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Abstract

The concept of cohomological goodness was introduced by J-P. Serre
in his book on galois cohomology. This property relates the cohomology
groups of a group to those of its profinite completion. We develop proper-
ties of goodness and establish goodness for certain important groups. We
prove for example that the Bianchi groups, that is the groups PSL(2, O)
where O is the ring of integers in an imaginary quadratic number field, are
good. As an application of our improved understanding of goodness we
are able to show that certain natural central extensions of Fuchsian groups
are residually finite. A result which contrasts examples of P. Deligne who
shows that the analogous central extensions of Sp(4,Z) do not have this
property.
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1 Introduction

Let G be a group and G its profinite completion. The group G is called good if
the homomorphism of cohomology groups

H"(G, M) — H™(G, M)

induced by the natural homomorphism G — G of G to its profinite completion
G is an isomorphism for every finite G-module M, see Section 3 for more detailed
explanations. This important concept was introduced by J-P. Serre in [29,
Section 1.2.6]. In his book Serre explains the fundamental role goodness plays
in the comparison of properties of a group and its profinite completion. We
add here in Section 6 an interesting application of the concept. We show how
goodness can be used to establish structural properties of certain naturally
arising groups. In fact, the results of our Section 3 are applied in [3] together
with the techniques of Section 6 to identify the fundamental groups of certain
singular complex algebraic surfaces.

It is known that finitely generated free groups and surface groups are good,
see Proposition 3.6. From Lemma 3.3 it follows that finitely generated virtually
free groups are good and also that a succession of extensions of finitely generated
free groups is good. It is however in general very difficult to say which group is
good and which is not. It is for example an important open question whether
the mapping class groups are good.

In our paper we prove this property for a particularly important class of
arithmetic Kleinian groups: Bianchi groups that are defined as PSL(2, O,),
where Oy is the ring of integers in the imaginary quadratic number field Q(y/—d)
(d € Z, d > 1, square free). One of our main results is:

Theorem 1.1. The Bianchi groups are good.

Goodness is preserved by commensurability (see Section 3). By the classi-
fication of arithmetically defined subgroups of PGLy(C), an arithmetic group
which is not cocompact in PG L2 (C) is commensurable to a Bianchi group. Thus
Theorem 1.1 holds for this class of groups. Also it follows from Lemma 3.3 that
all the groups SL(2,04) are good. This gives a basis to conjecture that all
Kleinian groups are good. In fact, this would follow from Thurston’s conjecture
that every finite volume 3-manifold is virtually fibred over a circle. Indeed, if
true, then the fundamental group is virtually a cyclic extension of a surface
group and hence is good by Exercise 2(b) in [29, Section 1.2.6] combining with
the goodness of surface groups.

Theorem 1.1 is designed to begin the study of the torsion cohomology of the
Bianchi groups. In fact the goodness of these groups implies

Corollary 1.2. The virtual cohomological dimension of the profinite completion
PSL(2,0,) is equal to two. The congruence kernel Cy < PSL(2,04) has coho-
mological dimension equal to one or two. In particular, P/S\L(Q7 Oy) is virtually
torsion free and Cy is torsion free.



The first statement comes from the fact that the Bianchi groups act discon-
tinuously on 3-dimensional hyperbolic space with a finite volume quotient which
is not compact (see Section 4). The proof of the second statement is contained
in Section 5 where we also explain the construction of the congruence kernel.
We were not able to decide whether C; has cohomological dimension one or two.

We observe (in Section 5) that an arithmetic group having the congruence
subgroup property is not good, since the profinite completion of it is not virtually
torsion free and therefore its virtual cohomological dimension is infinite.

Another class of groups proved to be good in this paper are the so called
limit groups, i.e. finitely generated fully residually free groups. Limit groups
play a key role in the solution of the Tarski problems (see [9], [26] and related
references) that asks whether the elementary theories of non-abelian free groups
of different ranks are the same and whether this theory is decidable.

Theorem 1.3. Limit groups are good.

We also give a new way of applying the goodness of lattices in PSL(2,R). We
show that an extension of a finitely generated residually finite good group with
finitely generated residually finite kernel is residually finite. As a consequence
it is deduced (in Section 6) that certain natural central extensions of Fuchsian
groups are residually finite. A result which contrasts examples of Deligne [4] and
Raghunathan [21] who show that the analogous central extensions of Sp(4,7Z)
and other arithmetic groups do not have this property.

The idea of the proof of Theorem 1.1 is to use the fact that Bianchi groups
admit a so called hierarchy, i.e. a decomposition as a tower of free amalgamated
products or HNN-extensions of finitely generated subgroups starting with the
trivial subgroup (we give a general definition in Section 3.2). The existence of a
hierarchy for Bianchi groups as well as the concept itself comes from geometry.
One uses that a torsion free subgroup of finite index of a Bianchi group is iso-
morphic to the fundamental group of compact 3-manifold with boundary. The
hierarchy of Bianchi groups behaves well with respect to the profinite topology:
we refer to this fact as the profinite topology being efficient. This follows from
subgroup separability (the property of being LERF) of Bianchi groups: a deep
fact with a proof based on geometry. The hierarchy of a group with efficient
profinite topology is preserved in the profinite completion which allows us to
use inductively the Mayer-Vietoris sequence. Thus in the most general form our
result can be formulated as follows.

Theorem 1.4. Let G be a group admitting a hierarchy such that the profinite
topology on G is efficient (with respect to the given hierarchy). Then G is good.

Remark 1.5. A. Lubotzky used in [14] the decomposition of Bianchi groups or
groups commensurable with them into an amalgamated free products or HNN-
extensions to deduce that these groups contain a subgroup of finite index with a
free non-abelian quotient. In his construction the corresponding amalgamated
subgroups or associated subgroups are closed in the congruence topology (and
therefore in the profinite topology). However these decompositions however do
not carry sufficient information to deduce goodness.
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2 Cohomology of profinite groups

In this section we collect some notation and well known facts concerning the
cohomology of profinite groups.

Let G be a profinite group and A a discrete G-module. We define the
cohomology group HY(G,A) (¢ € NU{0}) by

HY(G, 4) = lim HY(G/U, AY),

where U ranges over all open normal subgroups of G and AV is the submodule
of fixed points of U.

The p-cohomological dimension of a profinite group G is the lower bound
of the integers n such that for every discrete torsion G-module A, and for
every ¢ > n, the p-primary component of H?(G,A) is null. We shall use
the standard notation cd,(G) for p-cohomological dimension of the profinite
group G. The cohomological dimension c¢d(G) of G is defined as the supremum
cd(G) = sup,(cd,(G)) where p varies over all primes p.

The next proposition gives a well-known characterization for cd,, ([29, Propo-
sition I.11 and Proposition 1.217]).

Proposition 2.1. Let G be a profinite group, p a prime and n an integer. The
following properties are equivalent:

1. ¢dp(G) < n,

2. H1(G,A) =0 holds for all ¢ > n and every discrete G-module A which is
a p-primary torsion module,

3. H""1(G, A) = 0 holds when A is a simple discrete G-module annihilated
by p,

4. H""Y(H,F,) = 0 holds for any open subgroup H of G.

Note that if G is pro-p then there is only one simple discrete G-module
annihilated by p, namely the trivial module F,,.

3 Goodness

This section starts off with preliminary results on the concept of goodness. In
section 3.2 we show that, under suitable hypotheses, amalgamated products and
HNN-extensions are good.



3.1 Preliminaries

Let G be a group and G its profinite completion. Let M be a G-module which
is finite as a set. For short we say that M is a finite G-module. Since G acts
as a finite group on M we obtain a natural action of the profinite completion G
on M.

Following [29, Section 1.2.6] we say that a group G is good if the homomor-
phism of cohomology groups H™(G, M) — H"(G, M) induced by the natural
homomorphism G — G of G to its profinite completion G is an isomorphism
for all n and every finite G-module M. Already in the exercises in [29, Section
1.2.6] J-P. Serre gives useful properties of the concept. In the following we recall
and extend the results of J-P. Serre.

The following lemma is a useful consequence of Exercise 1 in [29, Section
1.2.6]. Here the finite field IF,, (p a prime) is always considered as a trivial module
for any group.

Lemma 3.1. A group G is good if and only if

lim H'(N,F,) =0
N<sG

for all i and for all primes p, where N ranges over all subgroups of finite index.
Proof. By Exercise 1 in [29, Section 1.2.6] a group G is good if and only if

lim HY(N,M) =0
—
N<;G
for all 4 and every finite module M, where N ranges over all subgroups of finite
index of G. Since this limit can be started with any N we may assume that
M is a trivial N-module for every N. Since cohomology commutes with direct
sums in the second variable, we also can assume that M is p-primary.
Suppose now ‘
lim H(N,F,)=0
N<;G
for all ¢ and for all primes p. We shall use an induction on the length of the
composition series of M. Consider a short exact sequence of p-primary finite
discrete trivial N-modules

(0) = B— M —F, — (0).

By the induction hypothesis we have lim H(N, B) = 0 and by assumption

<G

we also have 4
lim H*(N,F,) =0.
N<;G
Then the long exact sequence of cohomology and its naturalness show that
lim H'(N,M) =0
—
N<;G

as required. O



We call two groups commensurable if they contain isomorphic subgroups of
finite index.

Lemma 3.2. Let G be a good group and H a group commensurable with G.
Then H is good.

Proof. By Lemma 3.1 a group G is good if and only if

lim H'(N,F,) =0
N<;G

for all 4 and all primes p, where N ranges over all subgroups of finite index of G.
Since this limit can be started with any N of finite index, the result follows. [

The following is Exercise 2 (b) in [29, Section 1.2.6].

Lemma 3.3. The group H is good if there is a short exact sequence
(1) - N—H —G— (1)

such that G,N are good, N is finitely generated and the cohomology groups
HY(N, M) are finite for all g (¢ € N) and all finite H-modules M.

In the following we sharpen Lemma 3.3 in case of a direct product by relaxing
the hypothesis.

Proposition 3.4. Let G = Gy X Gy be a direct product of two good groups
G1, Go. Then G is good.

Proof. Let N be a subgroup of finite index of G. Put N; = NNGj for j =1,2.
Then N contains N7 X Ny which in turn has finite index in G. So the family
of {IN1 x Ny} constitutes a cofinal subfamily for {N}, when N ranges over all
subgroups of finite index of G.

Therefore using the Kiinneth formula we get

lm HYN,F,) = lim H'(NxNo,F,) = lm @) H'(Ny.F,)0H(Ny,F,)
N<fG N<sG N<tG ptg=i

and using that direct limits commute with direct sum (Theorem 2.8 [24] and
with tensor products (Corollary 2.20 [24]) we may conclude

lim H'(N,F,)= @D (lim HP(Ny,F,)) @ ( lim HY(Ny,F,)) =0
N<fG ptg=i N<sG N<;G

for all 7 and every prime p. Hence the result follows by Lemma 3.1. O



3.2 Amalgamated free products and HNN-extensions

In this subsection we give sufficient conditions for an amalgamated free product
and an HNN-extension of good groups to be good. We apply these results in
the next section to show that the Bianchi groups are good. We shall see below
that an amalgamated free product or HNN-extension of good groups are not
always good (see Section 5).

We remind the reader of two basic constructions of combinatorial group
theory.

Let K7, K5 be groups, A a subgroup of K; and f : A — K5 an embedding.
Then the amalgamated free product K7 x4 K is given by the presentation

Ky %4 Ko = (K, Ko | rel(K7), rel(Ks), a = f(a), a € A).

By this notation we mean that K; x4 K5 is generated by K, Ko and defined
by the relations rel(K4), rel(Ks) of the groups K;, Ko together with the extra
relations a = f(a), (a € A).

Let K be a group, A a subgroup of K and f : A — K a monomorphism.
Then the HNN-extension HNN(K, A, f) is given by the presentation

HNN(K, A, f) = (K,t | rel(K), tat™' = f(a), a € A).

Following [32] we say that the profinite topology on an amalgamated free
product G = Kj x4 K5 is efficient if G is residually finite, the profinite topology
on G induces the full profinite topology on Ki, K5 and A, and if K;, Ko and
A are closed in the profinite topology on G.

Similarly, we say that the profinite topology on an HNN-extension HNN(K, A4, f)
is efficient if K is residually finite, the profinite topology on G induces the full
profinite topology on K, A and f(A), and if K, A and f(A) are closed in the
profinite topology on G.

We have:

Proposition 3.5. Let G be an amalgamated product or an HNN-extension of
good groups and let the profinite topology on G be efficient. Then G is good.

Proof. We start the proof with the case of HNN-extension.

Let G = HNN(K, A, f) be an HNN-extension of a good group K with an
associated good subgroup A such that the profinite topology of G is efficient.
First note that the efficiency implies that the profinite completion Gisa profinite
HNN-extension HNN(K A, f), where f : A — K is the continuous homomor-
phism of the completions induced by f. Moreover, this profinite HNN-extension
is proper in sense of [22], i.e. K, A are embedded in HNN(K, A, f) (cf. [32]).
Consider the Mayer-Vietoris sequence associated to G and G:

H""Y(A,M) — H"“(G,M) — H"“(K,M) —

T ] ]
H" ' (AM) — HG.M) — H'KM) -



where the vertical maps are induced by the natural embedding of the groups
into their profinite completions. Since A and K are good the left vertical map
and the right vertical map are isomorphisms, so the middle vertical map is an
isomorphism as well. Since HO(G, M) = M% = M¢ = HO(@,M) the result
follows in case of HNN-extensions.

Next we consider the case of an amalgamated free product. Let G = K% Ko
be an amalgamated free product of good groups K, Ko with an amalgamated
good subgroup A such that the profinite topology of G is efficient. First note that
the efficiency implies that the profinite completion G is a profinite amalgamated
free product K Il ; K. Moreover, this profinite amalgamated free product is

proper in the sense of [22], i.e. IA(l, K5 and A are embedded in K, Iz K (cf.
[32]). Consider the Mayer-Vietoris sequence associated to G and G:

H"YA,M) — H"G,M) — H'K,,M)&®H"(Ky,M) —
7 T
H" YA M) — H"(G,M) — H"(K\,M)® H"(Ks, M) —

where the vertical maps are induced by the natural embedding of the groups to
their profinite completions. Since A, K1 and K are good the left vertical map
and the right vertical map are isomorphisms, so the middle vertical map is an
isomorphism as well. Since H*(G, M) = M® = MY = H(G, M) the result
follows. 0

We shall now discuss an immediate application of the previous proposition.
Following [16] we shall call a group G to be an F-group if G has a presenta-
tion of the form:

€ €
G= <a1,b1,...,an,bn, C1,...Ct, dl,...d5|cll :...:Ctt :1,

dit..d7tert e ag, bl an, b = 1)

where n, s,t > 0, and e; > 1 for ¢ = 1,...,t. All lattices, i.e. discrete sub-
groups of finite covolume, in PSL(2,R) are F-groups; conversely almost all
F-groups appear as lattices in PSL(2,R). A torsion free F-group T is called
a surface group if it has 2¢ generators a;, b; (i = 1,...,g) subject to one rela-
tion [a1, b1]]az, ba] - - - [ag, bg] = 1. Surface groups are exactly the groups which
appear as fundamental groups of closed surfaces. By Proposition II1.7.4 in [16]
any subgroup of finite index of a F-group is again a F-group and so a torsion
free subgroup of a F-group of finite index is a finitely generated free group or a
surface group.

Proposition 3.6. All F-groups are good.

Proof. By Lemma 3.2 it suffices to proof that surface groups I' are good. Clearly,
I' admits a decomposition into a free product with amalgamation

I' = (a1,b1) *¢ (a2, ba, ... ag,by)



of two free groups with a cyclic amalgamation defined by
[a1,01] 7" = [az, bo] - - [ag, by].

Using Proposition 3.5 and the subgroup separability of F-group proved by P.
Scott ([23]) it is clear that I' is good (see Lemma 5.2 (iii) in [6] for a more
detailed proof without using Scott’s result). O

The following concept is useful in the next section

Definition 3.7. Let G be a group. A hierarchy for G is a finite collection
1o, ..., Tn of tuples of finitely generated subgroups

=
|

2

Q

=
Il

0,...,N,n, €N)
of G such that

e 7, = (G),

e the coordinates of 7T are all trivial groups,

e for every 7 > 0 and s = 1,...n, there exists either 1 < i < n,;; and a
subgroup F' of GETH] which is a F-group such that

GI = HNN(GI Y Ft)

or there exist 1 < i # j < n,41 and a subgroup F of both GEH‘” and

GL»TH] which is a F-group such that

Gl =G gl

We say that the profinite topology on a group G admitting such a hierarchy
is efficient if G is residually finite and if the profinite topology on G induces the
full profinite topology on all G and F and if the groups GI) and F are closed
in the profinite topology of G.

A group G is called subgroup separable (or LERF) if every finitely generated
subgroup H of G is closed in the profinite topology of G, i.e. is the intersection
of subgroups of finite index containing it.

Theorem 3.8. A group which admits a hierarchy (Definition 3.7) and which
s subgroup separable is good.

Proof. We use induction on the level of the hierarchy of the decomposition of
the preceding theorem. If the level is 1 the result is obvious. The inductive step
follows from the following consideration. The subgroup separability implies
that the profinite topology of our decomposition is efficient because a finitely
generated subgroup of a subgroup separable group is subgroup separable. This
allows to use Proposition 3.5. O



Theorem 3.8 can be applied to prove that so called limit groups, i.e. finitely
generated fully residually free groups are good. A group G is called fully resid-
ually free if for any finite subset X of G there is an epimorphism G — F' onto
a free group F whose restriction on X is injective.

Proof of Theorem 1.3: The limit groups admit a hierarchy see [25] and [8],
more precisely a hierarchy, where all amalgamated and associated subgroups
in forming the free products with amalgamation and the HNN-extensions are
infinite cyclic. On the other hand, Henry Wilton [33] proved recently that limit
groups are subgroup separable. Therefore, the result follows from Theorem 3.9.
O

Analyzing the proof of Theorem 3.8 one can observe that we use only the
fact that the profinite topology on a group G admitting a hierarchy is efficient.
Thus we can claim the following

Theorem 3.9. Let G be a group admitting a hierarchy such that the profinite
topology on G is efficient. Then G is good.

4 Bianchi groups

In this section we prove that all Bianchi groups are good.

Fix a natural number d and let Q(v/—d) C C be the corresponding imag-
inary quadratic number field. Let O4 be its ring of integers. The groups
PSL(2, O4) are traditionally called Bianchi groups. They are discrete subgroups
of PSL(2,C), hence act discontinuously on the symmetric space

H?* := PSL(2,C)/PSU(2,C)

of PSL(2,C). For a detailed description and the basic properties of them see
[5, Section 7] and [17]. Let I' < PSL(2,Oq4) be a torsion free subgroup of finite
index (such subgroups exist since PSL(2,Oq) is finitely generated and linear).
The quotient
Xr :=T\H?

inherits from H? the structure of a 3-manifold. It is never compact, let Xr C Xr
be its Borel-Serre compactification, see [27] for the construction. Important for
us is that Xp is a compact 3-manifold with boundary consisting of a non zero
but finite number of tori. We further need that the inclusion

XFCXF

is a homotopy equivalence, see [27]. This implies that the fundamental groups
of Xr and Xr are isomorphic. Identifying I" with the fundamental group of Xr
we obtain isomorphisms

[ 2 71 (Xp) = m (Xp). (4.1)

The subgroup separability of Bianchi groups has been recently established
(see [13, Theorem 3.6.1]). So Theorem 1.1 follows from Theorem 3.8 and the
following

10



Theorem 4.1. Every Bianchi group PSL(2,0q) has a subgroup of finite index
which admits a hierarchy (see Definition 3.7).

Proof. We choose any torsion free subgroup I' < PSL(2, O4) of finite index and
consider the Borel-Serre compactification Xp. It is well known (see [27]) that
every boundary torus T of Xr is incompressible. This is implied by the fact
that the natural homomorphism 71 (7)) — 71 (Xr) is an inclusion. We conclude
that Xr is a Haken-3-manifold. See [7] for explanation.

By [7, Chapter IV] there is a hierarchy for Xp, i.e. a chain

(Mo, Fo), (My, Fr), ..., (My,0) (4.2)

with My = Xr and Fy = T, where M;,; is a (not necessarily connected)
3-manifold obtained by cutting M; along an incompressible, non-boundary-
parallel, 2-sided surface F;, and where M, is a union of 3-balls.

We infer from the Seifert-van Kampen theorem that I' admits a hierarchy.
Notice that incompressibility implies 7r;-injectivity (i.e. embedding of the cor-
responding fundamental groups) for embeddings of 2-sided surfaces (# S?) into
the 3 manifolds M;, see [7, Lemma IIL.8]. O

Examining the proof above one observes that it uses separability of sub-
groups of finite indices of the hierarchy blocks. So for example if one finds a
hierarchy whose building blocks are geometrically finite, then one can use [1]
directly in the proof.

Remark 4.2. Some classes of cocompact Kleinian groups are also known to be
subgroup separable see [1, Theorem 1.5]. They can be proven to be good once
they are shown to be Haken manifolds. It is proved in [12] and independently
[31] that the fundamental groups of compact 3-manifolds all of whose finite index
subgroups have finite abelianisations (for example those hyperbolic 3-manifold
groups that violate Thurston’s conjecture) are good. Moreover, as was already
mentioned in the introduction, goodness would follow from Thurston’s virtual
fibration conjecture. This gives the basis to the conjecture that all Kleinian
groups are good.

Using Lemma 3.2 we get
Corollary 4.3. A group commensurable with a Bianchi group is good.

From this corollary we infer that several groups given by generators and
relations (such as some of the tetrahedral Coxeter groups) are good. For example

Corollary 4.4. The tetrahedral hyperbolic Cozeter groups CT(1)— CT(17) are
good.

Proof. All these groups are commensurable with Bianchi groups (see [5, Section
10.4)). O

11



5 Arithmetic groups with the congruence sub-
group property

This subsection contains many examples of S-arithmetic groups which are not
good.

‘We shall use the standard terminology concerning S-arithmetic groups which
we introduce now. Let K be a number field and O its ring of integers. Let S
be a finite set of places of K including the set S,, of archimedean places. We
write

Os:={a€eK | via)>0forallv¢g S}

for the subring of elements of K which are integral outside of S. We define K,
to be the completion of the field K at its place v. If v is a non-archimedean
place we define O, to be the completion of O at v. The maximal ideal of O, is
denoted by m,,.

Let G be a semisimple and simply connected K-defined linear algebraic
group. This means that G is a subgroup of GL(n,C) for some n € N and is
also the zero set of a bunch of polynomials with coefficients in K. Let R be a
subring of the number field K. We write G(R) := G N GL(n, R) for the group
of R-points of G. Let a < R be an ideal of finite index. Clearly the kernel of
the entrywise reduction map

G(R) — G(R/a)

is a subgroup of finite index in G(R) (called a principal congruence subgroup).
Taking the completion G(R) (the congruence completion) with respect to the
topology defined by the principal congruence subgroups we obtain an exact
sequence

(1) — C(G, R) — G(R) — G(R) — (1). (5.1)
The profinite group C(G, R) is traditionally called the congruence kernel.

Proof of Corollary 1.2: Since the goodness is preserved by commensurability,
the goodness of T'y implies the goodness of SL(2, O4) and therefore the goodness
of every finite index subgroup in SL(2,0,). Let H be a torsion free congruence
subgroup of SL(2,O4). Then H has cohomological dimension 2. It follows that
the profinite completion H has cohomological dimension 2 (as a profinite group).
Since the congruence kernel of SL(2,0y) is contained in H, the congruence
kernel C < fd has cohomological dimension at most 2.

Proposition 5.1. Let G be a semisimple and simply connected K -defined al-
gebraic group (K a number field). Let S be a finite set of places of K including
the set Soo of archimedean places and let Og be the corresponding ring of S-
integers. Suppose that G(K) is not compact for at least one s € S and also
that the congruence kernel C(G, Og) of G(Og) is finite. Then G(Og) (and any
group commensurable to it) is not good.

12



Examples of groups which are in the range of our proposition are

SL <2,Z BD = SL(2,Z) %1y (p) SL(2, Z) (5.2)

where p is a prime number and

To(p) := {A: ( Z Z ) A € SL(2,Z), p divides c}

embedded in the two obvious ways into SL(2,Z) (see [28]). In fact a theorem
of Mennicke [18] shows that this group has the congruence subgroup property
which implies that it is not good. On the other hand the constituent groups
in the amalgamated product (5.2) are good. This in turn implies that the
decomposition (5.2) is not efficient. Of course the congruence subgroup property
valid for SL(2,Z[1/p]) shows that the profinite topology of that group induces
only the congruence topology on its subgroup SL(2,Z).

Examples of not good arithmetic groups of a quite different nature (lattices
in anisotropic Q-defined linear algebraic groups) can be constructed using [11].

For the proof of Proposition 5.1 we need

Lemma 5.2. Let G be a semisimple and simply connected K -defined algebraic
group. Let S be a finite set of places of K including the set Sy of archimedean
places and let Og be the corresponding ring of S-integers. Let T' < G(K) be a
subgroup commensurable with G(Og). Then the congruence completion T' of T’
s not virtually torsion free.

Proof. By the strong approximation Theorem (see Theorem 7.12 of [19]) T is
an open subgroup of the product

G(@S) = H G(OV>
vegsS

Here Og stands for the completion of the ring Og with respect to the topology
defined by its ideals of finite index. We conclude that I' contains the product

II G <]]Gw©.)

v¢SUSo vgS

for some finite set of places Sp.

Thus it suffices to show that for infinitely many places v we have non trivial
torsion elements in G(O,). The norm (index) of the ideal m,, is a power of the
prime p, say.

Note that the kernel of the natural homomorphism

G(0,) = G(O,/m,)

is a pro-p group. The field F, := O, /m, is finite and therefore by [15, Propo-
sition 14] G(FF,) contains the multiplicative group F}, in particular an element

of order p — 1. Then G(0O,) contains torsion elements of order prime to p, as
required. O
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Proof of Proposition 5.1: Let T' be a group commensurable with G(Og).
Since goodness is preserved by commensurability we may assume that I is tor-
sion free and hence of finite cohomological dimension. _

Since the congruence kernel C(G,T') of T is finite I' has torsion if and only
if T' has torsion and so has infinite cohomological dimension. The result follows.
O

Remark 5.3. If K is a global field of positive characteristic then the statement
of Theorem 5.1 is still true. Indeed, in the same vein, we can find a subgroup
of finite index I' in the S-arithmetic group in question that contains only p-
torsion. However, its profinite completion (which coincides with its congruence
completion) will contain an infinite torsion group with elements having orders
coprime to p, so I' is not good.

On the other hand if the congruence kernel is infinite, the question of good-
ness requires a separate investigation because the S-arithmetic group might not
be finitely generated (as it happens in the case of arithmetic lattices in rank one
algebraic groups).

6 An application of goodness

In this section we apply the concept of goodness in order to show that certain
natural central extensions of Fuchsian groups are residually finite.

Proposition 6.1. Let G be a residually finite good group and ¢ : H — G a
surjective homomorphism with finite kernel K. Then H is residually finite.

Proof. Lemma 3.3 shows that any extension of a finite group by a good group
is good. Therefore, by induction, we may assume that K is a minimal normal
subgroup of H. We distinguish two cases:

Case 1: K is abelian. The action of H on K by conjugation turns K into a
finite G-module. The elements of H?(G, K) correspond to classes of extensions

(1) — K—-FE—G— (1)
of G while the elements of H 2(@ , K) correspond to classes of profinite extensions
1) — K —-F—G— (1)

of G. Letw : GXG — K be a 2-cocycle representing the extension K — H — G.
Since the map H?(G,K) — H?(G, K) induced by the inclusion G — G is an
isomorphism we may choose a continuous 2-cocycle & : G x G — K which
restricts tow on G. Let G, — G be the corresponding group extension. There is
a homomorphism ¢ : H — G, such that the following diagram is commutative:

(1) K G. €] (1)
1 1 ]
(1) K H G (1).

14



It follows that 1 is injective and hence H is residually finite.

Case 2: K is not abelian. Here we again consider the action of H on its
normal subgroup K by conjugation. This action gives rise to a homomorphism
H — Aut(K) of H to the automorphism group of K. Let N be the kernel of
this homomorphism. Since K is finite N is a normal subgroup of finite index in
H. Since K is minimally normal in H we have N N K = (1). This implies that
@ maps N injectively to a subgroup of finite index in G. We infer that N and
hence H are residually finite. O

Corollary 6.2. Let G be a residually finite good group and H — G a surjective
homomorphism with residually finite and finitely generated kernel K. Then H
1s residually finite.

Proof. Since K is finitely generated and residually finite, it has a sequence of
characteristic subgroups K,, (n € N) of finite index such that the intersection of
the K, is trivial. The quotient groups H/K,, are residually finite for all n € N
by Proposition 6.1. This easily implies that H itself is residually finite. U

We shall now give an application of the preceding considerations.
Let PSL(2,R) be the universal covering group of PSL(2,R). The kernel Z
of the covering homomorphism

7 : PSL(2,R) — PSL(2,R)
is infinite cyclic. Given a subgroup I' < PSL(2,R) we define
Iy :=n (), T,:=7"YT)/nZ (neN). (6.1)
From Proposition 3.6 and Corollary 6.2 we get

Proposition 6.3. Let T' < PSL(2,R) be a lattice (Fuchsian group) then Lo and
all Ty, (n € N) are residually finite.

Proposition 6.3 should be contrasted with examples of P. Deligne [4]. He
considers subgroups of finite index in the integral symplectic group

I'<Sp(4,Z) < Sp(4,R).

He shows that their inverse images in the universal cover of Sp(4,R) are not
residually finite. In his arguments the congruence subgroup property of Sp(4, Z),
i.e. the triviality of the congruence kernel, plays an essential role (compare
Section 5). Similar results for cocompact discrete subgroups of Spin(2,n) are
contained in [21] combined with [20]. For more on this theme see [2], [30].

References

[1] I. Agol, D.D. Long, A.W. Reid, The Bianchi groups are separable on geo-
metrically finite subgroups. Ann. Math. 153, (2001), 599-621.

15



2]

[7]

E. Ballico, F. Catanese, C. Ciliberto (Eds.), Classification of irreqular va-
rieties. Lect. Notes in Math. 1515, Springer, 134-139, (1970)

I. Bauer, F. Catanese, F. Grunewald, Quotients of a product of curves by
a finite group.. Preprint.

P. Deligne, Extension centrales non résiduellement finies de groupes arith-
metiques. C. R. Acad. Sci. 287, (1978), 1203-1208

J. Elstrodt, F. Grunewald, J. Mennicke, Groups acting on hyperbolic space.
Harmonic analysis and number theory. Springer Monographs in Mathemat-
ics. Springer-Verlag, Berlin, (1998), xvi+524 pp.

A. Engler, D. Haran, D. Kochloukova, P.A. Zalesskii, Normal subgroups of
profinite groups of finite cohomological dimension. J. of the London Math.
Soc. 69, (2004), 317-332

W. Jaco, Lectures on three-manifold topology. CBMS Regional Conference
Series in Mathematics, 43. American Mathematical Society, Providence,
R.I, (1980), xii+251 pp.

O. Kharlampovich, A. Myasnikov, Irreducible affine varieties over a free
group. II. Systems in triangular quasi quadratic form and description of
resudually free groups. J. Algebra 200, (1998), 517-570.

O. Kharlampovich, A. Myasnikov, Elementary theory of free monabelian
groups. Journal of Algebra 302, (2006), 451-552.

M. Kneser, Orthogonale Gruppen tiber algebraischen Zahlkérpern. J. Reine
angewandte Math. 196, (1956), 213-220.

M. Kneser, Normalteiler ganzzahliger Spingruppen. J. Reine angewandte
Math. 311/312, (1979), 191-214.

D.H. Kochloukova, P.A. Zalesskii, Profinite and pro-p completions of
Poincaré duality groups of dimension 8. Trans. Amer. Math. Soc. (to ap-
pear)

D.D. Long, A.W. Reid, Surface subgroups and subgroup separability in 3-
manifold topology. Publicaes Matemticas do IMPA. [IMPA Mathematical
Publications] 25° Colquio Brasileiro de Matemtica. [25th Brazilian Math-
ematics Colloquium]| Instituto Nacional de Matemtica Pura e Aplicada
(IMPA), Rio de Janeiro, (2005), 53 pp.

A. Lubotzky, Free quotients and the first Betti number of some hyperbolic
manifolds. Transform. Groups 1, (1996), 71-82.

A. Lubotzky, D. Segal, Subgroup Growth. Birkhduser Verlag, (2003)
R.C. Lyndon, P.E. Schupp, Combinatorial Group Theory. Ergebnisse der
Mathematik 89, Springer Verlag (1977).

16



[17]

[18]
[19]

[20]

[21]

[22]

[23]

[24]
[25]

[26]

[27]

[28]
[29]
[30]

[31]

[32]

[33]

C. Maclachlan, A. W. Reid, The arithmetic of hyperbolic 3-manifolds. Grad-
uate Text in Mathematics 219, Springer Verlag, New York, (2003).

J. Mennicke, On Thara’s modular group. Invent. Math. 4, (1967), 202-228.

V. Platonov, A. Rapinchuk, Algebraic Groups and Number Theory. Pure
and Applied Mathematics 139, Academic Press, (1994).

G. Prasad, A.S. Rapinchuk, Computation of the metaplectic kernel. Publ.
Math. THES 84 (1996), 91-187.

M.S. Raghunathan, Torsion in Cocompact Lattices in Coverings of
Spin(2,n). Math. Ann. 266, (1984), 403-419.

L. Ribes, P. Zalesskii, Profinite groups. Ergebnisse der Mathematik und
ihrer Grenzgebiete, 3. Folge 40, Springer-Verlag, Berlin, (2000).

P. Scott, Subgroups of surface groups are almost geometric. J. London
Math. Soc. 17, (1978), 555-565.

J. Rotman, An inroduction to homological algebra Academic Press, 1979.

Z. Sela, Diophantine geometry over groups. I: Makanin-Razborov diagrams,
Publ. Math. THES 93, (2001), 31-105.

Z. Sela, Diophantine geometry over groups. VI. The elementary theory of
a free group. Geom. Funct. Anal. 16, (2006), 707-730.

J-P. Serre, Le probléme des groupes de congruence pour SL(2). Ann. of
Math. 92, (1970), 489-527.

J-P. Serre, Trees. Springer-Verlag, (1980).
J-P. Serre, Galois Cohomology. Springer-Verlag, (1997).

D. Toledo, Projective varieties with non-residually finite fundamental group.
Publ. Math. THES 77 (1993), 103-119.

Th. Weigel, On profinite groups with finite abelianizations. Selecta Math.
(N.S.) 13 (2007), 175-181.

J.S. Wilson and P.A. Zalesski, Conjugacy separability of certain Bianchi
groups and HNN-extensions, J. Cambridge Phil. Soc. 123, (1998), 227242

H. Wilton, Hall’s Theorem for Limit Groups. Geom. Funct. Anal. (to ap-
pear).

Author’s addresses

17



F. Grunewald
Mathematisches Institut
Heinrich-Heine-Universitiat Diisseldorf
Universitatsstr. 1
D-40225 Diisseldorf
email: fritz@math.uni-duesseldorf.de

A. Jaikin-Zapirain
Departamento de Matematicas
Facultad de Ciencias Médulo C-XV
Universidad Auténoma de Madrid
Campus de Cantoblanco Ctra. de Colmenar Viejo
Km. 15 28049 Madrid
email: andrei.jaikin@Quam.es

P. A. Zalesskii
Department of Mathematics, University of Brasilia
70910-900 Brasilia DF, Brazil,
email: pz@mat.unb.br

18



