H™M) < f1(Q,)da(HD).

Using this inequality we estimate the length of the interval participating in the
process d,,(H™M) from above by a product of 1, and some function depending on
f1. This will be inequality (92). Then we will show that for a prohibited subpath
the length of the participating interval must be reduced by more than this figure
(equalities (98), (99)). This will imply that there is no prohibited subpath in the
path (84).

Denote by 7;(w) the number of bases p € wy containing h;. Then

(88) > uxM) Ze (HM Yy, (w

pEWL
where p = p(2,,). Let
I={i|l1<i<aw)—1&y;, =2}

and
J={i|1l<i<aw)—1&y > 2}.
By (85)

i€l ieJ ieJ

Let (A, A(\)) be a pair of quadratic-coefficient bases of the equation ,,, where A
belongs to the nonquadratic part. This pair can appear only from the bases pu € w;.
There are two types of quadratic-coefficient bases.

Type 1. X is situated to the left of the boundary a(w). Then A is formed
by items {h; | ¢ € J} and hence £(X)) < ZleJE(H(l)). Thus the sum of the
lengths £(X) + £(Xa(x)) for quadratic-coefficient bases of this type is not more
than 2n ), ; ((H (1))

Type 2. A is situated to the right of the boundary a(w). The sum of length of the
quadratic-coefficient bases of the second type is not more than 2 7 ) Z(Hi(l))% (w).
We have

i=a(w

14
(90) dp(HW) <20 0HM) +2 30 wHD )yi(w).
ieJ i=a(w)
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Now (86) and (88) imply

(91) D) > Y HHD) + 3 (),
ieJ i=o(w)

Inequalities (87), (89), (90), (91) imply

(92) do, (HM) < max{yh, (HD)(2n f1(R0,) +1), f1(20,)}-

From the definition of Case 15 it follows that all the words H¥[L, p; + 1] are
the ends of the word HM[1, p; + 1], that is
(93) HY[1, p1 +1) = UHO[1, p; +1].

On the other hand bases u € wy participate in these transformations neither as
carrier bases nor as transfer bases; hence H"[a(w), p; + 1] is the end of the word
H®I[1, p; + 1], that is

So we have

(95)

do(HD) = d,(HO) = 0(Vi) = 0(Vigr) = LUss1) — €(U;) = (X)) — 0(XTHD).
In particular (49),(95) imply that 1, (HM) = ¢, (H®) = . =, (H™) = 1.

Denote the number (95) by d;.

Let the path (43) be p-reducing, that is either uq; = p and vy does not have
auxiliary edges and p occurs in the sequence pq, . .., tm—1 at least twice, or vy does
have auxiliary edges vo — w1, ...,v2 — wi and the base y occurs in the sequence
His- -y m—1 at least maxigick S(Qw,) times. Estimate £(U,,) = Z:i_ll 0; from
below. First notice that if u;, = u;, = p(iy < ig) and p; # p for iy < i < ig, then

ia—1
(96) D6 = LHL, a(A (i 41))))-
i=11
Indeed, if iy = 4y + 1, then &;, = L(H[1,a(A(p))] = €(HOTV[1, a(A(w))]. If
19 > 41 + 1, then p;, 41 # p and p is a transfer base in the equation Qviﬁl. Hence
iy a1 FL(HOHD 1, a(w)]) = €(HOHY[L, a(uwi, 1+1)])- Now (96) follows from
ia—1

Do Gz LHDTTILau).

So if vy does not have outgoing auxiliary edges, that is the bases po and A(ug) do
not intersect in the equation €,,; then (96) implies that

m—1
D6 = UHPL a(Aps)]) 2 (X 2)) 2 (X P) = (X)) =61,
=1

which implies that

(97) 6 =

Suppose now that the path (43) is prohibited; hence it can be represented in

the form (44). From definition (86) we have > E(X,(Lm)) > 1,; so at least for
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one base y1 € w; the inequality /(XS™) > 510, holds. Because xim = (X(AT?ZL))ﬂ,
we can suppose that y € wUw. Let m; be the length of the path r1s1...75 in (44).
If 4 € @ then by the third part of the definition of a prohibited path there exists
my < ¢ < m such that p is a transfer base of 2,,. Hence, E(XP(LTI)) > K(Xffi)) >
ox?y = oximy > 5=t If 1 € w, then take p instead of ;. We proved the
existence of a base p € w such that

1
2nw

By the definition of a prohibited path, the inequality ¢(X l)) > E(X(ml)) (1<i<
my), (97), and (98) we obtain

m11

(99) Z 0i > max{ - zpw, 1}(40n2 f1 + 200 + 1).

(98) (X)) >

By (95) the sum in the left part of the inequality (99) equals d,(H®) —
d,(H™)); hence

_ 1
d,(HY) > max {201/@, 1} (40n2 f1 4 200 + 1),
n

which contradicts to (92).

This contradiction was obtained from the supposition that there are prohibited
paths (84) in the path (45). Hence (45) does not contain prohibited paths.

By Lemma 13.3 in the case of inequality (81) we cannot have a prohibited
subpath.

Suppose we have inequality (82) and the total length of the section [1, a(w)] is
greater than (s, 1) for some s € Z. The only infinite path we can have is path (83).
Instead of inequality (55) we now have

(100) d, (HM) < (0,1)2n(f1(Qw,) + 1)

For a p-reducing path we still have inequality (60), and, automatically (64). In the
absence of overlapping pair bases there exists a base yu € w such that

(101) (X)) = (r,1)
for some r € Z. By the definition of the prohibited subpath, we obtain

m11

(102) dy(HD)Y) — d,(H™)) = Z 8 = (1/10)(r, 1) (402 f1 + 20m + 1)
which contradicts to (100). The Lemma is proved. O
The proposition is proved. ([

13.2. Periodic structures and overlapping pair sections. Leaf vertices
of Tys; have type 2. We now replace each length function Lg : Fr(p,) — Z™ by
the function £g : Frs,) — Z? by specializing elements from A. Namely, for each
abelian group A; instead of a homomorphism onto A} we take a positive unbounded
family of homomorphisms onto F. Therefore, solutions of generalized equations at
final vertices of T;g; will be now considered as solutions in F R(55)- Like in the
previous subsection, if H is a solution of a generalized equation in Fg(g,), then by
¢(H;) we denote £g(H;).
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DEFINITION 13.4. A triple of elements (A, T, A") of Fg(s,) forms an overlapping
pair section for Sz = 1 if a quadratic generalized equation corresponding to a
quadratic equation Sz = 1 forms a closed section AoT =T o A, two occurrences
of T in this equation overlap, and A is not a proper power.

A generalized equation Q at a vertex of type 2 can be written as a union of
closed sections each having a principal overlapping pair of bases.

LEMMA 13.5. If (B, T, B’) is an overlapping pair section for a (regular) qua-
dratic equation Sg =1, then

(1) for any U,V € Fgs,) such that T = U oV, either V infinitely smaller
(L) than T or U < T,
(2) In the case U < T, U = B™.

DEFINITION 13.6. A solution H of a generalized equation {2 is called periodic
with respect to a period P, where P is not a proper power, if for every non-parametric
closed section [i, j] containing at least one base the word H[i, j] can be represented
in one of the following forms:

1)
Hli,j]=A"A
(r>2 A= A;A;, Ais a primitive element.)
2) Hli,j| = AT"TA; = TA™ Ay, where (A,T,A’) forms an overlapping pair
section for some Sz = 1, with T infinitely larger than A and ¢(T, A") =
L(A™), r € Z,and A’ = Ay o As.
In addition, it is possible to define a function ¢; in the definition of ¢g such a way

that ¢g(A) < £g(P) and for at least one such closed section [¢,j] the element A
must be a cyclic shift of the element P*!.

In our new situation Lemmas 6.10-6.14 still hold. Instead of Lemma 6.15 we
have the following

LEMMA 13.7. Suppose that the generalized equation €) is periodized with respect
to a non-singular periodic structure P. Then for any periodic solution H of Q0 we
can choose a tree BT, some set of variables S = {hj,,...,h; } and a solution H™ of
Q equivalent to H with respect to the group of canonical transformations A(S) such
a way that each of the bases A\; € BT ~ BT, can be represented as A\ = \j1hi,; iz,
where hy, € S and for any h; € S, K(Hj') < f3l(P), where f3 is some constructible
function depending on Q. This representation gives a new generalized equation £/
periodic with respect to a periodic structure P’ with the same period P and all h; € S
considered as variables not from P’. The graph BT’ for the periodic structure P’
has the same set of vertices as BT, has empty set C? and either BT’ = BT} or
the difference between BT’ and BT{, consists of one infinitely large edge.

Let ¢ be a cycle from CV) of minimal length, ((c) = n.l(P). Using canonical
automorphisms from A(Q) one can transform any solution H of Q into a solution
H* such that for any hj € S, E(H;') < f3l(c). Let P’ be a periodic structure, in
which all h; € S are considered as variables not from P’, then BI' has empty set
C®@ and either BT' = BT}, or the difference between BT’ and BT}, consists of one
infinitely large edge.

The proof is the same as the proof of Lemma 6.15.
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Notice that if a solution H of a generalized equation is periodic with respect
to some period P, and (B, T, B’) forms an overlapping pair section for some Sz =
1, with 7T infinitely larger than B, then either B is a cyclic shift of P or the
length function ¢, in the definition of £3 can be redefined such a way that £g(P) <
£3(B). Therefore this lemma can be applied to each closed section that contains an
infinitely long overlapping pair of bases. Notice also that for any periodic structure
P the statements of Lemmas 6.10-6.11 are true because all the other periodic
structures can be temporary considered as parameters.

13.3. Recognizing QH and abelian subgroups using T;s;. Let v be a
leaf vertex of T;g; such that a discriminating family of solutions of U = 1 onto
groups F'r(s,) factors through €2,,. A closed section from (2, either belongs to some
periodic structure or can be considered as an overlapping form for some quadratic
generalized equation {lquadr With some extra bases situated on it. For each such
overlapping pair section

(103) vy Vg A(p) = pby - O

replace this section by two closed sections AoA(u1) = p1A(Ag) and A3A(u2) =
12A(A3). Put all the other bases from the left part of the overlapping pair section
(103) to A2A(p1) = p1A(A2) and all the other bases from the right part of the
overlapping pair section (103) to A3A(uz2) = p2A(A3). Keep also the basic equations
v; = A(y;), where a(v1) = a(A2), B(vs) = B(A2) and 0; = A(6;), where a(0;) =
a(As), B(0k) = B(A3). Let X, and X, have minimal necessary lengths (defined by
Lemma 13.7) to accommodate all the extra bases for a minimal solution. Apply the
entire transformation to this new generalized equation. After a bounded number
of steps all the extra bases will be situated on the bases that where quadratic-
coefficient bases of generalized equations Qquadr. Denote these new generalized
equations by quadr. Replace in the generalized equation €, the closed sections that
we have changed and which were denoted by {2quadr by the generalized equations

Qfuadr- Denote this generalized equation by €2,

PrOPOSITION 13.8. There is an algorithm to find all MQH and abelian vertex
groups in a JSJ decomposition of G (modulo subgroups K1, ..., Ks).

PROOF. If Fr(qa) is a free product, then G is conjugated into a factor in this
free decomposition. We can consider all possible periodic structures corresponding
to each vertex v of type 2. All MQH subgroups of G can be obtained as G N QY,
where @ is a QH subgroup of Fgq) for some v and Q! and G N QY has finite
index in Q9. Then this subgroup @Y belongs to the factor in a free decomposition
of Fr(ar) and we will consider this factor K = Fr(7) instead of Frq,). By Lemma
3.13 all intersections of conjugates of two subgroups can be found effectively.

LEMMA 13.9. Let Q be a family of MQH wvertex subgroups of a freely inde-
composable fully residually free group G (modulo subgroups K, ..., Ks) Then each
Q € Q is conjugated to one of the QH subgroups for K.

PrOOF. For a discriminating family of solutions ¥ of U = 1 which is positive
unbounded with respect to Q equation 7 has a solution. A discriminating subfamily
W, of ¥ which is also positive unbounded with respect to Q factors through one
of the systems U; = 1 from Theorem 9.3. By the Implicit function theorem ([40],
Theorem 12, see also [45], Theorem 10) 7 has a solution which takes subgroups
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from Q to subgroups from Q' in some group obtained from Fg(y,) by adding roots
of a finite number of elements from abelian vertex groups and by extending Fr(g,)
by some group without sufficient splitting. Therefore elements of QH subgroups of
K that have QH subgroups of G as finite index subgroups actually coincide with
these QH subgroups of G, and Q = Q7. O

We constructed €2, for a discriminated family of solutions of U = 1 and
length functions Lg, the infinitely long variables cannot disappear in the process
of construction of Tjg;, therefore each abelian vertex group of G will be seen in
some periodic structure of Fr(q). Suppose an abelian group is given by relations
i, y;] = [yi,u] =1, 4,5 =1,...,7. After we replaced length function Lg by ¢3 we
have a solution y; = u®,...,y, = v’V for an increasing sequence {N}. Therefore
each abelian vertex group of G is conjugated into an abelian vertex group of Frq)
that corresponds to a periodic structure. If for a periodic structure the set of cy-
cles &2 contains at least one cycle, then by Lemma 6.7, &V and &® generate an
abelian vertex group of Fr(qr), and each abelian vertex group of G is conjugated
into one of the abelian groups obtained this way. The proposition is proved. O

13.4. Recognizing rigid subgroups. First we discuss how to construct a
JSJ decomposition of G modulo F. Let D be a cyclic [abelian] such JSJ decompo-
sition of G = Fr(y). Consider a discriminating family of solutions for U = 1 which
for each edge group G, of D contains infinitely increasing powers of the correspond-
ing canonical Dehn’ twists. If the edge group is non-cyclic abelian with generators
Y1, - -+, Yk, then we take infinitely increasing powers of the product of Dehn’ twists
corresponding to yi¥, ... yY " Each solution from this family we pre-compose with
a positive unbounded family of solutions for each MQH subgroup of G and a family
of solutions of the form y; = u”,...,y, = u’¥" for an increasing sequence {N} for
each abelian vertex group of G given by relations [y;, y;| = [yi,u] =1, 4,5 =1,...,r.
All Dehn’s twists that we consider fix elements from F'. For different edges of D
corresponding canonical Dehn’s twists commute, they also commute with canonical
automorphisms corresponding to MQH and abelian vertex groups. Since all solu-
tions of U = 1 factor through a finite number of generalized equations, there is a
generalized equation () such that a family of solutions with the properties described
above factors through this generalized equation. In this case we will have a HNN
splitting of Fr(q,) and, therefore, a splitting of K that induces the splitting of G
along e. We are able now to construct effectively an abelian JSJ decomposition
for G. Considering different possibilities for periodic structures we have different
decompositions for Frqar). Each such decomposition consists of several abelian
and QH vertex groups, one non-abelian non-QH vertex group, and some edges cor-
responding to HNN extensions. A JSJ decomposition D of G is induced by one
of the decompositions of Fgq,), which we denote by D((2;,). In addition we al-
ready know all QH and abelian vertex groups for D. Denote by S the non-abelian
non-QH vertex group in the decomposition D(£2,), by wg the corresponding vertex
and by t1,...,%t; the stable letters corresponding to edges with initial and termi-
nal vertex wg. We know that each rigid subgroup in the JSJ decomposition of
G is the intersection of G with St where the product ti, ...t;; depends on
the choice of the maximal subforest with rigid vertices and maximal subtree in the
graph corresponding to the JSJ decomposition D of G. Let T be the Bass-Serre
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tree corresponding to D(€2,). We can effectively construct the induced decomposi-
tion of G by Theorem 3.17. After we obtained induced abelian decompositions for
different leaf vertices of T';s; and for different periodic structures associated with
the same vertex, we can unfold them and we have to decide which of the induced
decompositions is a JSJ decomposition of G. We can compare QH and abelian
vertex groups for different induced decompositions and choose the ones with maxi-
mal family of such subgroups. We can transform all these decompositions into the
form with the same QH and abelian vertex groups. If all the rigid vertex groups
of such a decomposition are elliptic in all the other decompositions, then it is an
abelian JSJ decomposition. Denote it by D. This decomposition is unique up to
slidings, conjugations, and modifying boundary monomorphisms by conjugation.
We can now collapse all edges with non-cyclic edge groups and obtain a cyclic JSJ
decomposition.

Similarly we obtain an abelian JSJ decomposition modulo subgroups K1, ..., K.

To construct a cyclic [abelian] JSJ decomposition D of G (not modulo F) we
fix one of the rigid subgroups of D (if exists) and begin with a discriminating family
of solutions that contains increasing powers of Dehn’s twists for all the edges of D,
where all Dehn’s twists fix elements of this subgroup. The rest of the argument
is the same. In the case when D does not have rigid subgroups, we begin with a
discriminating family of solutions for U = 1. Indeed, in this case all the edges have
an abelian group as one of the vertex groups, and, therefore, they “will be seen” in
some decomposition of some of the Frq.)-

14. Homomorphisms into NTQ groups

The following result was proved in [41]. It can be obtained by applying the
elimination process to equations over an NTQ group (with regular free Lyndon
length function) as described in Subsections 13.1 and 13.2.

THEOREM 14.1. Let G be a finitely generated group and N an NTQ group.
Then:

(1) there exists a complete canonical Hom(G, N)-diagram C;
(2) if N is a fived subgroup of G then there exists an N-complete canonical
Homy (G, N)-diagram C.

Moreover, if the group G is finitely presented then the Hom-diagrams from (1) and
(2) can be found effectively.

This theorem implies the following result

COROLLARY 14.2. Let G be a finitely generated group and H an F-group. Then:

(1) there exists a complete canonical Hom(G, H)-diagram;
(2) if H is a fized subgroup of G then there exists an H-complete canonical
Hompy (G, H)-diagram.

15. Some applications to equations in F-groups

Consider monomorphisms from F-group G to F-group H. One can define an
equivalence relation on the set of all such monomorphisms: monomorphisms ¢ and
1) are equivalent if 1) is a composition of ¢ and conjugation by an element from H.
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THEOREM 15.1. Let G [respectively, H| be a non-abelian F-group, and let A =
{Ay,..., A} [respectively, B = {Bi,...,B,}] be a finite set of non-conjugated
mazimal abelian subgroups of G [respectively, H| such that the abelian decomposition
of G modulo A is trivial. The number of equivalence classes of monomorphisms from
G to H that map subgroups from A onto conjugates of the corresponding subgroups
from B is finite. A set of representatives of the equivalence classes can be effectively
found.

COROLLARY 15.2. Let G be a non-abelian F-group, and let A ={A;,..., A}
be a finite set of maximal abelian subgroups of G. Denote by Out(G; A) the set
of those outer automorphisms of G which map each A; € A onto a conjugate of
it. If Out(G;.A) is infinite, then G has a non-trivial abelian splitting, where each
subgroup in A is elliptic. There is an algorithm to decide whether Out(G; A) is finite
or infinite. If Out(G; A) is infinite, the algorithm finds the splitting. If Out(G;.A)
is finite, the algorithm finds all its elements.

Let G, H, A, B be as in the formulation of the theorem. Let

G={(x1,. ...,z |m(z1,...,zp) =1,...,re(x1,...,2) = 1).
Let A; = (@i, ..., aik,), Bi = (bi1,. .., big;), i = 1,...,k;. Let C; be a cyclic group
generated by ¢; if A; is cyclic, and free abelian group generated by c;1, ..., ¢; ok,

otherwise.

LEMMA 15.3. Let G, H, A, B be as in the formulation of the theorem, Cq,...,Cy
be free abelian groups as above. Let

K= (G, H,Cy,...,Cpt1,...,ty |ty = 1,ai = c; = by, if k=1,

aijl = C'L,ki+j7bij = Cij, Zf kt # 17 v = 17"'7”7 ]: 17ak’L>
Then the reduced graph of groups A that corresponds to the given presentation of
K is an abelian JSJ decomposition of K modulo H.

PROOF. Let A be the Bass-Serre tree corresponding to A, and let Y be a
minimal K-tree. Assume that H C K is elliptic when acting on Y. It follows that
B; is conjugated to an elliptic subgroup, therefore is an elliptic subgroup itself, for
each i. Therefore each C; and A; is an elliptic subgroup. Now, suppose that G is
not elliptic when acting on Y. In the non-trivial splitting that G inherits from its
action on Y, each subgroup A; is elliptic, a contradiction to our assumption that
the decomposition of G relative to A is trivial. Hence, G is elliptic when acting
on Y. Therefore, the vertex v (or w;) fixed by G [or C;] in A can be mapped to
a vertex fixed by G [or C;] in Y. If y € Y (or y; € V) is a vertex fixed by G
[or C;], then the edge joining v and t;.w; can be mapped to the path joining y
and the vertex fixed by tiCiti_l. Thus, we have defined a simplicial map from the
extended fundamental domain of A to Y. Extend this map equivariantly to obtain
a simplicial map from A into Y. Since Y is a minimal G-tree, this latter map is
onto; the claim follows. O

PROOF OF THE THEOREM. Consider the following system W = 1 of equations

in variables x1,...,Zk,Y1,...,Yn Over H:
ri(x1,..xp) =1, 0 (e, .. o) = 1al) = b, if k=1,
[afj, bis) =1, if ki # 1, i=1,...,n,y, = 1,
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where a;1,...,a;;, are generators of the subgroup A; of G written in variables
Z1,...,Tk, and b1, ..., b, are generators of the subgroup B; of H written in vari-
ables hy, ..., hpy. If the system W = 1 is irreducible, then K = Hrwy. W =1
is not irreducible, then V(W) is a union of irreducible subvarieties over H. De-
note by Wy = 1,...,W; = 1 the systems that define these subvarieties. Suppose
that there is W; = 1 such that the canonical H-homomorphism from H gy onto
HR(w,) is a monomorphism on G' (we can verify this effectively). Since we will con-
sider systems W, = 1 independently, we skip the index now and will write W =1
instead of W; = 1. Let the subgroups C; be mapped into free abelian subgroups
Ci = (ci1,-..,cit,), and let Z; = (zi1,...,%y,) be the image of A; in C;. Notice
that Z; and B; generate C;. Then H r(w) has the following presentation:

<G,H,Cl,...,Cn,t1,...,tn | tn = ].,(LZZ; = Zijabij = Cij,i = 1,...,n,j = 1,,k1>

Indeed, this group is embedded into a series of extensions of centralizers of the
image of K in Hp(w,), therefore it is fully residually free and is itself Hpy,).

Similarly to Lemma 15.3 one can show that the reduced graph of groups A that
corresponds to the given presentation of Hrw) is a JSJ decomposition of Hpw)
modulo H.

The group H can be canonically embedded into an NTQ group N (see Section
9). One can define a free regular Lyndon’s length function from N onto A = Z™
which is also a free length function on H (Section 12). Denote this length function
by £.

Consider a parametric generalized equation €2 for W = 1 with H-bases as
parameters. We consider only those generalized equations 2 for which G < Frq) <
Npg(q). Construct the tree 7'(€2) as described in Subsection 5.3 with respect to the
length function ¢. The tree will be the same as in Section 13.1. It is enough to
trace possible paths in T'(2) for a minimal solution of W = 1 such that the values
of y; are commensurable with the value of maximal elements in B;. Indeed, when
we take a minimal solution we only change values of y; and conjugate G. Denote
the subtree corresponding to these paths by 77(€2). In this case, constructing the
subtree T'(€2), we do not have to consider infinite branches corresponding to Cases
15 and 12. Indeed, even if Fr(q) contains a QH subgroup @, by Lemma 2.13, the
group Hp(w) is conjugated into some subgroup P; from Lemma 2.11, therefore we
can consider only minimal solutions of €2 with respect to Q. If, reducing 2 to the
terminal equations we obtain some free variables because the boundary between
the variables h; and h;y; does not touch any base, we can consider ker(§2) instead
of Q. Indeed, in this case H r(w) is embedded into Fpr(rer(q)). Therefore Cases
7-10 ( Subsection 5.3) can only appear a bounded number of times in the subtree
T'(§2) corresponding to the actual paths for a minimal solution. Hence this subtree
is finite.

In the leaf vertices v of T"(€)) we obtain generalized equations of four types:

1) generalized equations {2, with intervals labelled by generators hq, ..., hy,
of H;

2) generalized equations €2, such that Frq,) is a proper quotient of Fg(q),
and the image of G in Fp(q,) is a proper quotient of G

3) generalized equations €2, such that Fr(q,) is a proper quotient of Fgq),
and the image of G in Fr(q,) is isomorphic to G;
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4) generalized equations Q, with vertex v of type 2, such that the solution
can be taken minimal with respect to all the periodic structures.

Therefore in the terminal vertices of T .(2) ( Subsection 7.5) we only have Cases
(1)—(3). In Case 1) we solved the generalized equation € in N, and we just have to
check whether the image of G belongs to H and is isomorphic to G.

In Case 2) we cannot have a monomorphism from G to H, so we do not con-
tinue. In Case 3) we apply the leaf-extension transformation ( Subsection 9.1) at
this leaf vertex. Let K be the image of Hrw) in Frq). The group K is freely
indecomposable modulo H. Moreover, a JSJ decomposition of K modulo H either
has two vertices stabilized by G and H and vertices with abelian vertex groups
that are images of C1,...,C, or has one vertex with the stabilizer containing H
and the image of G and some vertices with abelian vertex groups. Therefore, we
again only consider minimal (and commensurable with elements of edge groups in
the decomposition of K) solutions of €, with respect to the groups of canonical
automorphisms. The number of times when we have case 3) is finite. Therefore
after a finite number of steps we either show that there are no solutions of W =1
which are monomorphisms on G or end up with Case 1). We now check which
solutions of W = 1 in N belong to H. This can be done effectively by Theorem
3.12. O

Applying the elimination process to a finite system of equations and inequalities
(with constants) in an NT(Q group one can also prove the following result.

THEOREM 15.4. There is an algorithm to solve finite systems of equations and
inequalities in an NTQ group. The universal theory (with constants) of an NTQ
group s decidable.
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