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Abstract

We generalize the small cancellation theory over ordinary hyperbolic groups to
relatively hyperbolic settings. This generalization is then used to prove various em-
bedding theorems for countable groups. For instance, we show that any countable
torsion free group can be embedded into a finitely generated group with exactly
two conjugacy classes. In particular, this gives the affirmative answer to the well-
known question of the existence of a finitely generated group G other than Z/27
such that all nontrivial elements of G are conjugate.

1. Introduction

Originally the notion of relative hyperbolicity was proposed by Gromov [11]
in order to generalize various examples of algebraic and geometric nature such as
Kleinian groups, fundamental groups of hyperbolic manifolds of pinched negative
curvature, small cancellation quotients of free products, etc. It has been extensively
studied in the last several years from different points of view. The main aim of this
paper is to generalize the small cancellation theory over hyperbolic groups devel-
oped by Olshanskii [23] to relatively hyperbolic settings. Our approach is based on
author’s papers [28], [26], [27], where the necessary background is provided. In
the present paper we apply small cancellations over relatively hyperbolic groups
to prove embedding theorems for countable groups. Further applications of our
methods can be found in [2], [1], [4], [19], [20], [25].

In the paper [13], Higman, B. H. Neumann, and H. Neumann proved that any
countable group G can be embedded into a countable group B such that every two
elements of the same order are conjugate in B. We notice that the group B in
[13] is constructed as a union of infinite number of subsequent HNN-extensions
and thus B is never finitely generated. On the other hand, any countable group
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can be embedded into a 2-generated group [13]. Our first theorem is a natural
generalization of both of these results. For a group G, we denote by (G) the set
of all finite orders of elements of G.

THEOREM 1.1. Any countable group G can be embedded into a 2-generated

group C such that any two elements of the same order are conjugate in C and
7w(G) =n(C).

COROLLARY 1.2. Any countable torsion-free group can be embedded into a
(torsion-free) 2-generated group with exactly 2 conjugacy classes.

Since the number of finitely generated subgroups in any 2-generated groups
is at most countable and the number of all torsion-free finitely generated groups is
uncountable, we have

COROLLARY 1.3. There exists an uncountable set of pairwise nonisomorphic
torsion-free 2-generated groups with exactly 2 conjugacy classes.

We note that the question of the existence of any finitely generated group
with exactly two conjugacy classes other than Z/27 was open until now. It can be
found, for example, in [17, Prob. 9.10] or in [3, Prob. FP20]. (A positive solution
has been announced by Ivanov in 1989 [14], [15] but the complete proof has never
been published.) Corollary 1.3 provides the first examples of such groups. Starting
with the group G = Z/ p™" =27 x H for n > 3, where p is a prime number and H
is a torsion-free group, we can generalize the previous result.

COROLLARY 1.4. Foranyn € N, n > 2, there is an uncountable set of pair-
wise nonisomorphic finitely generated groups with exactly n conjugacy classes.

For large enough prime numbers 7, the first examples of finitely generated in-
finite periodic groups with exactly n conjugacy classes were constructed by Ivanov
(see [21, Th. 41.2]) as limits of hyperbolic groups (although hyperbolicity was not
used explicitly). Here we say that G is a limit of hyperbolic groups if there exists a
finitely generated free group F and a series of normal subgroups N1 <t N> <1... of

o0
F such that G = F/N for N = |J N; and each of the groups F/N;,i =1,2,...
is hyperbolic. In contrast it is irlnplossible to construct a finitely generated group
other than Z/27 with exactly two conjugacy classes in this way.

Indeed suppose that a finitely generated group G has exactly two conjugacy
classes. If G is not torsion-free, then G is a group of exponent p for some prime
p as the orders of all nontrivial elements of G are equal. If p = 2, G is abelian
and hence is isomorphic to Z/27. In case p > 2, there exist nontrivial elements
g,t € G such that

(1) t~lgt = g2

The equality g2°~! = 17PgtPg~! = gg=! = 1 implies 27 — 1 = O(mod p).

However, by the Fermat Little Theorem, we have 27 — 2 = 0(mod p), which
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contradicts the previous equality. Assume now that G is torsion-free. If G is a limit
of hyperbolic groups F/N;,i =1,2,..., then for some i large enough, there are
elements g,¢ € F/N; of infinite order that satisfy (1). This leads to a contradiction
again since the equality of type (1) is impossible in a hyperbolic group if the order
of g is infinite [10], [11].

Another theorem from [13] states that any countable group G can be embed-
ded into a countable divisible group D. We recall that a group D is said to be
divisible if for every element d € D and every positive integer n, the equation
x"™ = d has a solution in D. A natural example of a divisible group is @. The
question of the existence of a finitely generated divisible group was open during a
long time. The first examples of such a type were constructed by Guba [12] (see
also [21]).

Later Mikhajlovskii and Olshanskii [18] constructed a more general example
of a finitely generated verbally complete group, that is a group W such that for
every nontrivial freely reduced word w(x;) in the alphabet xftl, xéﬁl, ... and every
v € W, the equation w(x;) = v has a solution in W. That is, there are elements
V1, V2, € W such that w(v;) = v in W, where w(v;) is the word obtained from
w(x;) by substituting v; for x;,7 = 1,2.... Comparing these results one may ask
whether any countable group can be embedded into a finitely generated divisible
(or verbally complete) group. The next theorem provides the affirmative answer.

THEOREM 1.5. Any countable group H can be embedded into a 2-generated
verbally complete group W. Moreover, if H is torsion-free, then W can be chosen
to be torsion-free.

Note that the condition 7(G) = (W) can not be ensured in Theorem 1.5.
Indeed, it is easy to show that if a divisible group W contains a nontrivial element
of finite order, then 7 (W) = N. As above, we obtain

COROLLARY 1.6. There exists an uncountable set of pairwise nonisomorphic
2-generated verbally complete groups.

2. Outline of the method

In this section we give the proofs of Theorem 1.5 and Theorem 1.1 modulo
technical results which are obtained in Sections 4-8. We assume the reader to
be familiar with the notion of a relatively hyperbolic group and refer to the next
section for precise definitions.

Let G be a group that is hyperbolic relative to a collection of subgroups
{H)}repn.- We divide the set of all elements of G into two subsets as follows.
An element g € G is said to be parabolic if g is conjugate to an element of H)
for some A € A. Otherwise g is said to be hyperbolic. Recall also that a group is
elementary if it contains a cyclic subgroup of finite index. The following result
concerning maximal elementary subgroups is proved in [26, Th. 4.3, Cor. 1.7].
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THEOREM 2.1. Let G be a group hyperbolic relative to a collection of sub-
groups {H)} e, g a hyperbolic element of infinite order of G. Then the following
conditions hold:

1. The element g is contained in a unique maximal elementary subgroup Eg(g)
of G, where

Eg(g)={f€G : fTlg"f =g forsomen € N}.
2. The group G is hyperbolic relative to the collection {H)})cp U{Eg(2)}.

Given a subgroup H < G, we denote by H© the set of all hyperbolic elements
of infinite order in H. Recall also that two elements f,g € G° are said to be
commensurable (in G) if f* is conjugate to g’ in G for some nonzero k, [.

Definition 2.2. A subgroup H < G is called suitable, if there exist two non-
commensurable elements f1, f>» € H? such that Eg(f1) N Eg(f2) = 1.

The next lemma is proved in Section 8.

LEMMA 2.3. Let G be a group hyperbolic relative to a collection of sub-
groups {Hj}en, H a suitable subgroup of G. Then there exist infinitely many
pairwise noncommensurable (in G) elements hy,hy,--- € H 0 such that for all
i =1,2,..., Eg(hi) = (h;). In particular, EG(h;) N Eg(h;) = {1} whenever
i#j.

Our main tool is the following theorem proved in Section 8. The proof is
based on a certain small cancellation techniques developed in Sections 4-7.

THEOREM 2.4. Let G be a group hyperbolic relative to a collection of sub-
groups {H) } ep, H a suitable subgroup of G, and t1, ...,y arbitrary elements
of G. Then there exists an epimorphism n1: G — G such that:

1. The group G is hyperbolic relative to {n(H; )} cA.-
2. Foranyi =1,...,m,we have n(t;) € n(H).

3. The restriction of nto \ ) H), is injective.
A€A

4. n(H) is a suitable subgroup of G.
5. Every element of finite order in G is an image of an element of finite order in

G. In particular, if all hyperbolic elements of G have infinite order, then all
hyperbolic elements of G have infinite order.

The next theorem is proved in [13, Cor. 1.4]. For finitely generated groups
this result was first proved by Dahmani in [7]. It is worth noting that we use the
theorem for infinitely generated groups in this paper.
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THEOREM 2.5. Suppose that a group G is hyperbolic relative to a collection
of subgroups {Hy };cp U{K} and for some v € A, there exists a monomorphism
t: K — H,. Then the HNN-extension

(2) G =(G,t|t %kt =u(k), k € K)
is hyperbolic relative to {H) } e .-

Theorems 1.5 and 1.1 can be obtained in a uniform way from the following
result.

THEOREM 2.6. Suppose that R is a countable group such that for any ele-
mentary group E satisfying the condition w(E) C m(R), there exists a subgroup
of R isomorphic to E. Then there is an embedding of R into a 2-generated group
S = S(R) such that any element of S is conjugate to an element of R in S. In
particular, w(S) = w(R).

Proof. The desired group S is constructed as an inductive limit of relatively
hyperbolic groups as follows. Let us set

G(0)=R=x* F(x,y),

where F(x, y) is the free group of rank 2 generated by x and y. We enumerate all
elements of
R={1 =r0,r1,r2,...}
and
G0)={1=go.81.82.---}-

Suppose that for some i > 0, the group G(i) has already been constructed
together with an epimorphism &;: G(0) — G(i). We use the same notation for
elements x, y,ro,71,...,80, &1, ... and their images under &; in G(i). Assume
that G (i) satisfies the following conditions. (It is straightforward to check these
conditions for G(0) and the identity map &y: G(0) — G(0).)

(1) The restriction of &; to the subgroup R is injective. In what follows we identify

R with its image in G(i).

(i) G(i) is hyperbolic relative to R.

(iii) The elements x and y generate a suitable subgroup of G(i).

(iv) All hyperbolic elements of G (i) have infinite order. In particular, 7 (G(i)) =
w(R).

(v) The elements go, ..., g; are parabolic in G(7).

(vi) In the group G (i), the elements rg, ..., r; are contained in the subgroup gen-
erated by x and y.

The group G(i + 1) is obtained from G (i) in two steps.

Step 1. Let us take the element g;+; and construct a group G(i + 1/2) as
follows. If gji1 is a parabolic element of G(i), we set G(i + 1/2) = G(i).
If g;+1 is hyperbolic, the order of g; 41 is infinite by (iv). Furthermore, since
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w(Egi)(gi+1)) Cm(G(i)) = (R), there is a monomorphism t: Eg(;)(gi+1) = R.
Then we take the HNN-extension

G(i +1/2) =(G(0).1 | t7'et = 1(e), e € Eg)(gi+1))-

In both cases G (i + 1/2) is hyperbolic relative to R. Indeed this is obvious in
the first case and follows from the second assertion of Theorem 2.1 and Theorem
2.5 in the second one. Note also that all hyperbolic elements of G (i 4+ 1/2) have
infinite order. (In the second case this immediately follows from the description of
periodic elements in HNN-extensions [16, Ch. IV, Th. 2.4].)

Step 2. First we wish to show that the subgroup generated by x and y is suit-
able in G(i 4+1/2). This is obvious in case g;+1 is parabolic in G (i), so we consider
the second case only. Since (x, y) is suitable in G(i) by (iii), Lemma 2.3 yields
the existence of infinitely many pairwise noncommensurable (in G (i)) hyperbolic
elements h; € (x, y) of infinite order, j = 1,2..., such that Eg;)(h;) = (h;).
At most one of these elements is commensurable with g;4+1 in G(i). Therefore,
there exist two noncommensurable in G (i) hyperbolic elements of infinite order,
say h1,h2 € (x,y), such that i; is not commensurable with g; 41 in G(i) for
J =1,2. In particular, i;, j = 1,2, is not conjugate to an element of Eg;)(gi+1)
as (gi+1) has finite index in Eg(;)(gi+1). According to Britton’s Lemma on
HNN-extensions [16, Ch. 5, §2], this implies that /1 and &, are hyperbolic and
noncommensurable in G(i + 1/2). Furthermore, if for some j = 1,2, n € N, and
ueG(@+1/2), we have u_lh}’u = h]j.E”, then u € G (i) by Britton’s Lemma. Thus
the explicit description of maximal elementary subgroups from the first assertion of
Theorem 2.1 yields the equality Eg(;41/2)(h;) = Eg)(h;) for j =1, 2. Finally
since Eg(;)(h;) = (h;) and hy, hp are noncommensurable, we have

EG(i+1/2)(h1) N EGg+1/2)(h2) = Egy(h1) N Egy(ha) = (h1) N (h2) = {1}.

By Definition 2.2 this means that the subgroup generated by x and y is suitable in
GG +1/2).

We now apply Theorem 2.4 to the group G = G(i + 1/2), the subgroup
H = (x, y) <G(i+1/2), and the set of elements {t, r; 11 }. Let G(i +1) = G, where
G is the quotient group provided by Theorem 2.4. Since ¢ becomes an element of
(x,y)in G(i + 1), there is a naturally defined epimorphism &; +1: G(0) - G(i +1).
Using Theorem 2.4 it is straightforward to check properties (i)—(vi) for G(i + 1).
This completes the inductive step.

Let N; denote the kernel of &;. Observe that N1, N3, ... form an increasing
normal series and set S = G(0)/N, where N = J72; N;. By (i) the subgroup R
is embedded into S. Further it is easy to see that S is 2-generated. Indeed, G(0)
is generated by x, y,ry,r2,... . Condition (vi) yields r; € (x,y) in S for any
i € N. Thus S is generated by x and y. Finally let s be an element of S. We take
an arbitrary preimage g € G(0) of s. Then the image of the element g becomes
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parabolic at a certain step according to (v). Thus s is conjugate to an element of R
in S. The theorem is proved. O

It remains to derive Theorems 1.1 and 1.5.

Proof of Theorem 1.1. Let € denote the free product of all elementary groups
E (taken up to isomorphism) such that 7(E) C 7(G). Weset G* = G % €. By a
theorem from [13], we can embed G* into an (infinitely generated) group R such
that all elements of the same order are conjugate in R and

A3) n(R) =n(G") = n(G).

We now apply Theorem 2.6 and embed the group R into a 2-generated group
C = S(R) such that any element of C is conjugate to an element of R. As all
elements of the same order are conjugate in R, this is so in C. The equality 7(C) =
7(G) follows from (3) as 7(C) = n(R) by Theorem 2.6. O

Proof of Theorem 1.5. First note that any countable group G can be embedded
into an infinitely generated countable verbally complete group R in the following
way. (The idea comes from the proof of the Higman-Neumann-Neumann theorem
on embeddings into divisible groups.) We denote by F' = F(ay,as,...) the free
group with basis aj, az, ... . Let us enumerate the set of all pairs

{p1.p2,... 3 =1, g) s ve F\{l}, g€ G\{1}}.

Starting with the group G we first set G* = G if G is torsion-free, and G* =
GxE;xEy*...,where {E, E5, ...} is the set of all elementary groups (up to
isomorphism), otherwise. Further we construct a sequence of groups G* = Uy <
U, <... asfollows. Suppose that for some i > 0, the group U; has already been
constructed and take p;4+1 = (v, g). There are two possibilities to consider.

1) The element g has infinite order. Then we define U; 4 to be the free
product of U; and F with the amalgamated subgroups (g) and (v).

2) The order of g is n < oco. It is well-known [16, Ch. 4, Th. 5.2] that the
order of the element v in the group H = (a1,as,... | v" = 1) equals n. Thus the
free product of U; and H with amalgamated subgroups (g) and (v) is well-defined.
Weset Ui+ =U; *(g)=(v) H.

o0
Now let U(G*) = | J U;. Obviously G* embeds in U(G*), U(G*) is count-
i=0
able and torsion-free whenever G* is torsion-free, and any equation of type w(x;)
+1 [ +1

= g, where w(x;) is a word in the alphabet x;=*, x5, ... and g € G, has a solution

in U(G™). Finally we consider the sequence of groups Ry < R, < ..., where
o0

Ry =U(G*) and Rj+1 = U(R;),i =1,2.... Clearly the group R = |J R; is
i=0

countable, verbally complete, torsion-free whenever G is torsion-free, and contains
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a copy of every elementary group E such that 7(E) C 7w (G). Let W = S(R) be
the group provided by Theorem 2.6.

Consider an equations w(x;) = v for some v € W. By Theorem 2.6, there
is an element 1 € W such that 1 ~'vt € R. Since R is verbally complete, there is
a solution x| = ry, Xp = ra, ... to the equation w(x;) = ¢t~ vt in R. Clearly
x1=trit7 !, xo =trpt™1, ... is a solution to the equation w(x;) = v. O

3. Preliminaries

Some conventions and notation. We write W = V' to express the letter-for-
letter equality of words W and V in some alphabet. If a word W decomposes as
W = V1UV,, we call V; (respectively, V,) a prefix (respectively, suffix) of W. For
elements g, t of a group G, g’ denotes the element t ~! g¢. Recall that a subset X of
a group G is said to be symmetric if for any x € X, we have x~! € X. In this paper
all generating sets of groups under consideration are supposed to be symmetric.

All paths considered in this paper are combinatorial paths. Recall that a com-
binatorial path p in a CW-complex is a sequence of edges (i.e., 1-dimensional
cells) eres ... ep, where (¢;)+ = (ej+1)—. If edges of the complex are labeled, we
define the label of p by Lab (p) = Lab (e1)Lab (e3) ... Lab (e ), where Lab (¢;)
is the label of ¢;. We also denote by p_ = (e1)— and p4+ = (e )+ the origin and
the terminus of p respectively. The length /(p) of p is the number of edges of p.

Word metrics and Cayley graphs. Let G be a group generated by a (sym-
metric) set . Recall that the Cayley graph T'(G, ) of a group G with respect
to the set of generators & is an oriented labeled 1-complex with the vertex set
V(I'(G, ) = G and the edge set E(I'(G, d)) = G x 4. An edge e = (g, a) goes
from the vertex g to the vertex ga and has label Lab (¢) = a. As usual, we denote
the origin and the terminus of the edge e, i.e., the vertices g and ga, by e— and e
respectively.

Associated to o is the so-called word metric on G. More precisely, the length
|g|« of an element g € G is defined to be the length of a shortest word in <
representing g in G. By abuse of notation, we also write |W |y to denote the
lengths of the element of G represented by a word W in the alphabet «. This is to
be distinguished from the length of the word W itself, which is denoted by | W|.

The word metric on G is defined by disty (£, g) = | f ~'g|«4. We also denote
by disty the natural extension of the word metric to the Cayley graph I'(G, o).

van Kampen diagrams. Recall that a van Kampen diagram A over a presen-
tation
“4) G = (4]0)
is a finite oriented connected 2-complex endowed with a labeling function Lab :

E(A) — s, where E(A) denotes the set of oriented edges of A, such that Lab (e~ 1)
= (Lab (e))~!. Labels and lengths of paths are defined as in the case of Cayley
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Figure 1. A’ is a O-refinement of the diagram A over the presen-
tation (a,b | a3 = 1).

graphs. Given a cell IT of A, we denote by dIT the boundary of IT; similarly, dA
denotes the boundary of A. The labels of dIT and dA are defined up to a cyclic
permutation. An additional requirement is that for any cell IT of A, the boundary
label Lab (311) is equal to a cyclic permutation of a word P*!, where P € 0.

Sometimes it is convenient to use the notion of the so-called O-refinement,
which enables us to assume that all diagrams are homeomorphic to a disc. Roughly
speaking, making a O-refinement of a diagram A just means replacing every edge
e € E(A) with a rectangle labeled Lab (e)1Lab (¢)~!1, and replacing every vertex
of A with a polygon (2-cell) labeled by 11...1. Here 1 means the empty word.
The rectangles are then attached to the polygons along edges labeled by 1 (see
Figure 1). The lengths of edges labeled by 1 is supposed to be 0. This notion is
quite standard and we refer the reader to [21, Ch. 4] for details.

The van Kampen Lemma states that a word W over the alphabet s represents
the identity in the group given by (4) if and only if there exists a simply-connected
planar diagram A over (4) such that Lab (d0A) = W [16, Ch. 5, Th. 1.1].

For every van Kampen diagram A over (4) and any fixed vertex o of A, there
is a (unique) combinatorial map y: Sk (A) — I'(G, s0) that preserves labels and
orientation of edges and maps o to the vertex 1 of I'(G, ).

Hyperbolic spaces. Here we briefly discuss some properties of hyperbolic
spaces used in this paper. For more details we refer to [6], [10], [11].

One says that a metric space M is §-hyperbolic for some § > 0 (or simply
hyperbolic) if for any geodesic triangle 7" in M, any side of T belongs to the
union of the closed §-neighborhoods of the other two sides.

Recall that a path p in a metric space is called (A, ¢)-quasi-geodesic for some
A >0, c>0,if dist(g—,g+) = Al(q) — ¢ for any subpath ¢ of p. Let p be a
path in a van Kampen diagram A over (4). We need the following result about
quasi-geodesics in hyperbolic spaces (see, for example, [6, Ch. III. H, Th. 1.7]).

LEMMA 3.1. Forany § >0, A >0, ¢ > 0, there exists a constant k =k (5, A, ¢)
with the following property. If M is a §-hyperbolic space and p,q are (A, c)-
quasi-geodesic paths in M with same endpoints, then p and q belong to the closed
k-neighborhoods of each other.
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The next result can be easily derived from the definition of a hyperbolic space
by drawing the diagonal.

LEMMA 3.2. Let M be a §-hyperbolic metric space, Q a geodesic quadrangle
in M. Then each side of Q belongs to the closed 25-neighborhood of the other
three sides.

From Lemma 3.1 and Lemma 3.2, we immediately obtain

COROLLARY 3.3. Forany § >0, A > 0, ¢ > 0, there exists a constant K =
K(8, A, c) with the following property: Let Q be a quadrangle in a §-hyperbolic
space whose sides are (A, ¢)-quasi-geodesic. Then each side of Q belongs to the
closed K-neighborhood of the union of the other three sides.

Indeed it suffices to set K = 2(x 4 §), where « is provided by Lemma 3.1.
The proof of the next lemma is also straightforward (see [23, Lemma 1.7]).

LEMMA 3.4. Let Q be a geodesic quadrangle with sides a, b, c,d in a §-hy-
perbolic space. Suppose that [(a) > 4max{l(b), [(d)}. Then there exist sub-
segments p, q of the sides a and b, respectively, such that min{l(p), [(q)} >
o5l(a) — 88 and dist (p+.q+) < 86.

Passing from geodesic to quasi-geodesic quadrangles one can easily obtain
the following. The proof is straightforward and consists of replacing the quasi-
geometric quadrangle with a geodesic one having the same vertices, application of
Lemma 3.4, and then Lemma 3.1. We leave details to the reader.

COROLLARY 3.5. Let Q be a (A, ¢)-quasi-geodesic quadrangle with sides
a,b,c,d ina é-hyperbolic space, k = k (A, ¢) the constant provided by Lemma 3.1.
Suppose that l(a) > (4max{/(D), [(d)} + c)/A. Then there exist subsegments p,
q of the sides a and b, respectively, such that min{l(p), I[(q)} > %(z\l(a) —c)—
86 — 2k and dist(p+,q+) < 85 + 2«.

The following lemma is also well-known (see, for example, [6, Ch. III. H, Th.
1.13]). Recall that a path in a metric space is said to be k-local geodesic if any of
its subpaths of length at most k is geodesic.

LEMMA 3.6. Let r be a k-local geodesic in a §-hyperbolic metric space for
some k > 88. Then r is (1/3,26)-quasi-geodesic.

The next lemma can be found in [22, Lemma 25].

LEMMA 3.7. There are positive constants ¢1 = c1(8) and ¢a = ¢2(8) such that
for any geodesic r-gon P in a §-hyperbolic space, the following holds: Suppose
that the set of sides of P is divided into three subsets N1, N2, N3 and o; is the sum
of lengths of sides from Nj, i = 1,2,3. Assume that o1 > ar and o3 < 107 3ar
for some a > cp. Then there exist different sides p1 € N1 and p> € N1 U N and
subsegments q; of pj, j = 1,2, of lengths at least 10~3a such that

max{dist((q1)—, (¢2)-), dist((q1)+, (g2)+)} < c1.
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Relatively hyperbolic groups. There are many equivalent definitions of rela-
tively hyperbolic groups (see [5], [8], [28] and references therein). In this paper
we use the isoperimetric characterization given in [28].

More precisely, let G be a group, { H) },ea a collection of subgroups of G,
X a subset of G. We say that X is a relative generating set of G with respect
to {H },ep if G is generated by X together with the union of all H,. (In what
follows, we assume X to be symmetric.) In this situation the group G can be
regarded as a quotient group of the free product

(5) F = (xpeaAHy) * F(X),

where F(X) is the free group with the basis X. Let N denote the kernel of the
natural homomorphism F' — G. If N is the normal closure of a subset 2 C N in
the group F, we say that G has relative presentation

(6) (X, Hy,Ae A |9).

If # X < oo and 2 < oo, the relative presentation (6) is said to be finite and
the group G is said to be finitely presented relative to the collection of subgroups

{HA})LGA-
Set

@) o= | | H N\ 1.

AEA
Given a word W in the alphabet X U ¥ such that W represents 1 in G, there exists
an expression

k
®) w=r[]f0F" %
i=1
with the equality in the group F, where Q; € 2 and f; € F fori =1,...,k. The
smallest possible number k in a representation of the form (8) is called the relative
area of W and is denoted by Area™ (W).

Definition 3.8. A group G is hyperbolic relative to a collection of subgroups
{H}},en if G is finitely presented relative to {H},ca and there is a constant
L > 0 such that for any word W in X U ¥ representing the identity in G, we have
Area™ (W) < L|W||.

In particular, G is an ordinary hyperbolic group if G is hyperbolic relative
to the trivial subgroup. An equivalent definition says that G is hyperbolic if it is
generated by a finite set X and the Cayley graph I'(G, X) is hyperbolic. In the
relative case these approaches are not equivalent, but we still have the following
[28, Th. 1.7].

LEMMA 3.9. Suppose that G is a group hyperbolic relative to a collection of
subgroups {H) } en. Let X be a finite relative generating set of G with respect to
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{H) }ren- Then the Cayley graph T'(G, X UH) of G with respect to the generating
set X U ¥ is a hyperbolic metric space.

Observe also that the relative area of a word W representing 1 in G can be
defined geometrically via van Kampen diagrams. Let G be a group given by the
relative presentation (6) with respect to a collection of subgroups {Hy })eca. We
denote by ¥ the set of all words in the alphabet ¥ representing the identity in the
groups F defined by (5). Then G has the ordinary (nonrelative) presentation

9) G=(XU%|FU9).

A cell in van Kampen diagram A over (9) is called a 2-cell if its boundary is labeled
by a word from 9. We denote by Ng (A) the number of 9-cells of A. Obviously
given a word W in X U % that represents 1 in G, we have

Area™ (W) = min No(A)},
W) Lab(BA)EW{ 2(A)}

where the minimum is taken over all van Kampen diagrams with boundary label W.

H, -components. Finally we are going to recall an auxiliary terminology in-
troduced in [28], which plays an important role in our paper. Let G be a group,
{Hj})en a collection of subgroups of G, X a finite generating set of G with
respect to {H)} e, ¢ a path in the Cayley graph I'(G, X U %). A subpath p
of ¢ is called an H)-component for some A € A (or simply a component) of ¢,
if the label of p is a word in the alphabet H, \ {1} and p is not contained in a
bigger subpath of ¢ with this property. Two Hj-components p;, p» of a path ¢
in I'(G, X U¥) are called connected if there exists a path ¢ in ['(G, X U %) that
connects some vertex of pj to some vertex of p, and Lab (c) is a word consisting
of letters from H) \ {1}. In algebraic terms this means that all vertices of p; and
p2 belong to the same coset gH) for a certain g € G. Note that we can always
assume ¢ to have length at most 1, as every nontrivial element of H} is included
in the set of generators. An H)-component p of a path ¢ is called isolated if no
distinct Hj-component of ¢ is connected to p.

The lemma below is a simplification of [28, Lemma 2.27].

LEMMA 3.10. Suppose that G is a group that is hyperbolic relative to a
collection of subgroups {H)} ep, X a finite generating set of G with respect to
{H)}repn. Then there exists a constant K > 0 and a finite subset Q C G such
that the following condition holds. Let q be a cycle in I'(G, X U %), p1,..., pr a
set of isolated Hj-components of q for some A € A, g1,..., gk the elements of G
represented by the labels of p1, ..., pi respectively. Then foranyi =1,...,k, g;
belongs to the subgroup () < G and the lengths of g; with respect to Q satisfy
the inequality

k
> lgile < KI(g).

i=1
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4. Small cancellation conditions

The main aim of this and the following four sections is to generalize the small
cancellation theory over hyperbolic groups developed by Olshanskii in [23] to rel-
atively hyperbolic groups. The fact that the Cayley graph I'(G, X)) of a hyperbolic
group G generated by a finite set X is a hyperbolic metric space plays the key
role in [23]. Lemma 3.9 allows to extend this theory to the case of relatively
hyperbolic groups. However this extension is not straightforward as the Cayley
graph I'(G, X U %) defined in the previous section is not necessary locally finite.

Roughly speaking, one can divide results about small cancellation conditions
from [23] into three classes. The first class consists of results about diagrams
over presentations satisfying small cancellation conditions, which do not use local
finiteness of Cayley graphs at all. They can be stated and proved in our settings
without any essential changes. The main result of this kind is Lemma 4.4 stated
below.

Proofs of results from the second class do not use local finiteness of the Cayley
graph either, but they do employ certain facts concerning geometric and algebraic
properties of ordinary hyperbolic groups. These results can also be reproved with
minor changes modulo the paper [28], where the corresponding facts about rela-
tively hyperbolic groups are contained. For convenience of the reader we provide
self-contained proofs in Sections 5 and 6.

Finally results of the third type explain how to choose words of some specific
form satisfying small cancellation conditions. Unlike in ordinary small cancella-
tion theory over a free group, verifying small cancellation conditions over hyper-
bolic groups is much harder and local finiteness of Cayley graphs is essentially
used in [23]. Our approach here is different and is explained in Section 7.

Given a set of words R in an alphabet o, we say that R is symmetrized if for
any R € R, % contains all cyclic shifts of R*!. Further let G be a group generated
by a set sl. We say that a word R is (A, ¢)-quasi-geodesic in G, if any path in the
Cayley graph I'(G, #) labeled R is (A, ¢)-quasi-geodesic.

Definition 4.1. Let G be a group generated by a set s{, R a symmetrized set
of words in . For ¢ > 0, a subword U of a word R € R is called an e-piece if
there exists a word R’ € % such that:

(1) R=UV,R =U"V’, for some V,U’, V’;

(2) U' =YUZ in G for some words Y, Z in o such that max{||Y ||, | Z||} < &;
(3) YRY ™! # R’ in the group G.

Similarly, a subword U of R € % is called an &’-piece if:

1) R=UVU'V’ forsome V,U’, V',

(2) U' =YU?*'Z in the group G for some Y, Z satisfying max{|| Y ||, || Z||} < e.
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Figure 2. Contiguity subdiagrams.

Recall that a word R in o is said to be (A, ¢)-quasi-geodesic, if some (equiv-
alently, any) path labeled by R in I'(G, o) is (A, ¢)-quasi-geodesic.

Definition 4.2. We say that the set R satisfies the C(e, i, A, ¢, p)-condition
for some ¢ >0, u>0,A>0,c>0, p>0,if
(1) ||R|| = p for any R € R;
(2) any word R € R is (A, ¢)-quasi-geodesic;
(3) for any e-piece of any word R € R, the inequality max{||U ||, [|U’||} < u||R||
holds (using the notation of Definition 4.1).

Further the set R satisfies the C1 (e, i, A, ¢, p)-condition if in addition the condition
(3) holds for any &’-piece of any word R € %R.

Suppose that G is a group defined by (4). Given a set of words %R, we consider
the quotient group of G represented by

(10) G1 = (sl | OUR).

A cell in a van Kampen diagram over (10) is called an R-cell if its boundary label
is a word from R.

Let A be a van Kampen diagram over (10), ¢ a subpath of dA. Let also II,
3 be R-cells of A. Suppose that there is a simple closed paths

(11) P = 51415292
in A, where ¢ is a subpath of dI1, ¢, is a subpath of ¢ (or %), and
(12) max{/(sy), I[(s2)} <¢

for some constant ¢ > 0. By I' we denote the subdiagram of A bounded by p (see
Figure 2). If T" contains no %R-cells, we say that I" is an e-contiguity subdiagram
(or simply a contiguity subdiagram if ¢ is fixed) of IT to the subpath g of dA (or
to X, respectively) and ¢ is the contiguity arc of I1 to g (respectively, ). The
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ratio I(q1)/ [ (011) is called the contiguity degree of TI to g (respectively, ¥) and
is denoted by (I1, I, g) (respectively, (IT, T, X)). In case ¢ = dA, we talk about
contiguity subdiagrams, etc., of IT to dA.

A van Kampen diagram A over (10) is said to be reduced if A has minimal
number of R-cells among all diagrams over (10) having the same boundary label.

The lemma below may be seen as a geometric reformulation of the small
cancellation condition (see [23, Lemma 5.2]). We provide the proof here for the
sake of completeness.

LEMMA 4.3. Suppose that R satisfies the C(e, i, A, ¢, p)-condition for some
values of the parameters. Let A be a reduced diagram over (10). Then for every
e-contiguity subdiagram T" of a cell I1 to another cell X, we have

(13) max{(I1, T, ¥), (X, T, )} < u.

Proof. Let 0" = s1¢152q2 as above (see Figure 2). Let dI1 = ¢;a and
0X = g2b. Then the word U = Lab (q;) is an e-piece. Indeed the first two
conditions in Definition 4.2 are satisfied. If the third condition is not, then

Lab (s;)Lab (3TT)Lab (s;)~! = Lab (3%).

That is, Lab (slqlasl_lqu) = 1 in G. Hence we can cut the subdiagram of A
bounded by slqlasl_lqu and fill the obtained hole with a diagram over (4) without
R-cells reducing the number of R-cells by 2. This contradicts the assumption that
A is reduced. Thus U is an e-piece, and (13) follows from the C(e, u, A, c, p)-
condition. O

When dealing with a diagram A over (10), it is convenient to consider the
following transformations. Let X be a subdiagram of A which contains no R-
cells, ¥’ another diagram over (4) with Lab (dX) = Lab (0¥’). Then we can cut
off X and fill the obtained hole with ¥’. Note that this transformation does not
affect Lab (0A) and the number of R-cells in A. If two diagrams over (10) can
be obtained from each other by a sequence of such transformations, we call them
O-equivalent.

The following is an analogue of the well-known Greendlinger lemma. Re-
call that a path p in A is called (A, ¢)-quasi-geodesic, if its label is (A, ¢)-quasi-
geodesic, i.e., some (equivalently, any) path in ['(G, o) with the same label is
(A, ¢)-quasi-geodesic.

LEMMA 4.4. Let G be a group with a presentation G = (4 |0). Suppose
that the Cayley graph T'(G, ) of G is hyperbolic. Then for any A € (0, 1], ¢ > 0,
and |1 € (0,1/16], there exist € > 0 and p > 0 with the following property. Let R
be a symmetrized set of words in A satisfying the C(e, |u, A, ¢, p)-condition, A a
reduced van Kampen diagram over the presentation (10) whose boundary is (A, ¢)-
quasi-geodesic. Assume that A has at least one R-cell. Then there exists a diagram
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A which is O-equivalent to A, an R-cell T1 in A’, and an e-contiguity subdiagram
[ of 1 to A’ such that
(I, T,0A") > 1 —13pu.

The proof of this lemma is actually given in [23, Lemma 6.6] (see also the
addendum in [24]) under the additional assumption that « is finite (i.e., the group
G is hyperbolic). However the finiteness of ¢ was not used in the proof, so the
same proof works in our case without any changes. Following the referee’s recom-
mendation, we provide a self-contained proof of Lemma 4.4 in Appendix.

5. Relative hyperbolicity of the quotient

Our next goal is to show that adding relations satisfying sufficiently strong
small cancellation conditions preserves relative hyperbolicity. Throughout the rest
of the paper (except the appendix), let G be a group hyperbolic relative to a col-
lection of subgroups { H) },ca, X a finite relative generating set of G with respect
to {H)}ren Wesetsd = X UH and O = F U, where & and 9 are defined as
in (9). In the proof of the lemma below we follow the idea from [23, Lemma 6.7]
with little changes.

LEMMA 5.1. For any A€ (0,1], ¢>0, N >0, there exist £t >0, &> 0,and p> 0
such that for any finite symmetrized set of words R satisfying the C(e, u, A, c, p)-
condition, the following hold.:

1. The group G defined by (10) is hyperbolic relative to the collection of images
of subgroups Hj,A € A, under the natural homomorphism G — G1. In
particular, the Cayley graph of G1 with respect to the generating set s is
hyperbolic.

2. The restriction of the natural homomorphism y: G — G to the subset of
elements of length at most N with respect to the generating set A is injective.

Proof. Let us fix A, ¢ > 0 and sufficiently small u < 1/16. The exact value
of p required can be easily extracted from the proof. In what follows, we assume
that w is small enough comparably to A. Further we choose the constants ¢ and
o according to Lemma 4.4. Since the C(e, u, A, ¢, p)-condition becomes stronger
as p increases, we may increase p if necessary without violating the conclusion of
Lemma 4.4. The exact lower bound can be easily extracted from our proof.

For a word W in the alphabet X U € that represents 1 in G, we denote by

Area’! (W) its relative area, that is the minimal number  in a representation of type

k
w =5 1_[ fl_Rl;l:ljri—l
i=1
with the equality in the group F' defined by (5), where R; € R U 9. Similarly, by
Area™ (W) we denote the relative area of a word W representing 1 in G, i.e., the
minimal number k in the above decomposition, where R; € 9R.
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As G is hyperbolic relative to { H) },ep, there exists a constant L > 0 such
that for any word W in X U % representing 1 in G, we have Area™ (W) < L||W||.
To prove the lemma it suffices to show that there is a constant & > 0 such that for
any word W representing 1 in Gq, Arearf’l(W) < «||W||. We are going to prove

this inequality for
q y 3L

- 27
We proceed by induction on the length of W. Let p be a path labeled by W
in ['(G, X U %). Suppose first that p is not (1/2, 0)-quasi-geodesic. Passing to
a cyclic shift of W if necessary, we may assume that p = pgp;, where pg is a
subpath of p such that distyysy((po)—, (po)+) < I(po)/2. Let g be a geodesic
path in T'(G, X U #) that goes from (pg)— to (po)+. Thus I(g) < [(po)/2. We
denote by Uy, Uj, and V the labels of pg, p1, and g respectively. Then

W =p UV H(VUy).
where UV ! represents 1 in G and V' U; represents 1 in G;. Obviously we have

[(po)
2

VUL <1(p) —1(po) +1(q) < W] —
and

106V~ = 1po) + 1g) < L2,

Using the inductive hypothesis, we obtain

Arearlel(W) < Arearf](VUl) + Area™ (Up V™Y

1 3
<a(IWll=51(p0)) + 5 LI(po) < | W|

asa > 3L.

Now suppose that p is a (1/2, 0)-quasi-geodesic path in T'(G, X U #). Since
C(e, u, A, c, p)-condition implies C(g, u, 1/2, c, p) whenever A > 1/2, it suffices
to prove the lemma for A < 1/2. So we may assume that p is (A, ¢)-quasi-geodesic
as well. Let A be a reduced diagram over (10) such that dA is labeled W. Assume
that A has at least one %R-cell. (Otherwise the lemma is obviously true.) Passing to
an O-equivalent diagram if necessary and using Lemma 4.4, we can find an R-cell
IT and a contiguity subdiagram T" of II to dA with (IT,T,0A) > 1 — 13u. Let
o' = 51915292, where q; (respectively ¢») is a subpath of dI1 (respectively dA)
and max{||s1 |, ||s2]|} < e. Let also 0I1 = q;u and 0A = wqx.

Note that perimeter of the subdiagram & of A bounded by the path 55 1 usl_1 w
is smaller than perimeter of A if p is large enough and u is close to zero. Indeed
as I' contains no R-cells, we can regard s1¢152¢g> as a cycle in the Cayley graph
I'(G, X U¥). Thus,

(14
l(q2) = distxuse((q2)-, (q2)+) = distxuz((q1)—. (91)+) —2& > Al(q1) —c —2¢

> A1 =13w)l@I) —c—2e > A(1 —13u)p—c —2e.
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(Recall that [(dTT) > p by the C(e, i, A, ¢, p)-condition.) On the other hand,
(15) l(sz_lusl_l) <2e+ 13ul(dI1) < 2e+ 13up.
If p is big enough and p is small enough, the right side of (14) is greater than the
right side of (15) and hence [(dE) < [(dA).

Therefore, by induction the total number 77 of R- and 9-cells in E is at most
(16) ny <al@8) <a(IW—1(g2) +1(s3 'us 1))

<a(||W| —1(dTI)(A —26u) + ¢ + 4¢).

Furthermore, as ¢» is (1/2, 0)-quasi-geodesic in I'(G, X U ), we have

1(g2) < 2distxun((g2)— (42)+) < 2(distxuse((g1)—, (q1)+)+26) < 21(ITT) +4e.
Therefore, the perimeter of I" satisfies
1(dT) <2e+1(q1) + 1(g2) < 3I(ITT) + 6.

Hence we may assume that the number n, of 9-cells of I' is at most
17) ny < LI(0T) <3L(I(0T1) 4+ 2¢) < a(I(AIT)(A —27 ) + 2¢).
Finally, combining (16) and (17), we obtain

Arearfl(W) <ny+ny <a(|W]|—pnl@I) +c+ 6¢) <a|W|
whenever p is big enough. This completes the proof of relative hyperbolicity of

G1. The hyperbolicity of the Cayley graph follows from Lemma 3.9.
Note that if u < 1/30, the inequality (14) implies

IW) > 2ap—c—2e

for every nontrivial word W which is geodesic in G and represents 1 in G;. There-
fore, the second statement of the lemma holds if we assume p > 2(N + ¢ + 2¢)/A.
O

6. Torsion in the quotient

We keep all assumptions and notation introduced in the beginning of the pre-
vious section. Our next goal is to describe periodic elements in the quotient group
(10) of a relatively hyperbolic group G. To this end we need an auxiliary result.

Recall that for an element g € G, the translation number of g with respect to

o is defined to be Y
N i P
74(g) = lim .

n—oo n

This limit always exists and is equal to inf(|g"|s/n) [9]. The lemma below can be
n
found in [28, Th. 4.43].

LEMMA 6.1. There exists d > 0 such that for any hyperbolic element of infi-
nite order g € G we have tx ux(g) > d.
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For our goals, even a stronger result is necessary.

LEMMA 6.2. There exist 1 > a > 0 and a > 0 with the following property.
Suppose that g is a hyperbolic element of G of infinite order such that g has the
smallest length among all elements of the conjugacy class g©. Denote by U a
shortest word in the alphabet X U ¥ representing g. Then for any n € N, any path
in T'(G, X U#) labeled U™ is («, a)-quasi-geodesic.

Proof. Recall that I'(G, X U %) is hyperbolic by Lemma 3.9. First suppose
that |g|xuw = ||U|| > 83, where § is the hyperbolicity constant of I'(G, X U %).
Since g is a shortest element in g% and U is a shortest word representing g, there
exists k > 8§ so that the path p labeled U” is a k-local geodesic in I'(G, X U %)
for any n. Therefore, by Lemma 3.6, p is (1/3, 2§)-quasi-geodesic.

Further if |g|xus = ||U || < 84, then for any n € N, we have

N U d
18" xux = ninf (1¢ lxuse) = nd = genlglxo.

where d is the constant provided by Lemma 6.1. Hence the path p labeled U” is
(5—8, 85)-quasi-geodesic. It remains to set & = min {1, g—s} and a = 86. O

LEMMA 6.3. Forany A € (0,1], ¢ > 0 there are u > 0, & > 0, and p > 0 such
that the following condition holds. Suppose that R is a symmetrized set of words
in A satisfying the Ci(e, u, A, ¢, p)-condition. Then every element of finite order
in the group G given by (10) is the image of an element of finite order of G.

Proof. Let us fix A,c¢ > 0. Observe that the Cy(e, u, A, ¢, p)-condition be-
comes stronger as A increases and ¢ decreases. Hence it suffices to prove the
lemma assuming that A < @ and ¢ > a for o and a provided by Lemma 6.2. Let
us choose constants 1/16 > u > 0, ¢ > 0, p > 0 such that

(*) the conclusion of Lemma 4.4 holds.

Again as in the proof of Lemma 5.1, we note that the Cy (e, 1, A, ¢, p)-condition
becomes stronger as p decreases and ¢, p increase. Hence we may decrease p and
then increase p and ¢ if necessary without violating (). In particular, without loss
of generality, we may assume that

(18) £ > 2k + 83,

where k¥ = k (A, ¢) is the constant provided by Lemma 3.1 and § is the hyperbolicity
constant of I'(G, X U #). We fix & from now on.

Suppose that g is an element of order n > 0 in G such that its preimage has
infinite order in G. Assume also that g has the smallest length among all elements
from the conjugacy class g€1. Denote by U a shortest word in the alphabet X U %
representing g in G1. Then there exists a diagram A over (10) with boundary label
U™. By Lemma 6.2, the label of dA is (A, ¢)-quasi-geodesic (in G) and A contains
at least one %R-cell. (For otherwise A is a diagram over (4) and U" =1 in G.) Note
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that passing from A to an O-equivalent diagram does not affect dA and the number
of R-cells. Thus by Lemma 4.4 we can assume that there exists an R-cell IT in A
and e-contiguity subdiagram I' of IT to dA such that (IT, ', 0A) > 1 —13u.

Let 0" = s1q152¢2 as on Fig. 1. Since I" has no R-cells, we may think of
51915292 as a quadrangle in I'(G, X U %), where ¢; is (4, ¢)-quasi-geodesic, and
[(s;) <efori = 1,2. Therefore we have
(19)

I(g2) > distxuw((q2)—, (g2)+) = distxus((q1)—, (q1)+) —1(s1) — [(s2)
>AM(q1)—c—2e= A1 —=13w)I(0IT) —c—2e = A(1 —13u)p—c —2e.
(Recall again that [(dIT1) > p by the Ci(e, u, A, ¢, p)-condition.) In particular,
choosing p large enough we can make /(g2) as large as we want.

Passing from U to a cyclic shift of U*1 if necessary, we may assume that
Lab (g») is a prefix of U". We now have three cases to consider. Our goal is to
show that neither of them is possible whenever u is small enough and p is large
enough.

Case 1. Suppose that [(g2) > 4||U||/3. This allows us to find two long

disjoint equal subwords of Lab (g,). More precisely, we decompose Lab (¢») as
Lab (¢q2) = WV WV,, where

MU(g2)/5 < Wl = A%1(g2) /4

and
Vil > 1(q2)/3.

Let g» = wiviwa vy be the corresponding decomposition of the path g,. Corollary
3.3 applied to the quadrangle s1¢152¢2 implies that there is a point o € g1 such that
disty g (o, (w1)+) < K + ¢, where K depends on A, ¢, and § only. Let ql_1 =rit,
where (r1)4+ = o. Thus we have

(20) distxuge((r1)+, (w1)x) < K +e.
Similarly one can find a subpath rg, =41, of ‘11_1 such that
1) distxus((r3)+. (w2)x) < K +e.

We note that r; and r; are disjoint. Indeed, otherwise r; passes through (75)—
or (r3)+. For definiteness, assume that (r,)— € r1. Then we have

I(r1) < %(diStXU%((’"l)—» (r)+) +c¢) < %(l(uu) +2e+ K +c)

1
= X(”W” +2e+K+c)<Al(g2)/4+ e+ K+c)/A.
On the other hand,

[(r1) > distxuse((r1)—, (r2)=) = AMl(wiv1) —c =26 — K
>A|Vi|—c—2e—K > Al(q2)/3—c—2¢—K.
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These inequalities contradict each other if /(g») is large enough. As explained
before, the later condition can always be ensured by choosing sufficiently large p
(see (19)).

Thus we have a decomposition ql_l = rltlrgtz, £=41.Let Lab(q;)"! =
R1T1 R, T be the corresponding decomposition of the label. By (20) and (21), we
have Ry = Y{WZ; and Ry = Y,W*1'Z, in G, where ||Y; |, | X;|| < K + ¢ for
i =1,2. Hence Ry = YRF'Z in G, where | Y|, | Z|| < 2(K + ¢&). Without loss
of generality, we may assume that words Y and Z are geodesic in G. Let aybz be
the corresponding rectangle in I'(G, X U ¥), where Lab (a) = Rl_l, Lab(y)=Y,
Lab (b) = R;tl, Lab (z) = Z. Recall that Ry, R, are subwords of the (A, ¢)-quasi-
geodesic word Lab (dI1). Hence a, b are (A, ¢)-quasi-geodesic. Using (19) and
the triangle inequality, we obtain

(22) l(a) = ||R1| = distxus((r1)-, (r1)-)
> distxuge((w1) -, (w1)4) —I(s1) —distxuse((r1)+. (w1)+)
>AMwy)—c—2e—K=A|W|—-c—2¢e—K
>A3(g2)/5—c—2e—K
> A3 A1 —13pu)p—c—2¢]/5—c—2e—K.
Clearly we can ensure [(a) > (4 max{/(y),[(z)} + ¢)/A by taking p large enough.
This allows us to apply Corollary 3.5. Thus we obtain subsegments a’, b’ of the
sides a and b, respectively, such that the distances between the corresponding ends
of these subsegments is at most 85 + 2x. Let A = Lab (a’), B = Lab (b’). Then

A= CB*'D in G, where |C|, || D] <88 + 2« < & by (18). Using this and (22),
we obtain

min{ || A}, | B]|} = 210(/\1(61)—6‘)—85—216 > pp = pl (9T1)

if u is small enough and p is large enough. Since A and B are disjoint subwords
of Lab (dI1), this contradicts the Cy (e, i, A, ¢, p)-condition.

Case 2. Suppose that |U|| <(g2) <4||U|/3,i.e. Lab (q2) = UV for some
(may be empty) word V, |[V|| < ||U||/3. Note that Lab (¢>) = Lab (sz_lusl_l) in
G1, hence g = Lab (s5 lusl_l)V_1 in G1. Since U is the shortest word represent-
ing g in G, we obtain

(U]l <2&+13ul(dT1) + | V|| < 26 + 13ul(TT) + |U||/3.
Consequently,
(23) U <3¢+ 13ul(d11))/2 < 3(2e + 13up)/2.
On the other hand, using (19) we obtain

Ul = 31(q2)/4 = 3(A(1 = 13p)p —c — 2¢) /4.
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The later inequality contradicts (23) whenever p is small enough and p is large
enough.

Case 3. Suppose that [(g2) < ||U ]|, i.e., Lab (g2) is a subword of U. Again
since U is the shortest word representing g in G, we have ||Lab (¢2)|| < || Q] for
every word Q such that Q =Lab (g2) in G;. In particular, for Q =Lab (s5 1usl_l),
we obtain

(24) 11 = [[Lab (g2)[| = I(g2) = A(1 =13u)p —c —2¢
by (19). On the other hand, we obviously have | Q|| <2e+13ul(011) <2e+13up,
which contradicts (24) if u is small enough and p is large enough. O

7. Words with small cancellations

Recall that G denotes a group hyperbolic relative to a collection of subgroups
{H)}ren, X denotes a finite relative generating set of G with respect to {H } A -
As above we set § = X U #. Our main goal here is to show that a certain set
of words over the alphabet o satisfies the small cancellation conditions described
above.

More precisely, suppose that W is a word satisfying the following conditions.
(W1) W = xa1by...aub, for some n > 1, where:
(W2) x e X U{l};

(W3) az,...,an (respectively by, ..., by) are elements of Hy (respectively Hpg),
where Hy N Hg = {1};

(W4) the elements ay,...,ay, b1, ...,b, do not belong to the set
(25) F=F() ={g€(Q) : |gla < K(32¢+70)},

where ¢ is some nonnegative integer and the set {2 and the constant K are
provided by Lemma 3.10.

Let W denote the set of all subwords of cyclic shifts of W=1. Asin [28], we
say that a path p in ['(G, X U %) is a path without backtracking if all components
of p are isolated.

LEMMA 7.1. Suppose p is a path in T'(G, X U ¥) such that Lab (p) € SW.
Then
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1) p is a path without backtracking.
2) pis (1/3,2)-quasi-geodesic.

Proof. 1) Suppose that p = pispatp3, where s and ¢t are two connected
components. Passing to another pair of connected components of p if necessary,
we may assume that p, is a path without backtracking. For definiteness, we also
assume that s and ¢ are Hy-components. Let e denote a path of length at most 1 in
I'(G, X U %) connecting s+ to 7— and labeled by an element of Hy, (see Figure 3).
It follows from our choice of W and the condition Hy N Hg = {1} that [(p2) > 2.
Thus p> contains m > [(p2)/2 > 1 Hg-components, say 71, ..., I'n, and all these
components are isolated components of the cycle d = ep; 1 Letgy,...,gm be
elements of G represented by the labels of rq, ..., r,. By Lemma 3.10, g; € (2),
i =1,...,m. According to (W4), we have

m
Y lgila = 70Km = 35KI(p2) > K(I(p2) + 1) = KI(d).
i=1

This contradicts Lemma 3.10.

2) Since the set W' is closed under taking subwords, it suffices to show that
disty ug(p—, p+) = 1(p)/3 —2. In case [(p) < 6 this is obvious, so we assume
[(p) > 6. Suppose that distxyyy(p—, p+) <I(p)/3 —2. Let ¢ denote a geodesic
in I'(G, X U %) such that c- = p_ and ¢4 = py. Since p is a path without
backtracking, any Hy-component of p is connected to at most one Hy-component
of ¢. Obviously the path p contains at least /(p)/2 — 1 Hy-components. Therefore,
at least

k=10p)/2=1=1c)>1(p)/2=1=(U(p)/3-2)>1(p)/6>1

of them are isolated Hy-components of the cycle pc™!. Let fi,..., fx be the
elements of G represented by these components. Then as above we have f; € (2),
i=1,...,k. By (W4), we obtain

k
> I fila = 70Kk > 2K1(p) > Kl(pc™).
i=1
This leads to a contradiction again. O
LEMMA 7.2. Suppose upv~lg~!
satisfying the following conditions:

is an an arbitrary quadrangle in I' (G, X U¥)

(a) Lab (p) =Lab (¢~ 1) e ¥W;
(b) max{l(u), [(v)} <e;
(¢) I(p) =1(q) = 6e +22.

Then the paths p and q have a common edge.
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The proof of Lemma 7.2 is based on the following two results. (We keep the
notation of Lemma 7.2 there.)

LEMMA 7.3. Let us divide p into three parts p = p1 po p2 such that

(26) I(p1) =1(p2) =3 +6.

Suppose that s is a component of po. Then s can not be connected to a component
of paths u or v.

Proof. Suppose that a component s of pg is connected to a component ¢ of u.
Then distyuge(s+, +) < 1. Recall that the segment [p—, s+] of p is (1/3, 2)-quasi-
geodesic by Lemma 7.1. Hence,

I(p1) <I([p-.s+]) < 3(distxus(p—.s+)+2)
< 3(distxuge(p—. t+) + distxuge(t+,54) +2)

<3()—14+1+2) <3e+6.

However, this contradicts (26). Similarly s can not be connected to a component
of v. O

LEMMA 7.4. Let sy, ..., Sk be consecutive components of po. Then q can be
decomposed as q = q111 . . . Gkt Qi +1, Where

1) t; is a component of q connected to s;i, i =1,...,k;
2) g; contains no components fori =2,...,k, i.e. either Lab (g;) = x or q; is
trivial.

Proof. To prove the first assertion of the lemma we proceed by induction.
First let us show that s1 is not isolated in d = upv='g~1.

Indeed assume s is isolated in d. Suppose for definiteness that s is an Hy-
component. We consider the maximal subpath s of pg such that s contains s; and
all Hy-components of s are isolated in d. By maximality of s, either s— = (po)—,
or s— = ry for a certain Hy-component r of pg such that r is not isolated in d.
(According to Lemma 7.3 this means that r is connected to an Hy-component
of ¢.) In the first case we denote by f; the path up;. In the second case, let f1 be
a path of length < 1 that connects an Hy-component of ¢ to r. In both cases we
have [( f1) < 4e+ 6. It follows from the choice of s that no Hy-component of s is
connected to an Hy-component of f7. Similarly we construct a path f> such that
(f2)= €4, (f2)+ =5+, (f2) <4e+ 6, and no Hy-component of s is connected
to an Hy-component of f>.

Clearly all Hy-components of s are isolated in the cycle

c= fisfs '(f2)- (S)-],
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where [(f2)_, (f1)—] is a segment of g='. We have
@27 distyus((f1)-. (f2)-) =1(f1) +1(s) +1(f2) =8e + 12+ 1(s).

Consequently,

28)  I((fD)-. (f2)-] = 3distxus((f1)-. (f2)-) +2) < 24e + 424 3I(s).
Finally,

29 o) =I(f1) + 1) +1(f2) +1{[(f1)-. (f2)-]) = 32¢ + 54 + 4L(s).

Let g1, ..., gm denote the elements represented by Hy-components of s. Note that
[(s) <2m + 2. Applying Lemma 3.10, we obtain g; € (),i =1,...,m, and

m
(30) > lgile < Kl(c) < K(32e + 54 4 41(s)) < K(32¢ + 62+ 8m).
i=1
Therefore, at least one of the elements gy, ..., g has length at least

1
31) — K (326 + 62 + 8m) < K(32¢ + 70)
m

that contradicts (W4). Thus s; is not isolated in d. By Lemma 7.3 this means that
1 is connected to an Hy-component #1 of g.

Now assume that we have already found components ¢1,...,# of ¢, | <i <k,
that are connected to sy, ..., s; respectively. The inductive step is similar to the
above considerations. For definiteness, we assume that s; is an Hy-component.
Then s; 41 is an Hg-component by the choice of W. We denote by f; a path of
length < 1 labeled by an element of H,, that connects (#;)+ to (s;)+ (Figure 4). If
s;+1 is isolated in the cycle ¢ = f1[(si)+, p+]v 1 [g+, (t/)+], we denote by s the
maximal initial subpath of the segment [(s; )+, (po)+] of po such that s contains
si+1 and all Hy-components of s are isolated in ¢. As above, we can find a path
f2 such that (f2)— €4q, (f2)+ = s+, [(f2) <4e+ 6, and no Hy-component of s is
connected to an Hy-component of f>. The inequalities (27)—(31) remain valid and
we arrive at a contradiction in the same way. Thus s;41 is not isolated in ¢, i.e., it
is connected to a component #; 1 of the segment [(¢;)+, g+] of g. This completes
the inductive step.
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Let us prove the second assertion of the lemma. Suppose that s;, s;41 are two
subsequent components of pg and such that g; 41 contains at least one component
(say, an Hy-component). As above for definiteness we assume that s; (respectively
si+1) is an Hy-component (respectively Hg-component). Let eq, > be the paths
of lengths < 1 labeled by elements of Hy and Hg respectively such that (e1)+ =
(si)+> (e1)— = (gi+1)—, (e2)+ = (si+1)—, (e2)— = (gi+1)+ (see Figure 5). As
q is a path without backtracking, each Hy-component of g; 4 is isolated in the
cycle e = gi+1ea[(si+1)—, (si)+]ey !, where [(si+1)—, (s:)+] is a segment of p~1.
Notice that /([(si+1)—, (si)+]) <1 as s; and s;4+1 are subsequent components of
po. We denote by f1,..., fim the elements represented by Hy-components of ¢; 1.
By Lemma 3.10, we have f; € (), j =1,...,m, and

m
> 1file < Kl(e) < KB3+1(gi+1)) < K3 +2m +2) < TmK.
Jj=1
This contradicts (W4) again. O

Proof of Lemma 7.2. We keep the notation introduced in Lemmas 5.3 and 5.4.
Let also

Po = D151 --- PkSk Pk+1
for some (may be trivial) subpaths p1, ... prx+1 of po.
According to (26) and condition c¢) of Lemma 7.2, we have

[(po) = 6 +22—1(p1) —1(p2) = 10.

Since s1, ..., s, are subsequent components and Lab (pg) is a subword of a cyclic
shift of W*1, at most one of the paths pa, . .., pi is nontrivial. Therefore, there are
at least 5 subsequent components s;, .. ., S;+4, such that p; 41, ..., pi+4 are trivial.
Without loss of generality we may assume i = 1. Similarly, by Lemma 7.4, we
can find at least three subsequent components among #1, ... s, say 71, f2, 3, such
that (#1)+ = (f2)— and (£2)+ = (t3)—. Let w be an element represented by the
label of any path that goes from (¢1)+ = (f2)— to (s1)+ = (s2)—. For definiteness
we assume that #; and s are H,-components. Since #; and s; are connected, we
have w € Hy. On the other hand, the Hg-components 7, and s; are also connected.
Hence w € Hg. Thus w € Hy N Hg = {1}, i.e. the vertices (#2)— and (s2)— coincide.
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Similarly the vertices (¢2)+ and (s2)+ coincide. In particular, ¢, and s, are edges
labeled by the same element of Hyg, i.e., 1> and s2 coincide. O

Now we are ready to prove the main result of this section.

THEOREM 7.5. Suppose that W is a word in A satisfying the conditions
(W1)—(W4) and, in addition, a; # ajil, b; # bjil wheneveri # j and a; # al-_l,
b; # bl._l, i,j €{l,...,n}. Then the set W of all cyclic shifts of W= satisfies the

Ci(e, 38:“, % 2,2n 4+ 1) small cancellation condition.

Proof. The first two conditions from Definition 4.2 follow from the choice of
W and Lemma 7.1. Suppose that U is an e-piece of a word R € W'. Assume that
max{[|U |, |U'[l} = w| R| for p = 311, that is,

3e+11

max{||U|, |U'||} = 2n+1) > 6g +22.

(Here and below we use the notation of Definitions 4.2 and 4.1.) Without loss of
generality we may assume that ||U || > 6¢ + 22. By the definition of an e-piece,
there is a quadrangle upv~'¢~! in I'(G, X U ) satisfying conditions (a)—(c) of
Lemma 7.2 and such that labels of p and ¢ are U and U’ respectively.
Let e be the common edge of p and ¢g. Then we have

R =U,Lab (e)U,V
and

R = U{Lab (e)U,V’,
where UjLab (¢)U, = U and U’ = U/Lab (e)U,. Since Lab (e) appears in W*!
only once, R, R’ are cyclic shifts of the same word W=E! and

U,VU, = UyV'U;.

Note also that

Y =U U !

in G as Y_IUI’ U 1is a label of a cycle in I'(G, X U %). Therefore, the following
equalities hold in the group G:

YRY ' = UjU U Lab (e)U, VU, (U{)™' = U[Lab (e)UsV'U{(U)) ' = R’

that contradicts the third condition from Definition 4.2.

Similarly, if U is an &’-piece, then R=UV U'V' for some U,U’, V, V', where
both subwords U and U’ contain a certain letter from X U 9. In this case we arrive
at a contradiction again as any letter @ € X U # appears in R only once, and if a
appears in R, then ¢! does not. O

Finally we note that the condition x € X U {1} in Theorem 7.5 is not really
restrictive since we can always add any element x € G to the set X without violating
relative hyperbolicity.
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8. Suitable subgroups and quotients

Throughout this section, we keep the assumption that G is hyperbolic relative
to a collection of subgroups { H; },ca. The proof of Lemma 2.3 is based on the
following auxiliary result.

LEMMA 8.1. Suppose that for some A, € A, A # w, Hy and H,, contain
elements of infinite order and H)y N H;, = {1}. Then there are f € H), g € Hy
such that fg is a hyperbolic element of infinite order and Eg(fg) = ( fg).

Proof. We set e = 2(k 4+ §), where k = (8, 1/3, 2) is the constant provided
by Lemma 3.1 and § is the hyperbolicity constant of I'(G, X U ¥). It is convenient
to assume that «, 5 € N.

Let & = %(¢) be the set defined by (25). Since 2 is finite, F is finite, and
hence there are elements f € H) \ % and g € H;, \ ¥ of infinite order. In particular,

(32) fP#L g#1L

Note that the word W = ( fg)™ satisfies conditions (W1)—(W4). (Here f and g
are regarded as letters of ¥#.) By Lemma 7.1, for any m € N, the word ( fg)™ is
(1/3, 2)-quasi-geodesic in T'(G, X U ¥). In particular, fg is a hyperbolic element.
Indeed otherwise the length |( fg)™|xus would be bounded uniformly on m.

Now suppose that @ € Eg(fg). Then by Theorem 2.1, a( fg)"a™! = (fg)*™
for some m € N. Passing to a multiple of m if necessary, we may assume that

(33) m > 3lalxuse + 12(k + §) + 20.

Let a1biasbs be a quadrangle in I'(G, X U #) such that a;, a, are geodesic,
the labels Lab (a;) = Lab (az_l) represent a in G, and Lab (b) = Lab (bz—l) =
(fg)™™. Let also by = b} pbY Figure 6, where

(34) (b)) = 1(b)) = 3(I(a1) + 2(k + 8) + 3).

As by is (1/3, 2)-quasi-geodesic, we have

1
(35) distyus(p+, (b1)+) = gl(bi) —2>=l(a1)+2(k+8)+1.

Further by Corollary 3.3, there is a point s € a1 Uby Ua; such that disty yg (s, p—) <
2(k +6). If s € ay, then we have

distxuge(p—, b—) < distxuge(p-,s) + distxuge(s, b—) < 2(k +6) +[(a1)

that contradicts (35). For the same reason s can not belong to a,. Thus s € b;.
Without loss of generality, we may assume that s is a vertex of I'(G, X U ).
Similarly there exists a vertex ¢ € b, such that distyuge(Z, p+) <2(k +6). Letu, v
be geodesics in I'(G, X U ¥) connecting s to p— and ¢ to py respectively and let
g denote the segment [s, ] of b5 1
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Figure 6

According to (33) and (34), we have
[(p)=2m—6(l(ar) +2(k +8)+3) > 12(k + §) + 22.

Hence we may apply Lemma 7.2 for the quadrangle upv~'¢~! and & = 2(k + §).
Thus there exists a common edge e of p and ¢. In particular, this and (32) imply
that a(fg)"a™" = (fg)™ (not (fg)™™).

There are two options for labels of the segments [(b1)—, e—] and [(h2)+, e—]
of by and b5 I respectively. Namely both these labels are either of the form ( fg)”
(possibly for different 1) or of the form (fg)¥ f. In both cases a = (fg)* for a
certain /, as labels of a1 and [(b2)+,e_][(b1)—,e_]"! represent the same element
of G. Thusa € (fg) and Eg(fg) = (fg). O

Proof of Lemma 2.3. Let f1, f> € H® be noncommensurable elements of H
such that Eg(f1) N Eg(f2) = {1}. By Theorem 2.1, G is hyperbolic relative to
the collection {H}pea U EGg(f1) U Eg(f2).

We construct a sequence of desired elements /1, k3, ... by induction. By
Lemma 8.1, there are f € Eg(f1), g € Eg(f2) such that the element 1; = fg
is hyperbolic (with respect to the collection {Hj} ea U EGg(f1) U Eg(f2)) and
Eg(h1) = (h1). Theorem 2.1 implies that G is hyperbolic relative to the collection
{Hj}rea U Eg(f1)UEg(f2) U Eg(hy). Further we construct a hyperbolic (with
respect to {Hy}pea U Eg(f1) U Eg(f2) U Eg(h1)) element /5 as a product of
an element of Eg( f1) and an element of Eg( f2) as above. As h5 is hyperbolic,
it is not commensurable with &;. Applying Theorem 2.1 again we join Eg(h3)
to the collection of subgroups with respect to which G is hyperbolic and so on.
Continuing this procedure, we get what we need. O

To prove Theorem 2.4, we need the following two observations. The first one
is a particular case of Theorem 2.40 from [28].

LEMMA 8.2. Suppose that a group G is hyperbolic relative to a collection of
subgroups {H)}pepr U{S1,...,Sm}, where S1, ..., Sy are finitely generated and
hyperbolic in the ordinary (nonrelative) sense. Then G is hyperbolic relative to

{H)}pen-

The next lemma is a particular case of Theorem 1.4 from [28].
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LEMMA 8.3. Suppose that a group G is hyperbolic relative to a collection of
subgroups {H)}yen. Then

(a) Forany g € G and any A, 4 € A, A # W, the intersection Hf N H,, is finite.
(b) Forany A € A and any g ¢ H}, the intersection Hf N H} is finite.

Proof of Theorem 2.4. Obviously it suffices to deal with the case m = 1. The
general case will follow if we apply the theorem for m = 1 several times.

Let ¢ € G be an arbitrary element. Passing to a new relative generating set
X' = X U {t} if necessary, we may assume that t € X. By Lemma 2.3 there
are noncommensurable elements /11, 1, € H? such that Eg(h1) and Eg (hy) are
cyclic. According to Theorem 2.1, G is hyperbolic relative to { Hy } yea U Eg (h1)U
Eg(h2).

Let u, €, p be constants such that the conclusions of Lemmas 5.1 and 6.3 are
satisfied for A = 1/3, ¢ =2, N = 1. By Theorem 7.5, there are n and m, ..., my
such that the set QR of all cyclic shifts and their inverses of the word

R=th™ WM . W
in the alphabet 4 = X U # U (Eg(hy) \ {1}) U (Eg(h2) \ {1}) satisfies the
C(1/3,2,¢, i, p)-condition (here hl’."j is regarded as a letter in Eg (h;) \ {1},i =
1,2, j =1,...,n). Indeed it suffices to choose large enough n and my,...,my,
satisfying m; # +m; whenever i # j. Let G be the quotient of G obtained by
imposing the relation R = 1 and 7 the corresponding natural homomorphism.

By Lemma 5.1, Gy is hyperbolic relative to the images of Hy,A € A and
Eg(h1), Eg(hz). As any elementary group is hyperbolic, G is also hyperbolic
relative to {n(H)},eca} according to Lemma 8.2. The inclusion 5(t) € n(H)
follows immediately from the equality R = 1 in G1. The third assertion of the

theorem follows from Lemma 5.1 b) as any element from the union | J H} has
A€EA
length 1.

Similarly as 7 is injective on Eg(h1) U Eg(h2), n(h1) and n(hy) are ele-
ments of infinite order. Note also that n(41) and n(h,) are not commensurable in
G1. Indeed otherwise the intersection (n(EG (hl)))g Nn(Eg(hy)) is infinite for
some g € G contradictory to the first assertion of Lemma 8.3. Assume now that
g € Eg,(n(h1)), where Eg,(n(h1)) is the maximal elementary subgroup of G
containing n(h1). By the first assertion of Theorem 2.1, (r;(h’ln))g = n(hlim) for
a certain m # 0. Therefore, (7(Eg(h1)))® N n(Eg(h1)) contains n(h’") and in
particular this intersection is infinite. By the second assertion of Lemma 8.3, this
means that g € n(Eg (h1)). Thus we proved that n(Eg (h1)) = Eg,(n(h1)). The
same is true for 4,. Finally, using injectivity of n on Eg(h1) U Eg(h2) again, we
obtain

Eg,(n(h1)) N Eg, (n(h2)) = n(Eg(h1)) Nn(Eg (h2))
=n(Eg(h1) N Eg(h2)) = {1}.
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This means that the image of H is a suitable subgroup of G 1. To complete the proof
it remains to note that the last assertion of the theorem follows from Lemma 6.3.
O

9. Appendix. The proof of Lemma 4.4

Following the referee’s recommendation, we provide here the proof of Lemma
4.4, which is a particular case of Lemma 9.7 below. As we mentioned in Section 4,
Lemma 4.4 (as well as Lemma 9.7) is, in fact, proved in [23], although it is stated
in a slightly different way there. The proof below follows [23] with little improve-
ments. We stress that all results of this section should be credited to Olshanskii.

Throughout the appendix, let G denote a group with a presentation (4). Sup-
pose that the Cayley graph I'(G, o) of G is hyperbolic.

We start with an auxiliary result. Recall that a graph is simple if it has no
loops and multiple edges.

LEMMA 9.1. Let E be a simple planar graph. Suppose that some nonnegative
weights v(0), v(e) are assigned to each vertex o and each edge e of B. Assume
also that there exists a constant a such that v(e) < av(o) for any incident edge e
and vertex o. Then the sums v, v1 of the weights of all vertices and edges of ®,
respectively, satisfy vi < 5avy.

Proof. By the well-known consequence of the Euler Formula, every simple
planar graph contains a vertex of degree at most 5. The statement of the lemma
easily follows from this by induction. O

The proof of Lemma 4.4 is divided into a sequence of lemmas. In what fol-
lows, let G be a group given by (4) such that the Cayley graph I'(G, o) of G is
hyperbolic. We fix A € (0, 1], ¢ > 0, u € (0, 1/16) and take

(36) £ >c1 + 2k,

where ¢; = ¢1(8) and k = k(6, A, ¢) are the constants provided by Lemmas 3.7
and 3.1 respectively. Let (10) be a presentation that satisfies the C(e, i, A, ¢, p)-
condition, where p is sufficiently large. (The exact lower bound for p, which en-
sures that all arguments below are correct, can be easily extracted from the proofs.)

Let also A be a diagram over (10). Below we prove Lemma 4.4 by induction
on the number of R-cells in A. To complete the inductive step, we will have to
deal with the case when dA consists of at most 4 quasi-geodesic segments. More
precisely, let A =g ...q, for some 1 <r <4, where q1,...,q, are (A, c)-quasi-
geodesic. We call the subpaths ¢, ..., gr sections of IA.

Definition 9.2. A set Jl of e-contiguity subdiagrams of cells to cells or cells
to sections of dA is called distinguished, if

(a) Distinct subdiagrams in J are disjoint.
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Figure 7. A distinguished set of e-contiguity subdiagrams (dark
gray) in a diagram A with five R-cells (white) and the correspond-
ing graph @’

(b) The sum of lengths of contiguity arcs of all subdiagrams from .l is not less
than the same sum for any other collections satisfying (a).

(c) JM contains minimal number of subdiagrams among all collections satisfying

(a), (b).

Further let I € M be a e-contiguity subdiagram whose boundary is decom-
posed according to (11) and (12). The paths s1, s, are called side arcs of I'. If I’
is an e-contiguity subdiagram of a cell I1; to a section of dA, the contiguity arc
g1 of 311 (and all its edges) is called outer. If T" is an e-contiguity subdiagram of
a cell I to a cell I15, g; (and all its edges) is called inner. The edges of I1; that
are neither inner nor outer are called unbound. Every maximal subpath of 911
consisting of unbound edges is called an unbound arc of I1;. The notion of an
unbound arc of a section of dA is defined in the same way.

To each distinguished set .l of e-contiguity diagrams, we associate a planar
graph @ as follows. Choose a point o(I1) inside every %-cell IT of A. The set of
vertices of @y consists of all such o(IT). If there exists an e-contiguity subdiagram
I' € M of a cell I to a cell I1,, the two vertices o(I11) and o(I1,) are connected
by an (unoriented) edge through I'. Further let @’ be the graph obtained from ®
in the following way. For eachi =1, ...,r, we add to ® a vertex O; outside of
A and for each e-contiguity subdiagram I" of a cell IT to g;, we connect o(I1) to
O; by an edge passing through I'. Clearly @', is also planar (see Figure 7).
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Let now A be a reduced diagram over (10), which has n > 1 R-cells. The
next four results are proved under the following additional assumption. It will be
eliminated later in Corollary 9.6.

(*) For any distinguished system of e-contiguity subdiagrams M in A, the graph

D is simple and inside every 2-gon of @, there is a vertex of ® .

Let also [t be a distinguished system of e-contiguity subdiagrams of A. Cut-
ting off all %R-cells and subdiagrams I' € Jl, we obtain a set of diagrams Ay, ..., Ay
over (4) (see Figure 7). Each of them may have holes. The boundary dA; of each
diagram may be thought of as a union of n; arcs, where each arc is of one of the
following types:

(A1) An unbound arc of an %-face.
(A2) An unbound arc of dA.
(A3) A side arc of some e-contiguity subdiagram from J.

LEMMA 9.3. Suppose that A satisfies (x). In the notation introduced above,

d
we have ) n; <53n.
i=1

Proof. Let v, e, f denote the number of vertices, edges, and regions of (the
planar realization of) @', respectively. By (x), every region of it (except possibly
for the outer one) has degree at least 3. Hence f <2e/3 + 1. By the Euler formula,
we havee <v+ f—2 <v+2e/3—1. This implies e <3(v—1) <3(n+3) < 12n.

Since unbound arcs of boundaries of R-cells and sections of JA are separated
by contiguity arcs, the total number of arcs of type (Al) or (A2) in A is not greater
than

2| +n+r<2e4+n+4<24n+n+4<29n.

Clearly the number of arcs of type (A3) is at most 2|/M| = 2e < 24n. So the total
number of arcs of types (A1)—(A3) is at most 53n. O

All results below are proved up to passing from A to an 0-equivalent diagram
(see the definition before Lemma 4.4).

LEMMA 9.4. Suppose that A satisfies (x). Let S denote the sum of lengths of
all unbound arcs of type (Al) in A. Then S < n /p.

Proof. Let S; denote the sum of lengths of all arcs of type (Al) in dA;,
i=1,...,d. Assume that § > n,/p. Then

(37) Si > ni/p/60
for some i. Indeed, otherwise we have

d d
$=3 5 =S wi<nvp

i=1 i=1

by Lemma 9.3.
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Forevery i =1,...,d, the diagram A; has at most n; holes. Hence we can

cut it by / < n; paths ¢1,...,# into a simply connected diagram A;. We assume
I
that the collection of cutting paths 71, ..., #; is chosen so that the sum ) [(#;) is
i=1

minimal. The boundary of A; decomposes into k; subpaths, each of which is either
tjil for some j = 1,...,[, or an arc of one of the types (A1)—(A3) (or a part of
such an arc arising after cutting along ¢1, ..., #;). Therefore,
(38) ki <4n;.

Note also that passing to a diagram which is O-equivalent to A if necessary,
we may assume that the labels of #;’s are geodesic in G without loss of generality.
Indeed if w; is a geodesic word representing the same element as Lab (#;) in G,
let ¥; be a diagram over (4) with boundary label w; (Lab (¢;))~!. Further let
&, be the diagram obtained by gluing ¥; and its mirror copy along w;. Clearly
Lab d(Z;) = Lab (;)(Lab (t;))~!. We can use O-refinement (see the subsection
“van Kampen diagrams” in Section 3) to create a copy #; of the paths #; in A with
the same label and endpoints such that ; (¢/ )~! bounds a subdiagram consisting
of O-cells. Further we cut this subdiagram and fill in the obtained hole with &;.
After this transformation, the vertices (¢;)— and (¢;)+ are connected by a path
whose label w; is geodesic in G, and we can replace #; with that paths. Note
that this transformation does not affect A, R-cells, and distinguished e-contiguity
subdiagrams.

Slmllarly we may assume that for every (sub)arc p of an arc of type (Al)—
(A3) in dA;, the diagram A; contains a path p with the same endpoints as p such
that Lab (p) is geodesic in G and p(p)~! bounds a subdiagram over (4). Since
A isa simply connected diagram over (4), its 1-skeleton can be naturally mapped
to I'(G, s1) by a map preserving labels and orientation. In what follows we keep
the same notation tl.il, p, etc., for the images of the paths tiil, p,etc.,in I'(G, A)
(although 7;~ 1 is not the inverse path of #; there). In particular, p and p belong to
the closed k-neighborhoods of each other in I'(G, &) by Lemma 3.1.

In the notation of Lemma 3.7, let N, consist of images of segments tiil, i =

.,1,in T'(G, 1) and images of p for (sub)arcs p of type (A2). Further let Ny
and N3 consist of images of p for (sub)arcs p of type (Al) and (A3), respectively.

Clearly 03 < ¢k;. On the other hand, by (37) and (38) we obtain

= > lp)= > (M(p)—c) = ASi —kic > An; /p/60—k;c

PEN, DEN
> Ak; \/5/240 —kic=k; (/\\/5/240—C).

Taking p large enough, we may assume that a = A,/p/240 — ¢ > max{1000¢, c3}.
Hence by Lemma 3.7, there exist subsegments g;, j = 1,2, of some p; € N1 and
P2 € N1 U Ny, respectively, such that [(p;) > 1073a, j = 1,2, and the distance
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|

Figure 8. Replacing a cutting path with a shorter one.

between the respective endpoints of p; and p is at most ¢1. This means that there
exist subsegments ¢; of p;, j = 1,2, of lengths at least 10734 — 2« such that

(39)  max{distxus((g1)—. (¢2)-), distxuz((q1)+,(q2)+)} <2k +¢1 <e.
The latter inequality uses (36). Now there are two cases to consider.

Case 1. p, € N;. That is, g1 and g, are subpaths of boundaries of some
R-cells in A. After passing to an O-equivalent diagram if necessary, we may as-
sume that there exists a subdiagram I' of A such that 0I' = ¢g1s5149, lg,, where
I(sj) <e, j =1,2,and I" does not intersect %R-cells and distinguished e-contiguity
subdiagrams. This contradicts the maximality of JL.

Case 2. pp € N,. If g5 is a subpath of dA, we get a contradiction as above
by constructing a new e-contiguity subdiagram of an %-cell to dA. Thus we only
need to deal with the case p, = tjil. Without loss of generality, we may assume
that pp =t;. Let {; = ugpv. By (39), after passing to an O-equivalent diagram
if necessary, we can find a paths s of lengths at most ¢ in A connecting (¢2)— to
(q1)— (see Figure 8). Note that

1(us) < 1(7) = 1(g2) + & < (1) — (1073 (A /p/240 — ¢) — 2c) + & < 1(1))
l
if p is large enough. This contradicts our assumption that »_ /(#;) is minimal.
i=1
Thus in both cases we obtain a contradiction. Hence § < n,/p. O
LEMMA 9.5. Suppose that A satisfies (x). Let ¢ and X denote the sum of

lengths of all outer arcs and the sum of perimeters of all R-cells in A, respectively.
Then 3o > (1 —11p)%.

Proof. For each ®-cell I1 of A, we assign the weight v(o) = [(JdI1) to the
corresponding vertex o of the estimating graph ® 4. Clearly the sum of weights
of all vertices in & equals 3. Further let I' € Jl be a distinguished e-contiguity
subdiagram with d" = s1¢15292, where g1, g» are the contiguity arcs. We assign
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the weight v(e) = I(q1) + [(g2) to the edge e corresponding to I". Note that the
sum of weights of all edges in I € Jl is equal to the sum of lengths ¥;,, of all
inner arcs in A.

By Lemma 4.3, v(e) < 2uv(o) whenever o and e are incident. Hence X;,, <
101X by Lemma 9.1 and (*). By Lemma 9.4, we have § < X/, /p, where S is
the sum of lengths of all unbound arcs, since the perimeter of every R-cell in A is
at least p by the C(e, u, A, ¢, p)-condition. Therefore,

0=X—-in—S>E-10puE-%//p>10—-11p)XE
if p>p=2. O
The following corollary is immediate.

COROLLARY 9.6. Suppose that A satisfies (x). Passing to an O-equivalent
diagram if necessary, we can find an R-cell I1 of A and disjoint e-contiguity sub-
diagrams I'; ; of Il to sections q;, j = 1,...,r of A such that

Y (LT .q)>1—11p.
i!j
We are now ready to eliminate assumption (*) and prove the main result of
the appendix, of which Lemma 4.4 is a particular case corresponding to r = 1. For
convenience, we recall all assumptions here.

LEMMA 9.7. Let G be a group with a presentation (4). Suppose that the
Cayley graph T'(G, ) of G is hyperbolic. Then for any A € (0,1], ¢ > 0, and
i € (0,1/16], there exist ¢ > 0 and p > 0 with the following property. Let R
be a symmetrized set of words in A satisfying the C(g, u, A, ¢, p)-condition, A a
reduced van Kampen diagram over the presentation (10) such that 0A = q1 ... qr
forsome 1 <r <4, whereq1,...,q, are (A, c)-quasi-geodesic. Assume that A has
at least one R-cell. Then up to passing to an O-equivalent diagram, the following
conditions hold.

(a) The diagram A satisfies (x).

(b) There is an R-cell T1 of A and disjoint e-contiguity subdiagrams I'; of 11
to sections qj, j = 1,...,r, of A (some of them may be absent) such that

r

-21(1_[’ Lj.q;)>1-13p.

j=

Proof. We proceed by induction on 7, the number of R-cells in A.

(a) Suppose that there are multiple edges in ® . That is, there are two distin-
guished e-contiguity subdiagrams ®; and ®; between some R-cells I1; and I15.
Consider a subdiagram E in A such that: (i) 02 = s1#152¢2, where s; is a side arc
of ®; and ¢; is a subpaths of dI1;, j = 1,2; (ii) E does not contain IT; and IT5.
By the definition of Jl, we can not include ®; and ®, into a single e-contiguity
subdiagram of I1; to IT,. This means that & contains at least one %-cell. On the
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other hand, the number of R-cells in E is smaller than n according to (ii). Hence by
the inductive assumption, there is an %R-cell IT in E and e-contiguity subdiagrams
I'1,..., T4 of IT to 51,11, 82, 12, respectively, such that

(I, Ty, 81)+ -+ (I1,T4,22) > 1 — 13 4.

On the other hand (IT, T'5, #1) 4+ (IT, T'4, 2) <2 by Lemma 4.3 since I'» and
"4 are e-contiguity subdiagrams of IT to I1; and I, respectively. Further if u is a
contiguity arc of IT to sq, then /(1) < A~!(3g + ¢) since u is (A, ¢) quasi-geodesic
and /(s1) < &. Therefore, (IT, 'y, s1) = [(u)/I(OI1) < I(u)/p < /2 if p is large
enough. Similarly (IT, I'3, s2) < /2. Thus

(I, Ty, 81) +---+ (I1, T4, 1) < 3.

We obtain a contradiction since 1 — 13u > 3u for u < 1/16.

Thus the graph & does not have multiple edges. Arguing as above, it is
easy to show that @y can not contain loops either. The only difference is that the
subdiagram E will be bounded by sz, where /(s) < ¢ and ¢ is a subpaths of dI1;.
(Here IT; is the %R-cell of A such that there is a lop incident to the corresponding
vertex in @ .)

Finally inside every 2-gon ef of @', there is a vertex of @ since otherwise
one can include the e-contiguity subdiagrams corresponding to the edges e and f
of @/, into a single e-contiguity subdiagram in the obvious way, contrary to the
definition of /L.

(b) By (a), we can choose an R-cell IT in A (passing to an O-equivalent dia-
gram if necessary) and subdiagrams I'; ; satisfying the inequality in Corollary 9.6.
Let us consider the subdiagram I'! of A such that: (i) aT'! = 5111522, where s1, 52
are side arcs of some of I'; 1’s and ¢, ¢, are subpaths of dII and the section g of
dA, respectively; (i) T’ 1 contains all T’ i,1’s. Let m1 be the number of R-cells in
I'!. We similarly construct I'2, ..., I'" and define m,, ..., m,.

Suppose that the cell IT is chosen in such a way that the sum m(I1) = m; +
-+« 4+ m, is minimal among all cells satisfying the condition

> (LT q)>1—11p
i,
If my =---=m, =0, then each of the sets {I';, 1}, ..., {I';, 1} consists of at most
one diagram. Indeed otherwise one could include at least 2 of them into a single
e-contiguity subdiagram, which contradicts the definition of J(.
Thus we may assume that m7 > 0. Then by Corollary 9.6 and the inductive as-
sumption, the subdiagram I'! contains an %-cell 1’ and e-contiguity subdiagrams

I‘If,l, e Fz{,4 of IT" to s1, t1, $2, t2, respectively, such that
k] k4
(40) ST gos) 44 D (T 4u12) > 1= 11,

i=1 i=1
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Note that kp < 1 since all F{,z’s are e-contiguity subdiagrams of IT’ to IT and
A satisfies (x) by (a). If ko = 1, we have (IT",T] ,,#1) < p by Lemma 4.3.
Further if k; > 1, we can construct an e-contiguity subdiagram I' of IT’ to 1,
such that: (i) " = st, where [(s) < 3¢ and ¢ is a subpaths of dI1’; (ii) I contains
at least one %-cell. This leads to a contradiction as in part (a). Thus k; < 1 and
if k1 =1 we obtain (T, I'; |, s1) < n/2 as in part (a). Similarly k3 <1 and if
ks =1, we have (IT", T/ ., s2) < jt/2. These inequalities together with (40) imply

ky
> (I, T} ,.t2) > 1—13u. However m(I1") < m(I1) since the cell IT" counts in
i=1 ’

m(IT) but not in m(I1"). This contradicts the choice of II. O

/
i,3
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