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STRAIGHTENING AND BOUNDED COHOMOLOGY
OF HYPERBOLIC GROUPS

I. MINEYEV

Abstract

It was stated by M. Gromov [Gr2] that, for any hyperbolic group G,
the map from bounded cohomology H}(G,R) to H™(G,R) induced
by inclusion is surjective for n > 2. We introduce a homological
analogue of straightening simplices, which works for any hyperbolic
group. This implies that the map H}*(G,V) — H™(G, V) is surjective
for n > 2 when V is any bounded (QG-module and when V is any
finitely generated abelian group.

1 Introduction

The bounded cohomology of a group G, H;(G,V), is defined with the
bar-construction the same way as the usual cohomology except that only
bounded cochains are considered (see the precise definition in section 2).
The bounded cohomology of a topological space is defined using bounded
singular cochains.

M. Gromov showed in [Grl] that, for a closed manifold M of negative
curvature and n > 2, the map H'(M,R) — H"(M,R) is surjective. The
proof used the fact that each singular n-simplex in a simply connected
manifold of negative curvature can be deformed to a “straight n-simplex”,
and that the straight n-simplices have uniformly bounded volumes.

In [Gr2, 8.3.T] Gromov also claimed the same surjectivity result for
hyperbolic groups and gave a sketch of proof involving quasi-geodesic flows.
This surjectivity result was later used by A. Connes and H. Moscovici [CM]
for a proof of the Novikov conjecture for hyperbolic groups.

We use a different approach to prove the surjectivity result for any
coefficients, namely we show

Theorem 11. Let G be a hyperbolic group and V be a bounded QG-
module. Then the map H'(G,V) — H™(G,V) induced by inclusion is
surjective for each n > 2.
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W.D. Neumann and L. Reeves [NR] showed that, when G is hyper-
bolic, the map H?(G, A) — H?*(G, A) is surjective for any finitely gener-
ated abelian group A. Our Theorem 11 implies the same result for higher
dimensions:

Theorem 15. Let G be a hyperbolic group and A be a finitely generated
abelian group. Then the map HJ}(G, A) - H™(G, A) induced by inclusion
is surjective for each n > 2.

The idea of the proof of Theorem 11 is the following. For the hyperbolic
group G we take X to be the universal covering of a K (G, 1)-complex with
finitely many cells in each dimension, and let I" be the 1-skeleton of X. A
Q-bicombing ¢ in T is a choice of a rational 1-chain g[a, b] for each pair of
vertices a, b such that dq[a,b] = b — a. The main step in the proof is

Theorem 10. Let G be a hyperbolic group and I' be a connected graph
with a free cocompact G-action. Then there exists a Q-bicombing ¢ in T’
with the following properties:

(1) q is quasigeodesic;

(2) q is G-equivariant;

(3) q is anti-symmetric, i.e. g[a,b] = —q[b, a] for any a,b € r©).

(4) there exists a constant T such that, for any a, b, c € T'(%),

|ala, b] + q[b, c] + gle, a]|, < T

Informally, one should think of g[a, b] as a singular 1-simplex spanning
a and b.

Hyperbolic groups satisfy linear isoperimetric inequalities for filling ra-
tional n-cycles (see [G] for n = 1 and [M3] for n > 1), hence, by Theo-
rem 10(4), each 1-cycle of form g[a, b] + ¢[b, c] + ¢[c, a] bounds a 2-chain of
bounded norm. We extend this inductively to higher dimensions, i.e. we
“span” each (n+ 1)-tuple of vertices in X by a cellular n-chain of bounded
£i-norm. One may view this construction as a homological analogue of
straightening. Then a formal homological argument is used to finish the
proof of Theorem 11.

The bicombing g[a, b] above may also be viewed as a generalization of
global canonical representatives considered by E. Rips and Z. Sela [RS].
The question of existence of such canonical representatives for an arbitrary
hyperbolic groups remains open.

Everywhere in the paper Q can be replaced by R with no change in the
proofs. In [M1] a converse of Theorem 11 is shown, giving a characterization
of hyperbolic groups by bounded cohomology.
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2 Definitions

2.1 Hyperbolic groups. IfT is a graph, we always view it as a metric
space with the path metric d induced by assigning length 1 to each edge. A
geodesic path [a, b] in T is a shortest edge path connecting the two vertices a
and b. A finitely generated group G is called hyperbolic if, for any graph I'
with a free cocompact G-action there exists a constant é > 0 such that all
the geodesic triangles in I are é-fine in the following sense: if a, b, and c are
vertices in T'(°)| [a, b], [b, ¢], and [c, a] are geodesics from a to b, from b to c,
and from c to a, respectively, and points @ € [b,c], v, € [a, b], w,b € [a, (]
satisfy

d(b,9) = d(b,a), d(c,a)=d(c,B), d(a,v)=d(a,w)< d(a,5) = d(a,b),
then d(v, w) < 4. See [A&] for other equivalent definitions.

For the rest of the paper, let G be a hyperbolic group and X be a
contractible cellular complex equipped with a free cellular G-action which
is cocompact on the n-skeleton X (™) for each n. This means that the
quotient of X by the G-action is a K (G, 1)-complex with finitely many
cells in each dimension. Such a complex X exists for each hyperbolic (or,
more generally, combable) group (see [E&, Theorem 10.2.6] and [A]). When
G is torsion free, X is the familiar Rips complex and it is finite dimensional.

In what follows, I will always stand for the 1-skeleton of X. Choose é
so that all geodesic triangles in I' are é-fine. Increase § as needed to make
it a positive integer.

For vertices a, b, and ¢ in I'(%), the Gromov product is defined by

(ble)a := 3 [d(a, b) + d(a, c) — d(b,c)] .
Note that, by the triangle inequality, this product always satisfies
(ble)a < d(a,b), (bl)a < d(a,c), (ble)a >0, d(a,b) = (ble)a+ (ale)s
and analogously for any permutation of letters a, b, and c.

The next lemma immediately follows from the definition of hyperbolic
groups.

LEMMA 1 (Fine-triangles property). Let G and I' be as above, and z, z,
y, ', y' be vertices in T'(°) such that z' (respectively, y') lies on a geodesic
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connecting z to z (respectively, z to y). Suppose also that

d(z,2") = d(z,7') < (ely)s
Then d(z',y') < 4.

Given a vertex v in I'(®) and a number 7, a sphere S(v,r)in T is the set
of all vertices w in I'(®) satisfying d(v, w) = r. A ball B(v,r) in T is the set
of all vertices w in T'(®) satisfying d(v,w) < r. If S is a subset of T, then
the r-neighborhood of S, N(S,r), is the set of all points ¢ € T' such that
d(z,s) < r for some s € S.

The following obvious corollary of Lemma 1 will be used several times
throughout the paper.

LEMMA 2. Let G and T be as above, and z, z, y, 2',y' be vertices in T'(°)
such that @' (respectively, y') lies on a geodesic connecting z to z (respec-
tively, z toy). Suppose also that m is an integer, ', y' € S(z,106(m — 1)),
z,y € S(z,106m), and d(z,y) < 58. Then d(z',y') < 4.

2.2 Normed vector spaces. Let W be a vector space over Q. A norm
on W is a function | - | : W — R; satisfying (1) w = 0 iff jw| = 0;
(2) lw+ w'| < |w|+ |[w']; (3) |ow| = | - |w| for w,w’' € W, a € Q.

Suppose now that a vector space W over Q has a preferred basis
{w;, i € I'}. The £;-norm on W with respect to this basis is given by

‘ Zaiwi X = Z|ai| .
i€l el
Let (W,| - |1) and (W',| - |) be normed vector spaces, where W is
equipped with the £;-norm |- |;. For a linear map ¢ : W — W', the £,-

norm of ¢, |¢|w, is the operator norm of p, i.e. || is the smallest number
K (possibly infinity) such that |¢(w)| < K|w|; for each w € W. One checks
that
|#loo = sup [ (wi)],
i€l

where {w;, ¢ € I} is the preferred basis of W.

The preferred basis on the space of cellular n-chains, Cp(X,Q), will
always be the set of n-cells in X and we always equip C,(X, Q) with the
£1-norm.

2.3 Bounded modules. A bounded QG-module is a QG-module which
is normed, as a vector space over Q, and such that G acts on the module
by linear maps of uniformly bounded norms. Note that this definition is
more general than one may find in literature in that we do not require the
module to be a Banach space, and also it is a vector space over QQ rather
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than over R. Of course, any normed vector space over Q may be viewed as
a bounded QG-module with the trivial G-action.

2.4 Bounded cohomology. There are various equivalent definitions
for the bounded cohomology of a group (see [I] and [N]). In the paper
we will use the homogeneous bar-construction definition. Namely, for any
bounded QG-module V', the bounded cohomology of G with coefficients
in V, Hy(G,V), is the homology of the cochain complex

0— CoG, V) 2 L@, V) 2 a6, V) 2
where
CHG,V) :={a: G - V| ais abounded G-map}

and the coboundary map is defined by
n+1
5na(<:t:0, .. .,mn+1>) = Z(—l)ia(@:g, R .,mn+1>) .
=0
Here G™*! is considered with the diagonal G-action, and “bounded” means
“has bounded image with respect to the norm on V.

Equivalently, C}'(G,V) C Homgg(Cn(G,Q),V) is the subspace of all
QG-morphisms C,(G,Q) — V, which are bounded as linear maps, where
Cn(G, Q) is the space of all chains (= finite support functions) G**! — Q
given the £;-norm with respect to the standard basis G®*1. One should
think of an element of G™*! as an n-simplex. Such simplices form a sim-
plicial complex Y representing the bar-construction. For convenience, in
the text we will use the notation CY = C,(Y, Q) instead of C,(G, Q) and
Cy = C™(Y,V) instead of C*(G,V).

3 Auxiliary Statements

In this section we first prove some auxiliary statements, and use them to
prove Theorem 10 mentioned in the introduction. The reader may want to
skip the technicalities and first go to section 4 where this result is used for
bounded cohomology.

All cellular chains in X will be assumed with Q-coefficients unless stated
otherwise.

A bicombing p in I' is a function assigning to each ordered pair (a, b) of
vertices in ['(®) an oriented edge-path p|a, b] from a to b. A bicombing p is
called geodesic if each path p[a, b] is geodesic, i.e. a shortest edge path. A



6 I. MINEYEV GAFA

bicombing p is G-equivariant if p[g-a, g-b] = p- q[a, b] for each a,b € T and
each g € G.

For the rest of the paper, fix some G-equivariant geodesic bicombing p
in I'. So each pla, b] is an isometric embedding pla, b] : [0, d(a,b)] — I' with
pla, b](0) = a and pla, b](d(a, b)) = b, and p[a, b](r) stands for the image of
r € [0,d(a,b)] via the map p[a, b]. Abusing the notation we will also view
the path p[a, b], as a 1-chain, with dp[a, b] = b — a.

A homological bicombing ¢q in I' is a function which assigns a 1-chain
q[a, b] to each ordered pair (a, b) of vertices in I'(°), so that dq[a,b] = b — a.
A Q-bicombing is a homological bicombing with coefficients in Q. A homo-
logical bicombing is called guasigeodesic if

e there exists a constant » > 0 and a geodesic bicombing p such that

supp q[a, b] C N (p|a, b],r) for each a,b € T'(®), and

e there exists a constant C' > 0 such that ‘q[a, b”l < Cd(a,b) for each

a,be T,
A homological bicombing ¢ is G-equivariant if q[g - a,g - b] = g - q[a, b] for
each a,b € T'(® and each g € G.

A convex combination is a (cellular) 0-chain with non-negative coeffi-
cients which sum up to 1. For v,w € T'(®), the flower at w with respect to
v is the set

Fl(v,w) := S(v,d(v,w)) N B(w,d) C (),

First we recall a version of the dandelion construction from [M3]. For
each vertex a in I'(®), define the “one-level-lower projection toward a”
prq : T(©) — T as follows.

e pry(a) :=a, and

o if b # a, prqa(b) := p[a, b](r), where r is the largest (integral) multiple

of 106 which is strictly less than d(a, b).

Now for each pair a,b € T(°) we define a (cellular) 0-chain f(a,b) in T
The definition is inductive on the distance d(a, b). For vertices a and b with
d(a,b) < 104, put f(a,b) :=b. If d(a,b) > 104 and d(a, b) is not a multiple
of 104, let f(a,bd) := f(a,prq(b)). If d(a,b) > 104 and d(a,b) is a multiple
of 104, let

f(a,b) = #Fl( Z fapra :z:)

z€Fl(a,b)

ProposITION 3 (Canceling convex combinations). The function f defined
above satisfies the following properties:

(1) f(a,b) is a convex combination.
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(2) If d(a,b) > 106, then supp f(a,b) C Fl(a, pla, b](104)).
(3) If d(a,b) < 104, then f(a,b) =b.
(4) f is G-equivariant, i.e. f(g-a,g-b) = g- f(a,b) for any a,b € r©
andg € G.
(5) There exist constants L > 0 and 0 < A < 1 such that, for any
a,b,ce ),
| £(a,b) — f(a,c)|, < LACI)e,

The proof of this and later statements may look a bit cumbersome, but
the main point should be clear: use the fine-triangles property whenever
possible. It is probably also worth mentioning that the number 104 in the
statement can be replaced by any “sufficiently large” integer.

b pralt)

f(a,)

Figure 1: Convex combination f(a,b).

Proof of Proposition 3. It is clear from the definition that f(a,b) is
a convex combination and it is G-equivariant because the definition uses
only metric properties of I'(®), which are preserved under the G-action. So
properties (1) and (4) are satisfied. Property (3) follows directly from the
definition. To prove (2) we need the following lemma.

LEMMA 4. Leta,bc I'® and let m be an integer satisfying 106 < 10ém <
d(a,b). Put v := p[a, b](10dm). Then
fla,b)= Y a.f(az),
z€Fl(a,v)

for some non-negative coeflicients o, with ZzeFl(a v) Qe = 1.

Proof. This follows almost immediately from the definition of f. The
main tools here are the fine-triangles property and the fact that “a convex
combination of convex combinations is again a convex combination”. Fix
an arbitrary pair of vertices @ and b in T'®), We prove the assertion by
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the inverse induction on m. Let mpy., be the maximal integer among all
m satisfying 106m < d(a,b). Since 106 < d(a,b) by the hypotheses of the
lemma, then mpy., > 1.

M = Mmax. If 106mmax = d(a,b), then b = v and the 0-chain
f(a,b) = f(a,v) can be represented as the trivial linear combination
Y zcFi(ap) % f(a,z), where o, =1 and a, =0 for all z # v.

If 106mmax < d(a,b), then, by the definition of f,

f(a,b) = f(a,pra(b)) = f(a,v),
which is again the trivial linear combination.

m + 1 — m. If an integer m satisfies 1 < m < Mypqz, then 10§ <
106(m + 1) < d(a, b), so, by induction hypotheses,

@b = Y af(ae),
z€Fl(a,v')
where v’ := pa, b](106(m + 1)) and o, are some non-negative coefficients
satisfying EmGFl(a,'u’) oy = 1. By definition, each f(a,z) in the last sum
has the form
f(a"m) #Fl((l m) Z f apra( ))7
y€Fl(a,z)

therefore

f(a,6) = Z [#F” Y. fapraly ]

z€FIl(av’ yGF'l a,r)
= Z Z # a 23 (a' pra(y)) (1)
z€Fl(a,v') yeFl(a,x)

Now collect like terms in the last double sum. It amounts to grouping
the coefficients a,/#Fl(a,z). Their sum is 1:

2 Z#Fl) Z[%Zl]

z€Fl(a,v') yeFl(a,z) z€Fl(a,v') y€Fl(a,z)
= Z a, =1,
z€Fl(a,v’')
and after the grouping the coefficients will still sum up to 1. We have
d(v',y) < d(v',z) +d(=,y) < 26,
hence, by Lemma 2, d(pr.(y),pla,b](10dm)) < §. This implies that all

the points pry(y) mentioned in formula (1) belong to Fi(a, p[a, b](10dm)).
Lemma 4 is proved. O
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Now part (2) in Proposition 3 is immediate: if d(a, ) > 104, then, by
taking m := 1 in Lemma 4, we obtain v = p[a, b](104) and
f(a,b) = Z orf(a,z) = Z 0
z€FI(a,v) z€Fi(a,v)

To finish the proof of Proposition 3 it only remains to show part (5).
Let
w :=max {#B(v,6) |v € r@}.

Obviously, w > 1, and also w < oo because, up to the G-action, there are
only finitely many balls of radius § in I'®), Note that the cardinality of
each flower Fl(a,b) does not exceed w.

LEMMA 5. Suppose that vertices a, b, ¢ in T'(®) and an integer n satisfy
d(b,c) < 4 and d(a,b) = d(a,c) = 106n. Then
1 n—1
fan - f@al <2 (1-5)
Proof. Induction on n.

n < 1. In this case
1 n—1
#@) = f@, )} < 7@, + 7@ o, =2 <2 (1- )
n — 1 — n. Suppose d(b,c) < § and d(a,b) = d(a,c) = 106n, where
n > 2. Then
|f a,b) — f(a, )|1

‘#Flab) >, flepra(@) - #Flac

z€Fl(a,b) y€Fl(a,c)

‘#Fl a b) #Fl(a C) Z Z a pra(m)) - f(a:pra(y))]

z€Fi(a,b) yeFl(a, c) 1

S#Fl(a,b) #Fl(a, c) >, D |fapra(@) - fapra)l, -

z€Fl(a,b) yeFl(a,c)
()

By the hypotheses, d(b,c) < 8, s0 b € Fl(a,b)NFl(a,c), and therefore there
is a term in the last double sum corresponding to « := y := b. This term is
obviously zero. The remaining #Fl(a,b)-#Fl(a,c)—1 terms in this double
sum can be bounded as follows. Since
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then, by Lemma 2, d(pry(z), pra(y)) < 8. The induction hypotheses now
apply to the vertices a, prq(z), and pr,(y) giving the bound

1 (n—1)-1 1 n—2
Hapra(e) ~ fapra)), <2 (1-5) =2(1- ;)
for each € Fl(a,b) and y € Fl(a,c). So continuing inequality (2) we have

‘f(a7 b) - f(a; c)‘l
(#Fl(a,b) - #Fl(a,c) — 1) - 2 <1 _ L)

w?

1
< ¥Fi(a,b) #Fi(a,0)

- (- g gree) 2 5) (%)

Lemma 5 is proved. o

Now we finish the proof of Proposition 3(5). Pick any triple of vertices
a, b, cin T, Let

1\ 1/108 1\°3
A::(l——z) and L::2<1——2) .
w w

Recall that 1 < w < oo, hence L > 0 and 0 < A < 1, as needed.
If (b|c), < 206, then

|£(a,b) — f(a, )|, < |f(a,b)|, +]|f(a,c)|, =2
1\73 1\2
=2 <1 - —2) : <1 - —2) = LA3%% < 12208 < [ (ble)a,
w w

We can now assume (b|c), > 208. Let m be the maximal integer among
those satisfying 10dm < (b|c),. It easily follows that

Glee 1 <m 3)

and 204 < 10dm < (b|c), < d(a,b), hence, by Lemma 4,
flab)= Y a.f(az),
z€FI(a,v)

where v := p[a, b](10dm) and o, are some non-negative coefficients sum-
ming up to 1. In the same way,

f(a: C) - Z /Byf(a‘i y) )
y€Fl(a,w)

where w := p[a, ¢|(10dm) and B, are some non-negative coefficients sum-
ming up to 1 (see Fig. 2).
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S(a, 104)

S(a,106m)

Figure 2: Proof of Proposition 3(5).

Then
f@b) - faol,=| Y af@z)- Y Al
z€Fl(a,v) y€Fl(a,w)
:‘ Z orf(a,z)- Z By — Z g Z ﬁyf(a:y)‘l
z€FI(a,v) y€Fl(a,w) z€FI(a,v) y€FI(a,w)

(4)
:‘ Z Z 0By | fla, 2 —f(a,y)]‘l

z€Fl(a,v) yeFi(a,w)

< Z Z @Byl f(a,2) - f(a,9)],,

z€Fl(a,v) yeFl(a,w)
whereas, by the definition of f,

‘f(a‘:z)_f(a:y)‘l
1 1
= |gras | 2 J@re) - gy 3 Slapml

z'€Fl(a,z) y'€Fl(a,y)
1

< FFiaa) ey 2 2 [@rra() - ilapra@));.

z'€Fl(a,z)y' €Fl(a,y)
(5)

By the choice of v, w, and m, d(a,v) = d(a, w) = 10dm < (b|c)qs, then the
fine-triangles property yields d(v, w) < é. Since z € Fl(a,v), y € Fl(a,w),
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z' € Fl(a,z),y' € Fl(a,y),
d(z,y') < d(2’, z)+d(z, v)+d(v, w)+d(w,y)+d(y,y) < d+I+5+5+5 =58,
then, by Lemma 2, d(pra.(z’'), pro(y’)) < 4, and by Lemma 5,

(@, pra(e)) — Flapra(@)], < 2 (1 - i)(m_”_l ) (1 _ i)m_z |

(6)

Combining inequalities (4), (5), (6) and (3),
‘f(ai b) - f(a’: C)‘l

<> S maigmew,r X ()

z€Fl(a,v) yeFl(a z'€Fl(a,z)y' €Fl(a,y)

m—2

1\ ™2 1 [1—)—';';5“—1]—2
blc)a
1 -8 1 104
(e 2) (- ) e
w w
Proposition 3 is proved. o

Now we use the function f to construct another function f with addi-
tional properties.
For each a € T'(°) we define a 0-chain star(a) by

1
star(a) == ———= Z z.
#B(a,79) =€ B(a,75)
In other words, star(a) is “the uniform spread” of a to all the vertices
that are 74-close to a. Also, star(a) can be defined for any 0-chain a, by

linearity:
star( Z ) Z azstar

LEMMA 6. star satisfies the following propert1es:

If a is a convex combination, then star(a) is a convex combination.
supp star(a) lies in the 7é-neighborhood of supp a, for any 0O-chain a.
star is a linear operator Co(T', Q) — Co(T', Q).

This operator is of norm 1, i.e. |star(a)|; < |a|; for any 0-chain a.
star is G-equivariant, i.e. star(g - a) = g - star(a) for any 0O-chain a
and any g € G.

The proof is immediate.
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Now if f is the function from Proposition 3 and a,b € I'?), define
f(a,b) := star(f(a,d)) .
PROPOSITION T. The function f defined above satisfies the following
properties:

(1) f(a,b) is a convex combination.
(2) If d(a,b) > 104, then supp f(a,b) C B(p[a, b](105),86).
(3) If d(a,b) < 104, then supp f(a,b) C B(b, 76).

(4) f is G-equivariant, i.e. f(g-a,g-b) = g- f(a,b) for any a,b € r©
and g € G.

(5) There exist constants L > 0 and 0 < A < 1 such that, for any
a,b,ce T

|£(a,8) = f(a, )], < LALI)-,
(6) There exists a constant 0 < A’ < 1 such that if a,b,c € r'©) satisfy
(alb)e < 106 and (a|c)s < 104, then
|7(b,a) — f(c,a)|, < 2X.
(7) Leta,b,ce _I‘(O), 7 be a geodesic path froma to b, and let ¢ € N (v, 94).
Then supp f(c,a) C N(v,94).
Proof. Lemma 6 and Proposition 3(1)—(5) imply Proposition 7(1)—(5). We

show Proposition 7(6) now.

Let w; := max{#B(v,78) | v € T}, and X := 1 — w% We have

7

1 < wy < 00, and hence 0 < X < 1. Let us assume that a, b, ¢ € I'(®) satisfy

the hypotheses
(alb)e <106 and (alc)p < 104.

This implies that

d(b,c) = (a|b). + (alc)s < 204. (7)
Without loss of generality, d(a, b) < d(a, c¢) (interchange b and ¢ otherwise).
Additionally we assume for the moment that

d(a,b) > 104.
Let v := p[b, a](104) and w := p[c, a](104). By Proposition 3(1,2),
f(b,a) = Z oz and f(c,a)= Z Byy
zeFI(bv) y€EFI(bw)

where o, > 0, Ea:EF'l(b,'u) a, =1, By >0, ZyEFl(b,w) By = 1 (see Fig. 3).
Then
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.p[c, al

Figure 3: Proof of Proposition 7(6).

|f(b,a) — f(c,a)|, = |star(f(b, a)) — star(f(c,a)),

:‘star( Z a,,)—star( Z ﬁyy)‘

zeFI(bv) y€FI(c,w)

:‘ Z ogstar(z) — Z ﬁystary‘l (8)

zeFI(bv) y€EFl(c,w)

Z Z 0By star(z) — star(y)‘l.

z€FI(bv) yeFl(c,w)

IA

Let w' be the vertex on the geodesic p[c, a] satisfying d(a, w’) = d(a,v). We
have
d(a,w') = d(a,v) = d(a, b)—
hence, using inequality (7)
d(a,w") = d(a,v) < §[(d(a, b) — 106) + (d(a,c) — 104)]
= 1[d(a,b)+d(a,c)—208] < 1[d(a,b)+d(a,c)—d(b,c)] = (blc)a,
therefore, by the fine-triangles property, d(v, w’) < 4. Also
d(w', w) = d(a,c) — d(c,w) — d(a,w’) = d(a,c) — 106 — d(a,v)
— d(a,) - d(a,b) = [(al8)o+ (blo)] — [(alo)s + ()]
— (alt). — (ale)s < (alb). < 10.

d(b,v) = d(a,b)—106 < d(a,c)—108 = d(a, w),

]

So we have

d(v,w) < d(v,w’) + d(w',w) < §+ 106 = 114.
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If z € Fi(b,v) and y € Fl(c,w), then using the last formula we get
d(z,y) < d(z,v)+d(v,w)+d(w,y) <d+ 116+ 6 = 134.
This implies that, for each such a pair of vertices  and y, there is a vertex

s € B(z,76) N B(y,78). (Take s to be a vertex on a geodesic edge path
between z and y nearest to the midpoint.) Then

|star(z) — star(y)|,

! 1 !
_i#B | 76) > ¥ T #B(y,19) > y|1

z'€B(z,75) y'€B(y,78)

1 ! /
< %B@7) #BE) 2 2 vk ©)

2'€B(z,78) y'€B(y,75)

1
= %B(=,76) #B(y,70)

=2|1- 1 <2(1- i =2\
B #B(z,78) - #B(y,78)) ~ wy)
Combining inequalities (8) and (9),

| 7(b,a) - < DY) By 2V =2X,
z€FI(bv) yeFl(c,w)
This was proved assuming that d(a,b) > 104. Also recall that d(a,b) <
d(a, c¢) holds.
If d(a,b) < d(a,c) < 104, then take v := w := a. If d(a,b) < 106 <
d(a, c), then take v := a and w := p[c, a](104). In the latter case we have
d(v,w) = d(a, w) = d(a, c) — d(c,w) = d(a,c) — 108
< d(a,c) — (alb)e = (ble)a < 106.
Therefore d(v,w) < 104 in either case, hence, for any z € FI(b, v) and any
y € Fl(c,w),

2(#B(z,76) - #B(y, 75) — 1)

d(y,z) < 106 + 26 = 124,

so the same argument using formulas (8) and (9) works. Part (6) is proved.

Part (7) of Proposition 7 is almost immediate. If d(a,c) < 104, then
supp f(c,a) C B(a,76) C N(v,98) by Proposition 7(3). Suppose now
d(a,c) > 104. Let b’ be a vertex on v with d(b',c) < 96 (see Fig. 4).
Let also v := plc, a](104) and w be the vertex on v with d(a, w) = d(a, v).
Such a vertex w always exists because

d(a,b") > d(a,c) — d(c,b') > d(a,c) — 98 > d(a,c) — 108 = d(a,v) .
Then
d(a, w) = d(a,v) = d(a, c) — 106 = 3 [d(a, c) + d(a, c) — 20]
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Y w b

Figure 4: Proof of Proposition 7(7).

< %[d(a, c)+d(a, b')—l—d(b',c)—205] < %[d(a, c)+d(a, b')—d(b',c)] = (b|¢)a,
and, by the fine-triangles property, d(v,w) < §. Since supp f(c,a) C
B(v, 84), then _
supp f(c,a) C B(w,98) C B(v,94).
Proposition 7 is proved. O
First we will construct a homological bicombing ¢’ in T' with certain
properties. Recall that p was a choice of a geodesic bicombing in I'. The

notation p[a, b] makes sense not only when a and b are vertices in ', but
it also can be defined when a is any 0-chain, by linearity:

p[ Z agzT, b] = Z oplz,b].
zel'(0) zel'(0)
One easily checks that dp[a,b] = b — a if a is a convex combination.

The 1-chain ¢'[a,b] is defined inductively on d(a,b). If d(a,b) < 106,
put ¢'[a, b] := p[a, b]. Assume now that d(a,b) > 106. By Proposition 7(2),
supp f(b, a) C B(p[b, a(105),86),

hence, for each vertex z € supp f(b, a),

d(a,z) < d(a,p[b,a](105))+d(p[b,a](105), m) < [d(a, b)—105]—|-85 < d(a,b),

so ¢'[a, z] is defined by the induction hypotheses. Now we define ¢'[a, f(b, a)]
by linearity over the second variable, and put

¢'le,b]:= q'[a, (5, @)] + p[ (5, a), 8] .

One easily checks that d¢'[a,b] := b — a, so ¢' is a homological bicombing
in I.
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ProroSITION 8. The Q-bicombing q' constructed above satisfies the
following conditions.

(1) ¢' is G-equivariant.

(2) ¢ is quasigeodesic.

(3) There exist constants M > 0 and N > 0 such that, for alla, b, c € T'(%),

‘q a,b] — ¢'[a, c‘l < Md(b,c)+ N .
Proof. (1) is obvious because the definition of ¢’ used p and f, and they
are G-equivariant.
(2) First we define a sequence of sets of vertices V;(a,b) for each pair

a,b € T, Put Vy(a,b) := {b} and
Viti(a, b) := Vi(a,b) U U supp f(c,a) .
c€Vi(a,b)

This sequence is increasing and stabilizes at a certain vertex set which we
denote by V'(a,b). Tracing the definitions of ¢'[a,b] and V(a,b) we see
that ¢'[a, b] is a linear combination of geodesic paths of length at most 186
whose endpoints lie in V'(a, ). Hence, to show that ¢’ is quasigeodesic, it
is enough to show that V' (a, b) lies uniformly close to p[a, b].

We prove that V;(a,b) C N(p[a, b],94) inductively on i. Firstly, Vy(a, b)
= {b} C N(p[a, b],94). Secondly, if V;(a, b) C N (p|a, b],9é), then, by Propo-
sition 7(7),

Viti(a,b) = Vi(a,b) U U supp f(c,a) C N(p[a, b], 95) .
c€Vi(a,b)
This implies V' (a, b) C N(p[a, b], 94).

The inequality |¢'[a,b]|1 < 183 d(a,b) follows by induction on d(a,b),
using the definition of ¢’, so part (2) is proved.

(3) Up to the G-action, there are only finitely many triples of vertices
a, b, c, satisfying d(a, b) +d(a, c) < 604, hence there exists a uniform bound
N’ for the norms

‘q a,b] — ¢[a,c ‘1
for such vertices a, b, and c. Let A’ be the constant from Proposition 7(6),
N - 566M + 366
A
We prove the statement by induction on d(a, b) + d(a, c).
If d(a,b) + d(a, c) < 604, then
‘q [a,b] — ¢'[a, c‘lgN'SNSMd(b,c)—i—N
just by the choice of N’ and N. We assume now that d(a, b)+d(a, c) > 604.
Consider the following two cases.

M =185 and N::max{N’,
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Case 1. (a|c)p > 106 or (a|b). > 104.
Assume, for example, that (a|c), > 106 (see Fig. 5). Then, in particular,

Figure 5: Case 1.

d(a,b) > 104, hence, by definition,
¢'la,b] = q'i[a, f(b, a)] +p[f(b,a),b]
and supp f(b,a) C B(v,88), where v := p[b, a](108). Also, d(b,c) > (alc)s
> 104, so there exists a geodesic v between b and ¢, and a vertex v’ on ¥
with d(b, v") = d(b,v) = 104. By the fine-triangles property, d(v,v’) < 4. If
z € supp f(b, a), then
d(z,b) < d(z,v)+ d(v,b) < 85+ 106 = 184, (10)
d(z,c) < d(z,v) + d(v,v") + d(v',c) < 86+ 8 + [d(b,c)—108] < d(b,c) -1,
and
d(a,z) < d(a,v) + d(v,z) < [d(a,b) — 108] + 86 < d(a,b),
therefore d(a,z) + d(a,c) < d(a,b) + d(a,c), so the induction hypotheses
apply to the vertices a, #, and ¢, giving
|¢'la,2] — ¢[a, ]|, < Md(z,¢) + N < M(d(b,c) - 1) + N
— Md(b,c)- M+ N.
For some non-negative coefficients o, summing up to 1,
f(b,a) = Z 0
z€B(v,85)
Then, by the definition of ¢'[a, b] and M and inequalities (10) and (11),

|d'[a,b] - '[a,c]|, = |d[a, F(b,a)] + p[F (b, a),b] — ¢'[a,c]|,

(11)
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= ‘ Z amq'[a, z] + Z ozplz, b] — ql[a: ] 1

z€B(v,85) z€B(v,85)

<| Y aldlol-dlad) +| > awslsb]
z€B(v,85) z€B(v,85)

< Y aldlaz]-dlad|, + Y. alple bl
z€B(v,85) z€B(v,85)

< Z oy - (Md(b,c)— M+ N) + Z oy d(z,b)
z€B(v,85) z€B(v,85)

< Md(b,c)- M+ N +185 = Md(b,c)+ N .
Case 2. (a|c)p < 106 and (alb). < 104.
In this case Proposition 7(6) applies. Since d(a,b) + d(a,c) > 60§ and
d(b, c) = (alc)s + (a|d). < 204, then d(a,b) > 104 and d(a,c) > 104. Then,
by the definition of ¢'[a, b] and ¢’[a, ],
‘q a, b _q a,c ‘1 ‘q b a)]—l—p[f(b,a),b]—q'[a, f(c: a)]_p[f(c: a):c]‘l
< |¢'[a, £(b, a)] - [a, ¢,a)]|, + \P[f(b,a),b]\l + \P[f(c, a), ]|,
= |¢'[a, f(b, @) - (e, a))|, + [p[£(b, a), b]|, + |P[f(c,a),c]l, - (12)
The 0-chain f(b, a) f(c,a) (as any other) can be represented in the form
f+ — f—, where f, and f_ are O-chains with non-negative coefficients and
disjoint supports. By Proposition 7(6),
[feli+ 1=l = 1fs = folo = [£(b,a) = f(c, )], <2X.
The coefficients of the 0-chain f, — f_ = f(b,a) — f(c,a) sum up to 0,
because f(b,a) and f(c, a) are convex combinations. It follows that

[frli=1f-lh <X (13)

Also, ~

supp f4 C supp f(b,a) C B(p[b, a](104), 86)
and ~

supp f— C supp f(c, a) C B(p[c, a](105),86),
hence, for each z € supp f+ and y € supp f—, we have (by the hypotheses
of Case 2)

d(z,y) < d(z,b)+ d(b,c)+ d(c,y) < 188 + 206 + 186 = 564 .

Also d(a, z) + d(a,y) < d(a,b) + d(a, c), so, by the induction hypotheses for
the vertices a, z, and y,

‘q'[a, z] — ¢'[a, y]‘l <Md(z,y)+ N <566M + N (14)



20 I. MINEYEV GAFA

for each = € supp fy and y € supp f—. Then we continue inequality (12)
using inequalities (13) and (14) and the definition of N:

|¢'[a,b] - ¢'[a, ]|, < |¢'[a, F(b,a)—F(c,a \1+\p[f(b,a),b]\lﬂp[f(c, a), cll

- ‘q f+]_q ‘1+‘p ):b]‘l—l_‘p[f(c:a):c”l
< A’-[566M+N]+185—|—185§ N < Md(b,c)+ N.
Proposition 8 is proved. m

Given a triple of vertices a, b, ¢ in T'(®), a vertex z is called a center of
the triple {a, b, c} if there exist geodesics [a, b], [b, |, [c, a], points @ € [b, ],
b € [c,al], and € € [a, b] satisfying

d(b,e) = d(b,a), d(c,a)=d(c,b), d(a,c)=d(a,b),
and such that d(z,a) < 6, d(z,b) < 6, and d(z,¢) < 4. Since geodesic
triangles in T’ are é-fine, such a center always exists.
LEMMA 9. For the bicombing q' constructed above, there exist constants
K >0 and 0 < XA < 1 with the following property. Ifa',a,b,c € T(®, z € T
is a center of the triple {a,b,c}, and o’ € N(p|[z, a],104), then

‘q [6,a] — ¢'[c,a’] — ¢'[b, 2] + ¢'[c, 2 ‘1 < K(l—l-/\—l—)\z—}—...—l—,\d(z’“’))
(see Fig. 6).

The expression on the right can be bounded by a universal constant,

and this will be used later in Theorem 10. We present the lemma in this
form to enable the inductive proof.

Proof of Lemma 9. Let A and L be the constants from Proposition 7(5)
and M and N be the constants from Proposition 8(3). We take K to be
sufficiently large, namely

K := max {446M + 2N, LA~*(266M + N + 184)}.
Note that all these constants are universal, i.e. they depend only on the
choice of T'.
We prove the lemma by induction on d(z,a’). If d(z,a') < 224, then,
by Proposition 8(3),
‘ql[b: al] - ql[c’ al] [b Z] + q ¢,z ‘1

S |ql[bia’l] - q b,Z ‘1 + ‘q cia - ql[c, Z”l

< [Md(z,a') + N| + [M d(z,d') + N|

< 446M + 2N < K < K(1 + ... + A¥(=2)) |

We now assume that d(z, a’) > 224. Since z is a center of {a, b, c}, there
exist a geodesic vy from b to a and a point ¢ € vy with d(a, ) = (b|c), and
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Figure 6: Lemma 9.

d(z,¢) < & (see Fig. 7). Denote v := p[a’, b](108) and pick an arbitrary
z € B(v,868). We want to use the induction hypotheses for the vertex z, so
our first goal is to show that d(z,z) < d(z,a’) and € N(p[z, a],108). This
will be possible to do because d(z, a') is large enough. By the hypotheses
of the lemma there is a vertex u on p[z, a] with d(a, u) < 108. Then

d(z,u) > d(z,a') — d(a’,u) > 226 — 106 > & > d(z,¢) > (alc).,
hence

d(a,v) = d(a, z) — d(z,u) = [(z[€)a + (ale).] — d(z,u) < (2]€)a -
The last inequality implies that there is a vertex u' on v with d(a,u’)

= d(a,u) and, by the fine-triangles property, d(u,u’) < §. This implies
that

d(a',v') < d(a',u) + d(u,u’) <106 + & = 116,
d(a,e) > d(a,z) — d(z,¢) > [d(a,u) + d(u, z)] — &
> d(a,u) + [d(z,d') — d(a',u)] — 8
> d(a,u) + 226 — 106 — 8 = d(a,u) + 116 = d(a,u’) + 114.
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Y e C

Figure 7: Proof of Lemma 9.

This means that ¢ lies between b and u’ on the geodesic vy and
d(v',¢) = d(a,c) — d(a,u') > 116.
Further,
d(b,e) = d(b, ') — d(v/,e) < d(b,u') — 116
<d(b,u) —d(a',u') < d(b,u’) — (a'|b)w = (a'|u))s.

Therefore there exists a point » on p[d’, b] with d(b,r) = d(b, ¢) and, by the
fine-triangles property, d(r,c) < é, so

d(z,r) <d(z,c)+d(¢,r)<6+5=26. (15)
Recall that v was defined as p[a’, b](104), then we have
d(a',v) =106 < 226 — 26 < d(d',z) — d(z,7) < d(a’,z) — (a'|r). = (2|7)a,
so there exists a vertex v’ on p[z, a’] with d(a’,v") = d(a’,v) = 108 and, by
the fine-triangles property, d(v,v’) < 4.

(z|u)q = %[d(z, a) +d(d,u) — d(z, u)]
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< %[d( ,a') +d(d', u) - d(z,d') + d(d’, u)]
=d(a',u) <108 = d(a’,v"),
then
d(z,v") = d(z,d') — d(d',v') < d(z,d') — (z|u)a = (d|u).,
hence there exists a vertex v” € p[z, a] with d(z,v") = d(z,v’), and, by the
fine-triangles property, d(v', v") < 4.
For any vertex z € B(v, 84),

d(v",z) < d(v",v') + d(v',v) + d(v,z) < § + 8 + 85 = 104,

> z € N(p[z, al, 105)
and
d(z,z) < d(z,v') + d(v', ) = [d(z,a') — 106] + d(v', )
< [d(z, a) - 105] +98 <d(z,a)-1.

The last two formulas say that each vertex z € B(v, 89) satisfies the induc-
tion hypotheses, hence

‘ 'Ib, 2] — ¢'[c, 2] — ¢'[b, z]—l—qcz‘lSK(l—I—)\—I—/\Z—I—---—I—)\d(Z""’))
<K@+ A+ A 44 24=)"1) 1 (16)

The convex combinations f(a’,b) and f(a’,c) have the form

f(a Zam and f(d',c) = Zam

zel'(0) zel(0)
for some coefficients o/, and o). Define a 0-chain fy by

fO—Zaza

where o := min{o.,, o}}. Put
fy=f(d,b)~fo and f:=f(d,c)- fo.
Then we have
supp fo = supp f(a’,b) N supp f(a’, c),
and f, and f_ are with non-negative coefficients and disjoint supports.

Also ~ ~
f(a',b)— f(a',c) =f+-7I-,

hence the coefficients of fi — f_ sum up to 0, so |f+|1 = |f-|1. By Propo-
sition 7(5),

Felo+ -1y = |fr — f-|1 = |f(d',b) - F(d',¢)|, < LACI
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We recently proved the existence of a vertex r € pla’, b] which is 2d-close
to z (see inequality (15)). The same argument with ¢ in place of b shows
that there exists a vertex s € p[a’, c] which is 2d-close to z. It follows that

(ble)ar = 3[d(d’,b) + d(d’, c) - d(b, )]
%[ a',b) +d(a’,c) — (d(b, )—I—d(r,z)—l—d(z,s)—}—d(s,c))]
%[ (a',b)—d(b,7))+(d(a’, c)—d(c, s))—d(r,z)—d(z,s)] (17)

= %[d (a',7) —I—d (d,s) —d(r,z) — d(z, s)]
2[(d(
z[d(

(
> = d(z,7)) + (d(d', 2) — d(z,5)) - d(r, 2) - (Z 3)]
> a z) —26+d(a',z) — 26 — 26 — 28] = d(d’, z) —
Thus,
[fil = |F-]1 < LLAGRY < 1pd(za)—48 (18)

Since d(z, a’) is large enough, then d(a’,b) > 104 and d(d’, ¢) > 104, so, by
the definition of ¢’, we have
|¢'[b, a'] - ¢'[e, ]—q[b 2+ 4'[e, ]|
= |(¢'lb, f(a', )] + p[f(d',b), a]) — (¢'lc, f(d', )]
[f( ) a’]) - ¢'[b, 2] + ¢'[c Z\l

< |q f(a',8)] - ¢'[e, f(d', ¢)] = ¢'lb, 2]+ ¢'[c, 2]

+ |plf(d, ), a] - pf(d', ), ]|,
= |¢'[b, fo+ f+] — dlc, fo+ -] — ¢'[b, 2] + ¢'[c, 2],

+ ‘P[f+ - f—;a'”l
< |ql[b; fol — d'le, fol — | fol1 - 4'[b, 2] + | fol1 - ¢'[c, Z]‘l

+|q'lb, f4] = d'le, £-] = (1 = |folr) - ¢'[b, 2] + (1 = [ fol1) - ¢'e, 2]

+ ‘P[f+ - f—;al]‘l .

We are going to bound each of the three terms in the last sum, let us call
them A,, Ay, and Agz, respectively.

Bound for A;. The 0-chain f; is supported in the ball B(v, 86), so,

for some a,
fO — E Az,
z€B(v,85)

and for each z € B(v, 84), inequality (16) holds, hence
A = 1qd'|b 22| — ! =L | — .a'lb .a
i=ld[b Y ae|-dfe, D aue|-lfoli- b A4 ol q'le 2|,

z€B(v,85) z€B(v,85)
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=| Y auldlbiel - qle] - glb 2+ gle, )|
z€B(v,85)

< Y o K14+ A+ AT -4 20
z€B(v,85)

=|folr - K(L+ A+ A2+ -+ Adlza)-1)

Bound for A;. Pick any zo € B(v,84), so inequality (16) holds for
zo as well:

|46, 2] — ¢'le, 0] — ¢'[b, 2+ e, 2], < K(L4+ A+ 24 4205007,
(19)
Informally speaking, we are going to move both f; and f_ to z¢, and this

move will not change the picture much. As before, v = p[d’, b](104), and
we denote w := p[a’, ¢](104). The 0-chains f; and f_ have forms

fr= ), Bz and  fo= ) By
z€B(v,85) y€B(w,85)
Note that

o Be= Y, By=Ifh=If-h=1-1fh.

2€B(v,85) yEB(w,85)
Also, for each z € B(v, 84),
d(z,z0) < d(z,v)+ d(v, o) < 85+ 85 = 164,
and, for each y € B(w, 84),
d(y, zo) < d(y,w)+d(w,a’)+d(a',v)+d(v,zo) < 86+108+105+85 = 364 .

Using these observations, Proposition 8(3), and formulas (18) and (19), we
obtain a bound for the second term:

Ay = |¢'[b, f1] = d'le, f-] = | Fl - d'[b, 21+ [ f-|1 - ¢'le, 2],
<|d'b, ] = d'le, -] = (I F+ | - ¢'[b, 2] + | =11 - ¢'le, zal)|,
+ (1412 a'[b,zo] = |F-1 - d'[c; zo]) — [ fola - €'[b, 2]+ [ f-]1 - ¢'le, 2]
:| Z ﬁ bm—q[bmg]) Z ﬁ" cy—q[czo])l
z€B(v,86) y€B(w,85)
+ 1 f+ 11 |¢'[b, 2o) — ¢'e, zo] — ¢'b, 2] — ¢'[c, 2]
< Y Bldbel-dbzol, + > Byldle.y]— qle, =,

z€B(v,85) y€B(w,85)
+ [ fl1 - |9'[b, zo] — ¢'[e, 2o] — ¢'[b, 2] + ¢'[e, 2],
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< > BL-(M-165+N)+ ) By (M-365+N)

=€ B(v,85) yEB(w,85)
Hfrl - KL A+ X% o 220
= [F4[1(M 526 + 2N) + [fyf1 - K(1+ A+ A2 4 - 29207
< 1pad=a)=4 (A1 . 526 + 2N)
+fln KL+ A+ N - 240
= LAY29)=48 (966 M+N) + | f1|1 - K(14+A A2+ . . .4 A4=a) -1y
Bound for A3. For each vertex z € supp f+ U supp f_,
‘p[a',m”l =d(d',z) < 186,
then, using formula (18),
Ay = [plfs — f-,dl|; < [fy — f-|, 186
= (Ifele +1F=]1) - 188 < LAH=2)%0 . 185
Combining the three bounds above and the definition of K, we obtain
|¢'[b,a'] — ¢'[e,a') — ¢'[b, 2] + ¢'[e, 2|, < A1+ Az + 45
<|foli - KL+ A+ A%+ - AH=a)-1)  [d(2a) =48 (96501 + N)
F el KL A4 A2 4 oo 201y | pdea) =15 185
=KL+ A+X+ - +1a%=)"1) § LA%(266M + N + 185) - A%(=a))
S K(L+A+ A2 4o A420)-1) | g pd(aa)
= K(1+A+ 224 4 2d=a)y,
Lemma 9 is proved. o

Theorem 10. Let G be a hyperbolic group and I' be a connected graph
with a free cocompact G-action. Then there exists a Q-bicombing ¢ in T’
with the following properties:

(1) q is quasigeodesic.

(2) q is G-equivariant.

(3) q is anti-symmetric, i.e. g[a,b] = —q[b, a] for any a,b € T.

(4) There exists a constant T such that, for any a,b,c€ T,

e, ]+ alb, ] + gle, all, <7

Proof. Define q by “anti-symmetrizing” ¢’, namely,

q[a: b] = %(ql[a’a b] - ql[b: (l]) .
The first three properties follow directly from the definition of ¢ and the
fact that ¢’ is quasigeodesic and G-equivariant. Now we prove property (4).



Vol. 11, 2001 BOUNDED COHOMOLOGY OF HYPERBOLIC GROUPS 27

Let a, b, and ¢ be arbitrary vertices in I'°), and z be a center of the
triple {a, b, c}. Then, by Lemma 9, taking a’ := q,

‘q [b,a] — ¢'[c,a] — ¢'[b, 2] + ¢'] cz‘lSK(l—I—)\—I—)\Z—}—---—}—)\d(Z’“))

gKix': %
=0

The same argument for cyclic permutations of the vertices a, b, and ¢ yields
K

‘ql[c: b] - ql[a: b] - ql[c: Z] + ql[a: 2”1 S ﬁ

and
¢a, ]~ a'lb, - e, 2]+ 48,2, < 1
The three inequalities above provide just what is needed:
|qla, b] + q[b, c] + qlc, a‘l
= 3/(q'la, 8] — ¢'[b, a]) + (¢'[b, c] — ¢'[c, 8]) + (¢'[e, a] — ¢'[a, €])],
= 3|~ (d'[b,a] — ¢'[c, a] — ¢'b, 2] + ¢[c, 2])
— (¢'[c, 8] — q'[a, b] — ¢'[c, z] + ¢[a, 2])
~ (¢'la,c] - q'[b, c] - ¢'[a, 2] + ¢'[b, 2]},
< 1(I¢'[b,a] — ¢'[c,a] — ¢'[b, 2] + ¢'[c, 2] |1
+1q'[c, 8] — ¢'[a, 8] — q'[c, 2] + ¢'[a, 2]
+ldla, 6~ b, dl - qla, 2]+ a6, 7]1) < 5 3

so we put T := 2(:;’—1_")‘) Theorem 10 is proved. o

-3

MI!—‘

4 Bounded Cohomology

In this section we prove

Theorem 11. Let G be a hyperbolic group and V be a bounded QG-
module. Then the map HJ'(G,V) — H™(G,V) induced by inclusion is
surjective for each n > 2.

Let X be as in section 2 and Y be the geometric realization of the
homogeneous bar-construction for G. This means that Y is the simplicial
complex whose n-simplices are labeled by ordered (n+1)-tuples (zo, .. ., )
of elements of the group G, and the i-th face of (2o, ..., ) is identified
with the simplex labeled (zo, ..., Z;, . .., ,) in the obvious way. The action
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of G onY is diagonal:
g-(zo,...,2n) =(9 -To,---,9 Tn).

Let CX and CY be the augmented chain complexes of cellular Q-chains in
X and Y, respectively, i.e. C¥X is

-2 C(X,Q) 2 C1(X,Q) 25 Co(X,Q) 5 Q — 0
and CY is
25 00(Y,Q) 25 Cu(Y, Q) 25 Co(Y,Q) =5 Q — 0,

where € is the augmentation map taking each 0-chain to the sum of its
coefficients. Both X and Y are contractible, hence CX and CY are acyclic.
Both CX and CY have free QG-modules in each non-negative dimension
(and those of CX are finitely generated). Once again, CX and C! are
normed vector spaces with the £;-norm.

PROPOSITION 12. Given a hyperbolic group G and chain complexes CX

and CY as above, there exist G-equivariant chain maps @, : CY — CX and
1y : CX — CY such that

(1) . and 1. are identities in each negative dimension, and
(2) ¢. is bounded in each dimension at least 2.

REMARK. The existence of ¢, and 1. satisfying condition (1) follows from
standard arguments for any group G (see below). Since each CX is finitely
generated, it follows automatically that 1, is bounded in each dimension.
Property (2) is what requires a new argument, and hyperbolicity of G is
essential here. We give a formal homological proof, but the main idea is
that, when G is hyperbolic, it is possible to represent n-simplices of the
bar-construction, n > 2, as n-chains in X of bounded £;-norm.

Recall the following standard fact from homological algebra (see [B,
Lemma 1.7.4] for the proof).

LEMMA 13. Suppose that (C, 0) is a chain complex having free modules in
dimensionsn > 0, (C', 8') is an acyclic chain complex, and homomorphisms
Yn : Cn — Cl, are defined for n < —1 such that 8}, o ¥, = ¥,_1 0 8, for
each n < —1. Then the maps v, extend to a chain map v, : C — C'. This
extension is unique up to a chain homotopy.

Of course, by a “module” here we mean a QG-module. The following
theorem was proved in [M3] using [M2, Theorem 5.4].

Theorem 14. Hyperbolic groups satisfy linear isoperimetric inequalities
in each positive dimension (over Q and over R). More precisely, if G is
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a hyperbolic group, X is the universal cover of a K(G,1) complex with
finitely many cells in each dimension, and i is a positive integer, then there
exists a constant S; such that, for any cellular i-cycle b in X, there exists
an (i + 1)-chain a with 8a = b and |a|; < S;|b|1.

It was shown by S. Gersten [G] that, for finitely presented groups, lin-
earity of the isoperimetric inequalities for 1-cycles is equivalent to hyper-
bolicity.

Proof of Proposition 12. Define ¢, and 1, to be the identity maps in
all dimensions n < —1. Let %, be an arbitrary extension of the maps v,
guaranteed by Lemma 13.

The chain map ¢, is constructed inductively on dimension as follows.
Co(Y, Q) is isomorphic to QG, so we can define o : Co(Y, Q) — Co(X,Q)
by mapping the unit element of G to some vertex in X and extending by
G-equivariance and by linearity over Q. Define ¢; : C1(Y, Q) — C1(X, Q)
on the 1-simplices (zo, z1) by

©1(zo0, 21) = q[po(20), wo(21)] ,
and extending to C;(Y, Q) by linearity over Q. In other words, each 1-
simplex in Y maps to an element of the homological bicombing ¢ from

Theorem 10. Since ¢ and @g are G-equivariant, then ¢; is a QG-module
morphism. For each 2-simplex (zg, 1, z3) of Y,

p1 (3(130, z, -’Bz)) =¢ ((?«‘1, z2) — (zo, 22) + (o, fﬂl))
= q[po(z1), po(z2)] — ¢[Po(z0), Po(22)] + a[@o(za), Po(z1)]
= q[po(z1), po(z2)] + ¢[po(z2), Po(20)] + a[@o(Za), Po(z1)],
because ¢ is antisymmetric, hence, by Theorem 10(4),

“pl(a(mﬂa L1, mZ))‘l

< |alpo(21), po(22)] + glpo(22), po(20)] + alpo(20), o(1)]], < T,
where the constant 7" is independent of the choice of the triple (2o, 21, 2).
Since ¢;1(0(zo, 1,22)) is a l-cycle, then, by Theorem 14, there exists a
2-chain ¢ = ¢(zg, 21, z3) in X with dc = ¢1(0(zo, 21, 22)) and
‘1 <S5 T
Since G acts freely on Y, this 2-chain ¢(zo, 21, 22) can be chosen G-equivari-

antly so that the map ¢y : Ca(Y, Q) — Ca(X, Q) defined by

902(2}07 Ly, 332) = C((E(), Iy, IE2)
is a homomorphism of QG-modules and it is bounded, by the inequality
above.

lels < S1]01(8(=0, 21, 22))
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The further inductive steps are similar. If a Q G-module morphism

Pn - Cn(Y, Q) — Cn(X7 Q)

is constructed for some 1 > 2 and has norm bounded by some constant R,,,

then we define ¢,11(2o,...,Znt1) to be an equivariant choice of a filling
for the n-cycle ¢,(0(zo, ..., Zn+1)). Since
n+1 )
(en(@(0, - 2], = | S (1) 0n(@0r o By 1)
=0 1
n+1

< Z‘(pn(mﬂa"'7é\i1"':mn+l)‘1 < (n+2)RTL7
=0

then, by Theorem 14, the filling can be chosen to satisfy
‘(,on+1(z0, .. .,.'z:n+1)‘1 < Sn‘cpn(c?(zg, .. .,mn+1))‘1 < Sn(n+ 2)R,,
i.e. the norm of the map @n41 : Cpny1(Y, Q) = Crni1(X, Q) is bounded by
Rpt1:=Sn(n+2)R,,.

One easily checks that the maps ¢,, constructed this way form a chain map
@, :CY — CX. Proposition 12 is proved. =

Proof of Theorem 11. Apply functor Homgg(-, V) to the chain maps 1,
and ¢, from Proposition 12. With the notation

Cx := Homge(CX,V),  Cy := Homge(C¥,V),

" := Homgeg(ps, V), " .= Homgg(¢s, V),
we have two cochain complexes, Cx and Cy, and two cochain maps, ¢* :
Cx — Cy and ¢ : Cy — Cx. In the positive dimensions, the homology
of the cochain complexes Cx and Cy is equal to the cohomology of G,
H*(G,V), and in these dimensions both ¢* and %* induce endomorphisms
of H*(G,V).

By the definition of 9, and ., the chain map v, o ¢, : C¥ — CY¥ and
the identity chain map id, : C¥Y — CY coincide in each negative dimension,
hence, by Lemma 13, they are chain homotopic. Hence their duals ¢* o™ :
Cy — Cy and id* : Cy — Cy are chain homotopic, so the map ¢* o ¢*
induces the identity map on H*(G, V) in each positive dimension.

Let n > 2. Given any element of H"(G,V), we represent it by an
n-cocycle a € C3. Then the cocycle

(¢" 0 9™) () = ¢"(¥"(a)) € C¥
represents the same element of H™(G,V). It remains to show that ¢™(¥"™())
is bounded (with respect to the £,-norm on C}, or, equivalently, as a linear
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map CY — V).

Y"™(e) € Ck = Homga(C', V) = Homgg(Ca(X,Q), V),
i.e. "(a) is a QG-module morphism C, (X, Q) — V. Since V is a bounded
QG-module, each G-orbit of n-cells in X is mapped by this morphism to
a bounded set in V. There are only finitely many such orbits in X, hence
| (@)oo < 00. Also, by Lemma 12(2), |¢n|e < o0, hence

[ (@™ (@) = [#7(@) © en[, < [¥™(@)lo0 - [¢n]o0 < 00
This shows that each element of H"(G,V), n > 2, is represented by a
bounded cocycle in the bar-construction. Theorem 11 is proved. m

It was not needed for the proof, but (using the explicit cone-off proce-
dure from [M2]) it is possible to refine the argument above so that each
k-simplex o in the bar-construction maps to a “quasi-straight” k-chain
in X, in the sense that the support of this k-chain lies uniformly close to
a union of geodesics connecting the images of the vertices of o. This is a
combinatorial analogue of the fact that straight simplices in H" lie close to
their 1-skeleta.

5 Abelian Groups as Coefficients

In this section we deduce surjectivity for finitely generated abelian coeffi-
cients. The argument is similar in spirit to the one by W.D. Neumann and
L. Reeves [NR].

For an arbitrary abelian group A, it is not clear what the definition of
the bounded cohomology, Hy (G, A), should be. One may use a “norm” |- |
on A to make sense of boundedness for cochains (in the bar-construction).
In this case either one calls a function |- |: A - RU {0} a norm if

e [l =0iffa =0, and

e |a+b| <|a|+|b| for all a,b € A,
or one requires an additional condition that

e |na| =|n|-|a| for alln € Z and a € A.

There is a third possible definition. Given an arbitrary abelian group A,
one may call an n-cochain (in the bar-construction) with coefficients in A
bounded if it takes only finitely many values on n-simplices. Then the set of
bounded cochains has a ZG-module structure and it defines the bounded
cohomology of G with coefficients in A. (Unfortunately, this makes the
notation H;(G,V) ambiguous, because one needs to say whether V is a
vector space or it is only viewed as an abelian group.)
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Whatever definition we accept, the surjectivity statement always holds
for finitely generated coefficients:

Theorem 15. Let G be a hyperbolic group and A be a finitely generated
abelian group. Then the map HJ}(G, A) - H™(G, A) induced by inclusion
is surjective for each n > 2.

Proof. Let n > 2. First we prove the theorem in the special case A = Z.
Pick any element of H™"(G,Z) and represent it by a(n integer-valued G-
invariant) cocycle o in the bar-construction. This cocycle can be viewed as
a real-valued cocycle, so, taking V := R in Theorem 11,

a=4668+d,

where 44 is the coboundary of a real-valued (n — 1)-cochain 8, and o' is a
bounded real-valued n-cocycle. Both 8 and o' are G-invariant. Let int(8)
be the (n — 1)-cochain whose value on a simplex o is the integer part of
B(c). Then int(B) is G-invariant. We have
o — §(int(B)) = 6(8 — int(8)) + o'

The left-hand side of this equality is integer-valued and the right-hand
side is bounded (with respect to the usual norm on R), hence the cochain
o— 5(znt(ﬁ)) is a bounded integer-valued cocycle (i.e. it takes only finitely
many values in Z). Obviously, it represents the same cohomology class in
H"(G,Z) as o.

Now assume that A is any finitely generated abelian group. In this
case A = Ao @ Z™, where Ag is a finite abelian group. According to this
decomposition each cocycle o € C™(Y, A) decomposes as a sum of integer-
valued cocycles @ = o9 + o1 + ... + a,n. Obviously, ag takes only finitely
many values. By case A = Z, each component oy, £ > 1, can be replaced
by a cohomologous cocycle aj, which takes only finitely many values. Then
the cocycle o + a’l + ...+ ol is cohomologous to a and it takes finitely
many values, therefore it is bounded (in any sense). =

References

[A] J. M. ArLonso, Combings of groups, in “Algorithms and Classification in
Combinatorial Group Theory (Berkeley, CA, 1989)”, Math. Sci. Res. Inst.
Publ., Springer, New York 23 (1992), 165-178.

[A&] J.M. Aronso, T. BraDY, D. CooPER, T. DELZANT, V. FERLINI,
M. Lustic, M. MiHALIK, M. SHAPIRO, H. SHORT, Notes on Negatively
Curved Groups, MSRI, Oxford University Press, 1989.



Vol. 11, 2001 BOUNDED COHOMOLOGY OF HYPERBOLIC GROUPS 33

[B]
[CM]

[E&]

[G]
[Grl]

[Gr2]

[RS]

K.S. BrRowN, Cohomology of Groups, Graduate Texts in Mathematics,
Springer-Verlag, New York, vol. 87, 1982.

A. ConnEs, H. Moscovicl, Cyclic cohomology, the Novikov conjecture
and hyperbolic groups, Topology 29 (1990), 345-388.

D.B.A. EpsTEIN, J.W. CanNoN, D.F. Hort, S.V.F. LEvYy, M.S. Pa-
TERSON, W.P. THURSTON, Word Processing in Group Theory, Jones and
Bartlett Publishers, 1992.

S.M. GERSTEN, A cohomological characterization of hyperbolic groups,
preprint available at http://www.math.utah.edu/ gersten.

M. GroMmov, Volume and bounded cohomology, Publications
Mathématiques, LH.E.S. (1982), 5-100.

M. GroMovV, Hyperbolic groups, in “Essays in Group Theory” (S.M. Ger-
sten, ed.), Math. Sci. Res. Inst. Publ., Springer, New York-Berlin, 8 (1987),
75-263.

N.V. IvanNov, Foundations of the theory of bounded cohomology, Journal
of Soviet Mathematics, 37 (1987), 1090-1115.

I. MINEYEV, Bounded cohomology characterizes hyperbolic groups, Quart.
J. Math. Oxford Ser., to appear.

I. MINEYEV, £, -cohomology and metabolicity of negatively curved com-
plexes, Internat. J. Algebra Comput. 9 (1999), 51-77.

I. MINEYEV, Higher dimensional isoperimetric inequalities in hyperbolic
groups, Math. Z. 233 (2000), 327-345.

W.D. NEuMANN, L. REEVEs, Central extensions of word hyperbolic
groups, Ann. of Math. (2) 145 (1997), 183-192.

G.A. Noskov, Bounded cohomology of discrete groups with coeflicients,
Algebra i Analiz 2:5 (1990), 146-164 (Russian); translation in Leningrad
Math. J. 2:5 (1991), 1067-1084.

E. Rips, Z. SELA, Canonical representatives and equations in hyperbolic
groups, Invent. Math. 120 (1995), 489-512.

Icor MINEYEV, University of South Alabama, Dept. of Math./Stats., ILB 325,
Mobile, AL 36688, USA mineyev@math.usouthal.edu

http://www.math.usouthal.edu/ "mineyev/math/

Submitted: February 2000
Revision: February 2001



