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FREE GROUPS IN THE SECOND BOUNDED
COHOMOLOGY

HEESOOK PARK

ABSTRACT. The second bounded cohomology of a free group of
rank greater than 1 is infinite dimensional as a vector space over
R [4]. For a group G and its n-th commutator subgroup G, the
quotient G/G(™) is amenable and the homomorphism H 2(G) —
H2(G™) induced from the inclusion homomorphism G(™ — G is
injective. In this paper, we prove that if G(™ is free of rank greater
than 1 for some finite ordinal n, then G is residually solvable and
its second bounded cohomology is infinite dimensional. We prove
its converse for a group generated by two elements. As for groups
that are not residually solvable, we investigate the dimension of
the second bounded cohomology of a perfect group. Also, some
results on bounded cohomology of a connected CW complex X by
applying a Quillen’s plus construction X T to kill a perfect normal
subgroup of m X are given.

1. INTRODUCTION

Bounded cohomology was first defined for discrete groups. It ap-
peared in a version of a theorem of Hirsch and Thurston due to P.
Trauber that the bounded cohomology of an amenable group is zero.
Later, M. Gromov [5] defined the bounded cohomology of topological
spaces and applied the theory of bounded cohomology to Riemannian
geometry, thus demonstrating the importance of it.

In [6] N. Ivanov developed the R. Brooks’s approach [2] to the theory
of bounded cohomology from the view of relative homological algebra,
and established the foundation of this theory.

In [2], [8], [4], [3], [9] and many other papers, the bounded cohomol-
ogy groups of some important discrete groups are computed and many
excellent examples are shown.

We review the definition of bounded cohomology.

For a discrete group G and a positive integer n > 1, let C"(G)
be the space of all real valued functions f: G" — R, where G" =
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G x G x -+ x G. The boundary operator 9,: C"(G) — C"*}(G) for

n > 1is defined by the formula
(11) an(f)(f]lv e 7gn+1) = f(92a e 7gn+1)

+ Z(_l)zf(glv 5 019041, 0 0 7gn+1) + (_1)n+1f(gl7 e agn)
=1

Then it is easy to check 9,410, = 0.

Definition 1.1. The n-th cohomology of the complex
0 2R 2% 0@ 2@ B cde) S -

1s called the n-th cohomology of G with coefficients R and is denoted
by H*(Q).

Let B™(G) be the space of all bounded functions f: G™ — R, that
is,
BY(G)={[f:G" =R [ [[fl <oo},

where || f|| = sup{|f(g1, -, 9a)| | (g1, ,9n) € G"}. It is easy to
check that the sequence

(1.2) 0—R % B(G) S BAG) B BX(G) % -

is a complex, where the boundary operator d, is defined by the same
formula for 0, as in (1.1).

Definition 1.2. The n-th cohomology of the complex (1.2) is called
the n-th bounded cohomology of G with trivial coefficients R and is
denoted by H"(G).

Similarly, we define bounded cohomology of a topological space X
as follows. Recall that for every n > 0, the real n-dimensional singular
cochain group C™(X) is defined as the set of all functions f: S, (X) —
R, where S,,(X) is the set of n-dimensional singular simplices in X. As
it is well known, the sequence

(1.3) 0— COX) 2 C'(X) &5 C2(X) & ...

is a complex, where d, is defined by d,f(0) = 341 (=1)'f(8;0) and
0;0 is the i-th face of the singular simplex o.

Definition 1.3. The cohomology of this complex (1.3) is called the
singular cohomology group of X with coefficients R and denoted by
H*(X).
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Let B"(X) C C™(X) be the space of the real valued bounded func-

tions f: S,(X) — R, that is,
B (X) ={feC"(X) | I/l = Sup )|f(0)| < oo}
[ASIerS

The space B*(X) is called the bounded cochain group and its elements
the bounded cochains. It is easy to check that the sequence
(1.4) 0— BY(X) % BY(X) & BA(X) & ...
is a complex, where the boundary operator d,, is defined by the same
formula as in (1.3).

Definition 1.4. The cohomology of this complex (1.4) is called the
bounded cohomology of X with trivial coefficients R and is denoted by
H*(X).

The first basic result on the theory of bounded cohomology is that
the bounded cohomology of a simply connected space is zero as proved
in [5] and [6].

As an important feature of this theory, N. Ivanov [6] proved the
following.

Theorem 1.1. Let X be a a topological space equipped with a uni-
versal covering. Then the bounded cohomology groups of X and of its
fundamental group m X are (isometrically) isomorphic.

Notice that Theorem 1.1 makes it possible to study this theory si-
multaneously from two view points: group theory and topology.

Let V' denote either a discrete group or a space. Notice that, since
B™(V) is a vector space over R for n > 0, H"(V') carries the structure
of vector space over R. Also, as we saw in the definition, there is a
natural norm || - || on the space B"(V) and this natural norm turns it
into a Banach space. Then there is a seminorm on H "(V) given by
lglll = inf||f]], where [g] € ﬁ"(V) and the infimum is taken over all
bounded cochains f € kerd, lying in the bounAded cohomology class
corresponding to [g]. Thus this vector space H*(V') also carries the
structure of seminormed space over R. R

From now on, we will understand the dimension of H"(G) (and of
H*(X)) as its dimension as a vector space over R.

Amenable groups play a special role in the theory of bounded co-
homology. Recall that a group G is called amenable if its action on
the space of all bounded functions on G has a right invariant mean.
For example, finite groups, abelian groups, solvable groups, subgroups
and the homomorphic image of an amenable group are amenable. It
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is known that no group which contains a free group on two generators
can be amenable.
In [5] and [6], the following is proved.

Theorem 1.2. If a group G is amenable, then PA[”(G) is zero for every
n > 1.

From Theorem 1.1 and Theorem 1.2, the bounded cohomology of a
space X is zero if its fundamental group is amenable.

We compute the bounded cohomology in dimensions 0 and 1. By
Theorem 1.1, it is enough for us to compute them for a discrete group
G. From the complex in (1.2), we have

H°(G) = ker(dy) = R.
Also
ker(di) = {f € B(G) | di(f) = 0}
={f € B(G) | f(92) — f(q192) + f(g1) =0 for g1, 92 € G}.

Thus ker(d;) is the space of all bounded homomorphisms G — R. Since
there are no bounded homomorphisms G — R, we have

HY(G) = ker(d,) = 0.

Thus, for a discrete group G or a topological space X, the second
bounded cohomology of GG or X should be investigated first.

One of the notable differences between ordinary cohomology and
bounded cohomology also follows from a free group F' of rank greater
than 1 as well as an amenable group. Recall that an amenable group
does not contain a free group of rank 2 and its bounded cohomology is
zero for every dimension. Also recall that H™(F') is zero for all n > 2.
In particular, H?(F) is zero. On the other hand, we have the following.

Theorem 1.3. Let F' be a free group of rank greater than 1. Then
H?(F) is infinite dimensional as a vector space over R.

R. Brooks [2] constructed infinitely many generators for H2(F). In
[4] Grigorchuk proved Theorem 1.3 by constructing explicitly the infin-
itely many linearly independent generators based on pseudocharacters.

In [3] Fujiwara conjectured that the second bounded cohomology of
a discrete group is either zero or infinite dimensional. However, S.
Matsumoto and S. Morita [8] proved that

H?*(Homeo, (5Y)) = H? (SL(2,R)) =R,

where Homeo (S') is the group of the orientation preserving homeo-
morphisms on S! (both Homeo, (S') and SL(2,R) are considered as
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discrete groups). Notice that the groups Homeo, (S') and SL(2,R)
shown as counterexamples to Fujiwara’s conjecture are perfect. Also
notice that free groups are not perfect, and any commutator subgroup
of a perfect group can not be free of rank greater than 1. Hence the
relationship between the dimension of the second bounded cohomology
of a group without nontrivial perfect normal subgroups and free groups
of rank greater than 1 is interesting.

Now we describe the content of the paper. As the second bounded
cohomology of a free group of rank greater than 1 is infinite dimen-
sional, it seems natural to ask if there is some relationship between a
free group and a group whose second second bounded cohomology is
infinite dimensional. We see some relationship between them in Section
2 in terms of their commutator subgroups. We prove that if the n-th
commutator subgroup G™ < G of a group G for some finite ordinal n
is free of rank greater than 1, then G is residually solvable and H*(G)
is infinite dimensional (Theorem 2.7). In particular, a group generated
by two elements is our special interest (Theorem 2.8). In Section 3,
we investigate the dimension of the second bounded cohomology of a
finitely presented uniformly perfect group. Also, we see that the dimen-
sion of its second bounded cohomology is closely related to Hy(G,Z),
which is called the Schur multiplier of G (Theorem 3.6). In Section
4, we survey how Quillen’s plus construction X+ of a connected CW
complex X for killing a perfect normal subgroup of 7 X is related to
the bounded cohomology of X.

In the rest of this paper, G denotes a discrete group.

Acknowledgment This research was supported by Basic Science
Research Program through the National Research Foundation of Ko-
rea(NRF) funded by the Ministry of Education, Science and Technol-
ogy (2010-0001651)

2. FREE GROUPS IN THE SECOND BOUNDED COHOMOLOGY

First, we consider Homeoy(R™) the group of all homeomorphisms of
R"™ with compact support. It is known that this group contains a free
group of rank 2, so that it is not amenable [4]. In [8] it is proved that
H"(Homeo,(R")) = 0 for every n > 1. Thus there is a nonamenable
group whose second bounded cohomology is zero and the converse of
the Theorem 1.2 is not true. Also this example shows that, in general,
even if a group contains a free group of rank greater than 1, its second
bounded cohomology is not necessarily infinite dimensional.
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In this section, we will investigate the relationship between free
groups and the dimension of the second bounded cohomology of a resid-
ually solvable group.

Definition 2.1. A group G is said to be residually solvable if for each
g € G with g # e there is a normal subgroup N of G such that g ¢ N
and the quotient G/N is solvable.

Residually solvable groups are explained in terms of their commuta-
tor subgroups.

Definition 2.2. The derived series of a group G is the family of sub-
groups defined inductively,
G=GYoagMWog®o...o0G"Wo>G"Y o>...
where G™ s the commutator subgroup of G™ V) forn > 1 so that
G" = [GD, g1) = (G(nfl))’_
The transfinite derived series of G is an extension of its derived series
to higher ordinals defined by the rules
G =[GV gV and GW = ﬂ G,
B<A
where o > 1 48 a nonlimit ordinal and X\ is a limit ordinal.

Theorem 2.1. A group G is residually solvable if and only if G =
NpewG™ is trivial, where w is the first limit ordinal.

Proof. This is Theorem 3.3 in [11]. O

Corollary 2.2. For a group G, either G or the quotient group G /G«
1s always residually solvable.

Proof. If G®) is trivial, then G is residually solvable by Theorem 2.1.
Suppose G is not trivial. Then

(G/G(w))(n) _ G(n)G(w)/G(w) _ G(ﬂ)/g(w)_

Hence (G/G“)®) is trivial, so that G/G®) is residually solvable by
Theorem 2.1. Thus, either G or the quotient group G/G®) is always
residually solvable. U

Remark 2.1. If G is a solvable group, then G is trivial for some
finite ordinal n. Hence G“ = N, .,G™ is trivial. Thus by Theorem
2.1 solvable groups are residually solvable. The free groups F' of rank
greater than 1 are residually solvable, but not solvable [11].

Notice that, since a solvable group is amenable, a free group is solv-
able if and only if its rank is 1 by Theorem 1.2 and Theorem 1.3.
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Recall that a group presentation G =< X | R >= F/K means that
Fis a free group on X and K is the normal closure of the set of defining
relators R in F. Also the abelianization of G, denoted by G, is that
Gu = GJ[G, G].

Let Sy, be an orientable compact surface that has genus g > 1 and r
boundary components, where > 0. Recall that its fundamental group
has a presentation

g r
7Tl(‘gg,r) =< a17b17“' 7agabg7cla"' y Cr ’ H[aivbi]HCj >
i=1 j=1

Then, from Tietze transformations, it is known that (5, ) is free of
rank 2g +r — 1 > 2 by omitting one of the generators and the single
defining relator. Thus m(S,,) is residually solvable by Remark 2.1

and also H2(m(S,,)) is infinite dimensional by Theorem 1.3. Also,
by Theorem 1.1, H?(S, ) is isomorphic to H*(m1(S,,)) and so infinite
dimensional.

Asin the ordinary cohomology, a five-term exact sequence for bounded
cohomology holds.

Theorem 2.3. Let N < G be a normal subgroup of G. Then there is
an ezact sequence

0 — H*G/N) — H*(G) — H¥(N)YN — H*(G/N) — H*(G),
where H2(N)G/N is the vector space of G/N-invariants of H*(N).
Proof. This is Theorem 12.4.2 in [9] O

Recall that, for k > 2, there is an exact sequence
1 — SL(k,R) - GL(k,R) - GL(k,R)/SL(k,R) — 1.
As it is well known, since SL(k, R) is a commutator subgroup of GL(k, R),
the quotient GL(k,R)/SL(k,R) is abelian and so amenable. Hence by
Theorem 1.2 and Theorem 2.3 there is an isomorphism
H*(GL(k,R)) = H*(SL(k,R)CLERI/SLEE)
Similarly, recall that PGL(k,R) = GL(k,R)/Z(GL(k,R)) and also
PSL(k,R) = SL(k,R)/Z(SL(k,R)), where Z(-) denotes the center of
(+). Since the center is abelian and so amenable, there are isomorphisms
H*(GL(k,R)) = H*(PGL(k,R)) and H*(SL(k,R)) = H*(PSL(k,R)).
Remark 2.2. Let G = F/K for a free group F'. Recall that, for every
finite ordinal n, we have

G = FWK/K = F™/(F™W N K).
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Similarly, as shown in [11], for the first limit ordinal w we have
G = (N, FEK)/K.

Hence G™ for every finite ordinal n and G*) induce the following exact
sequences respectively:

e Exact(G™): 1=K — FWK —» FWK/K — 1,

e Exact(GW): 1 = K = Nye, FYK = (M FYK) /K — 1.

Definition 2.3. An exact sequence of groups 1 — A “BLho o1
is said to be trivial if either A or C' is trivial or the sequence splits.

Proposition 2.4. Let G = F/K for a free group F'. The exact se-
quence

EBract(G™): 1— K — F"K - FWK/K —1

15 trivial for some finite ordinal n if and only if either G is solvable or
the n-th commutator subgroup G™ is free of rank greater than 1.

Proof. 1f F is free of rank 1, then it is abelian. Hence its quotient F'/K
and so G is abelian. So G is solvable.

Now we assume that F' is free of rank greater than 1. Suppose n is
the smallest finite ordinal such that the exact sequence

Exact(G™): 15K — FYK - FWK/K -1

is trivial. Then by Definition 2.3 either K or G is trivial, or the
sequence Exact(G™) splits. If K is trivial, then G = I and so G free
of rank greater than 1. If G is trivial, then G is solvable.

Now, let the sequence Exact(G™) split. Then F™ K is a semidirect
product of K and F™WK/K. So there is a subgroup Q of F™ K such
that Q = FWK/K, FWK = QK and K N Q is trivial. Since a
subgroup of a free group is free and Q < FMWK < F, the group Q is
free. Since Q = FWK/K = G, the n-th commutator subgroup G
is free. In particular, if the rank of G is 1, then G™ is abelian and
so GtY ig trivial. Thus G is solvable. Otherwise, G is free of rank
greater than 1.

Conversely, assume either G is solvable or G is free of rank greater
than 1. If G is solvable, then for some n the n-th commutator subgroup
G™ is trivial and so F™WK/K is trivial. Hence Exact(G™) is trivial.
If G™ is free of rank greater than 1, then, as it is well known, the
sequence Exact(G(™) splits. O

Corollary 2.5. A group G is residually solvable if and only if either
Ezxact(G™) for some finite ordinal n or Evact(G“) is trivial.
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Proof. Let G = F/K for a free group F. If the rank of F'is 1, then G
is abelian and so GV is trivial. Thus G is solvable (and so residually
solvable) and the exact sequence Exact(G™) is trivial.

Let the rank of F' be greater than 1. If K is trivial, then G is free
of rank greater than 1. Then G is residually solvable and the exact
sequence

Exact(G®): 1= K(=1) - F > G — 1
is trivial. Thus, in the rest of this proof, we assume the rank of F' is
greater than 1 and K is not trivial.

Suppose G is residually solvable and Exact(G™) is not trivial for
every finite ordinal n. Then, since G is trivial by Theorem 2.1, the
exact sequence Exact(G®) is trivial.

Conversely, we first suppose a sequence Exact(G(™) is trivial for
some finite ordinal n. Then by Proposition 2.4, either G is solvable or
the n-th commutator subgroup G™ is free of rank greater than 1. If G
is solvable, then it is residually solvable. If G(™ is free of rank greater
than 1, it is residually solvable (Remark 2.1). So (G™)®) is trivial by
Theorem 2.1. Notice that

(G = Ginte) — @),

Hence G is trivial and so G is residually solvable. Now, suppose the
exact sequence

Exact(G@): 1 = K = Nyeo FYK - G® = (M, FYK) /K — 1

is trivial. It is enough for us to prove that G“) is trivial by Theorem
2.1. Since K is not trivial by assumption, the sequence Exact(G®))
splits. So there is a subgroup @ < Ny, F™K such that Q = G,
QK = Npeo F™ K and Q N K is trivial. Notice that, since Q N K is
trivial and F+Y < F( this subgroup @ must lie in F™ for every
n. Thus Q@ C NuewF™. Since F is free of rank greater than 1, it is
residually solvable and so N, F'™ is trivial by Theorem 2.1. Thus @Q
and so G is trivial. O

Recall that the commutator subgroup F() of a free group F of rank
greater than 1 is infinitely generated. Thus, in general, a subgroup of
a finitely generated free group is not necessarily finitely generated.

Proposition 2.6. Let G = F/K for a free group F' and K be nontriv-
ial. If H*(G) is infinite dimensional, then K is infinitely generated.

Proof. Notice that K is a nontrivial normal subgroup of a free group
F. Suppose K is finitely generated. Then, as it is known [7], K either
is trivial or has finite index in F'. Since K is nontrivial by assumption,
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|[F/K]| is finite. Thus G is finite and so amenable. Then H2(G) must
be zero by Theorem 1.2. Hence K must be infinitely generated. U

Remark 2.3. We consider F™ K in Proposition 2.4.

(1) Suppose F(™WNK is trivial. Then F™ K is a semidirect product
of K and F™_ Also,

G — F(")K/K — F(”)/(F(”) NK) = )

and so G is free of rank greater than 1. In particular, since
FMEK/F®™ is a subgroup of a solvable group F'/F™ and

FOWEK/F™ = K/(FWNK) =K,

the group K is also solvable. Hence K is a free solvable group
and therefore infinite cyclic.

(2) Suppose F™ N K is nontrivial and finitely generated. Then,
as shown in Proposition 2.6, the subgroup F™ N K is of finite
index in F™ and so |G™| = |[F™/(F™ N K)| < co. Thus
G™ is finite and so amenable. Then H F(G™) is zero for every
k > 0 and hence H2(G) is zero by Theorem 2.3.

Theorem 2.7. Let G = F/K for a free group F. If the n-th com-
mutator subgroup G™ is free of rank greater than 1, then there is an
inclusion R R

H*(F) C H*(Q).
In particular, the group G is residually solvable and ?IQ(G) s infinite
dimensional.

Proof. Notice that, if the rank of F'is 1, the free group F' is abelian.
So its quotient G is also abelian, and so it is solvable. Then, for any
finite ordinal n, the n-th commutator subgroup G™ of G can not be
free of rank greater than 1. Hence the rank of F' must be greater than
1.

Suppose G™ is free of rank greater than 1. Then, as it is well
known, its commutator subgroup G™t1 is free of infinite rank. Also
notice that the rank of FM is also infinite, because the rank of F is
greater than 1. Recall that the rank of a free group is an invariant
even in the case where it is an infinite cardinal. Hence the free groups
G and F are isomorphic. Notice that G+D | F() and F+D are
the normal subgroups of G, F and F", respectively. Their quotients
G /G0 F/FW and FO /FC+Y are solvable and so amenable. Hence
ﬁk(G/G(”“)), }A[k(F/F(l)) and ﬁk(F(l)/F(”“)) are all zero for every
k > 1 by Theorem 1.2. Also

G/G"Y) = (F/K)/(F"VYK/K) = F/F™YEK.
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Then, by applying Theorem 2.3 to these pairs of groups G+t < @G,
FO < F and F*D < FO repeatedly, we have

H2(G) ~ B (G )0/
~ [J2(FOF/FOTUK
2 (Fr ) (FO) p(nt1)).(F/ F(nt1) )
o~ JJ2 (F (n+1) )F/F(n+1)K
> H? (F+) )F/F("+1)
= H(F),

where the inclusion D in the second line from the last follows from the
fact that F/F"VK C F/F"). Thus we have

H*(F) C H*(G).

Since F is free of rank greater than 1, the dimension of H2(F) is infinite
by Theorem 1.3. Hence H 2(@) is also infinite dimensional. Finally, as
we saw in Corollary 2.5, since G is free of rank greater than 1 and
so is residually solvable, we have (G™)“) = G« and so G is trivial.
Thus G is also residually solvable. U

Now we consider finitely presented groups.

Definition 2.4. A group G is called finitely presented if it has a pre-
sentation with a finite number of generators and of defining relators.

Let G be a surface group, that is, the fundamental group of a closed
orientable surface of genus g greater than 1. A presentation of G is
given by

g
G = F/K =< al,bl,ag,bg,"‘ ,(Zg,bg ‘ H[(Z“bl] >

It is known that the first commutator subgroup G is free of rank
greater than 1. Hence G is residually solvable and also its second
bounded cohomology is infinite dimensional by Theorem 2.7, as it is
also proved in [4].

Theorem 2.8. Let G be generated by two elements. If fAIQ(G) is not
zero, then its first commutator subgroup GV is free of rank_greater
than 1. In particular, the group G is residually solvable and H?*(G) is
infinite dimensional.



12 HEESOOK PARK

Proof. Since G is generated by two elements, every subgroup of G is
either abelian or free of rank greater than 1 [7]. Hence G is either
abelian or free of rank greater than 1. If G() is abelian, then G® is
trivial and so G is solvable. Thus G is amenable and so H 2(@G) is zero
by Theorem 1.2. Hence G™) must be free of rank greater than 1.

The second statement follows from Theorem 2.7. U

We consider the group SL(2,Z) and the modular group PSL(2,7Z).
Recall that
PSL(2,Z) = SL(2,Z)/Z(SL(2,7)).
Since the center Z(SL(2,7Z)) of SL(2,7Z) is abelian and so amenable,
by Theorem 1.2 and Theorem 2.3, we have

H*(SL(2,7)) = H*(PSL(2,7)).

As it is well known, these groups are generated by two elements with
presentations

SL(2,Z) =< z,y | 2%y °,2* >, where v = ((1) _01 ) LY = ( _01 1 ),

and

PSL(2,Z) =< a,b|a®,b® >,
where a and b are the images of x and y respectively of the surjective
homomorphism SL(2,Z) — PSL(2,7Z). Also

SL(2, Z) = Z4 *74 Zﬁ and PSL(2,Z) = ZQ * Zg.

In [3] and [4] it is shown that H2(SL(2,Z)) and H2(PSL(2,Z)) are
infinite dimensional. Hence their first commutator subgroups are free
of rank greater than 1 (in fact 2) and also the groups SL(2,Z) and
PSL(2,Z) are residually solvable by Theorem 2.7.

Question. Suppose that G is finitely presented residually solvable
group. If H2(G) is infinite dimensional, then is some n-th commutator
subgroup G™ of G free of rank greater than 1 (or does it contain a
free quotient of rank greater than 1)?

3. THE SECOND BOUNDED COHOMOLOGY OF A UNIFORMLY
PERFECT GROUP

Notice that a (nontrivial) residually solvable group can not be equal
to its commutator subgroup.

Definition 3.1. A group is said to be perfect if it is equal to its com-
mutator subgroup. A maximal perfect subgroup is a perfect subgroup
which s not contained in any other larger perfect subgroup.
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Recall that if a perfect group G is finite, then this perfect group is
amenable and so H"(G) = 0 for all n > 1. Recall that SL(2,R) is

perfect and H2(SL(2,R)) = R. Thus H%(SL(2,R)) has dimension 1.
On the other hand, since the free product of pgrfect groups is perfect,
the group SL(2,R) * SL(2,R) is perfect. And H*(SL(2,R)*SL(2,R))
is infinite dimensional. In general, for nontrivial groups G and G
except for Gy = Gy = Zy, it is proved in [3] that H?(G} x Gs) is infinite
dimensional.

A maximal perfect subgroup of a residually solvable group is trivial.
In this section, contrary to residually solvable groups, we investigate
the dimension of the second bounded cohomology of a perfect group,
in particular, a uniformly perfect group.

First, we recall the Universal Coefficient Theorem [13]:

Theorem 3.1. Let M be a trivial G-module. Then there is a split
exact sequence

0 — Exty(H, (G,Z),M) — H"(G, M) — Homz(H,(G,Z), M) — 0.
Corollary 3.2. For M =R, there is an isomorphism
H"(G) = H"(G,R) =2 Homgz(H,(G,Z),R).

Proof. Since R is divisible, we have Ext}(H, 1(G,Z),R) = 0. Hence
the isomorphism follows from Theorem 3.1. 0

Definition 3.2. A group G is said to be uniformly perfect if there is a
positive integer N such that every element of G can be presented as a
product of at most N commutators.

Uniformly perfect groups are perfect. It is clear that every finite per-
fect group is uniformly perfect. The alternating groups A, for n > 5
are uniformly perfect. Also it is proved in [14] that the infinite alter-
nating group A, = lim_, A, is uniformly perfect, in fact, every element
of Ay is a commutator. For a field F, every element of SL(n,F), for
every n, is a product of at most 2 commutators. In particular, SL(2, R)
is uniformly perfect.

However, as we saw in Section 2, the group SL(2,Z) is residually
solvable. So it is not perfect.

In [8], the following theorem is proved:

Theorem 3.3. If G is uniformly perfect, then homomorphism ﬁz(G) —
H?*(Q) is injective.

Remark 3.1. Though a free product of perfect groups is perfect, a free
product of uniformly perfect groups is not necessarily uniformly perfect.
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For example, consider the uniformly perfect group G = SL(2,R). The
canonical embedding G — G * GG induces homomorphisms

H"(G+G) % H(G) and H*(G + G) 5 H"(G).
Then there is a commutative diagram

HX(G+G) —— H*(G)® HX(G)

d ‘|
(G +G) — H2(G)® H(G).

Since G = SL(2,R) is uniformly perfect, the homomorphism v is injec-
tive. It is known as in [8] that H*(SL(2,R)) = R. As it is well known,
the homomorphism ) is an isomorphism by Mayer-Vietoris sequence
and so H*(G x G) = R ® R. Recall that the second bounded cohomol-
ogy of free product, except for Zs * Zs, is infinite dimensional. Thus
H?(SL(2,R) % SL(2,R)) is infinite dimensional, and so the map p can
not be injective. By Theorem 3.3, the group SL(2,R)* SL(2,R) is not
uniformly perfect.

Remark 3.2. As it is well known, the group Hs(G,Z) is called the
Schur multiplier of G. It is an important invariant of a group that has
applications in many areas, especially, for the central extension of a

perfect group which we will see later. If G = F//K with F free, it is a
theorem of Hopf (see [12]) that Ho(G,Z) = (K N [F, F])/[F, K].

We first see how the dimension of the second bounded cohomology

of a finitely presented uniformly perfect group is related to the group
Hy(G,7Z).

Proposition 3.4. Let G be finitely presented with m generators and n
relators. Also, let r be the rank of Gu,. Then Ho(G,7Z) can be generated
by n —m +r elements.

We refer the reader to [12] for a proof.

Corollary 3.5. Let G be finitely presented with m generators and n
relators, and r the rank of Gu,. Then H?*(G) = R* where 0 < k <
n—m-+r.

Proof. Since G is finitely presented, by Proposition 3.4 the abelian
group Hy(G,Z) can be generated by n —m +r elements. Hence we can
write

Hy(G,Z) =7 T,
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where T is its torsion subgroup of and its rank k is that 0 < k <
n —m +r. Then

H*(G) = Homyz(Hy(G,7Z),R)
>~ Homgz(ZF @ T, R)
=~ R¥

where the first isomorphism follows from Corollary 3.2. Hence H?*(G) =
RFfor 0<k<n-—m-+r. O

Definition 3.3. A finite presentation is called balanced if it has the
same number of generators and defining relators.

Theorem 3.6. Let G be uniformly perfect. If G is finitely presented
with m generators and n relators, then the dimension of H*(G) is at
most n—m. In particular, if G has a balanced finite presentation, then

H*(G) = 0.

Proof. Since G is uniformly perfect, it is perfect and so its abelianiza-
tion G/[G, @] is trivial. Then from Corollary 3.5, there is an isomor-
phism H?(G) 2 R* for 0 < k < n — m. Also by Theorem 3.3, there is
an injective homomorphism

H*(G) — H*(G) =~ RF,

Hence the dimension of f]2(G) is less than or equal to n — m.
If a uniformly perfect group G has a balanced finite presentation,
then n = m by definition and so H*(G) = 0. O

It is known in [1] that a perfect group G with a balanced finite
presentation is the fundamental group of a homology 4-sphere, that is,
G = mM for a smooth n-dimensional manifold M with H.(M,Z) =
H,(S*,Z). Notice that H'(G) = 0 and also H?(G) = 0 from the
Hurewicz homomorphism. Since a uniformly perfect group is perfect,
a uniformly perfect group GG with a balanced finite presentation is also
the fundamental group. of a hon/l\ology 4-sphere M. In this case, by
Theorem 3.6 we have H*(M) = H?*(G) = 0.

We consider another property of a perfect group. Recall that a cen-
tral extension of a group G is an exact sequence

0—>C—-FE—>G—1,

where C' lies in the center of E. This central extension is said to be
universal if for any central extension

0—-C'—-F —-G—1
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of G, there is a unique homomorphism £ — E’ such that the following
diagram commutes:

0 —— C E > G 1
[
0 —— (' > B >y G 1.

Not every group has a universal central extension in general, but we
have the following:

Theorem 3.7. A group G is perfect if and only if G has a universal
central extension
0—-C—>FE—>G—DO,

where E is perfect and Ho(F,7) = 0. Furthermore, C = Hy(G,7Z).
The proof can be found in [13].

Proposition 3.8. Let 0 — Hy(G,Z) - E — G — 1 be a universal
central extension of a perfect group G. Then there is an isomorphism
of vector spaces

H*(G) = H*(E).
Proof. Let C' = Hy(G,Z), so that G = E/C. Since C is abelian, it is
amenable and so H™(C) is zero for every n > 1. Hence it follows from
Theorem 2.3. O

As shown in [6], since C' is an amenable normal subgroup of E,
H"(E/C) and H"(E) are isomorphic for every n > 1.

Recall that the inclusion homomorphism B*(G) < C*(G) induces a
homomorphism H*(G) 2, H*(G). 1t is easy to see that this induced
homomorphism is in general neither injective nor surjective. For ex-
ample, if G is free of rank 1, then it is not surjective. Also if G is free
of rank greater than 1, then it can not be injective.

Definition 3.4. The kernel of H*(G) 2, H*(G) is called the singular

part of H*(G) and denoted by H*(G). Also the image of ® is called the
bounded part of H*(G) and denoted by H; (G).

The singular part FAISQ(G) plays an important role for the dimension
of H*(@). There is another description of the singular part of H*(G).

Definition 3.5. An element f € C(G) is called a pseudocharacter
if 0'f € B*(G) and also f(g") = nf(g) for n € Z. The space of
pseudocharacters of G is denoted by PX(G). We also denote by X (G)
the space of characters of G, that is, the space of homomorphisms G —
R.
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Notice that
X(G) = HY(G) = Homz(H,(G,7Z),R).
Theorem 3.9. There are isomorphisms of vector spaces
W) H*(G) =2 HY(G) ® Hy (G)
it) HA(G) = PX(G)/ X (G).

Proof. The first is Corollary 1.15 and the second is Theorem 3.5 in
[4]. O

Proposition 3.10. Let G be finitely presented. Suppose ﬁQ(G) 1S in-
finite dimensional. Then PX(G)/X(Q) is infinite dimensional.

Proof. Let G have a finite presentation < X | R >, where |X| and
|R| are finite. If | X| = 1, the group G abelian and so amenable. Then

H*(G) is zero by Theorem 1.2. Hence we have 1 < |X| < co. Then,
by Corollary 3.5, the dimension of H?(G) as a vector space over R

is finite. Then, since H2(G) is infinite dimensional, the kernel of the

homomorphism H2(G) — H2(G) is infinite dimensional. Hence, by
Definition 3.4 and Theorem 3.9, the space PX(G)/X(G) is infinite
dimensional. U

Recall that the commutator subgroup of SL(2,7Z) is free of rank 2
and of index 12. So the abelianization of SL(2,7Z) is isomorphic to
Zq5 the cyclic group of order 12, so that its rank is zero. Also recall
that SL(2,Z) has a balanced finite presentation with 2 generators and
2 defining relators. Then by Corollary 3.5, we have H2(SL(2,7)) = 0.

Thus the homomorphism H2(SL(2,7Z)) — H2(SL(2,7)) is zero. Hence
from Theorem 3.9, we have
H*(SL(2,2)) = H:(SL(2,Z))
— PX(SL(2,2))/X(SL(2,2)) = PX(SL(2,2)),
where the last equality follows from the following fact
X(SL(2,Z)) = H'(SL(2,7))

= Homy(H,(SL(2,Z),7Z), R)

= HomZ(SL(Q, Z)aby R)

= HOmz(Zlg, R) = 0.

Notice that PX(SL(2,Z)) is infinite dimensional.
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Corollary 3.11. Let GG be generated by two elements. If there is at
least one pseudocharacter that is not a character, then H*(G) is in-
finite dimensional. In particular, if G is also finitely related, then

PX(GQ)/X(G) is infinite dimensional.

Proof. Let o € PX(G)\ X(G). Then, since PX(G)/X(G) is not zero,
H?*(@) is not zero either by Theorem 3.9. Hence H2(G) is infinite
dimensional by Theorem 2.8.

Now suppose G has finitely many defining relators. Then G is finitely
presented and so by Proposition 3.10 the vector space PX(G)/X(G)
is infinite dimensional. U

From Corollary 3.11, if G is a finitely presented group with two gen-
erators, then the existence of only one pseudocharacter that is not a
character guarantees that there are infinitely many linearly indepen-
dent pseudocharacters providing H?(G) with infinite dimension.

Proposition 3.12. If G is uniformly perfect, then PX(G) = 0.

Proof. Since G is perfect, it is clear that
X(G) = HY(G) = Homz(H,(G,Z),R) = 0.

Since G is uniformly perfect, the homomorphism H 2(@) 2 H 2(@) is

injective by Theorem 3.3. Hence,
0=kerd = H2(G) = PX(G)/X(G) = PX(G).
O

Remark 3.3. Let 0 - C — F — G — 1 be a universal central
extension of a perfect group G.

(1) Since G and E are perfect, by Corollary 3.2 we have H'(G) =
H'(E) = 0. Also, since Hy(E,Z) = 0 by Theorem 3.7, we have
H?*(E) = 0.

(2) Since C'is an amenable normal subgroup, as shown in [6] there
is an isomorphism

H*(E) =~ H*(E/C) = H*(G).
(3) Since 0 = H'(E) = X(F) and H*(E) = 0, we have
H*(G) = H*(E/C) ~ H*(E) = HX(E) ~ PX(E).

Thus each pseudocharacter of E determines a unique bounded
2-cocycle of G.
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Proposition 3.13. Let

0-CHEBG1

be a universal central extension of a uniformly perfect group G, where
C = Hy(G,Z). Then there is an injective homomorphism

PX(FE) — Homgz(Hy(G,Z),R).

Furthermore, suppose G is finitely presented. Then the dimension of
H?*(Q) is no more than the rank of Hy(G,Z).

Proof. Recall that there is a five-term exact sequence of the ordinary
cohomology

0— HYG) — HYE) — HY(C)?/° = H*(G) — H*(E).
Since C'is in the center of F, the action of E/C on H*(C') is trivial, so
that H'(C)?/¢ = H'(C). Also, since H'(E) = H?*(E) = 0 by Remark
3.3.(1), there is an isomorphism H'(C) = H2(G). Also by Remark
3.3.(2) there are isomorphisms

H*(G) ~ H*(E) = PX(E).

Consider the following diagram

HX(G) «+=— H'(C) = Homy(Hy(G,Z), R).

Since G is uniformly perfect, the homomorphism & is injective by The-
orem 3.3. Then from the composition d;!o®op_! there is an injective
homomorphism

PX(E) 2 Homy(Hy(G,Z),R).

Suppose G is finitely presented. By Corollary 3.4, we have H*(G) &
R* where k is the rank of Ho(G,Z) and 0 < k < oo. Thus the
dimension of H*(G) is k. So, by the injectivity of ®, the dimension of
H%(G) is at most k. Hence the dimension of H%(G) is no more than
the rank of Hy(G,Z). O

Corollary 3.14. Let G be a finitely presented uniformly perfect group.
If H*(G) # 0, then Ho(G,Z) is not a torsion group.
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Proof. 1f H2(G) # 0, then the dimension of H%(G) is at least 1. Also
by Proposition 3.13, the rank of Hy(G,7Z) is no less than the dimension

of H%(G). Hence Hy(G,Z) has rank at least 1 and so it can not be a
torsion group. U

Let 0 > C —- E — G — 0 be a universal central extension of a
uniformly perfect group G, where C' = Hy(G,7Z). Since I/-.?Q(C) =0, we
have

PX(C) = X(C) = HYC) = Homyz(H5(G,7Z), R).
Then from Proposition 3.13, there is an injective homomorphism
p«: PX(E) — PX(C).
Let
PX(E,C)={fe€ PX(E)| f(x) =0 for all x € C}.
Then PX(E,C) = ker(p.) = 0. Thus every pseudocharacter vanishing
on C' vanishes on E.

4. AN APPLICATION OF QQUILLEN’S PLUS CONSTRUCTION

For a connected CW complex X, there is a construction, which is
known as the Quillen’s plus construction, for killing a perfect normal
subgroup of m; X, while preserving the ordinary homology:

Theorem 4.1. Let X be a connected CW complex and N be a perfect
normal subgroup of m(X). Then there is a new CW compler X+ by
attaching only 2-cells and 3-cells to X, so that the pair (X, X) satisfies
the following conditions:

(1) The map mX — m Xt induced by the inclusion X — Xt is

the quotient map m X — m X/N.
(2) The pair (Xt, X) is homologically acyclic.
(3) The space X is unique up to homotopy.

For a proof we refer the reader to [13].

Definition 4.1. For a connected CW complex X and a perfect normal
subgroup N of m X, we call a Quillen’s plus construction X such that
m(XT) = (mX)/N the Quillen’s space for X relative to N I m X.

To see how Quillen’s plus construction behaves in bounded cohomol-
ogy, we briefly review the relative bounded cohomology.
In [10], the relative bounded cohomology of any continuous map

Y L X of spaces X and Y, not necessarily Y C X, is defined as

the cohomology of mapping cones of B*(X) LN B*(Y), that is, as the
cohomology of bounded cochain complex of {B"(X)& B"(Y),d,},
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where the boundary operator d,, is defined by the equation d,(«, 5) =
(0n(), = fi(@) = 0p—1(5)) from boundary operators 6, and d, of B*(X)
and B*(Y) respectively. It is denoted by H*(Y 5x ). Then for any

continuous map Y END'e , there is a long exact sequence
S HYYY) = B Y LX) = B X)) D By —

In particular, for a pair (X,Y") of spaces with Y C X, by considering
it as an inclusion Y < X the group H*(Y — X) is isomorphic to the
usual sense of the relative bounded cohomology H*(X,Y).

Similarly, for any group homomorphism A % G, the relative bounded
cohomology of A % G is defined as the cohomology of the complex of
mapping cones {B"(G) ® B"Y(A),d,}, and denoted by H*(A % G).
In this manner, for any continuous map of semilocally simply connected

spaces Y I Xitis proved that
o L x) = B my & nx).
Also there is a commutative diagram of the long exact sequence

_)I’_‘Infl(y) SN [,—j”(YLX) E— Hn(X) —_— ﬁn(y)%

~| «| = | = @

~ ~ f ~ ~
S B Y(mY) —— H(mY 5 mX) ——— HY(mX) ——— H'(mY) — .

Remark 4.1. The Ezxcision Axiom does not hold in the theory of
bounded cohomology. For example, let X = T be a torus and Y =
D? c X, and Z = p be a point in Y. Then X — p is a punctured torus
with (X — p) = Z * Z and Y — p deformation retracts to a circle S*.

Recall that H 1(.) = 0. Then we have the long exact sequence
0— ]/—\]2(T, D2) - ﬁ2(T) N ﬁz(D2) _ ]/-\13(T, D2) N

Since m1(T') is amenable, the group H2(T) = 0 and hence H(T, D?) =
H?(X,Y) = 0. However, notice that there is an exact sequence

0 — H*(T—p, D*~p) — H*(T—p) — H*(D*—p) — H¥(T—p, D*—p) — .

Also 7y (D? — p) = m(S') = Z, so that m;(D? — p) is amenable. Then
H?*(D* —p) =0 and

H*(T —p,D* = p) = H*(T - p) = H(Z+ 7).
Hence H*(T — p, D* — p) is infinite dimensional by Theorem 1.3.
Remark 4.2. Let X be a countable connected CW complex.
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(1) Suppose m; X is perfect. Then Quillen’s space X for X relative
to mX <d m X is a simply-connected CW complex.

(2) Suppose that 71X has a perfect commutator subgroup, that is,
(1 X)W = [1,.X, 7 X] is perfect. Then the Quillen’s space X+
for X relative to (7 X )M < m X gives

7TlX

[7T1X, 7T1X]
Thus 71 (X ™) is abelian.

In both cases, H,(X,Z) and H,(X*,Z) are isomorphic by Theorem

4.1. Hence, by Corollary 3.2, the groups H"(X;R) and H"(XT;R) are

also isomorphic, and also H"(X ™, X;R) = 0 for all n > 1.

On the other hand, in both cases m(X™) are amenable. Hence
H"(X*) = 0 for every n > 1. However, H"(X) may not be zero.
Instead H"(X) and H™(X+, X) = H""(X < X*) are isomorphic.

Thus for the theory of bounded cohomology the condition (2) in
Theorem 4.1 does not hold in general.

7T1(X+) = = (7T1X)ab-

Remark 4.3. Let X be a countable connected CW complex and N
be a perfect normal subgroup of m; X. Recall that there is a normal
covering Y — X such that mY = N, and it induces a homomorphism
mY — mX. Then the fundamental group of Quillen’s space X for
X relative to N < m X is that m(X ) = mX/mY = mX/N. Thus
we have an exact sequence

0—>N-mX—->mX" =0
and it induces a commutative diagram of the five-term exact sequences
H2(m X/N) —— H2(mX) —— H2(N)MX/N — B3(m X/N) —— H3(m X)

1 l - - -

H2(X+) ——— H2(X) —— H2YV)G/N — 5 H3(X+) —— H3(X),

1R
1R

where the first arrows in both rows are injective. Notice that the di-
mension of H?(X) is greater than or equal to the dimension of H*(X ).

Remark 4.4. Let A be a closed subcomplex of a CW complex X.
Notice that the cone C'A on A is contractible. As it is well known, the
map X UCA — X/A is a homotopy equivalence. Hence we have

X/A=(XUCA)/CA~ X UCA.
In fact, it is a homotopy equivalence of pairs
(X/A, %) ~ (X UCA,CA) ~ (X UCA,v),

where v is the vertex of the cone.
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Hence there are the isomorphisms on the ordinary cohomology
H*(X/A, %) =~ H* (X UCA,CA) = H*(X, A),

where H *(-) denotes the reduced ordinary cohomology and the second
isomorphism follows directly from the Ezcision Axiom by excising the
vertex v of the cone C'A.

However, since the Excision Axiom does not hold in the theory of
bounded cohomology as shown in Remark 4.1, we will see that the
groups H*(X/A) and H*(X, A) are not isomorphic in general.

Proposition 4.2. Let X be a connected CW complex and Xt the
Quillen’s space for X relative to N < mX. Then there is an isomor-
phism

H*(X*/X)~ H* (X" UCX).

Proof. Notice that (X', X) is a CW pair with X as a subcomplex of
X*. Also XT/X = (XTUCX)/CX. Since CX is contractible, the
quotient map XTUCX — (XTUCX)/CX is a homotopy equivalence.

Hence H*(X*/X) = H* (Xt UCX). O

Theorem 4.3. Let X be a connected CW complex and X+ the Quillen’s
space for X relative to N < mX. Then m (X /X) is trivial. Further-

more, H*(X*/X) =0 for alln > 1.

Proof. Recall that the spaces Xt /X and XTUCX are homotopy equiv-
alent. Hence it is enough for us to prove that m (X U CX) is trivial.
Since X NCX = X, we have the following squares such that the first
square of inclusion maps of spaces induces the second commutative
square of groups

X —Z> Xt mX L) 7'('1(X+>
l Looma ] l
CX —— (X*UCX) m(CX) — m(X*UCX).

Notice that the second square is an amalgamation diagram, where all
fundamental groups are computed at a fixed vertex x € X. Then
m(XTUCX) = m(X7T) *;,x m(CX). Since CX is contractible,
the group m (CX) is trivial. Hence m (X" U CX) is the quotient of
m1(X ™) by the smallest normal subgroup of 71 (X ™) containing the im-
age i,m(X). By Quillen’s plus construction, the homomorphism i, is
surjective

mX & Xt =mX/N.
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Thus i,m X = 7 (X ™). Then it shows that
m(XT/X)=m(XTUCX) =m(X) %, x m(CX)
= (mX")/((mX) =m(X")/m(X") =1L
Thus 7 (X"/X) = 1 and so the quotient space X/X is a simply
connected CW complex. Hence H*(X T /X) =0 for all n > 1. O

Remark 4.5. If X is a connected CW complex and X is the Quillen’s
space for X relative to N < m X, the quotient space X /X is a bou-
quet of, possibly infinitely many, 2-cells and 3-cells. Then from The-
orem 4.3 the fundamental group of a bouquet of, possibly infinitely
many, 2-cells and 3-cells is trivial.

Proposition 4.4. Let X be a connected CW complex and X the
Quillen’s space for X relative to N < mX. Then H*(XT,X) =0. In
particular, if m X itself is perfect, then there is an isomorphism

H™(X) = H"(XT, X).

Proof. Recall that H'(-) = 0. The inclusion map X %y X* induces a
surjective homomorphism m X % 7 (X*) = (m X)/N. Let G = m X.
As in the diagram (4.1), there is a commutative diagram

0— H2(X 5 Xt) —— HB2(X*H) —“ 5 A2(X) —— H3(X 5 Xx+) >

0— H>(G % G/N) —— H?*(G/N) —— H?*(G) —— H¥G % G/N) —.
From Theorem 2.3, the homomorphism p, is injective. So the homo-
morphism 4, is also injective. Hence H?(X T, X) = H*(X — XT) = 0.

Suppose m; X is perfect. Then X T is simply connected and so H™(X ™)

is zero for every n > 1. Hence there is an isomorphism

H™(X) = H"(XT, X).
O

Let X be the Quillen’s space for a connected CW complex X rel-
ative to N < m X for a perfect group N. Notice that by Remark
4.4 we have H"(X+/X) = H"(X*,X) = 0 for every n > 1. Also
H"(X*/X) =0 for all n > 1 by Theorem 4.3. But H"(X*, X) is not
zero for all n > 1 in general.
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