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0. Introduction

The object of this paper (which consists of two parts) is to describe irreducible vari-
eties over free groups and to characterize finitely generated fully residually free groups.
We prove that any variety over a free group F' can be defined by a finite number of
systems of equations S = 1 in triangular form where quadratic words play the role of
leading terms. Algebraically, irreducible varieties are exactly the varieties whose co-
ordinate groups are fully residually F'. The crucial point of the classification of fully
residually free groups is to prove that the coordinate groups of irreducible varieties
are embeddable into Lyndon’s free Z[z]-group FZ?!. Since every finitely generated fully
residually free group is a free factor of the coordinate group of an irreducible variety, and
the group FZ is fully residually F, we obtain a characterization of finitely generated
fully residually free groups as subgroups of FZ,

The group FZ[ and its subgroups have been studied extensively during the last
several years. In particular, every finitely generated subgroup of FZl (hence, every
finitely generated fully residually free group) can be obtained from free abelian groups
of finite rank by finitely many free products with amalgamation and HNN-extensions of
the type, where amalgamated and associated subgroups are free abelian of finite rank. In
particular, this implies that every finitely generated fully residually free group is finitely
presented.

There are three parts to this paper: algebraic geometry over free groups, the theory
of free exponential groups, and Makanin-Razborov’s machinery to deal with equations
over free groups [11],[14],[13].

The algebraic geometry approach has been shown to be very usefull in dealing with
equations over groups. It provides necessary topological means and a method to tran-
scribe geometric notions into pure group-theoretic language. Following Baumslag, Myas-
nikov, Remeslennikov [1] we use the standard algebraic geometry notions such as variety,
Zariski topology, irreducibility of varieties, radicals and coordinate groups. Some of the
ideas of the algebraic geometry approach go back to R. Lyndon [9], E. Rips, J. Stallings
[16].

!The first author was supported by NSERC grant; the second author was supported by the NSF
Grant DMS-9103098



The theory of exponential groups (i.e. groups admitting exponents in some ring A)
starts with results of P. Hall, A. Malcev, G. Baumslag and R. Lyndon. It provides a
technique to deal with noncommutative modules over the ring A. R. Lyndon gave an
axiomatic description of the notion of an exponential group. He described and studied
the group F2*] ( free exponential group over the ring of integral polynomials Z[z]) and
showed the crucial importance of this group in the study of equations over free groups.
A modern treatment of exponential groups was given by Myasnikov and Remeslennikov
in [12] . In particular, they showed that FZ*] can be described using HNN-extensions of
a very special type, namely extensions of centralizers. Basically, to obtain FZ! from F
one needs just to extend all centralizers of F' up to free Z[z]-modules of rank 1. Namely,
FZl#l is the union of groups:

F<G <Gy< ...,

where G =< Gy, tlul = u;, u; € C(u;) >, where C(u;) is some proper centralizer in
Gi-

The groups F% happen to be fully residually F' [8]. Basically there exists only one
known method of proving that a group is fully residually free. This method is due to G.
Baumslag who showed that the surface groups (except the non-orientable case of genus
1,2,3) are embeddable into an extension of a centralizer of a free group, and hence they
are fully residually free. B. Baumslag gave other examples of fully residually free groups
using the same method.

In 1992 Myasnikov and Remeslennikov while studying ultrapowers of free groups
came to the following conjecture: every finitely generated fully residually free group is
a subgroup of Lyndon’s group FZ#,

In the paper [4], the conjecture was proved for 3-generated fully residually free groups;
moreover it was proved that there are just three types of 3-generated fully residually free
groups: free groups, free abelian groups, and extensions of centralizers < z,y, t|u’ = u >,
where v is an arbitrary element in F'(x,y) that is not a proper power.

In the second part of this paper we shall prove the conjecture and will discuss the
applications.

In the first part we concentrate on quadratic equations over a free group F'. Quadratic
equations have been widely studied, see for example [6],[5],[3],[2], [10].

We shall prove that the coordinate group Fg(s) of the quadratic equation S =1 is
embeddable into FZ#. This implies that the variety V/(S) is irreducible in the Zariski
topology over F". Moreover, we completely describe the radical of the quadratic system
S = 1. It turns out that the radical Rad(S) coincides (with a few exceptions) with the
normal closure of S in the group F'x F'(X). In particular, this implies the Nullstellensatz



for the system S = 1. The group theoretic formulation of the Nullstellensatz was first
given by E. Rips. He actually announced in New York in the fall of 1995, the joint result
with Z. Sela about the Nullstellensatz for quadratic equations over a free group.

We should mention that G. Baumslag and V. Remeslennikov took part in different
stages of the discussions leading to the proof of Theorem 1 in the first paper, and in
a sense they could be considered as coauthors of that theorem. We will follow the
terminology given in [1].

Let G be a group, F' = F(X) the free group with basis X = {z,zo,...2,}, G[X] =
G * F' the free product of G and F'.

An element s from G[X] is called an equation over the group G. We write this as
s = 1. As an element of the free product, s can be written as a product of some elements
T1,..., 7, from X U X~! (which are called variables) and elements gy, ..., g, from G
(constants). We will write, sometimes, s(z1,...,%n, g1, -.,9m) = 1 or, simply, s(z,g) =
1. A system of equations over a group G is an arbitrary set of equations S = {s; =117 €
I} (we shall denote this as S = 1). A solution of a system S(x1,...,Zn, g1, ,9m) =1
over a group G is a tuple of elements aq,...,a, € G such that after replacement of
each z; by a; in every equation s(z,g) = 1 from S one gets the trivial element in the
group G. On the other hand, a solution of the system S = 1 over G can be described
as a G-homomorphism (i.e. a homomorphism which is identical on G) ¢ : G[X] — G
such that ¢(S) = 1. These definitions are equivalent. By V' (S) we denote the set of all
solutions in G of the system § = 1.

Let S be a subset of G[X]. Then V(95) is called an algebraic subset or an (affine)
variety in G". Two systems S = 1 and T = 1 are equivalent over G if V(S) = V(7).
For any S C G[X] we have V(S) = V(ncl(S)), where ncl(S) is the normal closure of S
in G[X].

A group G is called CSA-group if every maximal abelian subgroup M of G is mal-
normal, i.e. M9N M =1 for any g € M.

It was shown in [1] that for a nonabelian CSA-group G all algebraic sets in G™ define
a topology on G" in which they are exactly the closed sets. The topology defined by
algebraic sets as closed subsets is said to be a Zariski topology.

Below G is always a nonabelian CSA-group.

Definition 1 Let Y C G™. Define a set

[(Y)={s € GIX] | s(g1,--,9n) = 1¥(g1,. ., 9n) €Y}

The set I(Y') has a nice description in terms of homomorphisms. Any tuple g =
(91,---,9n) € Y defines a G-homomorphism f; : G[X| — G by the condition z; — g;.
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Then
I(Y)= () ker(fy)
gey
Let us recall that a subgroup N is an isolated subgroup in a group H if for any x € H
and any nonzero integer n inclusion z™ € N implies that € N. For any set S C H the
intersection of all normal isolated subgroups containing S is denoted by v/S.

Lemma 1 [1]
1) I(Y) is a normal subgroup of G[X];

2) If G is a torsion-free group then I(Y') is an isolated normal subgroup of G[X], in
particular I(V(S)) contains v/S.

Definition 2 Let V(S) be a variety defined by S C G[X]. Then I(V(S)) is called
the radical of the system S =1 and is denoted by Rad(S). The quotient group Grisy =
G[X]/Rad(S) is called the affine coordinate group of the variety V(5S).

Systems S =1 and 7' = 1 define the same variety over G iff Rad(S) = Rad(T).

Let S =1 be a system of equations over a torsion-free group G. Then the quotient
group of G[X] by the V/S is denoted by G .

A system S = 1 over G is called consistent if there is a G-homomorphism 7 : G[X] —
H > G such that S € ker(m). Otherwise, it is inconsistent over G. If a system S = 1
over GG is consistent then the canonical homomorphism G — Glz]|/Rad(S) is monic.
Therefore, for non-empty varieties V(S) we will assume that G is a subgroup of Gp(s).

Let G be a torsion-free group, V(S) is an algebraic set in G" defined by a system
S = 1. Then by Lemma 1 Rad (S) contains v/S.

Definition 3 A system of equations S = 1 over a torsion-free group G satisfies the
Nullstellensatz if
Rad () = VS

Definition 4 Let H be a group and G be a family of groups.

1) A homomorphism of groups ¥ : H — G separates a nontrivial element h € H if

e(h) #1;



2) A family of homomorphisms ¥ = {¢p : H — G | G € G} is called a separating
(discriminating ) family of homomorphisms if any nontrivial h € H (any finite

number of nontrivial elements hy, ..., h, € H) can be separated by some ¢ € V.
In this case H is called a residually G group (w-residually G group or fully residually
G group).

In the case when G consists of a single group G, which is also a subgroup of H and if
the separating (discriminating) homomorphisms in ¥ are all G-homomorphisms we say
that H is separated (discriminated) by G-homomorphisms.

Lemma 2 [1] A system of equations S = 1 over a torsion-free group G satisfies the
Nullstellensatz in G if and only if G /5 is separated in G by G-homomorphisms.

Denote by Gg the factor group G[X]/ncl(S).

Lemma 3 If G is torsion-free and Gg is separated in G by G-homomorphisms, then

nel(S) = v/S = Rad(S).

The proof is straightforward.

A group G is called Equationally Noetherian (EN) [1] if for every system S of equa-
tions over G there is a finite subsystem Sy such that V(S) = V (Sy). For example, a free
group is EN group [7].

A closed set in a topological space is called irreducible if it is not a union of two proper
closed subsets. Zariski topology over an EN CSA-group is noetherian, and consequently,
every closed subset is a finite union of its irreducible components.

Lemma 4 [1] Let G be an EN CSA-group. Then V(S) is irreducible if and only if
Gres) is discriminated in G by G-homomorphisms.

Proof Suppose V(S) is not irreducible and V' (S) = U, V(5;) is its decomposition
into irreducible components. Then Rad(S) = NI, Rad(S;), and hence there exist s; €
Rad(S;) \ {Rad(S), Rad(S;),j # i}. The set s;,i = 1,...n cannot be separated in G by
G-homomorphisms.

Suppose now s, ..., s, are elements such that for any retract f : Gpgy — G there
exists 7 such that f(s;) = 1; then V(S)=U", V(SUs;). O

Definition 5 Let K be a group, C(u) the centralizer of an element u € K. Suppose
C(u) is abelian. Then the following group is called a free extension of a centralizer in
K:

K(u,t) = (K, ¢] [C(u), 1] = 1)
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Note, that K(u,t) can be obtained from K by an HNN-extension with respect to the
identity isomorphism C(u) — C(u) :
K(u,t) = (K, t |t 'at = a, a € C(u)).
We introduce the following notation. Let
G =Gy < Golug,to) =G1 < ... < Gu(up,tn) = Gni1

be a finite sequence of extensions of centralizers of elements u; € GG;. Then we denote
the resulting group G,,+1 by G(U,T), where U = {uq, ..., up}, T = {to,..., s}

Let A be an arbitrary associative ring with identity and G a group. Fix an action of
the ring A on G, i.e. amap G X A — G. The result of the action of « € Aon g € G is
written as g®. Consider the following axioms:

1.gt =9, ¢"=1,1=1;

2. g°* =g g% ¢°" = (9")%;

3. (h7tgh)* = h=1g“h;

4. [g,h] =1 = (gh)* = g*h".

Definition 6 Groups with A-actions satisfying azioms 1)—-4) are called A—groups.

In particular, an arbitrary group G is a Z-group. We now recall the definition of an
A-completion from [12].

Definition 7 Let G be a group . Then an A-group G* together with a homomor-
phism G — G4 is called a tensor A-completion of the group G, if G4 satisfies the
following universal property: for any A—group H and a homomorphism ¢ : G — H
there exists a unique A-homomorphism v : G — H (a homomorphism that commutes
with the action of A) such that the followz’n% diagram commutes:

G - G4




By Z[z] we denote, as usual, the ring of polynomials of one variable with integer
coefficients. Z[z]-completion of a free group F' is called Lyndon’s free Z[z]-group.

Lemma 5 [12] Every group obtained from a CSA group G by a sequence of free
extensions of centralizers is embeddable into G2,

1. Quadratic equations over groups

Notation: Let S € G[X], then the set of all variables which occur in S is denoted by
var(S).
Two systems S = 1 and T = 1 over G are termed to be disjoint if var(S)Nvar(T) =

(). A system S = 1 is splittable if it is a union of two nonempty disjoint subsystems:
S =S51US,, and war(S;) Nwvar(Sy) = 0.

Definition 8 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
var(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).
The main result of this paper is the following

Theorem 1 Let G be a fully residually free group and let S = 1 be a consistent
quadratic equation over G, then Grs) is G-embeddable into G(U,T') for some finite U
and T , and hence into G2,

Definition 9 Let G be a group, ¢ a tuple of elements from G, Zi,...,%, disjoint
tuples of variables.

A system U, Si(C, Ty ..., Tm) = 1 is said to be triangular quasi-quadratic if for
every i the equation S;(¢,Z;, ..., Tm) = 1 is quadratic in the variables from z;

Such a system is said to be nondegenerate if for each i the equation S; = 1 over G;_1 =
GlZiz1, ..., Zwm|/RUZL S)) (with elements &; considered as variables and elements from
C,Tix1 ... Ty as coefficients from G;_1) has a solution.

The following result is a corollary of Theorem 1.

Theorem 2 If S is a nondegenerate triangular quasi-quadratic system over a fully
residually free group G, then G g(s) is a subgroup of G(U,T) for some U and T and hence
a subgroup of G2,



Corollary 1 Algebraic sets corresponding to triangular quasi-quadratic systems of
equations are irreducible sets in the Zariski topology on G™ for fully residually free group

G.

To formulate Theorem 3 we need a few more definitions. Every quadratic equation
over GG can be transformed into a standard equation:

Definition 10 A standard quadratic equation over the group G is an equation of the

one of the following forms:

=1
H[xhyi}l_‘[zi_lcizi :d7 n,m > 07m+n2 17 (2>
=1 =1
[[z;=1 n>0; (3)
=1
[z ][z czi=d nm=0n+m=1 (4)
=1 =1

where d, c; are nontrivial elements from G.

Lemma 6 Let S be a strictly quadratic word over G. Then there is a G-automorphism
f € Autg(G[X]) such that ST is a standard quadratic word over G.

Proof See [2].
In this case we say that S is equivalent to S7 over G[X].

Definition 11 Strictly quadratic words of the type
[x7y:|7 x27 Z_ICZ

where ¢ € G, are called atomic quadratic words or simply atoms.

Definition 12 Any standard quadratic equation S = 1 over G can be written (see
above) as a product of atoms r;:

T Te...Tg = 4.

The minimal such number k is called the atomic rank of S. We denote this as k = r(5).

8



Definition 13 A solution ¢ of a quadratic equation riry...7x = g of atomic rank
k > 2 is called commutative if [rf, rf’ﬂ] =1 foralli=1,...,k—1, otherwise it is called
noncommautative.

The following theorem describes the radical of a standard quadratic equation.

Theorem 3 Let G be a fully residually free group and let S = 1 be a standard
quadratic equation over G. Then

1. If either the atomic rank of S = 1 is greater than one and S = 1 has a noncom-
mutative solution, or S = 1 is one of the following two equations: [z,yld™! =1,

or [x,y|[z,t] = 1, then Rad(S) = ncl(S);

2. If either all solutions of S = 1 are commutative and S # [x,y][z,t], or S = *d~! =
1, then up to some linear transformation of old variables into new variables u;’s
Rad(S) = ncl{[u;, b;] = 1)i = 1,...,k}, where b;’s are constants from G.

3. In the following cases S = 1 always has a noncommutative solution, hence Rad(S) =
nel(S):

(a) S =11is of type 1, n > 2,
(b) S =1"is of type 2, n > 0,n+m > 1 (in case n = 1,m = 0 the notion of
noncommutative solution is not defined, but Rad(S) = ncl(S5)),

(¢) S =1is of type 3, n > 3,
(d) S =1 1is of type 4, n > 2.

The proof of Theorem 1 will be given in Sections 2-6. In the remaining part of Section
1 it will be shown that characterizing the solutions of an arbitrary quadratic system of
equations can be reduced to stadying a system of standard quadratic equations with the
disjoint sets of variables. In Section 2 we will show that for every standard quadratic
equation either there is a so-called solution in general position, or all solutions are
commutative. We will also describe the radical in the case of all commutative solutions.
In Sections 3-6 it will be proved by induction on the atomic rank that for every standard
quadratic equation S = 1 that has a solution in a general position the group Gg is
embeddable into G(U,T), and hence Gg = Gp(s)-

Lemma 7 Let S be a quadratic system over G. Then there exists a system S’ =
{s1,...8a} of strictly quadratic pairwise disjoint equations si,...S, such that

Gs >~a GS"



Proof Suppose a letter x € var(S) occurs in some equation s € S exactly once. Then
we can rewrite the equation s = 1 in the form z = s’. Hence the group G5 can be Tietze
transformed to the G-isomorphic group Ggs, where S* is obtained from S by deleting
the equation s = 1 and replacing all other occurrences of x by s'. After a finitely many
transformations of this type we arrive to a system S’ with G¢ G-isomorphic to G and
every variable from var(S’) occurring in one and only one equation from S’ exactly
twice. It follows that S’ is a system of pairwise disjoint strictly quadratic equations over
G.O

The following result can be deduced from Lemma 6 and Lemma 7.

Lemma 8 Let S be a quadratic system over G. Then there exists a system S’ =

{s1,...8,} of standard quadratic pairwise disjoint equations si, ..., and a free group
F such that
Gs ~a GS’ x I

A system S’ =1 from the lemma above splits over GG in such a way that
Gs =g (- (Gs))sy -+ )s ¥ .
Hence we have

Corollary 2 Let S =1 be a quadratic system over G. Then
Gs >~ (... (Ggy)sy - - -)sn * F,

where s; is a standard quadratic equation over G and Fy is some finitely generated free
group.

Let S : 7y 7o...79" " = 1 be a standard quadratic equation of atomic rank k over
the group G. Denote:
Si:rl...ri, RZ’:TZ‘+1...T]€.

Let Q; = var(S;) and P; = var(R;); then X = Q; U P,.
Notation: Let H® denote the subgroup of Gg generated by G and Q);, i.e. H® =

Lemma 9 Let S =1 be a standard quadratic equation over a torsion free group G,
and rk(S) =k > 2. Then HY) ~ G x F(Q;) for any i < k.
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Proof It is sufficient to prove the lemma just for : = k — 1. The equation S = 1 has the
following form
TiTo .. .rkg_l =1

which can be written as
e = S tg.
Obviously,
Gs = (G, X | r, = Sithg).
Now we claim that Gg is either a free product with amalgamation or an HNN-extension
with respect to the form of ;. Notice that the element Si_; (and hence S; ') is in a
reduced form as an element of G x F(Qr_1). It begins and ends with different letters
from @Q_1, unless either S,_; = 2z 'cz or S,_1 = y2. Therefore, we have just two
possibilities for the element S, ' g : either it is of length more then 1 in the free product
G * F(Qy_1), or it equals either z7'c¢™'zg or y~2¢. In any case, S; ', g is of infinite order
in the G x F(Qy_1). Now, if rp = [z, yx], or 7, = 2% , then Gy is a free product with
amalgamation
Gs = (F(Py) * (G * F(Qx-1)) | rx = Si119)
over two infinite cyclic subgroups gp(ry) in F(P;), and S;',g in G * F(Qy_1). In this
event H* V) ~ G x F(Qr_1). If 1, = 2, "crzr, then G is an HNN-extension

Gs =~ (G* F(Qr-1), 2 | Zk_lckzk = Sk__llg>

with associated infinite cyclic groups gp(cx) in G (notice that G is a torsion free group
and ¢ # 1) and gp(S;*,9) in G* F(Qg_1). Again, from the properties of HNN-extensions
we know that H*~Y ~ G % F(Qy_1). O

Let S =1 be a standard quadratic equation of atomic rank £ over group G, i.e.

mMre... Ty, = 4.

We can rewrite it in the form S;R; = g or R; = S;'g. The element h = S; *g belongs
to the group G * F(Q;) ~ H®. Hence we can consider the initial equation S = 1 also
as an equation R; = h over the group H® and denote this equation by R;h~' = 1; it
is a standard quadratic equation of atomic rank k — 7. It turns out that the group Gg
of the equation S =1 over (G is G-isomorphic to the group ngh—l of R; = h over H®.
Indeed, we have

Proposition 1 Let S =1 be a standard quadratic equation over G with atomic rank
k > 1. Then using the notation above Gg ~g ngh,l, where R; = h s the quadratic

equation of atomic rank k — i over the group H® = G x F(Q;).

11



Proof The proposition follows immediately from the fact that the groups Gg and HI(%? 1
have exactly the same presentations. O
To be able to freely manipulate quadratic equations we shall need the following

Proposition 2 Let H < G be arbitrary torsion-free groups, and S = 1 a standard
quadratic equation over H. Then Hg is canonically H-embeddable into Gg.

Proof Let S = 1 be a standard quadratic equation of atomic rank k; say
riry .. .T'kgil =1.

As in Lemma 9 we can decompose Gg, as well as Hg, into a free product with amal-
gamation or an HNN-extension. Namely, if r, = [z, 9] or 7 = 27 and S;'g # 1
(this means that either £ > 1, or £ = 1; but then g # 1), so Gg is a free product with
amalgamation

Gs = (F(Py) * (G * F(Qx-1)) | i = Sit19)

along two infinite cyclic subgroups gp(ry) in F(P,), and S, ',g in G * F(Qy_1). If 7, =
[2k, yx), or i, = 27 and S; ' g = 1, then

If rp = 2; 'crzp, then S; ' g # 1 and, consequently, G's is an HNN-extension
Gs ~ (G F(Qr_1), 2 | 2 'crzr = Sit9).

It is clear that Hg has a similar decomposition; one just has to replace G by H. The
embedding H — G gives rise to a H-homomorphism f : Hg — (G which is identical
on X. Since the groups Hg and Gg have similar decompositions into free product or
HNN-extensions, it follows that every reduced form in Hg will have a reduced form as
its image under f. Hence f is monic. O

2. Splitting
Let G be a group, X a finite set of variables, and S € G[X].

Definition 14 An equation S = 1 is termed separable if there exists a montrivial
partition of X into k > 1 pairwise disjoint subsets X = X; U ... U Xi and elements
w;(X;) € G[X;] such that S can be written as

S = wl(X1> - wk(Xk)
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By the definition a separable equation has the form w;(Xy) ... wg(X)) = 1. Sometimes
it is convenient to write it also in the form wy(Xy) ... wg (X)) = g, where g € G.

Notice that any standard quadratic equation over G is separable.

We now need some more definitions.

Definition 15 Let ¢ : H[X] — H[X] be an H-endomorphism of the group H[X].
We say that an element w € H[X] is an eigenvector of ¢ if there exists an element
g € H such that

w? = w?.

We term g an eigenvalue of w with respect to ¢.

This definition of an eigenvector becomes more natural if one thinks of H[X] as a
noncommutative H-space over the “ground field” H, in which case H-endomorphisms
play the role of linear transformations. Let Endy(H[X]) be the set of all such H-
endomorphisms.

Definition 16 An element w € G[X] is termed to be of complete spectrum if every
g € G is an eigenvalue of w with respect to a suitable ¢ € Endg(G[X]).

Any word w € F(X) (considered as an element from G[X]) is an element of complete
spectrum. All quadratic atoms are elements of complete spectrum; for example, the
G-homomorphism z — zg maps ¢ onto (¢*)9. On the other hand, the quadratic word
xbx has no eigenvalue a in the group F[z], where F' = F(a,b) is the free group on a, b.
This follows from the fact that the equation yby = a~'ba with one variable y has no
solutions in F.

Definition 17 Let wi(X;) ... wi(Xk) = g be a separable equation over the group G.
We say that a solution ¢ of this equation is:

a) in general position if [wf, wfﬁrl] #1 foreveryi=1,...,k—1;

b) commutative, if [w?,

c) degenerate, if wfg =1 for some 1 < iy < k.

wf:rl]zlforeveryizl,...,k—l;

One may think of solutions in general position as those which give linearly independent
neighbors in the sequence w‘f, e ,w,f as elements in the Lie algebra associated to the
group G. The commutative solutions result in all neighbors in the sequence as above

being “ collinear to each other”.
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Proposition 3 Let S : wi(Xy) ... wip(Xx) =9, k> 2, be a nondegenerate separable
equation over a CSA-group G, and let all elements w; be of complete spectrum in G[X;].
Then either S = g has a solution in general position, or every nondegenerate solution of
S = g is commutative.

Proof For £ = 2 the statement of the proposition is obvious. Let k& = 3 and suppose
that both statements a) and b) do not hold for some equation of the type

S w (Xy)we (Xo)ws(X3) = g.

That would imply that there exists a nondegenerate solution ¢ : Gg — G such that
either
wf,wg) =1 and [uwf,wf] # 1

or
[wf, wi] # 1 and [wf,wf] = 1.

Lemma 10 Let S : wy(X1)we(Xo2)ws(X3) = g be a separable equation over a CSA-
group G and the words w; be of complete spectrum in G[X;|. If ¢ : G — G is a
nondegenerate solution of this equation such that either

[wi,wi] =1 and [w§,w§]# 1 (5)
or
[w‘f,wgﬁ] #1 and [w‘f,w?] =1, (6)

then there exists a solution i : Gg — G in general position.

Proof Suppose we have the condition ( 5):

[wi, wg] =1 and [wg,ws] # 1
for some nondegenerate solution ¢. To simplify the formulas we will use the following
notation u=?¢ = (u=1)%.

Let t = (w§5 w )Y, where N is a big positive integer which will be specified in due
course. Define ¢; € Endg(G[X;]) (i = 2,3)to be a G- endomorphism such that w; is the
eigenvector of ¢; with the eigenvalue t. Define 1y € Endg(G[X1]) to be equal to ¢ on
X;. This 1); exists because w; is of complete spectrum.

wé” =t Lwst, w}f3 =t Lwst.
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Since the equation S = ¢ is separable the sets of variables X, X5, X3 are pairwise
disjoint, therefore we can construct a G- endomorphism ¢* € Endg(G[X; U Xo U X3])
such that the restriction of ¢¥* on each G[X;] is equal to ¢; (i = 1,2,3). Now let
1 = ¢ o 1p* be the composition of ¢ and ¢*, in particular ¢ : G[X; U Xy U X3] — G is
a G-homomorphism.

Compute the image of wjwows under 1 :

(wiwaws)¥ = wit ™ (w§ws)t =

(wiwows)® = g

hence v induces a solution ¢ : Gg¢ — G. Moreover,
[wy, w§] = [ws, w]’ # 1

since [w§,wy] # 1. We claim that [w!, w$] # 1. Suppose to the contrary, that [w!’, wy] =
1. Then:
[wi', w3] = [(w?), (w$)] =1,

therefore by malnormality of abelian subgroups in a CSA group G one has [wg = 1.
This implies that [w§,#] = 1, and by the transitivity of commutation [w$,w§] = 1. This
is a contradiction.

In case (6) we can consider the inverse equation ws(X3) twe(Xy) 1w (X;) ™! = ¢!
for which ¢ is a solution too, and in this case ¢ satisfies the condition ( 5), but for the
new equation. Now, according to the argument above, we can construct the solution «
in general position to the new equation. This « is a solution of the initial equation too,
and clearly « is still in general position. O

Now suppose that £ > 3, and let ¢ : G — G be a nondegenerate solution which is
neither in general position nor commutative. Then there exists an index 1 < <k —3
such that the triple w;, w1, w;1o satisfies either ( 5) or ( 6) (after replacing index
i by 1). But then, according to Lemma 10, we can construct a G-homomorphism
Y G[Xi U X1 U X, o] — G such that (w;) = w h(wipr) = wily, (wive) = wily;
here ¢ = (w?+1w?+2>N

Y

(wi+1wi+2)w = (wi+1wi+2)¢

and moreover,
[w?awzp—i—l] 7é 17 and [w;p—i-law;p—i-?] 7é L.
Extending ¢ to G[X; U...U Xj] by

¥ =2z% for all v € X;, where j #i,1+ 1,1+ 2;
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we see that
(wy ... wp)” = w] .. wf (Wi wige) Wy . wh = (wy .. wp)? =g,
and hence v is a solution of S = g. Notice that
[w}p,wﬁl] = [wf,wﬁl] for j#4,i+1,i+2,

and
[w¢ w;bﬂ] # 1, [wfﬂ,wﬁzl # 1.
We have to show that [wl,, wf 4] # 1 if [wf, 4w, 4] # 1. Suppose on the contrary that

[w ?4_2, z+3] # 1 and [w z+2awj)+3] =1
Rewrite this equality

-1, ¢4 —¢,—1 ¢ ¢ _
U W, otw, st wiotwy g = 1.

If N is big enough we have to have either [wf o, t] = 1, or [wiq,t] = 1. If [wly,t] = 1
holds, then (w1, 1] =1 and [wf, wl,] =1, a contradlctlon

If [w? Z ® 5,t] = 1, then by commutation transitivity [w{’,, }=1 and hence [w{,,,t] = 1,
and [w,,, wl 4] = 1, a contradiction.

Thus we refine the solution ¢ to a solution ¢ which has less then ¢ commuting
neighbors of the type w;p, wﬁl. Repeating the process we arrive at a solution in general
postion. It follows that the equation S = g either has a solution in general postion or
all nondegenerate solutions are commutative. O

Now we can formulate several corollaries for standard quadratic equations and their
radicals. We will consider all three cases separately: orientable of genus > 1, genus =
0, and non-orientable of genus > 1.

Proposition 4 Let S : [1:=7[xy, v H] 1 c =g (m >1,n>0) be a nondegenerate
standard quadratic equation over a residually free group G. Then S = g has a solution
in general position unless S = g is the equation [x1,y1][xe, y2] =1 or [x,y|c* = 1.
Proof Let n = 0. In this event we have a standard quadratic equation of the type

[*rlv yl] s [:Eka yk] =9,

which we will sometimes write as 71 ...7, = g, where, as before, r; = [x;, y;].
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Lemma 11 Let S : [x1,11][x2, y2] = g be a nondegenerate equation over a nonabelian
fully residually free group G. Then S = g has a solution in general position unless S = g
is the equation [x1,y1][xe, y2] = 1.

Proof Suppose S = ¢ has a solution ¢ such that r{ = 1 and 7§ = 1. Then g = 1 and
our equation takes the form

[z, Y2, o] = 1. (7)

From now on we assume that for all solutions ¢ either 7 # 1 or r§ # 1.
Suppose now that just one of the equalities 7 = 1 (1 = 1,2) takes place, say rg=1.

Write 2% = a, and y® = b. Then the equation is in the form

[z, y][z2, y2] = [a,b] # 1.
This equation has other solutions for example,

1

Y. x—abta, y— aba”', vy — ab taba' = alb,a”'], yo» — ab”la (8)

for which
=102 0" #£1 and r¥ =[ba)* " #1.

We claim, that for this particular solution ¢ we have [r¥,ry] # 1. Indeed, [, r3] = 1 if
and only if [[a?, 0], [b,a]] = 1, but the elements a, b freely generate a free subgroup in G,
and [[a?,b],[b,a]] # 1 in F(a,b).

Thus, just one case is left to consider. Suppose that [r(f, 7’5’5] =land 7 #£1 (1=1,2)
for all solutions ¢. To treat this case we need some facts about commutators in a fully
residually free group, which will also be of use later. O

Lemma 12 Let G be a fully residually free group. If two nontrivial commutators
la,b] and [c,d] commute in G, then

[a,b] = [c,d] or [a,b] = [c,d] "

Proof A nontrivial commutator in a free group is never a proper power, this is a result of
Schutzenberger [15]. Hence, in a free group any two nontrivial commuting commutators
should be in the same cyclic subgroup and, since they are not proper powers, they should
be generators of the cyclic subgroup. Consequently, they satisfy one of the equalities
from the lemma. Now, suppose there are two nontrivial commuting commutators in G
which do not satisfy any of the equalities from the lemma; then we could approximate
these inequalities into a free group — this is a contradiction. O
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According to Lemma 12 a priori we have two possibilities for the solution ¢. But
if at least for one solution ¢ we have 7‘{5 = (rg))_l, then g = 1, and we have just the
exceptional equation [z1, y1][T2, y2] = 1. So, now we can make an auxiliary assumption
that ¢ = 75 for all solutions ¢. In this event g = la, b]* for some a,b € G and the
equation actually takes the form

(21, 11][22, 2] = [a, 0],
Consider the map £ :
ﬁ =ab™'a, yf = aba™', :v§ = ab_laba_l, yS = q.
Then:
7§ = [xlvyl]E = [ab_la, aba_l] — a_lb_1a2ba_1;
and

15 = [22,12]¢ = [ab~aba™t, a] = ab~'a " b[a, b].
It follows, that

r§r§ =a b 'a’ba " ab ' ba, b] = a b abla, b] = [a,b]?,

i.e. ¢ is a solution of the equation. We claim, that [7’1,7’2] # 1. Indeed, as we saw
rir§ = [a,b]?, but
5§ = ab~'a"'b[a, bla" b a2ba !

Taking a homomorphism from G into a free group in such a way that the images of a
and b do not commute, we can assume from the beginning that a and b freely generate
a free subgroup in GG. Then the condition [7’%, rg] = 1 would imply that

[a,b]* = ab~'a"'b[a, bla b aPba !

in the free group F(a,b). That is not the case since the two words are reduced and
graphically different.

Thus, we have proved that either S = 1 has the form [z1,y1][z2, 2] = 1, or there is
a solution ¢ such that [r},ry] # 1. O

Lemma 13 Let S : [z1,y1] ... [z, yx] = g be a nondegenerate equation over a non-

abelian fully residually free group G and assume that k > 3. Then S = g has a solution
i general position.
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Proof The proof will follow by induction on k.
Let £ = 3. Assume first that ¢ = 1. This means we have the equation

(21, y1][w2, Yol 73, y3] = 1.

It has a solution ¢ : Gg — G such that

i =a, yf = b, 25 =b, yy = a,25 = y§ =1,

where a, b are arbitrary noncommuting elements from G. Therefore the equation

(22, yal[23, 93] = [b, d]

is nondegenerate of atomic rank 2; hence by the lemma above it has a solution £ such
that [rg, rg] # 1. Now we can combine the solutions ¢ and £ to get the solution 6, namely,
let

2 =a, ) =0, mf:xf, yf:yf, fori=23.

We have proved that the equation S = g has a solution @ such that 7/ # 1 (i = 1,2,3)
and [r§,r§] # 1. Now we are in a position to apply Proposition 3. It follows that there
exists a solution ¥ to S = g in general position.

Assume now that g # 1. Then there exists a solution ¢ such that for at least one i
we have 7 # 1. Renaming variables we can assume that exactly r§ = [a,b] # 1. Then
the equation

rire = g[b, al

has a solution in GG. Again we have two cases: if g[b, a] # 1 then we can argue as above;
if g[b,a] = 1 then g = [a,b] and the initial equation S = g actually has the form

rirors = |a, b].
In this event, consider a solution £ : Gg — G such that:
x”i:az, yf:b, :(:g:b, ygzaz, acg:a, ygzb.
We see that rf # 1foralli=1,2,3, and
5, 7] = [[b, %], [a, B]] # 1

in the free group generated by a,b. By Proposition 3 there exists a solution ¢ to S =g
in general position. We are done.
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Let k£ > 3. The equation
r...Th=4g

has a solution ¢ such that at least for one i, say i = k (by renaming variables we can
always assume this), we have r{ = [a,b] # 1. Then the equation

7"1---7”1971:9[57@]

is nondegenerate and by induction (notice that k > 3) there is a solution £ such that
¢ rfﬂ] # 1foralli =1,...,k— 1. Extend this £ to a solution of the initial equation

[Ti )
S = g defining xi = a, y,ﬁ = b. Now by Lemma 10 we can refine £ on the last three
atoms r,_o, 71,7, and get a solution v such that [rf’, r;ﬁﬂ] #1foralli=1,...,k—1,
i.e. a solution in general position.

Let n > 1.

Let m = 1. In the event when n = 1 we have the following

Lemma 14 The equation S : [x,y]c* = g over a nonabelian fully residually free
group G always has a solution in general position provided g # 1.

Proof Let © — a, y — b, z — d be an arbitrary solution of [z, y]c* = g, where g # 1.
Then g = [a, b]c? and the equation takes the form

[z, y]c® = |a, b]cd.

We can assume that [a, b] # 1. Indeed, suppose [a, b] = 1. If [¢,d] # 1, then we can write
the equation as

[z,y]c" = ¢ = [d,c Ve
which has the solution x — d, y — ¢!, 2 — 1 such that [z,y] — [d,c¢7'] # 1. So we
can assume now that [c¢,d] = 1, in which case we have the equation

[z,y]c* =c or equivalently |x,y] = [c",z].

The group G is a nonabelian CSA-group; hence the center of G is trivial. In particular,
there exists an element g € G such that [c,g] # 1. We see that z — ¢!, y — g, 2 — g
is a solution ¢ for which [z,y]? # 1.

Thus we have the equation [z, y]c* = [a, b]c?, where [a,b] # 1. Consider the map v
defined as follows:

¥ = (b a, y¥ = (b)) o(be?),  2¥ = d(be?).
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Strightforward computations show that
[z, y]” = [a,0][b, ), and (c*)” = [, b]c?;

hence
[, y¥)e” = [a, b][b, ¢V [e?, ble? = [a, b]c?

and consequently, v is a solution.
We claim that [r}b, 7“121}] =# 1. Indeed, suppose [Tlf’, ry | = 1; then we have

[[x,y]¢,czw] =1, [[a,b],c] =1, and [xw,yﬂ]czw = [a, b]c*
which implies that in the following sequence of elements in G all neighbors commute
czw, czw[x,yw, [a,b]c?, .

The group G is commutative transitive; so all elements in this sequence pairwise com-
mute, in particular, [czw, ¢?] = 1. This implies [czwd_l,c] = 1, and consequently, [2¥d™!, c] =
1 (the last implication comes from the malnormality of centralizers in GG). Thus,

[2%d™, ] =1,
which implies that
1 = [dbc®d™", c] = [dbd ¢, c] = [dbd™, c] = [b, %] = 1.

From transitivity of commutation we obtain that [[a,b],b] = 1, but this contradicts the
fact that the subgroup gp(a,b) is freely generated by a and b. Hence, we have found the
solution ¢ such that [V, ry] # 1. O

Now suppose that n > 1. Let ¢ : Gg — G be an arbitrary solution of S = g. Write

h=g(][)~?
j=3

and consider the equation
[z,ylcT'c5* = h. (9)

If this equation satisfies the conclusion of the proposition, then by Proposition 3 the
equation S = g will satisfy the conclusion. So we need to prove the proposition just for
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the equation ( 9). There are now just two possibilities. Case a) There exists a solution
¢ of the equation ( 9) such that (¢3?)¢ # h. In this event by Lemma 14 the equation

(@, ylei = h(c?) " #1

has a solution € in general position. Hence we can extend this 6 to a solution of ( 9) in
such a way that r¢ # 1 for i = 1,2 and [r{,r§] # 1. Consequently, by Proposition 3 we
can construct a solution 1 in general position.
Case (b) Assume now, that ¢;** = h for all solutions ¢ of the equation ( 9). Then
we actually have
[z,ylcit =1, and &? = h,

and this system of equations has a solution in G. It follows that ¢; = [a, b] # 1 for some
a,b € G. Therefore the equation ( 9) is in the form

[I’ y] [a’ b]21c§2 = I

and has a solution v of the type

where f is an arbitrary element in G and ¢ is an arbitrary solution of ( 9). The two
elements [a,b] and h are nontrivial in the CSA-group G hence there exists an element
f* € G such that [[a,b]/",h] # 1. But this implies that if we take f = f* then the
solution ¢ will have the property [r%’ , rg’] # 1. Now it is sufficient to apply Proposition
3.

The case m = 2. In this event we have the equation

j=n
(21, y1][22, yo] H CJZ‘] =g
j=1
Again, if there exists a solution ¢ of this equation such that
=
(H ij )¢ 7é g,
j=1

then we can write



and consider the equation
[21, 1] [m2, yo] = R

which according to Proposition 3 has a solution £ in general position. We can extend
it to a solution of S = g and by Proposition 3 we can construct a solution ¢ in general
position.

Let assume now that

for all solutions ¢ of the equation S = ¢g. This implies that an arbitrary map of the type
ry—a, yp — b, 19 — b, Yo — a

extends by means of any ¢ above to a solution v of the equation S = ¢g. Choose a,b € G
such that [[b, a], g | # 1 for the given solution ¢. This is always possible, because either
[b,a] or [b?, a] does not commute with r$ in the fully residually free group G provided
[a,b] # 1. And we again just need to appeal to Proposition 3.

The case m > 2 is easy since if ¢ is a solution of this equation, then we can consider
the equation

i=m j=n
1T @i v =9(1] &)
i=1 j=1

which by Proposition 3 has a solution in general position; after that to finish the proof
we need only apply Proposition 3. O

Proposition 5 Let S : ¢i'...ciF = g be a nondegenerate standard quadratic equation
over a fully residually free group G. Then either S = g has a solution in general position
or every solution of S = g is commutative.

Proof By the definition of a standard quadratic equation ¢; # 1 for all ¢ = 1,... k.
Hence every solution of S = g is a nondegenerate. Now the result follows from Proposi-
tion 3. O

The following simple lemma will be of use throughout the paper.

Lemma 15 Let G be a group, S =1 be a system over G with variables from X and
w € G[X]. If w® =1 for every solution ¢ : Gg — G, then S ~ S U {w} over G.

Proof If w? = 1 for every solution ¢ : G — G, then w belongs to the radical Rad(.S),
therefore S ~ S U{w} over G. O
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Proposition 6 Let S :ci'...¢* =g (k> 2) be a nondegenerate standard quadratic
equation over a CSA-group G such that all of its solutions are commutative. Then S = g

splits over G:
S=gr~g{lzaal=1]i=1,...,k},

where a; € G.
Moreover, in this case, up to some linear transformations of variables z; — g;z;h; =
u;, where g;, h; € G, we can rewrite the system in the form

S/:{[Ul,bl] =1 |Z: ]_,...,k}},
where b; € G and [b;,b;] =1 for every i, j.

Proof Notice, that g # 1, otherwise the equation S = g is not standard. Fix an arbitrary

solution, say z; — a;, i = 1,..., k. Then g = ¢{' ... ¢* and [¢]", ¢ih'] = 1.

Let ¢ : Gg — G be an arbitrary solution of S = g. In the CSA-group G we have

@ ¢

27 z; o as z z
i i+1 a; i4-1 1 k a1 (75
[civcil]_L [Ciacil]_lu Ci ...Cp =C ...C .

From transitivity of commutation in G we deduce that for any ¢, j :

¢ ¢

¢, ¢/ ] =1, [, 7] = 1.

Again, from transitivity of commutation in G' (notice that g = ¢i* ... ¥ # 1) we obtain
¢
Gt =1

R I)

e

and from malnormality of centralizers in G we see that

for all solutions ¢. By Lemma 15
S=gnrg{c ... =c.. . [zatel=1,i=1,....,k} = 5.

The equation [2a; ', ¢;] = 1 can be rewritten as ¢ = ¢{'; this allows us to eliminate the
initial equation S = g from S;. Thus finally,

S = g ~a {[Z1a1_1>cl] = 17 cey [Zkalzlack] = 1} = Sl'
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Moreover, [cf", ¢j’] = 1; therefore [c1, ¢ ] = 1. If we conjugate the equation [z;a; ", ¢;] =
1 by d; = a;ja;*, we obtain

S =g ~c{ld za;"d; A=1]j=1,... k} =5

J T

. I d; .
Renaming u; = d; 1zjaj 1dj and b; = ¢;’ we can rewrite the system so that

S:g ~G {[ulybl] = 17"'7[U4€)bk] — 1}7

where [b;, b;] = 1. This finishes the proof. O
It easy to describe the radical of the system S’ =1 from the proposition above.

Proposition 7 Let S" = {[u;,b;] = 1| ¢ =1,...,k} be a system (with indetermi-
nates u;) over a CSA-group G such that b; € G and [b;,b;] = 1 for every i, j. Then the
radical of the system S’ is the normal closure of the following system

S* ={[u;, C) = 1, [us,uy) = 14,5 =1,...,k}

where C' = Cg(by, ..., by) . Moreover, Graqs) = Gg= is an extension of the centralizer
CindG.

Proof The system S* must follow from S’ because G and, consequently Gps) , are
CSA-groups. On the other hand, Gg- is an extension of the centralizer C'; hence it is
fully residually G. So the radical Rad(S) coincides with the normal closure of S* in
G’[ul, . ,uk]. (]

Corollary 3 Let S :ci'...c;F =g be a nondegenerate standard quadratic equation
over a CSA-group G such that in the case k > 2 all solutions of it are commutative.
Then the radical Rad(S) is equal to

{la;'2,C = 1,[a; 205 2] = 1 ] i,5 = 1,... .k},

where z; — a; is a solution of S = g and C = Cq(ci*, c5?, ..., ") . Moreover, Ggs) is
an extension of the centralizer C' in G.

The proof follows from Proposition 6 and Proposition 7.

Proposition 8 Let S : z?.. .:1:12)c’f1 ... ¥ = g be a nondegenerate standard quadratic

equation over residually free group G. Then
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1. If p > 2, then there is always a nondegenerate solution.

2. If p =1, then either there is a nondegenerate solution or xlf =1 for any solution
2

¥ and the radical of S is the same as the radical of system S : ci*...cik = g.

3. Ifk=0g=1andp>4ork=0,g#1andp >3 ork # 0 and p > 3, then
there is always a solution in general position.

4. If p > 2, then either there is a solution in general position or all solutions are
commutative and Grs) s an extension of a centralizer.

Proof 1) All quadratic atoms of the form z; 'c;z; are nontrivial. Suppose ¥(z;) =
a,?(z;11) = 1. Then we can take another solution ¢ , such that ¢(x;) = a? ¢(v;11) = a™!
and ¢(x;) = ¥(x;) for all j # i, ¢(zk) = ¥ (2).

This solution has fewer trivial atoms.

Suppose ¥(z;) = 1,9 (x;11) = 1. Then again we can take another solution ¢ , such
that for some a ¢(z;) = a, ¢(x;11) = a ' and ¢(x;) = Y(z;) for all j # i, ¢(z1) = ¥ (zk).

This solution again has fewer trivial atoms.

2) Trivial.

3) Suppose there is a solution such that all the atoms commute. If there is a solution
¢ such that xf(ﬁ .. .xg‘z’ = s7... sg # 1, for some ¢ > 3, then there is another solution
P(x1) = b,9p(xy) = b1, where [b,s;] # 1, ¥(x3) = 518983, %(x;) = d(x;) , for i #£1,2,3
and (zx) = ¢(zx). For p > 4 and for the case p > 3,k = 0,9 # 1 such a solution
¢ always exists. If p = 3 and 23 x§¢x§¢ = 1, then take an element b which does not
commute with any conjugate of ¢; and put 1/1(I1) = b3 () = Y(w3) = b7 L.

4) If there is a solution with two noncommuting atoms, then by 1) there is a solution
in general position. All we have to prove is that if all solutions are commutative then
GR(s) is an extension of a centralizer.

Fix an arbitrary nontrivial solution say z; — a;, 1 =1,...,k, ©; — s;, 1 = 1, ceey D
aj
Then g = s7...s2¢t" ... ¢* and from transitivity of commutatlon in G we have [¢f*, ¢;’] =

L, [cf, s5] =1, [sk,sj] = 1.
Let ¢ : GS — G be an arbitrary solution of S = g. Then

¢ ¢
zZ.
[szvjj]_l [17]] 1[¢ ¢] L.
Again, from transitivity of commutation in G (notice that g = s7...s2c!" ... ¢*F # 1,
otherwise the equation is not standard) we obtain
o
(e, e =1,
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and from malnormality of centralizers in G we see that
a7t el =1, i=1,... k

for all solutions ¢.
The equation [z = c¥". So we have z3?...2% =

s2... 512?. In a residually free group G this equality implies x(f e :1:;3 = 51...5,. Hence

¢

7

z
7

a;',c;] = 1 can be rewritten as c

S =gn~¢ {xf...xfj:31...sp,[ajlzi,c?"] =1,i=1,... k¢, ;] =1, [x;,xj] =1, [x;,5;] = 1} = 5.

Write u; = a; 12:. Then the radical of the system S is the normal closure of the following
system

S ={x1...xp=51...8,[w,Cl =1 u,u]|=1,4,7=1,...,k, [w,z;]=1,i=1,... )k,

j: 17"'7p7 [mlax]] = 17?:7.7 = 17"'7p}7
where C' = Cy(ct', ..., c;%, s1...5,). The group Gp(g) is just the extension of a central-

izer C.
The proposition is proved.

3. Atomic rank 1

In this section we prove Theorem 1 for a standard quadratic equation S = d of atomic
rank 1.
Quadratic equations of atomic rank 1 have one of the following three forms.
Form 1. [z,y] = d for some d € G. By the conditions of the theorem this equation
has a solution in the group G, say * — a, y — b, consequently, d = |a, b].
Suppose, [a,b] = 1. Then

Gs=Gx<uz,y| v,y =1>>Gx*(Z xZ).

Definition 18 Let K =< H,tla' = a®,a € A > be the HNN-extension of a group H
with associated subgroups A and A®. We say that we make a pinch if we replace in the
word w € K a subword a* by a® or a subword a® " by a, a € A.

We need now a modification of a result from [1].
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Lemma 16 Let G be a nonabelian CSA-group, G(u,t) an extension of a centralizer
of G and v € G such that [u,v] # 1. Then for z = (tvt)? the subgroup gp(G,u?,t*) is
G-isomorphic to the free product of G and a free abelian group of rank 2 generated by
u® and t*.

Proof The subgroup H = gp(u?,t*) < G(u,t) is free abelian of rank 2. We claim that
the subgroup N = gp(G, H) is G-isomorphic to G * H. Let

T = go(Z_lhlz)gl(Z_thZ)QQ o (z_lhnz)gn (10)

be an element in N such that: 1 #h; € He=1,...,nand 1 #g; €G,j=1,...,n—1
in the case n # 0; and ¢; # 1 in the case n = 0. Using the method of normal forms
for free products to prove that N ~ G « H one needs only prove that x # 1 in the
HNN-extension G(u,t). To get a contradiction, let us suppose that x = 1. If n # 0 then
the word ( 10) contains a pinch. Let us consider a “typical” subword of the word ( 10):

(27" hiz)gi(z T higa2). (11)

There are only two possible types of pinches in ( 11), namely, h; € C(u) and ¢, 41 €
C(u). In those cases one has t'h;t = h; and t™'g;,1t = g;11. Then “making a pinch”
one can rewrite the word ( 11) according to the reductions in HNN-extensions. In the
rewritten word new pinches can occur only in subwords of the type v~th;v and vg; v~ !.
But [u,v] # 1 and h; € C(u), g;11 € C(u) and hence v™'h;v € C(u) and vg; vt & C(u)
— this follows from the malnormality of centralizers in CSA-groups. This means that
there are no more pinches in ( 11). This argument shows that pinches in ( 11) and hence
in ( 10) do not affect each other and consequently after all possible reductions in ( 10)
the remaining word represents a nontrivial element in G(u,t) whenever n # 0. But if
n = 0 then x = gy # 1 by the supposition. The contradiction proves the lemma. O

The lemma shows that Gg is G-embeddable in every nontrivial extension of a cen-
tralizer G(u,t) of G.

Suppose now that [a,b] # 1. Then Gy is a free product with amalgamation < G *
Flz,y) | [a,b] = [2,] >

Lemma 17 Let G(u,t) be an extension of a centralizer of a nonabelian CSA-group
G, then the subgroup < G,G' > is isomorphic to the free product with amalgamation
(GG | C(u) =C(u)).

The proof is similar to the proof of the lemma above, but simpler.
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The element [a,b] is not a proper power in G because G is a residually free group.
By Lemma 17 the subgroup < G,G" > is G-isomorphic to the free product < G * G* |
C([a,b]) = C([a,b]" > in the extension G([a,b], t) of the centralizer of [a, b] € G. Any two
noncommuting elements in G (hence in G*) generate a free subgroup (this is a property
of residually free groups). Therefore the subgroup < G,a’,b" > is a free product of G
and the free group < a',b" > with amalgamation [a,b] = [a,b']; so this subgroup is
G-isomorphic to Gg.

Form 2. Let S = 1 be an equation of the type z~
generator of Cg(c).

This equation has a solution in G; so we can assume that d = a~!ca, for some a € G.
This implies [za™!, ] = 1. Hence,

lez = d. Assume now that ¢ is

Gs=(G,z|[za,d =1) ~(G,t|[t,c] =1),

where t is a new letter obtained by the corresponding Tietze transformation (t = za™').
So, in this case, Gg is an extension of a centralizer of G.
Suppose that Cg(c) #< ¢ >; In this case by Lemma 15

(S =1} ~ {[zaL,Ca(c)] = 1} = Si.

The group Gg, is an extension of a centralizer of G; hence it is residually G, and conse-
quently, Rad(S) is the normal closure of [za™!, Cg(c)] in G[z]. Thus Gp(s) is embeddable
into an extension of a centralizer of G.

Form 3. S =1 is in the form 2? = d (the case d = 1 is included).

If x — a is a solution of S = 1 in G, then a®> = d and our equation takes the form
% = a’.

Hence {z? = d} ~ {z = a} for some a € G such that d = a®. The group (G, z | * = a)
is isomorphic to GG, and consequently, it is a residually G group. Hence the radical R(S)
is equal to the normal closure of za™" in G[z] and G = Gp(s) The case k = 1 is finished.

Remark 1 In this proof we used just the following properties of the group G: G is a
nonabelian CSA-group; every nontrivial commutator is not a proper power in G; every
two noncommuting elements in G generate a free subgroup.

4. Some auxiliary results

We shall need the following auxiliary results.
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Lemma 18 For all solutions ¢ of the equation ¢™c* = c* in a free group F one
has [2%,c] = 1,[2%,¢] = 1.

Proof We can assume, that the absolute value of at least one of the numbers m,n,( is
equal to 1. Otherwise [2?,c] = 1, [2?,¢] =1 (see [15]) Without loss of generality we can
suppose that [ = 1. Suppose ¢(x) = a, ¢(z) = b.

We can rewrite the equation in the form ¢ ¢ ¢ ¢ = ¢1=m=n op [¢™ ab~'][b, ¢ "] =
c¢!=™="_ The members of the lower central series of the free group are isolated subgroups.
Hence in the case m + n # 1 this equality implies that ¢ belongs to the intersection of
the lower central series of F. This intersection is trivial; hence ¢ = 1.

Consider now the case n =1 — m. Let H be the subgroup generated by ¢ and a. If
la,c] # 1, then H is free of rank 2. Elements ¢ and d = ¢™c" are virtually conjugate
in H (i.e., they are conjugated in a free group F') and not proper powers in H. By
Theorem 4 from [4] we have: either ¢ and d are conjugate in H (but this is not the case,
because ¢ and d are cyclically reduced in H and of different length in H) or the element
t~tetd™t = t7let(c™c™)7! is primitive in the free group < a,c,t > . But this is also
impossible, because t~!ct(¢™c")~! belongs to the commutator subgroup of < a,c,t > .

This implies that [a,c] = 1. But then ¢ = ¢® and [c,b] = 1. O

Lemma 19 Let H be a CSA-group and
®={¢p: H— Hy}

be a separating family of homomorphisms of H. Then for any finite partition ® =
* ., ®; there exists an index i(1 < i < n) such that ®; is also a separating family of
homomorphisms.

Proof A family of homomorphisms ® separates H if and only if the diagonal homo-
morphism 1 : H — [[4ce Hg is an embedding. For every i(i = 1,...,n) we have the
diagonal homomorphism

n H— H; = H Hy.
PED;

Now we can concoct the diagonal homomorphism

17:H—>HHi,

i=1

which is an embedding because ® is a separating family for H. To prove the proposition
it is sufficient to prove that at least one of homomorphisms is an embedding. Let K; be
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the kernel of the map n;. If all these kernels are non-trivial, then we can choose nontrivial
elements k; € K;. Then, according to the CSA-property, there are some elements x; € H
such that the commutator

c= [Hkb k;CQ]’ k?]ﬂ RN kﬁn]

is non-trivial. But the image of ¢ under 7 is trivial, since every n; maps ¢ onto 1 (because
n; maps k; onto 1). This contradicts the fact that 7 is an embedding. O

Lemma 20 Let G be a fully residually free group, a,b € G, [a,b] # 1, and let
Ce(ab) not be congugate to either Cg(a) or Cg(b). Let A consist of alternating products
of nontrivial elements p; € Cg(a) and q; € Cg(ab), such that the alternating product
does not belong to < b >. Let B = Cg(b)\ < b >, and h = hog1hy ... gnh, be an
alternating product of elements g; € B and h; € A, which does not begin and end with
an element from B. Then h & Cg(b).

Proof For each homomorphism ¢ : G — F if [a,b]? = 1, then either a® or b® or (ab)?
is not a proper power, see [15]. The family ® of discriminating homomorphisms for G
can be subdivided into three subfamilies ®;, ®; and ®3 corresponding to these three
possibilities (we can assume [a,b]? = 1 for each ¢ € .

By Lemma 19 one of these three families ®; is a separating family for . According
to the CSA property for any nontrivial elements ki, ...k, € G there are some elements
x; € G such that the commutator

c= [[[kh k§2]7 kgg]v BRI kﬁ"]

is non-trivial. As a separating family ®; contains a homomorphism ¢ such that ¢ # 1.
Hence ¢ separates the elements kq,...,k,. Hence ®; is discriminating. Suppose for
definiteness that @3 is a discriminating family. Then for any ¢ € Cg(ab) and any ¢ € 3
c? = (a®b®)", for some n.

We show now, that for an element s € A [s,b] # 1. Indeed, by Lemma 21 s belongs
to the free product of the centralizers Cg(a) and Cg(ab); b also belongs to this free
product, has length 2 as a reduced word in the free product, and is not a proper power.
Hence the centralizer of b in this free product is < b >.

We will show that for hy, ...,y € Aand g1,...,gk1 € B, higi ... hxbhi' ... g7 thitb™t #

1.

Let h; = "' pitqit - . . Pim,Qim, 0" and ¢; = [pi1qi1, b] # landd; = [pim,Qim,, b) # 1. Such
representation exists because [h;,b] # 1. There is a homomorphism ¢ € ®3 separating
the elements [h;, b], c;, d;, b'zTgbtiv 1178 wwhere a, 3 € {0,1, —1}.
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Consider
X T N R ) P (12)

Let a® = ag, b® = by. Consider this element as an element in the free product of Cr(ag)
and Cr(by), and suppose that all hf s are in the reduced form in this product, hence
containing ag, then (12) will be in the reduced form, because there are no pinches in
heg?he,, or in (hybhy')?. O

(3

5. Atomic rank 2

In this section we shall prove the following result.

Proposition 9 For every fully residually free group G and every nondegenerate stan-
dard quadratic equation S = 1 of atomic rank 2 that has a solution in general position
over G there is an extension of centralizers G(U,T) and a G-embedding 1 : Gg —

GU,T).
Let S = 1 be a standard nondegenerate quadratic equation of atomic rank 2. In this
case the equation S = 1 can be written as

rre=g, g€Ga,

where rq, o are standard quadratic atoms of the types:

[z,y], 2z 'cz, 2°

With respect to the different forms of atoms we consider four cases.
1) If r; = [z, y], then the equation takes form

[l’, /y]r2 =d.

There exists a solution ¢ : Gg — G of the equation S = 1 over G such that [7"‘1]5, g | #
1. Let

¢: x—a, y—b ry—ec

This implies that [a,blc = d , [a,b] # 1, and that the centralizers Cg([a, b]) and Cg(c)
have trivial intersection (because G is a CSA-group).

Let us consider a group G(U,T) which is obtained from G by two extensions of
centralizers:

G(U,T) = (G,s,u| [Calla,b]), 5] = 1, [Caap),»)(d), u] = 1).
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Define a G-map 1 which depends on the form of the atom ry: if 19 = [z, ys], then
iow—a, Y= b o — (19)", g — (1)
if 7y = 27 1cz, then
Vix—a™, y— bz — (2%)u.

The map v can be extended to a G-homomorphism ¢ : Gg — G (U, T). Indeed,
(rira)* = ()" (2)" = (Erd) = =

Proposition 10 Let ¢ : Gg — G be a solution of the equation S = 1 over G such
that [, 73] # 1. Then the G-homomorphism ¥ : Gg — G(U,T) defined above is monic
on the subgroup H = (G, x,y).

Proof From Lemma 9 we know that H ~ G % F(x,y). Hence to prove the proposition
we need to show that 1 is monic on F(z,y) and HY ~ G * F(x,y)? (we have G¥ = G
since 1 is a G-map). The homomorphism ¢ is monic on F(x,y) if and only if

F(z,y)" ~ F(a¥,y%) ~ F(2?,y°)*™ ~ F(2°,y°) = F(a,b),

which is equivalent to say that a, b freely generate a free subgroup of rank 2. Notice,
that Tf = [a,b] # 1 in G and the group G is residually free; so the subgroup (a,b) is
indeed free of rank 2. Now it is sufficient to prove that HY ~ G * F(z,y)¥.

Choose an arbitrary nontrivial element h € H. It can be written in the form

h = g1 vi(z,y) g2 v2(z,9) g3 - Vp(T,Y) Gns1,

where 1 # v;(z,y) € F(z,y) are words in z,y and 1 # ¢; € G (with the possible
exception of g; and g,1, they could be trivial). Then

hY =g v1(a,b)*™ g2 va(a,b)®™ gs...v,(a,b)*" gni1. (13)

The group G(U,T) is obtained from G by two HNN-extensions (extensions of central-
izers), so every element in G(U,T) can be rewritten in reduced form by making finitely
many pinches. In the case of G(U,T), to make a pinch means to rewrite the element
according to the following rules: (here e € {1, -1}, p € Cg([a,b]), ¢ € Ca(lap,s)(d))

sps™¢ —p, uqu © —q,

33



which allows us to cancel s or w.

Claim: The leftmost occurrence of u in the product (13) occurs in the reduced form
of h¥ uncancelled. Moreover, the element h¥ can be written in the following reduced
form

h’l/) = glu_lwfa (14)

where :

a) either w is an alternating product piq; ...prgr of nontrivial elements (perhaps,
with the exception of ¢;) such that p; € Cg([a,b]) and ¢; € Ce(d) or w is trivial;

b) f begins with either the letter u or s or their inverses, or f is trivial. In particular,
if w =1 then f does not begin with u*! because the form (14) is reduced.

We prove the claim by induction on n. If n = 1, and A is already a reduced form,
then the claim is obviously correct. Suppose now, there is a pinch there. Since u does
not commute with any element of G(U, T') containing s in reduced form s~'v(a, b)s, then
we should have a pinch s™'v(a,b)s. This means v(a,b) € Cg([a,b]). After cancelling s
we have

hY = giu"v(a, b)ugs;

this is a reduced form , since the centralizers of d and [a, b] have trivial intersection. In
this case w = v(a,b) = p1 , f = ugs and all conditions of the claim are satisfied.
Assume now that h? is in the general form (13) and n > 1. Let

hif = g2 v2(a,0)*™ g3...v,(a, )" gpi1.

By induction we can write h% in a reduced form which satisfies the conditions of the
claim:
hy = gou~ wi fi.

In particular, if w # 1, then w = pyqs . . . is an alternating product of nontrivial elements
from the corresponding centralizers. It follows that

hY = grut s w(a, b)sugoutw f. (15)

If this form is reduced, then it satisfies the statement of the claim. If (15) is not reduced
then either s~'v(a,b)s or ugsu~' (or both) should be a pinch; indeed, gou=lw, fi is
already reduced by induction; so either the pinch is inside gyu~'s 'v(a, b)sug, (and this
case was already discussed for n = 1), or it should be of the type ugou=". If s v(a,b)s
is the only pinch in (15) then cancelling s we have a reduced form which evidently
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1

satisfies the claim. If ugou™' is a pinch, but s~'v(a,b)s is not a pinch, then we have

g2 = (q1 € Cg(d) and
R = giuts o (a, b)sqrw: f1 = 91U_15_1U(aa b)sqipaqs - - - fi1-

If we have both possible pinches then v(a,b) = p; € Cg([a,b]) and

h = gru'prupags - - fr.

In the last two cases to meet the conditions of the claim, we need to prove that the
rewritten forms are reduced; it is sufficient to prove that any alternating product w =
P1qy - .. of length at least two, in which all factors are nontrivial, does not belong to
either of centralizers Cg([a, b)) , Ca(d). Now we need

Lemma 21 Let G be a fully residually free group. If centralizers A = Cg(g) and
B = Cg(h) in G do not coincide, then the subgroup C' = (A, B) generated by them in G
is isomorphic to the free product A x B.

Proof Consider an alternating product of the type
C=1cCi1Cy...Cp, ¢ € AUDB,

where neighbors ¢; and ¢;;; are in different centralizers. The group G is fully residually
free; so there exists a homomorphism A : G — F' which separates all the elements ¢; in
F and also separates the commutator [g, h]. The inequality [¢*, h*] # 1 ensures that the
centralizers Cr(g*) and Cr(h*) do not coincide in F, and, consequently, they generate
a free subgroup of rank two, which is exactly their free product. Hence,

A AN A
ct=cicy...c, #1.

This implies ¢ # 1 and therefore C' ~ Ax B. O

We have almost completed the proof of Proposition 10; indeed, the element w =
p1¢i - .. has length at least 2 in the free product C' = Cg([a, b]) * Ce(d); hence, it does
not belong to either of the factors. The proposition has been proved.

Case 1a) Let the equation 175 = d be of the form [z, y][z, w] = d. Then by Proposi-
tion 1 Gy,py—q ~ H,,_, -1, and by Proposition 10 H is G-embeddable into some G(U,T).
Hence, by Proposition 2 H. 2= is embeddable into G(U, T)T2:r1—1 .- According to Sec-
tion 3, G(U,T),,—,-14 is embeddable into G(U,T)(Uy, T1) = G(U U Uy, T'UTh) for some
U; and T;.

ro=r
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Case 1b) Let the equation S = 1 have the form
[xay]zflclzl =d,

and suppose there is a solution ¢ of this equation such that [rf, 7“3’ ] # 1. Denote zf’ =
ai,z? = a,y® = b.

Consider the following group which is obtained from G by two extensions of central-
izers:

GU,T) = (G, s,u | [Calc™),s] = 1, [Cal(d),u] = 1).

Notice that the centralizers C(ci') and Cg(d) have trivial intersection in G. This shows
that the centralizers of s and w in G(U, T') have trivial intersection (see [MR]); moreover:

Cawmr)(s) = (Calct), s), Cawr)(u) = (Cald), u). (16)
Define a G-map (§: G — G(U,T) by:
21— a; su, v —a", y— b"
By straightforward verification we see that
(r1712)? = [a,blay craq = d;
hence, ¢ defines the G-homomorphism which we denote again by ¢ : Gg — G(U,T).

Proposition 11 The restriction of 3 onto the subgroup H = (G, z1) is monic.

The proof of this proposition is the same as the proof of Proposition 12 below. Now
to finish Case 1b) it is sufficient to repeat the argument from the end of 1a).
Case 2) Let the equation S = 1 have the form

zflclzl Z2_10222 =d,

and suppose there is a solution ¢ of this equation such that [7"(1]5, 7“‘215 ] # 1. Denote zf’ =
a;, 1 =1,2. Then d = * ¢3?, and [c]*, 5?] # 1. We can also assume that the solution
¢ also satisfies an auxiliary condition [a1, ¢1] # 1. In fact, if [a1, ¢;] = 1, instead of ¢ we
can consider the solution

¢z — ard, ¢z — axd
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in the group G (clearly, ¢’ is a solution of our equation). Now, if [a;d,c¢;] = 1 then
[d,c1] = 1, but d = 1652, therefore [c1,c5?] = 1 — a contradiction to the condition
[rf, 8] # 1.
In this event we have also
[t 1] # 1.

Otherwise C (1) NCq(c1) # 1, but the group G is a CSA-group; hence every stabilizer
is malnormal in G and consequently a; € Cg(c1), which implies that [c;,a;] = 1 — a
contradiction to the choice of ¢.

In the CSA-group G the centralizers Cg(c1), Ca(ce), Ca(d) are either conjugate to
each other or at least one of them, say Cg(d), is not conjugate to any of the others.
Suppose [¢¥,d] = 1 for some b; € G, i = 1,2. Then ()% = ()% "2 = d, where
(%', %] = 1. By Lemma 18 for every solution ¢ of this equation we have [(b;12,)?, %] =
1, « = 1,2. This implies [r(f, r‘f | = 1 - contradiction with conditions of the proposition.
Hence, every conjugate of C(d) intersects trivially with Cg(c;) and Cg(cz).

Consider the following group which is obtained from G by two extensions of central-

izers:

G<U7 T) = (G,s,u | [OG'(Cllll)us] =1, [OG(d)7u] = 1>'
Since every conjugate of C(d) has trivial intersection in G with Cg(cy), then (see [MR]):

Cowm(s) = (Calei), 8), Cawmy(w) = (Cald),u). (17)
Define a G-map ¢ : Gg — G(U,T) by:
zZ1 — a1 SUuU, 29— 29 U.
By straightforward verification, we see that
(rir9)¥ = ay'ciar aytesay = d;
hence, 1 defines a G-homomorphism which we denote again by ¢ : G¢ — G(U,T).
Proposition 12 The restriction of 1 to the subgroup H = (G, z1) is monic.

Proof We know that H ~ G x F(z;). It is sufficient to prove then that HY ~ G x F(2}).
Let
h=gzit gy 212 2g 1
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be an element in H such that h¥ = 1. Then
hY = gi(arsu)™ gy (arsu) ... (aysu)™gn1 = 1. (18)

The group G(U,T) is obtained from G by two HNN-extensions (extensions of centraliz-
ers); so every element in G(U,T) can be rewritten in its reduced form by making finitely
many pinches. In our case to make a pinch means to rewrite the element according to
the following rules: (here e € {1,—1}, p € Cg(ci"), ¢ € Ca(d))

sps™® —p,  uqu® —q,
which allow us to cancel s or u.
Claim: In the product (18) the leftmost occurrence of s, in the case when ¢; > 0, or
u, in the case when ¢; < 0, occurs in the reduced form of h*¥ uncancelled . Moreover,
the element h¥ can be written in one of the following two reduced form:
a) l1 >0:
hY = grayswf, (19)

where either w is trivial or w is an alternating product of nontrivial elements (with

a possible exception of pg,qr) of the type ¢ip1...qkpk, such that p; € Cg(c]') and

¢ € Og(d); and f = s ta; (a1su) > gopyr. .., if g # 1 and f = u(aysu)1"1gy .. .,
b) 61 <0:

hY = grutwf, (20)

where either w is trivial or w is an alternating product of nontrivial elements (maybe,
with a possible exception of pg,qx) of the type pi1qs ... prqr such that p; € Ce(cf*) and
¢ € Ce(d); and f = u(aysu) gopir ..., if gy = 1,pp # Land f = s7'ay (arsu) 21  gopyo ..,
if Pr = 1.
We prove the claim by induction on n in (18). For n = 1 we have

Y = gl(alsu)zl go.

This form is reduced and the claim is obviously correct.
Assume now that hA¥ is in the general form 18 and n > 1. Let

hqf = g (aysu)®. .. (alsu)engnﬂ.

By induction we can write h}b in a reduced form which satisfies the conditions of the
claim. The arguments we use depend on the signs of exponents ¢; and /5.
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Subcase 1) Let ¢5 > 0. In this event by induction the element hY can be written in
the reduced form as
h% - g2a18wf7

where w; = ¢1p2 . . . qepy 1S an alternating product of p; € Cg(ci"), ¢; € Cg(d) such that
all of them are not trivial except, perhaps, pg.
If ¢; > 0 then
hY = gi(aysu)™ goarsws fi,

and this form is evidently reduced.
Suppose ¢; < 0. Then we have

h =g (uflsflalfl)wl‘ g2015W1 f1.

According to the description of the centralizers of s,u in (17) the element u commutes
just with powers of v and some elements from G; the same is true for s. Therefore to
have a pinch we must have aj'g.a; € Cg(cf*). Write p; = aj ' goa1. Now, we see that by
cancelling s we get

R =g (U_lS_lafl)W_lU_l prws fi,

and this form is already reduced, since w; begins with ¢; € Cg(d), and consequently
w = prw; = P1@1pe - - - qkPr does not belong to the centralizer Cg(d) (this means that we
will not have a pinch even if f; begins with letter u). Moreover this reduced form of h¥
satisfies the condition a) of the claim.
Subcase 2) Let ¢ < 0. In this case by induction the element hY can be written in
reduced form as
hy = gou™wi fi,

where w; = p1gs - . . P
If /1 < 0, then we have no pinches in the product

hY = 91(U_ls_lal_l)wllgzu_lwlf1-

So this is a reduced form of h¥ and it satisfies the condition b) of the claim.
If /4 > 0, then we have

hY = gi(aysu) gou™ wy fi.
To have a pinch we must have g, € Ci(d), and by writing ¢; = g> we obtain

)61—1

hY = gl<a13U a1 8q1ws f1.
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As above, this form is reduced and satisfies the conditions of the claim.
The outcome of this discussion is that for every nontrivial h € H there exists a
reduced form of A% in which the leftmost letter (u or s) is uncancelled. Consequently,

hY £1.0
Let, as above, the equation S = 1 have the form

zflclzl Z2_16222 =d,

where ¢, co € G. Let there be a solution ¢ of this equation such that [rf, g ] # 1. Let
2? =a;, i=1,2. Then d = ¢™ ¢2, and (], c5?] # 1. As above, we can assume that the

P =

solution ¢ also satisfies an auxiliary condition [a1,¢1] # 1. In this event we have

[Cllllv Cl] 7é L.

Conjugating the equation by a5 ' and changing variables we can rewrite the equation in
the form z;'ciz; 25 'cazy = cfcy = d. If some conjugate of ¢; commutes with ¢y, then
instead of ¢; we can take this conjugate.

We can suppose that Cg(cfcs) is not conjugated to Cg(c;) and not conjugated to
Cq(cy). Indeed, either all the three centralizers are mutually non-conjugated or two of
them are conjugated; then changing variables, we can suppose that ¢; and ¢y commute.
In the latter case, using approximations and Lemma 18 one shows that Cg(cfca) is not
conjugated to Cg(cy).

Consider the following group which is obtained from G by four extensions of central-
izers:

GU,T) = (G,s,u,t,r | [Calch),s] = 1,[Cq(d),u] = 1,[t,Cg(ca)] = 1, [r, Caawcs] = 1).
Cawm)(s) = (Ca(ct), s), Cowr)(u) = (Ca(d),u), Cawr(r) = (Cale)", ;7). (21)

In the case when [c1, o] = 1 we have
Cawm(s) = (Calc)), s, 1), Cawry(u) = (Ca(d), u). (22)
Define a G-map ¢ : Gg — G(U,T) by:
Z1—=asu, zo—tur.
By straightforward verification we see that
(rire)? = d;

hence, 1 defines the G-homomorphism which we denote again by ¢ : Gg — G(U,T).
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Proposition 13 The homomorphism ) is monic.

Proof Let B . . '
h = glzgl gg 2,’;2 N Z;kgk_H (23)
be an element in Gg in reduced form such that g; € G * F(2;) =~ H and h¥ = 1. Then

B = gf’(tur)“ g;ﬁ (zfur)i2 . (tur)ikg}fﬂ =1. (24)

The element h was in reduced form in Gg; hence in the case i; < 0,441 > 0 gj41 €<
¢y >, and in the case ¢, > 0,741 <0, gj+1 €< ca > .

The group G(U,T) is obtained from G by four HNN-extensions (extensions of cen-
tralizers); so every element in G(U,T') can be rewritten in its reduced form by making
finitely many pinches.

From the description of the centralizer of r and elements from HY in the proof of
Proposition 12, it follows that in (24) in the product (r~tu='t=1)g(tur), where g € HY,
r can only be cancelled if g € Cg(cy). Notice that g €< ¢y > because h is in the reduced
form. In that case (r—‘u='t"1)g(tur) = g*. Direct verification shows that in the product
(tur)g(r~*u't"1), where g € HY ,the element r cannot be cancelled.

Replace all products (r~tu='t"1)g(tur), where g € Cg(ca)\ < ¢z > in the element
(24) by g*. There are two possibilities.

1. The element h¥ does not contain r anymore. Then it is an alternating product of
elements in HY\ < ¢y >%, and in (Cg(c)\ < ¢ >)".

2. The element h¥ contains r.

We start with the second case. The nontriviality of h¥ in the first case will be proved
in the process of considering the second case.

Consider the product

(tur)g(r—tu=t™1), (25)

where g is an alternating product of elements in H%\ < ¢y >*, and in (Cg(c2)\ < ca >)Y,
g does not begin and end with a syllable in (Cg(c2)\ < ¢ >)". Such restrictions on
the alternating product follow from the fact that (23) was in reduced form in Gg. In
this product we can make an r-pinch if and only if g belongs to a subgroup generated
by Ca(cy)®,t* and possibly s ' * (if ¢; € Cg(cy)). This would only be possible if g
had the form of gf, where g; does not contain u. From the Claim in the proof of
Proposition 12, it follows that g; must be an alternating product of nontrivial elements
from Cg(c2)\ < c2 > and

A= {plql o pk|pz € CG’(Clll)an € OG(CC{CZ)aiaj = 17 s 7k7
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piAlLg#1i=2. k—1j=1..k—1},

and ¢; begins and ends with elements from A. But by Lemma 20 such an element ¢,
belongs to G and does not belong to Cg(cs); hence ¢! does not belong to the centralizer
of r. So there is no r-pinch in (25).
Consider the product
(rtu g (tur), (26)

where g is an alternating product of elements in HY, and in (Cg(c2)\ < ¢z >)%, g & HY.
This product can be rewritten as

(u 't tur Y g(uru ). (27)

Then g must not contain s and must be in the form g = ¢}, where ¢; is an alternating
product of elements from Cg(c)\ < ¢z > and A. But r does not commute with u=2gyu?,
where go € GG; so we cannot have r-pinch in the product (27).

Finally, in the element (24) either u or r cannot disappear. O

Case 3) If r; = 22 and ry = 27 'cz, there exists a solution ¢ : Gg — G of the
equation S over G such that [r{,ry] # 1. Let

¢o:x—a, z—b.

This implies that a®?b~tcb = d , a # 1, the centralizers Cg(a) and Cg(c?) have trivial
intersection (because G is a CSA-group), and, consequently, that the centralizers Cg(a)
and C¢(d) have trivial intersection.

Let us consider the group G(U,T') obtained from G by three extensions of a central-
izer:

GU,T) = (G u,s,7 | [Ca(d),u] =1, [Ca(cb), s] =1, [Cg(dvu)(cb"),r] =1)
Define a G-map ¥

Y:x —a", , z— bsur.

The map v can be extended to a G-homomorphism ¢ : Gg — G(U,T).

Proposition 14 Let ¢ : Gg — G be a solution of the equation S over G and such
that [r{,75] # 1. Then the G-homomorphism v : Gg — G(U,T) defined above is monic.

The proof is very similar to the proposition above, but much simpler.
Case 4) Suppose r; = 22,75 = y?. In this case the equation takes the form

2y = d.
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There exists a solution ¢ : Gg — G of the equation S over G such that [rf, g | # 1.
Let

¢o:x—a, y—b.

This implies a?b* = d , a # 1, the centralizers Cg(a) and Cg(b) have trivial intersection
(because G is a CSA-group), and, consequently, the centralizers Cg(a) and Cg(d) have
trivial intersection.

Let us consider a group G(U,T) which is obtained from G by a single extension of a
centralizer:

GU,T) = (G,u| [Cg(d),u] =1).
Define a G-map
w:x_)GU/??y_)bu?
Proposition 15 Let ¢ : Gs — G be a solution of the equation S over G such that
[r‘f,r‘f] # 1. Then the G-homomorphism ¢ : Gg — G(U,T) defined above is monic.
6. Induction step and the proof of Theorems 1,2,3

We have shown that for every fully residually free group G' and every nondegenerate
standard quadratic equation Sy = 1 of atomic rank 2 that has a solution in general
position over G there is an extension of centralizers G(Uy, Tp) and a G-embedding vy :
GSO e G(Uo,To).

Theorem 4 For every fully residually free group G and an arbitrary nondegenerate
quadratic equation S =1 over G that has a solution in general position, there exists an
extension of centralizers G(U,T) and a G-embedding ¢ : Gg¢ — G(U,T).

Proof First we formulate the following simple lemma.

Lemma 22 Let G be a group and S(X) an arbitrary system of equations over G.
Suppose X = X1 U Xy is an arbitrary partition of the set X. Then any specialization
map & : F(Xy) — G gives rise to a unique G-epimorphism & : G[X] — G[X1] which
can be extended to the unique G-epimorphism

ngIGS—)Ggg

In particular, S¢(X,) =1 is a system of equations over G with variables from X;.
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The proof is straightforward.

We will now prove the theorem by induction on the atomic rank. The basis of the
induction is given in the previous section. Suppose that the theorem is true for atomic
rank less than k. Let S be a nondegenerate standard quadratic equation of atomic rank
k > 2 over a group G, which is a subgroup of F(U;,T}). As was mentioned above we
can rewrite it in the form

SZ = gR517

where g € G, So = riry and Ry = r3...715. Let ¢ : G — G be a solution of S in G.
Then in G we have the equality

(S2)” = (9Ry")”.
If we denote h = (S5)? € G, then the equation
Sy =h

has a solution in GG. Notice that if we consider the restriction £ of ¢ on the set P of all
variables from R,, then the equation Sy = h is exactly of the form S¢ = 1. Hence by
the lemma above we have a canonical G-epimorphism

¢§ : GS E— ng.

By Lemma 9 the epimorphism ¢ is monic on H = HY = gp(G, F(Q,)). The system
Sy = h over G is of atomic rank 2 having a solution in a general position; hence there
exists a G-embedding 1o : Ggr(s,=n) — G(Up, 1), which is monic on H. We identify
now H with HY via 9y (then G is identified with itself, because 1 is a G-map). Thus
H < G(Uy, Tp). Denote by 1 the canonical epimorphism 7 : G'g,—, — Gp(s,=n)- By the
conditions of the theorem 7 is an H-homomorphism. Now, the equation S = 1 can be
written as
Ry =iy,

which is an equation over H and is of atomic rank & — 1. By Proposition 1 we have
Gs ~ Hp, (here, as everywhere above, we omit the constant h in the equation Ry = h
and write simply R;). Let ¢ be the composition of ¢¢, n and ¢)g. Then ¢ : Hp, —
G (U, Tp) is an H -homomorphism; in particular, ¢ is a solution of the equation Ry = h
(which originally is an equation over H, and consequently, over the group G(Uy,Tp).
Hence, Ry = h is a non-degenerate standard quadratic equation of atomic rank k£ — 1
over G(Uy,Tp). It has a solution in general position. Indeed, [1)(rq), ¥ (r3)] # 1 since
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[6(r2), &(13)] # 1, and ¢ is a specialization of ¥. The group G(Uy,Tp) is fully residually
G and therefore it is fully residually free. By induction there exists an embedding
A G<U07TO)R(R1) I G(Uo,T(])(UQ,Tg). We have that G(U(),T())(UQ,TQ) = G(UO U
Uy, Ty UTy) = G(U',T"). Hence, X gives an G(Uy, Tp)-embedding of G(Uy, Ty) r(r,) into
some extension of centralizers of G. O

Theorems 1 and 3 now follow from Theorem 4, Propositions 3-8, Section 3 and by
considering case 2) in Section 5. Theorem 2 follows by induction from Theorem 1.
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