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Abstract

This thesis contains a couple of examples of how the cohomology groups of some groups of
matrices can be computed using their decomposition as an amalgamated product and, the
relation between those groups and their corresponding classifying spaces.

The document is divided in two parts. The first part describes a geometric method to
prove that the special linear group SLy(Z) is an amalgamated product of cyclic groups,
using the action of the group on the hyperbolic plane. Then, we use this decomposition and
a Mayer—Vietoris long exact sequence to compute the cohomology groups of this group.

The second part of the thesis deals with Bianchi groups, which are defined as PSL2(0,),
where Oy is the ring of integers of an imaginary quadratic extension of the field of ra-
tional numbers. The amalgam decomposition of a particular groups, the Euclidean Bianchi
groups, is given, and we conclude with the computation of the cohomology groups of the
group I'y = PSLy(0y).
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1 Introduction

This work started with the interest of study the action of the special linear group SLo(Z)
on the hyperbolic plane, this is, by M&buis transformations. This action leads to describe
the group as the amalgamated product

Z/4Z *Z/QZ Z/6Z,

using some results from Serre [16], which explain how a group can be decomposed as an
amalgamated product when it acts on a tree in a certain way.

As a topological matter, there is a well-known long exact sequence, the Mayer—Vietoris
long exact sequence, that relates the (co)homology of two spaces, a common subspace, and
the union of the spaces, but we can use this long exact sequence identifying that setting of
spaces as the classifying spaces of the factors in an amalgamated product of groups. This
identification let us find the cohomology groups of SLy(Z).

The above is the content of the first part of this thesis, which leaves a bunch of different
ways to take of similar topics. The second part proceeds with an interesting study of the
Bianchi groups

'y = PSLy(0y),

with @y denoting the ring of integers of the field extension Q(v/—d). These groups turn out
to be amalgamated products, all but I's. We describe this decomposition completely for
the Euclidean Bianchi groups, which are those where the ring Q, is an Euclidean domain,
this is, for d =1,2,3,7,11.

The final result of the document is the computation of the cohomology groups of the
group I'y, the only Euclidean Bianchi group that does not have an HNN group as a factor
in the amalgam decomposition. For this, we use the theory of spectral sequences, in par-
ticular, a Mayer—Vietoris spectral sequence, which gets its name for being, in a way, a
generalization of the long exact sequence used in the first part.

This work could continue with the description of the ring structure of the cohomology
already computed, the computation of the cohomology of the other Euclidean Bianchi
groups, the study of the amalgam decomposition of the non-Euclidean Bianchi groups, or,
for sure, with many other topics.



Part 1
SLy(7Z) as an amalgam and its
cohomology

We start with some basic results with graphs and trees with a group action. Using this, it
is shown that the group SLy(Z) is an amalgamated product of cyclic groups, making it to
act (by M&bius transformations) on a segment of the unit circle in the hyperbolic plane.

Then, we compute the cohomology of SLo(7Z) with integer coefficients using a Mayer—
Vietoris long exact sequence obtained from considering a diagram of the union of the
classifying spaces associated to the amalgamated product.

2 Trees and amalgams

The results in this section are taken from [16], where the Bass—Serre theory is developed.
We will use this theory later to proof the decomposition as an amalgamated product of the
group SLy(Z).

2.1 Graphs and trees

Definition 2.1. A graph I' consists of two sets, X = vert I' and Y = edge I', and two
maps,
V= X x X, y = (o(y),t(y)),

and
Y =Y, Y=,

such that for each y € Y, we have § #y, § =y, and o(y) = t(7).

An element P € X is called a vertex of I'. An element y € Y is called an edge and 3
is called the inverse edge. The vertex o(y) = t(y) is called the origin of y and the vertex
t(y) = o(7y) is called the terminus of y.

An oriented graph is defined by giving two sets X and Y, and a map Y, — X x X,
where X is the set of vertices of the graph and the set of edges will be Y = Y, [[Y 4,



where Y, is a copy of Y.

A graph will be described sometimes with a diagram and the obvious interpretation,
that is, the points are the vertices and the lines are the edges, whose orientation may be
given by an arrow.

Definition 2.2. A morphism between two graphs I' and I is a pair of maps

a:vert I' — vert IV and B :edge I' — edge I

such that a(o(y)) = o(B(y)) and B(y) = B(Y). The morphism is said to be injective if «
and B are injective. The morphism is an isomorphism if o and (3 are bijective. The set
of isomorphisms of a graph T is a group with composition, which is denoted Aut(T).

Let n be a nonnegative integer. Consider the oriented graph given by the following
diagram.

2 n—1 n

—e—o

0,1] =11

0
Path,,:

It has n + 1 vertices and an orientation given by the n edges [i,i+ 1], 0 < i <n — 1, with
o([ti,i +1]) =i and t([¢,7 + 1]) =i + 1.

Definition 2.3. A path of length n in a graph I' is a morphism ¢ of Path,, into I'.

For n > 1, ¢ is determined by the sequence (y1,...,yn), where y; = ¢([i — 1,1]) and
t(y;) = o(yit+1), for 1 < ¢ < n. The path will be denoted simply by ¢; we say that c is a
path from o(y;) to t(y,) and that these vertices are the extremities of the path.

If y;_1 = y; for some i, the pair (y;—1,y;) is called a backtracing. A new path of length
n—2 with the same extremities can be obtained with the sequence (y1, ..., Yi—2, Yit1,-- - Yn),
so if there is a path between two vertices then there is one without backtracing.

Definition 2.4. A graph is said to be connected if any two vertices are the extremities of
some path. The mazimal connected subgraphs, under the relation of inclusion, are called
the connected components of the graph.

Let n be a positive integer. Consider the oriented graph given by the following diagram.



The set of vertices is Z/n Z, and the orientation is given by the n edges [i,i+ 1] (i € Z/nZ)
with o([i,i + 1]) =i and ¢([¢,7 + 1]) =i + 1.

Definition 2.5. A circuit of length n in a graph is any subgraph isomorphic to Circ,.
Now, we define a tree.
Definition 2.6. A tree is a connected non-empty graph without circuits.

There is something called the realization of a graph, which is the construction of a
topological space associated to a graph. This is simple and intuitive; we will not use this
notion again.

As before, let I' be a graph with set of vertices X and set of edges Y. Let T be the
topological space obtained from the disjoint union of X and Y x [0, 1] with the discrete
topology, and let ~ be the minimal equivalence relation on 7" such that

(y,t) ~(H,1-1),  o(y) ~(y,0), and  t(y)~ (y,1)

for all y € Y and t € [0,1]. The realization of T is defined as real(I") := T'/~. It can be
shown that this is a CW-complex (see Section 3.2 for the definition). We can see that the
realization is a connected (and path connected) space if and only if the graph is connected.

Also, if T" is a tree, it can be proved that its realization is contractible. This is because
any path inside I' can be contracted to a point, so this can be done simultaneously, or
successively, to contract all the tree. See [16] for more information.

2.2 Groups acting on trees

Let G be a group and X be a graph, and let G act on X. This action means that there
is a group homorphism G — Aut(X).

An inversion is a pair consisting of an element ¢ € G and an edge y of X such that
gy = 7. The group is said to act without inversion if there is no such pair.

If G acts without inversion we can define the quotient graph G\ X, whose vertex set
and edge set are the quotient of vert X and edge X, respectively, under the action of G.
This graph is also called X mod G.

We say that a group acts freely on a graph X if it acts without inversion and no
element g # 1 of G leaves a vertex of X fixed.

A fundamental domain of X mod G is a subgraph T of X such that T — G\ X is
an isomorphism. It can be shown that, when X is a tree, a fundamental domain exists if
and only if G\ X is a tree.

2.3 Amalgamated free product of groups

Consider a collection of groups {G; }ics together with a set F; j of homomorphisms G; — G},
for each pair 4,5 € I.



Proposition 2.7. There exists a group G and a collection of homomorphisms { f; }icr, with
fi:Gi = G and fjo f= f;, Vf € F;;, such that the following property is satisfied:

o [f there is a group H and a collection of homomorphisms {h;}icr, hi : G; — H, such
that hjo f = h;, Vf € F; j, then there exists a unique homomorphism h : G — H that
satisfy ho f; = h;, Vi € I.

Furthermore, G and {f;}icr are unique up to unique isomorphism.

G;

Gj

Proof. For the existence, take a set of generators S; of each Gj;, then take the disjoint
union L;c1.5; as the set of generators for G. The relations will be the disjoint union of the
relations for each G; together with zy~! = e, whenever f(z) = y for some f € F; j, with
x € G; and y € Gj. The f; are just the inclusions.

The uniqueness is proved using the universal property: Suppose G, {f;}icr and G, { f/ }icr
are such groups, then two homomorphisms f': G — G’ and f : G’ — G are obtained; the
compositions f o f’ and f’ o f must be the identity maps on G and G’ respectively, so f
and f’ are isomorphisms. O

G is called the direct limit of the G; relative to the Fj ;.

Now consider the case where there is a group A and a collection of groups {G;}icr
with a collection of injective homomorphisms {«; : A — G;}ier, so A is identified with a
subgroup of each G;. The group obtained as the direct limit of {A} U {G,}ier together
with just the given homomorphisms {«; };er is denoted as *4G; and is called the product
of the G; with A amalgamated.

As before, let G = x4G; and f : A — G and {f; : G; — G}iesr be the homomorphisms
obtained in the amalgamation. In the next proposition, we give a unique description for
each element of G. We introduce some notation first.

Let S; be a set of representatives of G; modulo A, with e € S;. For n > 0, consider a
sequence i = (i1,...,1,) of elementes of I such that iy # ixy1 for all 1 <k <n—1. Now,
to form a sequence of elements of the groups, choose an a € A and an element s, # e in
Si,, for 1 < k < n; then we get a sequence m = (a;s1, ..., sp), which is called a reduced
word of type i



Proposition 2.8. For each g € G, there exist a unique i = (i1y...,1p), for some n > 0,
and a unique reduced word of type i, m = (a; $1,...,S,) as described above, such that

g = fla)fiy(s1) -+ fi, (sn). (1)
Furthermore, the f and f; must be injective homomorphisms.

Proof. For each sequence Z, let X> be the set of all the reduced words of type Z, and let X
be the union of all the X;. We will see that there is an action of G on X. For this it is
sufficient to make each Gj, j € I, act on X and then check that the induced action of A
does not depend on j.

First, for j € I, let Y; be the subset of X with the reduced words of the form
(€;81,...,8,) with i; # j. Consider the functions

AxY; — X, (a,(e;s1,...,8,)) = (a;81,...,5,), and

Ax(Sj—{e}) xY; — X, (a,s,(e;51,...,5n)) — (a;s,51,...,5p).

These induce a bijection (AU (A x S; —{e})) xY; = (AxY;)U(Ax (S;—{e}) xY;) = X,
but AU (A x S; — {e}) can be identified with G}, so there is a bijection

jSGjXYj%X.

Thus, since G; acts on G; x Y; by multiplication, ¢1-(g2,y) = (9192, y), we obtain an action
of Gj on X via 6;. The restriction on A is the same for any j:

ay - (ag;s1,...,8n) = (a1a2;81,...,Sn).

With the resulting action of G on X, let a : G — X denote the function “acting on
€:= (e; )” (this is for the empty sequence i = @) and let 3 : X — G be the association as
in (1). We can see that «o 8 =id : X — X. Indeed, a reduced word (a; s1, ..., sy) is taken
to a group element of the form (1), and the result of this, acting on € is the same as the
result of the successive actions of f;, (sn), fi, ,(Sn—1), and so on, which act as s, € G;,,
Sn—1 € Gy, _,, etc.; then the initial reduced word is formed again.

The above implies that 8 must be injective, hence we have that a decomposition in
reduced word is unique, which proves the injectivity of f and the f;. We can identify
X = B(X) C G, besides X contains the identity element 5(€) = e € G. Now note that for
any j € I, g € G, and x € X we have that (just a game of notation)

gz = fi(9)B(z) = fi(9) x =g -z € X =p(X),

so g = ge = B(a(g)) = (B o a)(g), then this generalizes to all G and implies the other
inclusion; finally we have the identification X = G. O



In the case of three groups A, G1, G2, the amalgam is denoted as G *4 Go and we
obtain the respective amalgamation diagram as shown below.

g

A G1

=

Gy —— G %4 Gy

And, in view of Proposition 2.8, we can write any g € G uniquely as a word of, first,
an element in A and then n interleaved elements of a set of representatives of G1 and Go
modulo A, for n > 0.

Furthermore, we have the presentation

G1*4 Ga = ( G1, Gy | Relations of Gy, Relations of G2, a1(a) = as(a), Ya € A).

We will see several examples in the rest of the document.

2.4 A useful theorem

The following theorem [16, Chapter I, Theorem 6] will be used to proof the amalgam
decomposition of the group SLo(Z).

Y

Theorem 2.9. Let G be a group acting on a graph X, letT = P @ pe a fundamental
domain of X mod G, and let Gp, Gg and Gy be the stabilizers of the vertices P, QQ and
of the edge Y, respectively. Then X is a tree if and only if the induced homomorphism
Gp xay Gg — G in an isomorphism.

This theorem is direct consequence of the next two lemmas.
Lemma 2.10. X is connected if and only if G is generated by Gp U Gq.

Proof. Take X’ to be the connected component of X that contains T, take G7 as the
subgroup {g € G : gX’ = X'} and G2 as the subgroup generated by Gp U Gg.

If h € Gp UG, then hT C X', so hX' = X' (because the action of G preserves
connectedness, so hX’ C X’ and h™'X’ C X'); this implies that G5 C G;. Now, by
hypothesis we have GT = X, and also X is the disjoint union GoT U (G — G2)T, because if
there were a point in the intersection, then we would have P = h~!gy P for some h ¢ Gp
and go € Ga, or the same for (), this is a contradiction. However, X’ C G>T, because Go
contains the identity, so (G — G2) N G; = () and the other inclusion is obtained: G; C Gs.
Thus Gl = GQ.

Now, we have G = (1, that is, that X is connected, if and only if G = Gbs. O

Lemma 2.11. X has no circuits if and only if Gp xq, Gg — G is injective.



Proof. A circuit in X is a path ¢ = (wy, ..., wy,) with o(c) = t(c) and without backtracing.
Suppose we have just a path ¢ without backtracing, then each w; can be written as h;y;,
where h; € G and y; € {Y,Y}, and also with y;_1 = 7;, because G\X = T.

For i =0,...,n, let p; = o(y;) € {P,Q}. With i # 0, we have

hipi = hio(yi) = o(hiyi) = t(hi—1yi—1) = hi—1t(yi—1) = hi—1pi,
then h; = h;j_1g;, for some g; € Gp,. Besides, w; = h;y; = h;y;—1 is different from

w;—1 = h;_1y;_1, since the path has no backtracing, thus hi__llhi =g; ¢ Gy.
So, if ¢ were a circuit, namely o(wg) = t(wy, ), we would have h,, tho = gy € (G, — Gy),

and h, = hp—19n = ... = hog1---9n = hngo- - gn, thus gog1--- g, = e. Then the word
9o 91+ - - gn € Gp xg, Gg will make the homomorphism not injective.

Reciprocally, if there is a word that becomes e taking the multiplication, we could build
a circuit in X taking hg = e and an appropriate yg. O

Now it is clear, for the proof of Theorem 2.9, that the surjectivity and injectivity of
Gp *ay Gg — G are equivalent, respectively, to the connectedness and lack of circuits of
the graph X.

3 Topology

First we recall some definitions.

Let {Xa}aca be a collection of topological spaces such that, for every a, f € A, X,NXp
is open in both X, and X and that its induced topologies from X, and X3 are the same.
Then we can define a space X = J,c 4 Xa obtained from gluing the X,. A set U C X
will be open in X if and only if each U N X, is open in X,. It is easy to see that this
topology on X is unique for the needed properties; it is called the weak topology.

In the case of two spaces X1 and X5, with X; N Xy = A, the space X is denoted by
X7 Uy Xo.

In a topological space X, a A-complex structure is a collection of continuous maps
Ot Ap, — X, such that the following conditions are satisfied:

e cach restriction o, |int(A,, ) is injective, and each point of X is in the image of exactly
one such restriction;

e any restriction of o, to a face of A, is one of the maps o5 : A, 1 = X;
e aset A C X is open if and only if o, }(A) is open in A, for each a.



For a space X, its fundamental group based in zy € X will be denoted as 71 (X, z¢),
and 71 (X) if the space is path-connected (so the basepoint is not important). The notation
f:(X,z0) — (Y,y0) will be used to say that f is a map from X to Y which maps z( to
yo. Any of these maps induces a group homomorphism (by composing the loops with the
map)

fe (X, 20) — m1(Y, yo)-

Therefore, 7 is a covariant functor from the category of pointed spaces (spaces with
a particular point), where the morphisms are continuous maps as described above, to the
category of groups.

A pair of spaces A C X for which there is a neighbourhood of A in X that is a
deformation retract of A is called a good pair.

3.1 Covering spaces

The results with covering spaces are necessary for the construction of classifying spaces;
these will not be explained in full detail. For a complete, detailed development of the
subject, see [12].

A covering space for X is a pair consisting of a space X and a continuous map
p : X — X such that for every point x € X there is an open neighbourhood U C X
of = such that p~1(U) C X is a disjoint union of open subsets, where each of them is
homeomorphic to U (via p). Two covering spaces p; : X1 — X and pp : Xo — X are said
to be isomorphic if there is a homeomorphism f : X1 — X5 such that ps o f = p;.

Any covering space map induces an injective homomorphism in the fundamental groups.

The following proposition contains some facts about covering spaces and subgroups of
the fundamental group of some space X.

Proposition 3.1. Let xg € X. If X is path-connected and locally path-connected, the
following are true:

(a) For every subgroup H C m1(X,xg), there is a covering space p : Xy — X such that
p«(m1 (X, T0)) = H for an appropriate basepoint To € p~1(x).

(b) Two path-connected covering spaces pi : )?1 — X and ps : )}2 — X are isomorphic
V14 f :N(Xl,fl) — (XQ,%Q), with fl € pi_l(:L’o), Zf and only ifpl*(ﬂ'l(Xl,El)) =
P2« (m1(X2,72)).

(¢) If X is also semi-locally simply connected, there is a bijective correspondence between

isomorphism classes of path-connected covering spaces and conjugacy classes of sub-
groups of m (X, o).



Here, Proposition 3.1(c) is ignoring the basepoints, because changing a basepoint in
the covering space is equivalent to taking a conjugate of the corresponding subgroup.

The covering space corresponding to the trivial subgroup, which is simply-connected
and is unique up to isomorphism, is called the universal cover of X.

Given the concept of a covering space isomorphism, for any covering space p : X=X ,
we define G()? ) as the group obtained with all the isomorphisms XX , which are called
deck transformations. If X is path-connected, a deck transformation is completely
determined by where it sends a single point.

Proposition 3.2. Let X' be path-connected and locally path-connected with a path-connected
covering space p : (X, Z9) = (X, o), and let H be the corresponding subgroup of w1 (X, zo).
Then the group G(X) is isomorphic to the quotient N(H)/H , where N(H) denotes the nor-
malizer of H in w1 (X, xz9). In particular, for the universal cover, we have G(X) = m1(X).

Since changing the basepoint from ¥y to 71 € p~!(x¢) is the same as conjugating by
an element [y], where p~1(v) is a path in X from %o to Z1, [y] will be in the normalizer of
H if and only if there is a deck transformation mapping g to ;. Thus we can define a
surjective homomorphism N(H) — G(X) which sends [y] to the deck transformation that
maps Tg to T1; the kernel will be H, and the isomorphism is obtained.

Now, consider a group G acting on X. (This means the only thing that it should
mean: a group homomorphism from G to the group of homeomorphisms of X.) An action
satisfying that for each point £ € X there is a neighbourhood U of x such that giU and
goU are disjoint for any g1 # g2 in G, is called a covering space action. The reason
for the terminology is the attainment of a covering space p : X — X/G, although this
name is not standard. The covering space is, indeed, obtained with p as the quotient map
sending a point to its orbit; the topology of X/G is determined by this map and, as an
extra property (supporting the terminology), any two points in p~!(x), with z € X/G, will
be linked by a deck transformation.

Proposition 3.3. If G acts on a path-connected and locally path-connected space X as a
covering space action, then G equals the group of deck transformations of p : X — X/G
and it is isomorphic to 71 (X/G)/p«(m1(X)).

Proof. G is contained in the group of deck transformations, and with any transformation
7, we see that x and 72 must be in the same orbit for every x € X, so there is a ¢ € GG such
that gr = 7, but then 7 = g because a deck transformation is determined by the image of
one point. Now, the property of p : X — X /G explained before the proposition will make
its corresponding subgroup of 71 (X/G) to be a normal subgroup, so the isomorphism is
obtained from Proposition 3.2. ]

10



3.2 CW-complexes

The definition of a CW-complex will be given with a construction.

Let X(© be a discrete set of points. These points are called the 0-cells.
Suppose that X~ has been defined. Let {f,}sex be a collection of continuous maps
fo: S"1 = X(=1)_ Consider the sets of disjoint unions

Y=||D; and B=|]|s!
oceEY oED

with D? = D" and S? ! = boundary(D?). Putting together the f, we obtain a map
f:B— X®1 and we define

x ) — x((n-1) Uy Y;

the notation with f means that X (™ is the quotient of the union, identifying B C Y with
f(B) (point by point).

With X defined for all n > 0, let X be the union U, X (") obtained from gluing the
X ™) Then a subset of X would be open in X if and only if its intersection with each X ()
is open in X (™. (And the same for closed sets.)

The obtained X is called a CW-complex, whose n-cells are the images of the maps
fo for each n. By a subcomplex A C X we mean a closed subspace of X which is the
union of some cells of X; it is not hard to see that an A of this kind has a CW-complex
structure.

Lemma 3.4. Let X' — X be an inclusion of connected CW-complexes such that the
induced homomorphism 71(X') — m(X) is injective. Let p : X — X be the universal
cover of X. Then each connected component of p~*(X') is simply connected (so it is a
copy of the universal cover of X').

Proof. Take any basepoint o € p~1(X’) C X. The covering space map p induces inject-
ive homomorphisms 71(p~1(X'), z0) — 71(X',p(x0)) and m1(X,20) — m (X, p(xo)) (by
composing the loops with p). Using the inclusions, the following commutative diagram is
obtained.

m(p~ N X"), 20) — m1(X, 0)

]

(X', p(x0)) — m1(X, p(20))

The bottom arrow is also injective (by hypothesis), and since X is simply connected, we
have that m (p~1(X’), z¢) must be the trivial group. This is for all 2o € p~1(X’).
O

11



We need another facts about CW-complexes. First, regarding the cells of X, X (") /X (n-1)
is a wedge sum of n-spheres. This can be seen directly from the construction, using the
fact that the n-disk quotiented by its boundary is homeomorphic to the n-sphere.

Also, we have that for any subcomplex A C X, there is a neighbourhood of A that is
a deformation retract of A. See [12] for a proof. We therefore have that (X, X(=1) ig
a good pair, for all n.

Finally, we state the well-known Seifert—Van Kampen theorem, for the case of CW-
complexes.

Theorem 3.5. Let X be a CW-complex, which is the union of two connected subcomplexes
X1 and X, whose intersection Y is connected and non-empty. Then the square

7T1(Y)

7T1(X1)

7 (Xo)—— m(X)

is an amalgamation diagram, where all fundamental groups are computed at a fixed vertex
y €Y and all maps are induced by inclusions. Thus

7T1(X) = 7T1<X1) *Tl'l(Y) 7T1(X2).

For a general proof, see [2].

3.3 Homology and cohomology

In this subsection we explain both the singular and cellular homology of a space, explaining
also how the cohomology is obtained from these.

First, we introduce the notion of a chain complex. This consists in a sequence of
abelian groups ..., Ag, A1, Ag ... (or modules over some ring) where there are morphisms
dn : An — Ap_1, called differentials or boundary maps, such that the composition of any
two consecutive maps is the zero map. For this we will use diagrams of the form

d dn
e A L A, TS A o A= Ay

The condition d, o d,4+1 = 0 amounts to say that Im d,,+; C Ker d,,. Hence, for each n, we
can take the quotient inside A, to obtain the n-th homology groups associated to the

chain complex:
H,(A.,dy) =Ker d, / Im dy 1.

12



The chain may also be increasing; in this case the subindices are changed by superindices
and we call it a cochain complex.

The indices in the differentials are usually omitted. Also, the indices could vary on any
subset of the integers; we will mostly restrict to non-negative indices. In these cases, we
take the 0-th homology group as Ag/Im dy, or, if it is a cochain, as Ker dy.

A standard n-simplex is defined as

n

Ap={(0, ., An) ER™ 2 Y A =1 and A; > 0 for all i},

i=0
with the induced topology as a subspace of R"*1: given some vy, ...,v, € RV, the affine
singular n-simplex associated is the map [vg, ..., v] : Ap = RN, (X, ..., A\p) = > i Aivi.

A singular n-simplex in X is a continuous map o : A, — X, and the singular
n-chain group A, (X) is defined as the free abelian group generated by all the singular
n-simplices in X. There is a homomorphism

Bn : Ap(X) = Ap_1(X)

given in the basis by 9,(0) = > ;(=1)'c(), where 0¥ denotes the i-th face of o (which
is just the (n — 1)-simplex obtained by taking out the i-th coordinate in A,). We have
On—1 00, =0, so we obtain a chain complex, called the singular chain complex of X.

The n-th singular homology group of X is defined as H, (X) = Ker(9,,)/Im(0p+1);
these groups are usually referred simply as the homology of X.

With this definition, if we take X as a single point we see that every group A, (X)
would be isomorphic to Z, since there is only one option for the maps A, — X. The
differentials 0,, are just a sum of +1’s, thus they are the identity for n odd and the zero
map for the others. Then the homology groups of a point are trivial for n > 0.

But sometimes one would like to have a totally trivial homology for a point (or con-
tractible spaces), so in order to have a trivial homology in n = 0, we can extend the chain
complex with the morphism ¢ : Ayg(X) — Z, sending any 0-simplex to 1 € Z. The chain
obtained

o Ag(X) 2 A (X)) 2 AX) S Z

is usually called the augmented singular chain complex and the homology groups ob-
tained from this chain are called the reduced homology of X; these are denoted as
H,(X). Clearly H,(X) = H,(X) for n > 0.

Now, let G be any group. We will construct a cochain complex applying the functor
Hom(—, G) to the singular chain complex of X. We obtain other groups and morphisms:

A™(X;G) := Hom(A,(X),G) and " :A"(X;G) - A"H(X; Q)

13



where 0"(p) = @ 0 0y, with ¢ € A"(X;G). Then the condition §"*1 o 6" = 0 is satisfied
as well. With this, the n-th singular cohomology group of X with coefficients in G is
defined as the n-th homology group of the cochain (A*(X;G),0*). These groups are also
referred just as the cohomology of X, and are denoted as H"(X;G). When the group G
is not mentioned or the notation H"(X) is used it means we are assuming G = Z.

We will proceed now to the construction of another homology groups associated to a
space, in this case, a CW-complex. This homology, called cellular homology, will lead to
groups isomorphic to the homology groups defined above, although the chain complex from
which they come is easier to compute.

First, for a pair of spaces B C A, note that there are inclusions A, (B) — Ay (A), for
each n, induced by the inclusion B < A. Now, define A, (A4, B) := A, (A)/A,(B) to make
a short exact sequence

0= Ap(B) 225 An(A) 225 An(A,B) = 0

for each n. Also note that, since 9,,(A,(A)) C A,—1(A), we can derive the differentials
On : Ap(X,A) — Ap—1(X, A) that make (A,(A4, B),0s) a chain complex. It is then easy
to see that the diagram

0 —— AL(B) — " AL(A) —I" o AL(A,B) — 0

o el

Zn 1 In—1

0 — An—l( )4> JAVS (A) — An—l(AaB) — 0

is commutative. Putting these sequences together, we get a short exact sequence of chain
complexes. A well-known algebraic construction (that will not be explained here) gives a
long exact sequence with the homology groups of each chain complex. Hence we have

- — Hy(B) — H,(A) 2 H, (A, B) -2 H,_{(B) — --- — Hy(A, B),
where H, (A, B) is defined to be the n-th homology group of the chain complex A, (A, B),
called the relative homology of A and B. The notation is the same, but the morphisms

Op, are a result of that construction.

Applying the previous procedure with the cells of a CW-complex X, we obtain a long
exact sequence for each pair (X, X ("=1),

We need two facts: (these are all completely developed in [12])

14



(1) For a good pair (X, A), the quotient map ¢ : (X,A4) — (X/A, A/A) induces an
isomorphism g, : H, (X, A) - H,(X/A, AJA) = H,(X/A).

(2) For a Wedg(i sum X = Vo KXo, the inclusions i, : X, — X induce an isomorphism
Balas : DaHn(Xa) = Hp(X), provided that the wedge sum is formed at basepoints
Zo € Xq such that (X, x,) are good pairs.

We will also take the part (c¢) of the following proposition as a fact.
Proposition 3.6. Let X be a CW-complex. We have the following:

(a) Hp(X™, X1 s zero for k # n and is free abelian for k = n, with a basis in
correspondence with the n-cells of X.

(b) Hp(X™) is zero for k > n.
(¢) The map Hy(X™) — Hy(X) induced by the inclusion is an isomorphism for k < n.

Proof. By the fact (1), we have that Hy,(X ™), X(=1) is the same as Hy(X ™ /X "=1)) and

since X (™ /X(=1) i5 a wedge sum on n-spheres, by (2) we obtain that Hj(X ™, X"=1) is

zero for k # n and is a sum of Z’s when k = n, where each Z is given by an n-cell of X.
For (b), we have the part of the long exact sequence for (X, X ("—1)

Hyy (X0, X070y — Hy (XD — Hy (X)) — Hy (XM, x07),

then, using part (a), we see that H(X" V) — H,(X™) is an isomorphism when k is
different from both n and n — 1. So we obtain that the chain of morphisms induced by
inclusions

H(X©) — H(XO) — - — (X))

is a chain of isomorphisms for k > n; the result follows from the fact that Hy (X)) is zero
for k > 0. O]

Using the previous proposition we are able to construct the following diagram, where
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the maps d,, are just j, o J,.

0

d

0 Hy (X)) 2 Hy (X)
N
Hﬂ(}((n))

377' X

dn
..HHHH(X(nH)

,X("))%Hn(X(”),X(”*l))H H, X(nfl),X(nﬂ))H

dn+1
&L\ /n_l

J
Hn_l(X(nfl))

e

0

The cellular chain complex of X is defined to be the horizontal chain obtained,
where each of these C,,(X) := H,(X", X" 1) can be thought as the free abelian group
generated by the n-cells of X. The cellular homology groups of X are defined to be the
homology groups of this chain complex.

It is clear that the groups Cp(X) are much simpler than the groups A, (X) since, for
example, the later are not finitely generated. However, we have that both chains give the
same homology groups.

Proposition 3.7. Let X be a CW-complex and {C.(X),d.} its cellular chain complex.
We have isomorphisms H, (X) = Ker(dy)/Im(dn+1) for all n.

Proof. Take n > 0. We use the diagram above, where the diagonals are exact. First, note
that, since i,41 is surjective, we have H,(X) = H,(X")/Ker(int1) = Hp(X™)/Im(0n1).
But, because j, is injective, Im(9p11) = Im(dy41) and H,(X"™) = Im(j,) = Ker(9,).
Finally, since j,—1 is also injective, Ker(d,,) = Ker(d,), and the result is obtained. O

Also, the cellular cochain complex of a CW-complex can be defined, constructing
the same diagram but using the cohomology and relative cohomology of the cells of the
space; that cochain will give the same cohomology groups.

Here, we will just use the fact that another way to obtain the cohomology of a space is
using the cochain obtained from applying Hom(—, G) directly to the cellular chain complex.
We can prove easily that this cochain gives the same cohomology using the Universal
Coefficient Theorem for cohomology, stated below.
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Theorem 3.8. If a chain complex C' of free abelian groups has homology groups H,(C),
then the cohomology groups H™(C; G) of the cochain complex Hom(Cy,, G) are determined
be split exact sequences

0 — Ext(H,(C),G) — H™(C;G) — Hom(H,(C),G) — 0.

We just need to use the theorem twice with the chains A, (X) and Cy(X) and use the
fact that both chains have isomorphic homology groups.

3.4 Eilenberg—Maclane spaces
We define a special type of complexes. Let G be a group.

Definition 3.9. A CW-complex'Y is called an Eilenberg—MacLane space of type (G, 1),
or simply a K(G,1)-complex if the following three conditions are satisfied:

(i) Y is connected.
(i) m(Y)=G.
(iii) H;(X) =0 fori > 2, where X is the universal cover of Y.

In this case Y is also called a classifying space of the group G. It can be shown that
condition (iii) can be replaced by any of the following conditions:

(iii)" The universal cover of Y is contractible.
(iii)” m(Y) =0 for i > 2.

We will use condition (iii)’ to justify the following construction.
Proposition 3.10. For any group G, there is a K(G,1)-complez.

Proof. Let EG be the A-complex whose n-simplices are made up by (n + 1)-tuples of the
form [go, . .., gn], with g; € G. To view this, think of an abstract, infinite-dimensional space
where for any tuple of n+ 1 group elements, or points, (not necessarily different) there is a
singular n-simplex joining these points. E'G is path-connected and locally path-connected.

Now, any point x € EG lies inside the interior of one simplex [go, . . ., gn]; this simplex is
a face of the simplex [e, g, . . ., gn], and inside this simplex, which is convex, there is a line
joining the point = and the vertex [e], so there is a continuous function (of ¢ € [0, 1]) hi(z)
with ho(z) = x and hj(x) = e. Doing this for every point we obtain a desired homotopy,
thus FG is a contractible space.

Clearly the group G acts on EG by left multiplication:

g- [90)"'7gn] = [9.907uggn]
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This action is a covering space action (see Section 3.1), since every point of EG is uniquely
contained in the interior of one [go, . . . , gn], and multiplying this simplex by any g # e gives
a different simplex in EG whose interior is disjoint from the interior of [go, ..., gn]. Then,
with the quotient, denoted by BG = EG/G, we obtain a covering space p : EG — BG.
So, we have that BG has a contractible universal cover and that m1(BG) = G, using
Proposition 3.3. O

We continue with some properties of Eilenberg-Maclane spaces in the next section.

4 Homology and cohomology of groups

In this section we define the cohomology of a group with coefficients in some module, then
we describe the cohomology of a finite cyclic group.

4.1 Definitions

Let R be a ring with identity and M a left R-module. A resolution of M over R is an
exact sequence of R-modules

SN NN IN NG/ NELINY ) N}

The notation for this will be F <> M, with 9 for a general morphism in the sequence, and
e is called the augmentation. If each Fj is free (respectively projective), then it is called a
free resolution (respectively projective resolution).

Let G be a group. The group ring ZG denotes the free abelian group generated by the
elements of GG, where there is a multiplication induced from the operation in G and the
multiplication in Z. We call an abelian group A a (left) ZG-module, or a G-module, if
there is an action of G on A, which is extended linearly to an action of ZG.

For a G-module M, the group of co-invariants of M is denoted as M. This group
is obtained as the quotient group M /S, where S is the additive subgroup generated by
the elements of the form gm — m, for ¢ € G and m € M. Also, it is not hard to see the
isomorphism

Mg =2 Z®z6M,

where 7Z is considered as a right ZG-module with the trivial action, using the map m —
1 ® m with inverse a ® m — am.

With that isomorphism, if M is a free ZG-module with basis {e;}, we have that Mg is
a free Z-module with basis {e;}.
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Let FF — Z be a projective resolution of Z over ZG, we define the n-th homology
group of G, denoted H,(G), as the n-th homology group of the chain complex (Fy)g. It
can be proved that this does not depend on the resolution; see [3].

In general, for a ring R and two R-modules A and B, there is an abelian group
Homp (A, B), which consists of the group homomorphisms f : A — B such that for all
r € R, a € A, we have f(r-a) =r- f(a). For R = ZG, these are homomorphisms of
G-modules and the group is denoted by Homg (A4, B).

Now, with the notation as above, will apply Homg(—, M) to the resolution F. Then
we have differentials 6" : Homg(F),, M) — Homg(F,+1, M) and a cochain complex, since
(0"t 0 6™)(¢) = @ 0 Oy 0 Opr1 = 0. The n-th cohomology group of the cochain complex
Homg (Fy, M) is defined to be the n-th cohomology group of G with coefficients in M,
denoted as H"(G; M).

We will later use the fundamental lemma of homological algebra, stated below. For
this, we define chain maps and homotopy.

If (C4, dy) and (C%, d.,) are chain complexes, a chain map from C, to C. is a morphism
fn: Cp — C! for each n such that d], o f,, = fn—1 o dy; this is always denoted simply as
f:C — C'. A homotopy h from a chain map f to a chain map g, both from C, to C.,
is a morphism h,, : C, — C,,; for each n such that d}, | o hy + hy—10d,, = fr — gn, or
simply d oh+hod=f —g.

Note that this is consistent in a way with the topological concept of homotopy, since if
for some chain complex there is a homotopy from the identity map to the zero map, then
the homology of the chain complex is trivial.

Lemma 4.1. Let R be any ring. Let {C,0} and {C',d'} be chain complexes of R-modules
and let k be an integer. Let {f; : C; — Cl}i<k be a family of maps such that d\o f; = fi—100;
fori < k. If C; is projective for i > k and H;(C") =0 for i > k, then {fi}i<i extends to a
chain map f : C — C', and f is unique up to homotopy.

Given a morphism of groups a : G — G’, with C' and C’ resolutions of Z over ZG
and ZG’, respectively, we can make C’ to be a chain of ZG-modules via «. Then, using
this lemma, we can construct a chain map C — C’ extending ¢d : Z — Z, which will be
uniquely determined up to homotopy by . Now, we obtain induced morphisms C — Cf,
and Home (C',Z) — Homg(C,Z), which then lead to two induced morphisms, for
homology and cohomology:

ayx: Hyo(G) — H (G, o HY(G';Z) — H* (G5 Z).

These maps are unique given «, since the induced chain maps are unique up to homotopy.
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4.2 Cyclic groups

This is a simple example of the computation of cohomology groups, besides, both the con-
struction and the result will be useful when we compute the cohomology groups of SLs(Z)
and later in the construction of a spectral sequence that converges to the cohomology of
the symmetric group Ss.

Let G be the cyclic group of order n with ¢ as generator and let M be a G-module.
There is a projective resolution

o Mze itz N ze L2620

n—1
where N = Z ¢, and the morphisms are by multiplication.
i=0
Now we simplify to M = Z, where the action of G on Z is trivial. Applying Hom(—,Z)
we obtain a cochain
7 g Nog 21 o0 N
where, similarly, the maps are given by the action of ¢t — 1 and N, but since the action
is trivial, acting by ¢ — 1 is the zero map, and acting by N = Z?:_Ol ' is to add n times.
Therefore we have
z%z %72 %7 ...
and we get
Z, k=0;
HMG;72) =40, k odd;
Z/nZ, k>0 even.

4.3 Group cohomology as the cellular cohomology of some
CW-complex

We already defined two homology and cohomology groups, for topological spaces and for
groups, so the purpose of this subsection is Proposition 4.6, which states the isomorphism
between the homology and cohomology of a group and a topological space, that is the
classifying space of the group.

For a group G, we call a CW-complex X a G-complex if there is an action of G on
X which permutes the cells. Having the cellular chain complex of X, Ci(X), this action
induces an action on each group C,(X), so the chain complex C4(X) would become a
chain of G-modules. Also, the augmentation ¢ : Co(X) — Z, which sends the elements of
the basis (the 0-cells) to 1, is a homomorphism of G-modules. It satisfies € o d = 0, hence
we obtain a chain complex C.(X) — Z, this is called the augmented cellular chain
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complex. Note that the homology of this chain will be equal to that of the augmented
singular chain complex, which gives the reduced holomology of X.

We say that X is a free G-complex if the action of GG is free; the action on the basis of
C(X) would be free as well. The following lemma let us conclude that C),(X) becomes a
free ZG-module which has any set of representatives of the G-orbits of n-cells as a basis.

Lemma 4.2. If X is a set with a free action of a group G, and E C X 1is a set of
representatives of the G-orbits, then ZX is a free ZG-module with basis E.

Proof. Clearly E is a generating set for Z.X, since it is a complete set of representatives
of the orbits. The condition of linear independence is obtained from the fact that two
different elements of G cannot send an element of X to the same element. O

Consider again the ZG-module Z with trivial action of G.

Proposition 4.3. Let X be a contractible free G-complex. The augmented cellular chain
complex of X 1is a free resolution of Z over ZG.

Proof. Since X is contractible, it has the homology of a point, then it has trivial reduced
homology, so the sequence C,(X) — Z must be exact. Besides we know already that the
C(X) are free ZG-modules. O

Proposition 4.4. Let X be a free G-complex and let Y be the orbit complex X/G. We have
Cu(Y) =2 Cu(X)g and Hom(Cy(Y), M) = Homg(Cy(X), M) (the first is homomorphisms
of groups and the second is homomorphisms of G-modules) for any G-module M .

Proof. The projection X — Y induces a projection Cy(X) — C.(Y), which also induces
amap ¢ : Cu(X)g — Cu(Y)g = Cu(Y) (these are equal because G acts trivially on Y).
Then, by the observations in Section 4.1, C\(X)g has a Z-basis in correspondence with
the G-orbits of cells of X, but these orbits are precisely the basis of the orbit complex Y,
and ¢ is sending the cells to their orbits, so ¢ in an isomorphism.

Similarly, since Cy(X) is free, a G-module homomorphism C,(X) — M is determined
by the image of the G-orbits in the basis of C\(X) (actually, in each C), (X)), but these are
precisely the basis for C,(Y), which determine any group homomorphism C.(Y) — M.

O

Proposition 4.5. IfY is a classifying space of G (BG), then the augmented cellular chain
complex of the universal cover of Y (EG) is a free resolution of Z over ZG.

Proof. Let X be the universal cover of Y. By Proposition 3.2, we know that the group of
deck transformations of X, which acts freely on it, is isomorphic to G, so X is a contractible
free G-complex, and the result follows from Proposition 4.3. O
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Finally, we arrive to the relation between the homology (cohomology) of a group and
the homology (cohomology) of its classifying space.

Proposition 4.6. If Y is a classifying space of G, then we have the chain isomorphism
H.(Y) = H.(G) and the cochain isomorphism H*(Y; M) = H*(G; M), for any ZG-module
M.

Proof. Let X be the universal cover of Y. H,(Y) is the homology of C.(Y'), and H,.(G)
can be obtained as the homology of C\(X)q, because of Proposition 4.5. The isomorphism
is clear from Proposition 4.4.

At the end of Section 3.3 we saw that H*(Y'; M) can be obtained as the homology of
the cochain Hom(C\(Y"), M), which from Proposition 4.4 is isomorphic to a cochain from
which H*(G; M) is obtained. O

4.4 Results with amalgams

Lemma 4.7. Any injective diagram G1 <+ A — Gy of groups can be realized by a diagram
X1 Y — Xy of the respective classifying spaces.

Proof. Using the construction in Proposition 3.10, define the spaces Y = BA, X; = BGq,
and Xy = BG4. Via the given monomorphism, we can identify A as a subgroup of G1, then
we can identify FA as a subspace of EG1, and Y = FA/A would be homeomorphic to the
image of EA inside X; = EG1/G;. The same works for G and the result is obtained. [

Theorem 4.8. Any amalgamation diagram (left), with a1 and oz injective, can be realized
by a diagram of K(—,1)-complezes (right) with X = X; Uy Xj.

A —Y ¢ Y X
| J l l
Go G Xs X

Proof. Let X1 < Y — X5 be as obtained in Lemma 4.7, and let X = X; Uy Xo. By
Theorem 3.5 we know that m(X) = G1x4 G2 = G, where A, G1, and G can be considered
subgroups of G, because of Proposition 2.8. Then, from Lemma 3.4 we obtain that the
preimages of Y, X1, and X5 in the universal cover of X are copies of the universal covers
of each one, and since these are K(—,1)-complexes, they have all trivial homology after
dimension 1. The homology for X will be trivial as well, using a Mayer—Vietoris long exact
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sequence for the injective diagram

T Tl
X, X.
So X is a K(G, 1)-complex. O

Following the previous theorem, there is a Mayer—Vietoris sequence for homology asso-
ciated to the space X = X Uy X5

oo — Hy(Y) — Hp(X1) @ Hy(X2) — Hp(X) — Hyp 1 (V) — -+
Also, for cohomology with coefficients in a group M,
v HYNY; M) — H™(X; M) — H"(Xy; MY®H™ (Xo; M) — H"(Y; M) — - -
Both are the associated to the short exact sequences for the cellular chain complexes
0= Cu(Y) = Cu(X1) ®Cu(X2) = Cu(X) — 0
and

0 — Hom(Cy(X), M) — Hom(Cy(X1) @ Ci(X2), M) — Hom(C(Y), M) — 0.

Using Proposition 4.6, we obtain the next proposition.

Proposition 4.9. Let G = Gy x4 Ga, with A — G and A — Go. We have a long exact
sequence for homology groups

oo — Hp(A) — Hp(Gh) @ Hp(G2) — Hy(G) — Hpq1(A) — - -
and a long exact sequence for cohomology groups
s — H" N A M) — H"(G; M) — H"(G1; M) & H"(Go; M) — H"(A; M) — -+,

where M is a G-module.

5 SLy(Z)

In this section we will prove the group isomorphism SLo(Z) = Cy*¢, Cs, where Cy, = Z/n Z
is the cyclic group of order n, by constructing a tree in the upper complex half plane using
an action of the group.
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5.1 Generators of SLy(Z)

First, we will show some pair of generators for the group.
Recall the definition of the group:

SL2(Z):{<Z Z): a,b,c,d €7, ad—bc:l}.

0 -1 11
DeﬁneS—<1 O)andT—(O 1
S and T generate SLo(Z). First, we see that S has order 4 and T has infinite order, so

1 n
2 _ n _
S =—-Tand T <01

>. There is a simple algebraic proof to show that

> for any integer n. Now, take any element of the group, say

vy = (a b). We want to multiply v by S and T to reduce it to I or —I. We have

c d
_(—c —d n __ (a+tcen b+dn
S-’y—(a b) and T -fy-( . d )

Suppose |a| > |¢|, because if |c| > |a|, take y as S7y. And, if ¢ = 0, we would have y = T+,
so suppose ¢ # 0. By euclidean division, there are integers ¢ and r, with 0 < r < |¢|, such
that @ = c¢q + r. Let n = —q, then T™y is a matrix whose entry (1,1) is strictly smaller
than the absolute value of its entry (2,1). Now, if the entry (2,1) of 4/ = ST"~ is zero, we
are done, because +' would be a power of T' multiplied by +1. If it is not zero, we can use
euclidean division again, and because the inequality r < |c| is strict, we should arrive to
¢ = 0 (the entry (2,1) of the matrix) in a finite number of iterations. This concludes the
proof, so we have the following proposition.

1 -1
LetR-TS-(l 0).

Proposition 5.1. The sets {S,T} and {S, R} are both sets of generators for the group
SLy(Z).

Proof. We already have this for {S,7}. Now, T can be written as RS™! = RS3, so
the subgroup generated by {S, R} contains T', hence contains the subgroup generated by
{S, T}, which is already the whole group. O

Note that R have finite order equal to 6, since R? = —1I, so SL(7Z) is generated by two
elements of finite order.
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This group acts on the half plane HH = {z € C : Im(z) > 0} by M&bius transformations,

that is,
a b az+b
= —
c d cz+d
Note that —1I acts trivially.

Using this action, there is another way to prove that SLy(Z) is generated by S and T}
see [6].

5.2 SLy(Z) as an amalgam

Some of these procedures are taken from [7].

WithSl—{ze(C:]z]—l}andfy—(Z Z
the set
{ZEH:

d
{ZE]H[: Re(z):ac—CQ} if 2 =d*=1, withcd=+1.

>, let C = S' NH. We have that v(C) is

1
= } if 2 #d* or

-

ac — bd
22

z

We can use the limits to v(1) and y(—1) together with the properties of a Md&bius
transformation to proof this.

Indeed, if ¢? # d?, we have that (1) = % and y(—1) = :‘Zig, so the midpoint and
distance are

_ 1) +(=1) _ ac—bd _ @M=D) |2
W= 5 =2z and 0= 5 =la_pz
Also,
(Z,)_az'—i-b_b—i-ia d—ic ac+bd+i
T drd  dtic d—ic . E+d
then
(i) - ac—bd| |((ac+ bd)(c? — d*) — (ac — bd)(c* + d?)) N i
v 2Z_a2| 2+ d2) (3 — &) 212
| P2edti( AP ] 1 |4
e+ d?) (2 —d?)| |2 —d?| 2

So we have here three points of v(S!) that are contained in the circle centred in u with
radius ¢/2, but Mobius transformations carry generalized circles to generalized circles, thus,
in particular, 7(C') must be the half circle in H centred in p with radius §/2.

If ¢> = d?, then 1 = ad — bc = ¢(+a — b), so ¢, and also d, must be 1 or —1. We have,
with ed = £1 and bd = ac — (£1),

" (z) = az+b cz+d ac+adz+bcz+bd  ac(l=Ez)+bd(l+2)

cz+d cz+d E+dP4cdz+z) 2(1 + Re(z))
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_ 2ac(1 £Re(2)) — (£14+2) +1 Im(z)
- 2(1 = Re(z)) T T T (£ Re(2)) "

where all the + represent the same sign. Also, the limits z — 1 and z — —1 give the limits
v(z) = (ac — (£1/2)) and v(z) — oo (in some order), because

. V1—2z2 . V14«2
lim — = lim = 400
z—1- 1—=x r—1- \/1 — T

So v(C) is the whole line {z € H : Re(z) = ac — (£1/2)}.

Now, consider the segment Y = {z = €% : % <0 < 5} of the unit circle, together with
1 V3

its extremities P = /2 = j and Q = /3 = 5+ Z'T?’, as the realization of a graph, where
P and (@ are the vertices of the graph, connected by the edge Y, as shown below.

Let us see which are the stabilizers of P and (). For P, we would have

i+ b
BH0_ i = btia=—c+id < b=-canda=d
c+d
And since ad — bc = 1, these are exactly the four matrices of the cyclic subgroup generated
by § — 0 -1
M G

For @, we would have

im/3
ae™4+b s a V3N c d V3
cei”/3+d_e = (2+b>+z<a2 = 2—|—2 +z2(c+d)

— a+2=d-canda=c+d <= b=—c and a(a—c)+c=1.

Solving for a?—ca+(c?*—1) = 0, the discriminant must be nonnegative, so ¢ —4(c?—1) > 0,
and then |c| < 2/4/3; this gives the possibilities ¢ € {0,1, —1}. Each value for ¢ gives two
values for a, and b and d are determined by ¢ and a, respectively. So we have six matrices,

which are the elements of the subgroup generated by R = <1 _01)
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The stabilizers of P and @) have different orders, so in particular the subgroups cannot
be conjugate and P and () must be in distinct orbits. Also, the stabilizer of Y should be
the intersection of these subgroups, that is, {I, —I}, which acts trivially.

Let X be the set SLy(Z) - Y. Using the description of the translates of S, we see that
the only way in which Y intersects some v(Y) is for it to be P or @ intersected by ~(P)
or v(Q), so it can be obtained that X is the realization of a graph.

Indeed, suppose 7(Y) (with the usual notation for its entries) intersects Y. First, if
c? # d?, the radius \ﬁ\ is needed to be 1, so either ¢ or d are zero, and the centre is
needed to be 0 or 1. If it is 0, this gives a translation, which can only be +I, or gives
v = S, because a must be 0; for v = S, 7(Y) is —Y, the reflection on the y-axis. If the
centre is 1, d = 0 and ac = 1, which would fix Q (v = £R). And, in the case ¢* = d? =1,
the real part c¢(a — d/2) must be 1/2, so a € {0,1,—1}; if a = 0, v = £R? (s0 it fixes Q),
and with a = £1 the intersection would not happen.

Now, we know from Proposition 5.1 that SLq(Z) is generated by S and R, the stabilizers
of P and @ (and they have finite order), so any edge of X, that is, a translation of Y, is
equal to the translation of Y by a finite sequence of S’s and R’s. Clearly, Y is connected
to S(Y) and R(Y), so an S- or T-translation of Y = S(Y)UY U R(Y)) is connected to Y,
and then an S- or T-translation of Y = S(Y’) UY’ U R(Y’) is also connected to Y’ and
Y. Repeating this we see that all X is a connected graph.

See below an example of how the graph is constructed.

SY

SRY

By last, we know from the form of the translations of C = S' N H that the only
intersection of X with the y-axis is P = i, then the only edges that intersect the y-axis are
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Y and S(Y). Now, since any path in X can be translated so that it intersects the axis and
then any circuit should cross the axis twice, a circuit in X is not possible.

-2 -1 0 1 2

Figure 1: Edited from [7].

Finally, we obtain that X is a tree. Furthermore, Y (together with P and Q) is a
fundamental domain for X, and the stabilizers of P, ), and Y are clearly isomorphic
to Z/AZ, ZJ6Z, and 7Z/2Z, respectively. Then, by Theorem 2.9, we have the group
isomorphism

and, therefore, the presentation
SLy(Z) = (R,S | R° = 8* =1, R? = S?).
Also, since the group PSL2s(Z) is SL2(Z) mod £I, we have
PSLy(Z) =2 7Z)27 « Z/3Z

and
PSLy(Z) = (r,s | rd =52 = 1) = (s,t] s = (3t)3 =1).

5.3 Cohomology of SLy(Z)

For simplicity, let C}, be the cyclic group of order n.
Let r, s, and t be generators for Cy, Cy, and Cg, respectively. We know that the
morphisms used for the amalgamation are

aq : Oy — Cy, 7”»—>82, and as : Cy — Cg, r ot

These morphisms let us consider ZCy and ZCg as ZCo-modules, with r acting as multi-
plication by «1(r) and as(r), respectively, and extending linearly.
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Using Lemma 4.1 with the resolutions for C'y and C}y, we have a commutative diagram

r—1 €

s 70y Lrr 70, 7.0 ZCs 7 — 0
fn+1 lfn lf’n—l lfO lld
2, .3
— ZCy —W ts Z.Cy s—1 7Z.Cy cee 7.Cy c 7 —> 0

where the f’s are morphisms of ZC>-modules which extend fp, defined as the linear exten-
sion of a1. Here n is odd.

The f’s are uniquely determined by the image of 1. So we have (1+s+52+5%) f,411(1) =
fu((47)(1) = (1 + a1(r) fu(1) = (1 + %) fa(1), but

0=(s =11 4+s+>+5)frp1(1) = (s = 1)1+ 3 fn(1) = (=1 4+ 5 — 5* + %) fu(1),

then we can take f,(1) = 1+s. Now, (1+s5+52+53) for1(1) = (1+52)(1+5) = 1+5+52+53,
so fn+1(1) = 1.

Next, we apply Home,(—,Z) and Hom¢,(—,Z) to the first and second row in the
diagram, respectively, (not including the right part after the column of fp) to obtain the
following.

7272 732 70 7
T fi T fi T fi T fi T fi
727zt 74 70 7

In the diagram, the f*’s are now morphisms of groups given by f(1) =1 if n is even
and fr(1) = 2 if n is odd. This is because an element in Homc, (ZC},Z) is uniquely
determined by the image of 1, and the action of C on Z is trivial, for k = 2, 4.

Passing to cohomology, knowing that H™(Cy;Z) = Cj for n > 0 even, we obtain
morphisms of : H"(C4;Z) — H™(C2;Z) given as the identity for n = 0, as zero for n odd,
and by s+ r for n > 0 even.

We can do the same to obtain morphisms o : H"(Cg;Z) — H"(C2;Z) given in the
same way, with ¢ — r for n > 0 even.

With the discussion following Lemma 4.1, we know that these induced morphisms are
the same to those in the long exact sequence obtained as in Proposition 4.9. We have

* *
aj+aj

e HY(Cy) s HY(SLa(Z)) 25 H™(Cy) @ H™(Ce) H™M(Cy) — -+

where, abusing the notation, aj + o5 : (a,b) — a + b for all n (including the case n = 0).
Clearly these morphisms are surjective, so 9y = 0 and the ¢ are injective. Counting and

29



making the list, we see that the kernel of o] + a3, for n > 0 even, is the subgroup of order
12 generated by (s,t).

Now, for n = 0, we have
0— HY(SLy(Z) S Z@Z -7 — ...,
so H(SL2(Z)) = Im(p) = Ker(a} + ab) 2 Z; for n > 0 even,
o= 0—>0— H"(SL2(Z)) e C D C— Cy— -,
so H"(SLs(Z)) = Im(p) = Ker(af + o) = C12; and for n odd,
o HYHCY) @ HY Y Cg) — H H(Cy) — HY(SLy(Z)) =50 —=0— -,

so H"(SLy(Z)) = 0.
For the record, we have the following theorem.

Theorem 5.2.
Z, n = 0;
H"™(SLy(Z);Z) = < 0, n odd;
ZJ12Z, n >0 even.

A next step would be to find out if the ring structure on this cohomology can be
described.
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Part 11
The Bianchi Groups

In the first part, we studied the group SLy(Z); a next step could be to replace Z by some
other object with similar properties. Since Z is the ring of integers of the field of rational
numbers Q, it is natural to consider the ring of integers of some algebraic extension of Q.
Therefore, let d be a positive square-free integer, and let O, be the ring of integers of
the imaginary quadratic extension Q(y/—d), then the Bianchi group associated to d is
defined as
[y = PSLy(Qy).

In general, except from d = 3, these groups can be expressed as amalgamated products,
but not all the factor groups are described easily.

This part contains, first, the definition of HNN extensions, which will be useful to
describe some Bianchi groups. Then, a brief introduction to spectral sequences (in general
and also two in particular) will be given, in order to compute the cohomology of one Bianchi
group. Besides, we construct the amalgam decomposition of the Euclidean Bianchi groups.

6 HNN extensions

An HNN extension is a construction similar to that of an amalgamated product.

Let G be a group with a presentation. Suppose there is a collection { A; };cs of subgroups
of G together with a collection of injections {¢; : A; — G}icr. Then the HNN extension
of G associated to the {A;, p;} is defined as the group with the presentation

G*=( G, {ti}ier | Relations of G, t;at;* = ;(a), fori€ I, ac A; ).

G is called the base, {t;}ics is called the free part, and the {4;, v;(A;)}icr are called the
associated subgroups. The size of the set I is the free part rank.

Consequently, a group is called an HNN group if it is the HNN extension of some
group with some associated subgroups.
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We will only use HNN extensions associated to one subgroup and its inclusion, in this
case, with A C GG, we have

G*=( G,t | Relationsof G, tat™ ! =a, forac A ).

As in amalgamated products, there is a way to write uniquely each element of a HNN
extension. This is known as the Britton’s lemma.

Using the notation used in the initial definition, let .S; be a set of representatives of G
modulo A; and let R; be a set of representatives of G modulo ¢;(4;). Then every g € G*
is written uniquely as
gots gt - tf: gk, Wwith e; = £1,
where g, € G, while g; € S, if e; = —1 and g; € Ry, if e; = 1; also, there is no subsequence
te-1-t7°.

An example of this is the group with the presentation
(s,t,u| s? = (st) = [t,u] = 1).

This group is both the amalgamated product PSLo(Z) %z (Z & Z) and the HNN extension
of PSLy(Z) = (s,t | s*> = (st)3 = 1) associated to the subgroup generated by t (together
with the inclusion).

7 Spectral Sequences

Spectral sequences are algebraic objects, somewhat complicated, used mostly in algebraic
topology. We will describe briefly what this objects are and some of their applications. For
a complete introduction and development of this subject see [14].

7.1 Basic notions

A differential bigraded module over a ring R, is a collection of R-modules, { EP?},, ;c7,
together with an R-linear mapping d : E** — E**  of bidegree (s,1 — s), or (—s,s — 1),
for some s € Z, such that dod = 0. Sometimes we use the same indices in d to specify the
particular domain.

The mapping d is called the differential. The bidegree (m,n) means that d goes from
EP4 to EPT™4+ for each pair p, q. With this, we can take the homology of the differential
bigraded module, with bidegree (s,1 — s); we define it as

HPY(E** d) = Ker(d : BP9 — EPT®91=8) / Tm(d . EP=5971Fs  ppa),
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This gives another bigraded module {HP9(E**,d)}, 4cz. The same can be done with a
differential bigraded module of bidegree (—s,s — 1).

Now we can give the definition.

Definition 7.1. A spectral sequence is a collection of differential bigraded R-modules
{E"}00,, such that the differentials are either all of bidegree (—r,7 — 1) (for homological
type) or all of bidegree (r,1 — 1) (for cohomological type) and, for all p,q,r, there is an
isomorphism Effl =~ HPY(E", d,). The module E," is called the E,.-term of the spectral
sequence.

It is important to mention that E,* and d, determine the Ef_’gl, but not d,41, so one

term of the spectral sequence is not enough to describe it all.

There is another way to describe an spectral sequence. Let {E{"?},, ez be a family of
R-modules. Suppose that for each p,q € Z there is a tower of submodules

BYtcBMMc...cBlc...czttic...czpczy!c BN
together with short exact sequences

A D,q s 74 | P y gPtntla—n pptntlg—n N
0 Zn+1/Bn Zn /Bn Bn+1 /Bn 0.

These define a spectral sequence by setting EPY, = Z59/BR? and

B B = 230, [, B BTN C ppanation
taken from the exact sequences. See [14] for the complete explanation.

A spectral sequence is said to collapse at the N-th term if d. =0 for » > N. This
would imply that E;* = E|, then we define the limit term, E, as Ey".

Let F* be a filtration on an R-module M, that is, a family of submodules { FPM } )¢z,
which could be decreasing, so FPT1M C FPM, or increasing, so FPM C FPH M, such that

ﬂ FPM*=0  and U FPM* = M*.
PEZL pEZL

Now, define its associated graded module, E} (M), as

FPM/FPHIM,  for F* decreasing;

EP(M, F) =
ol ) {FPM/Fp_lM, for F* increasing.
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Also, if we have a graded R-module M™*, in order to examine its filtration on each
degree, we define FPM* = FPM* N M* and the associated graded module as

FPMPTa/FPHNPTI - for F* decreasing;

EDY(M*, F) =
0" ) {FpMp+q/Fp_1Mp+q, for F* increasing.

Using these notions, we say that a spectral sequence {E,"", d,.}, converges to a graded
R-module M* if there is a filtration F* on M* such that, for each p, g,
EP >~ ERI(M*F).

If M has a differential structure, then we can construct a spectral sequence from it. We
define that an R-module M is a filtered differential graded module if

e M is a direct sum of submodules, M = @, , M™;

e there is an R-linear mapping, d : M — M, of degree 1 (so d : M™ — M™*1) or degree
—1 (sod: M™ — M"™ 1) satisfying d o d = 0; and

e M has a filtration F'* and the differential d respects the filtration, which means that
d: FPM — FPM.

Then, we have the next theorem.

Theorem 7.2. Each filtered differential graded module (M,d, F*) determines a spectral
sequence, {E;",d.}°°, with d, of bidegree (r,1 —r) and

EP = gpra(FP M/ FPYIM).

If we suppose further that the filtration is bounded, that is, for each dimension n, there are
values s = s(n) and t = t(n), so that

0=FM"Cc FS'M"C ... c Ft''M™ c FtM™ = M™,
then the spectral sequence converges to H(M,d), that is,
EPA = FPHPY(M d)/FPTYHPT(M, d).
The proof for this is a long one; see [14].

In general, there are much more different (weaker, stronger) algebraic structures on
which spectral sequences can be used, such as taking R to be a graded ring, or M to be a
graded vector space, a graded algebra, or simply a graded group (a direct sum of groups).

Spectral sequences are objects that usually are given with the purpose of discovering
or describing some graded object M, although arriving to M may be impossible without
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enough information. One of the main obstacles could be the so-called extension problem.
We will discuss this in the next paragraphs.

Suppose that there is a spectral sequence which converges to a graded object M and
that we already know what is the limit term FE,, but without any relation between the
E%1. The convergence guarantees that there is a (decreasing) filtration F* on M for which,
for all p, q,

qd 1
Egoq o FPMP+Q/FP+ MPta

This is the same as saying that there are short exact sequences
0 — FPHIMPHE s PPAPTY — BPO s () (2)

for any p, q.
We cannot say much more without assuming something else.

For the case when M is a graded vector space, it can be recovered taking the direct
sum, for any n,
M™ @FpMn/Feran ) @ EPA,
pEZ pt+g=n

since vector spaces are determined up to isomorphism just with their dimension.

Now, going back to the general case, suppose that for some ng, we have E%! = 0
whenever p 4+ ¢ = ng, that is, the (anti-)diagonal is zero. Then, from the exact sequences
(2) we can conclude that FPHLM™0 = FPM™ for all p, and then clearly M™ = 0.

Now, suppose that E5 is not zero only for a pair pg, go. We have

0=...= Fpot2p mo — pro+lprno C FPopmo — FPo—lpgmo — ... — pqm0
but also we have an exact sequence
1
0 — FPOFLN[0 s FPONM0 —y EPOT s (),

so we obtain the isomorphism
no ~v 'P0,90
M0 = EPo90,

Following with the idea, suppose that E%? is not zero only for two pairs pg,qo and
P1,q1, with pg > p1. Then,

1 1
0= = FPripro C FPOM™ = ... = PP ¢ PP = .. = MM,
so the exact sequences

0 — FPrHpm0 — FPIATe — FRLO —0, 0 — FPOTINM0 — FPopM0 5 BP0 ()
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imply we have the exact sequence
0 — EBO® — M™ — EPLIY — 0

and the isomorphism E5% = M0 /EESY With this result, M™ is not determined yet,
thus it will be a matter of particular cases.

We see that, after this, with more than two non zero terms in a diagonal n, the object
M™ is hard to describe.

In the next subsections we will discuss two particular spectral sequences that will be
useful for us: one to compute the cohomology of S3 and the other to compute the cohomo-
logy of the Bianchi group I'y. Both spectral sequences will be first-quadrant; this means
that EF'? =0 when p < 0 or ¢ < 0.

7.2 The Lyndon—Hochschild—Serre spectral sequence
From the original paper of G. Hochschild and J-P. Serre [13], we have the following theorem.

Theorem 7.3. Let G be a group, K a mormal subgroup of G, and M a G-module.
Then there exists a spectral sequence {E,} in which the term EY'? is isomorphic with
HP(G/K;HY(K;M)), and E is isomorphic with the graduated group associated with
H*(G; M), appropriately filtered.

In other words, if there is a group extension, that is, a short exact sequence of groups,
0—A—G—B—0,

then, for a G-module M, there is a spectral sequence, whose Fa-term is given by
B} — HY(B; HY(4; M)),

which converges to H*(G; M). This is called the Lyndon—Hochschild—Serre spectral
sequence, associated to a group extension.
Note that here H4(A; M) is a B-module, where the action may not be trivial.

Our example will be to compute the cohomology groups of the symmetric group Ss.
Although the formal computations happen to be quite long, this is a simple example, since
there are no differentials needed in the spectral sequence (all of them are zero maps). We
will use this construction to deduce the morphism H*(Ss;Z) — H*(Cs;Z) induced by the
inclusion.

Example 7.4. Consider the extension
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0—C3 — 53— Cy — 0,

where S5 can be written as the semidirect product Cs x Co, with Cy = (s) acting on
Cs=(t)bys-t=t"1=1¢%

According to the above, there is a spectral sequence converging to H*(S3;7Z), with
trivial action on Z, whose FEs-term is given by

Eg’q = Hp(C2; Hq(03; Z))

Now, we know that
Z, q=0;
HI(C3;7Z) =<0, q odd;
Cs, g > 0 even.

But, to compute the cohomology of Cy with coefficients in H%(Cs;7Z), we need to know
how Cy acts on H1(Cs;Z).

The action on HY(C3;Z) is simply the induced in cohomology from the action on Cs.
That is, each element of Cs corresponds to an automorphism of C3, and therefore, an
automorphism of H?(Cs;7Z). In this case it is easy because we only need the induced
automorphism associated to s.

So, recalling Lemma 4.1 and the discussion after it, we proceed with the computation.
Consider the projective resolution of Z over ZCjy

t—1

I gy L 20y B 10y B moy S 20,

where the morphisms are given by multiplication. Denoting the automorphism ¢ +— ¢2 by
©, we have the commutative diagram, for n odd,

R 703 1+t+¢2 7.4 t—1 ZCg"""’ZCgLZHO

I T R

o — 7Cs 1+t+1? 70 =L 70y — o WO ——> 7 —> 0

which extends the identity on Z and fy as the linear extension of ¢, and where the f; are
morphisms of ZCs-modules, respecting the action ¢. This means that

fila+bt+ct?) = fi(a)+ fi(bt) + fi(ct?)
= fila) + fi(d)e(t) + fi(c)(t?)
= fi(a)+ f;(D + filc)t = fi(1)(a+ ct + bt?),

hence, each morphism is determined by the image of 1.
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We take fo(1) = 1. Then, by commutativity we have

Fact()(E2 = 1) = foi(t —1) = (t — 1) fu(1),

so fn(1) could be —t2f,_1(1) (it also could be (t 4 1) f,_1(1), but the calculations would
be more confusing and the final result is the same), and,

o)A+t +8%) = fu(Q+t4+17) = (L4t + ) frpa (1),
which allows the equality f,,(1) = fr,+1(1). Gathering all, we have

fo(1) =1, for1(1) = —t% for (1), fort2(1) = forsa(1).

We proceed to apply Home,(—,Z) to the diagram. Then, Home,(ZC3,Z) can be
identified with Z, since any homomorphism is determined by the image of 1. We obtain

3 0

T.fnJrl Tin [fnl TB

where we claim that f; is multiplication by 1 (the identity) if & = 0,3 mod 4 and is
multiplication by —1 if £ = 1,2 mod 4.

Indeed, note that for N € Z, identified with the homomorphism N : ZC3 — Z, 1 — N,
we have

Jo(N) = N(fi(1) = N(££7) = £ - N(1) = £N,

since the action is trivial. Thus, fj, depends only on the sign of fx(1), which behaves just
as we claimed before.

Taking quotients to obtain H?(Cs;Z), we see that, for ¢ > 0 even, the automorphism
o* of H1(C3;Z) = C3 = (t) is the identity for ¢ = 0 mod 4 and t +— ¢! for ¢ = 2 mod 4.
We conclude that the action of Cy on H9(C3;Z) is trivial for ¢ = 0 mod 4 and by inversion
for ¢ = 2 mod 4.

Now, to compute HP(Cy; H1(C3;Z)), we start with the resolution

A 70y S 7oy 5 70, 5 70, S 7 0,
and we need to apply Home, (—, H4(C3; Z)), but Home, (ZC2, H1(Cs; 7)) is identified with
H1(Cs;7Z) in any case, because the homomorphisms are determined (freely) by the image
of 1.
For ¢ = 0, the action on H(Cs;7Z) = Z is trivial, so H*(Cy; H1(C3;Z)) is just the
cohomology of Cs.
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For ¢ > 0 even, and w € Homc, (ZCs, H4(C3;Z)) = Home, (ZC2, Cs), we have
wa+bs) = w@wbs) = wl)w(s)

B (. p ) w1 g=2mod 4;
= W) (s-wl@)" = { w(1)™* ¢ =0 mod 4.

With this in mind, we see that for ¢ = 2 mod 4, the multiplication by s — 1 becomes
the identity on C5 and the multiplication by 1 + s becomes the zero map. Therefore, the
cochain obtained is . .

e R Yo Py o L
and H*(Cq; H1(C3;Z)) would be completely trivial.

On the other hand, for ¢ = 0 mod 4, the multiplication by s — 1 becomes the zero map
on C3 and the multiplication by 1+ s becomes the inversion automorphism. Then we have
the cochain

inv inv

"<—03<i03%03<i03,

and HP(Cq; HY(C3;Z)) would be C3 for p = 0 and trivial for p > 0.

Putting together all the computations, we can give the Fo-term of the spectral sequence,
which is already the limit term because there are no non-zero differentials (of any bidegree).

0 Z 0 Cy 0 Cy 0 Oy

0 1 2 3 4 5 6
Consequently, the convergence implies that there is a (decreasing) filtration F* on

H* = H*(S3;Z) such that
E&q o FpHerq/FerlH]Hq.
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From the comments made in the previous subsection, we see that
H™(S3;2) = E°

when m = 0 or when m > 0 and m # 0 mod 4.
For the other cases, let £ > 0. We know that the filtration should be of the form

0=...— pik+lpdk — pdkprak _ | _ plyppdk - pOpdk _ ik
Also, we know that F* 4k >~ Eéf ’0, so the exact sequence
0 — FIH* — pOgtk  EO4k 4
becomes
0 — Cy — H*(S3;2) — C3 — 0.

This sequence implies that H**(S3;7Z) is an extension of Cy by Cs, which can only be
Cy @& C3 = Cg. Indeed, this is because, for instance, the only other option is S3, but this
group does not have a normal subgroup of order 2; also simply because H 4’“(53;2) must
be abelian.

Finally, we can conclude that

Z, n = 0;

0, n odd;

Z/27Z, mn=2mod4;
Z/6Z, mn=0modd4, n>0.

H"(S3;,Z) =

Now, we know that from the inclusion C3 — S3 we have an induced morphism in
cohomology H*(Ss;Z) — H*(Cs;Z). In particular, in degree 4k, k > 0, the induced
morphisms are the same (surjective) morphisms

Cs = H¥*(S3;2) — C3 = E%% = H* (5 7)

obtained from the spectral sequence. See [8, Proposition 7.2.2].

7.3 The Mayer—Vietoris spectral sequence

The following spectral sequence obtains its name (although it is not standard) because it
may be considered as the generalization of the Mayer—Vietoris long exact sequence relating
the cohomology groups of two spaces and their union by a subspace (see Section 4.4). For
a little more detailed construction and for alternative constructions see [15] and [17]. The

40



spectral sequence is constructed in [17] for homology groups; here we will use the same
method to obtain cohomology groups.

Here we will require a topological space that is a simplicial complex. These are the
A-complexes (see Chapter 1, section 2) whose simplices are uniquely determined by their
vertices; this is the same as saying that each n-simplex has n+ 1 different vertices, and that
no other n-simplex has this same set of vertices. Anyway, we will not use this concepts
in the construction of the spectral sequence (but the assumption should be necessary for
everything in the background to work well).

Let X be a simplicial complex and suppose there is a covering U = {U;}ier for X,
where [ is an ordered set. We define the nerve of U as the family N (U) of finite subsets
o C I for which the subspace X, := (.., U; is not empty. (N(U) is obtained to be an
abstract simplicial complex.)

For each k > 0, take Ni(U) as the set of the o € N(U) of order k and define the
(co)chain complex

€0

= P cr(x)
UENk(u)
where C*(—) denotes the cellular cochain complex (see chapter 1, subsection 2.3). Now,
for each 0 <4 < k there is a boundary map 0; : Ni(U) — Ni_1(U), given by

dio=0i{jo< - <y ={o<-<Jji< - <jrh

which gives the inclusions X, < Xp,, that induce morphisms 0; : C*(Xp,,) = C*(Xy).
Then, taking 0 = Zfzo(—l)iai and extending linearly over the direct sum we obtain a
chain map 9 : C*1 = C*, k> 1.

With this, define
EPT=Hy(CP) = P HYX,),
c€Ny(U)

together with the differentials d : E¢ — EP™ induced from 8. Here, H,(C?) denotes
the homology on the ¢g-th dimension of the cochain complex CP.
Note that if we restrict to the image of d for some o € N,(U), the map

@ Hq(Xam) - Hq(XU)
1=0

has to be the direct sum of the induced morphisms in cohomology from the inclusions
XJ — X8¢o~
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Then we can obtain the F¥? and it can be shown that E;™ converges to H*(X). This
is called the Mayer—Vietoris spectral sequence for X associated to the covering U.

The example for this spectral sequence will be presented in the last section; it is the
computation of the cohomology H*(I'1;Z), where I'1 is a Bianchi group.

8 Bianchi Groups

As said before, the Bianchi group associated with a positive square-free integer d is defined
as
Iy = PSL2(0y)

where Qy is the ring of integers of the imaginary quadratic extension Q(+v/—d).
We can describe these rings explicitly: With § = v/—d and n = %(1 + 0), we have

04 =12[6] for d=1,2 mod4, and

Qg4 =12Z[n] for d=3 mod 4.
This is shown easily. See [1, Chapter 13].

8.1 Subgroup of elementary matrices

Let R be a ring. Let x € R be any element and p € R a unit. We define the matrices

E@;):(_‘”’j1 é) and D(u):@ u01>'

The matrices E(x) are called elementary matrices, and the group generated by them,
E5(R), is called the 2x2 elementary matrix group.

A theorem of Cohn [4] provides a presentation of the group Fy(R) for certain subrings
of C; it is as follows.

Theorem 8.1. Let R be a subring of C with the usual absolute value, such that the range
of values is well-ordered and if « € R with |a|> < 4 then |a|? is an integer. Then, a
presentation for Es(R) is given by the generators E(x), x € R, and the relations

e E(x)E(0)E(y) = —-E(x+vy), z,y€R;
o E(x)D(n) = D(p ") E(uzp), w,p€ R, p unit;
o (E(a)E(a))? =—1I, forall a € R with |a| = /p, pe€{2,3};
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o BE(u)B(u~")E(n) = —D(u), p€ R unit.

From the first relation we can deduce that E(0)? = —I, taking = 0 and canceling the
E(y). Hence E(0)~! = —E(0).
Now, take £ such that Oy = Z[¢]. The rings Z[¢] satisfy the hypotheses.

Let x = a + b¢, with a and b positive integers. We see from the first relation that
E(z) = E(a)E(0) ' E(b¢), and then

B(z) = BE(a = 1)EQ0)'EQ) - EQ0)™" - E((b~ 1)§)E(0) " E(§)
= B()E(0) " E(1)... B()EO0) " E(1) E(0)™ E(€)E0)'E()... E(€)E(0) " E(E).

a times b times

Also, if a or b are negative we could use —1 or —¢ respectively. So, we can reduce the
set of generators to {E(0), E(1), E(—1),E(£), E(—¢£)}. We will see later that also E(—1)
and F(—¢) are not necessary.

8.2 The Euclidean Bianchi groups and their amalgam de-
compositions

The rings O, are an Euclidean domain only when
d=1,2,3,7,11.

For a proof see [11, Theorem 246]. For that reason, these I'y are called the Euclidean
Bianchi groups.

P. M. Cohn [5, Theorems 6.1 and 9.3 and further discussions| states that for the Euc-
lidean cases we have the equality

E>(04) = SLa2(0y).

In this way we will obtain finite presentations for the FEuclidean Bianchi groups and
then deduce their amalgam decomposition. The presentations for I'; and I'; are explained
in [9]; here we will develop completely the presentation for the group I's.

The units in Qy are just 1 and —1. Let § = /=2 = /2. So, for Ey(Qy) = SLy(0y),
we have that a complete set of relations in terms of the generators E(z), z € Oy, and J is

(1) E(z)E(0)E(y) = JE(x+y), x,y €O
(2) J2=1, J central;
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(3) (E()E(=0))? = (E(L+0)E(1-6))* = J;
(4) EQ)3=J, E(-1)3=1.

As seen before, we can reduce the set of generators to E(0), E(1), E(—1), E(), E(—9),
and J. In this way, we would have by definition that, for a positive integer n, F(n) is written
in terms of the generators as E(1)E(0)"1E(1)... E(1)E(0)"1E(1) (n times); the same for
E(—n), E(nd), and E(—nd), and therefore for any E(a + bd) written as E(a)E(0)"1E(bJ).

Now, we claim that the generators E(0), E(1), E(—1), E(0), E(—0d), and J together with
the relations

(a) E(0)* = E(1)? = J;

(b) J2=1, J central;

(c) (E(0)E(=0))* = (BE(1+0)E(1-0))’ =J;

(d) E(WE)EQ) = E(G)E0)EM), EQO)E)E0)E(-1) = E(0)E@Q)E(0)E(-d) = I;
(e) E(1+0)=E1)E(0)"'E©), E(1-20)=E1)E(0)"E(-d);

are equivalent to the previous presentation. Clearly the first presentation implies this
one, so we see the other direction.

Since we already know what does any F(z) mean in terms of the new generators, the
relations (1) are obtained simply from the pseudo-commuting relation in (d), which can be
written as E(1)E(0)"1E(6) = E(6)E(0)"1E(1) (because E(0) = JE(0)™1).

Indeed, if £ = a + bd and y = ¢ + dd, with a,b,c,d positive, then we could take
E(x)E(0)™'E(y) and move all the E(1)’s to the left and all the E(§)’s to the right to
obtain E(x +y) = E((a +¢) + (b+ d)d). For the cases where a, b, ¢, or d are negative, we
should use the relations

which can be deduced from (d).
The only relation left to verify is F(—1)3 = I, but this is obtained easily from (a) and
the equation E(—1) = E(0)"'E(1)"1E(0)~!, which comes from (d).
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Now, we should make another reduction to the presentation for E2(Qy). First, we see
that (e) is unnecessary since we can remove it and replace that in (c¢); besides, (d) gives an
expression for F(—1) and E(—0) in terms of E(0), E(1), and E(J), so we can remove both
generators and replace the expressions where it is necessary.

Define
A=FE0)', T=EOEQ1)™, and U=E0)E(@®) "

With the generators A, T, U, and J, the last relations would be
a (A—I)Q — (T—lA—1)3 — J;

()

(b) J2 =1, J central;

(¢) (UTTAUA)? = (T7'U AT\ T TAAU A = J;
)

TIA AU A- = u—tAtA-Ir—tA-t,
This is equivalent to the presentation
(A,T,U,J | J*=1,J central, A*= (AT)> = (U 'AUA)*=J, [T,U]=1I).

The second relation in (c) is omitted because it can be obtained from the others. Indeed,
we have, using A™!' = JA, T-'A~1T—1 = AT A, and other relations,
(TT'UTTATI T AAU A)3
— (TWATITUATYS = (1 WU AT (T AT T Y T3
= (TTHUTATWWATAT)} = (JT ' AU TAUT AT)?
= P A U AUT(ATT ' A YU AUT(ATT P A~ YU AUT AT
= JT'AT'UTTAUTU HYAUTU YAUT AT
= JT'AT'UTYATATAT)U AT
JPTATTUTIUAT = 1.
Finally, adding the relation J = I, we obtain what must be the simplest presentation
for this Bianchi group:

[y = PSLy(Qy) = (a,t,u | a® = (at)® = (v taua)? = [t,u] = 1).

Now, to deduce the amalgam decomposition, we have to do some changes to the last
presentation.

Take s = at, v =u"!

-1

su, and m = u~ au. We may obtain

| 2 2 3 3

a2 =m?=s3=v3=(am)? = (sv 12 =1,

am=sv" Y, m=u"tau, v=u"tsu ).

( a,m,s,u,v



With this, define

2 2 1

G1 = (a,m,u|a®=m? = (am)* =1, m = v 'au),

and
Go = (s,v,u| s> =v3=(sv™)2 =1, v =u"tsu),

so I'y is the free product of G; and Gy with the identifications v = u and am = sv™!.

Note that G is the HNN extension of the Klein group Cs x Cs with the associated
subgroups (a = (1,0)) and (m = (0,1)) (and the monomorphism a — m). And, G2 is an
HNN extension of the alternating group A4 with the associated subgroups (s = (123)) and
(v = (134)) (s and v could be any pair of generators for A4 such that sv=! is a product of
two transpositions; Ga will be the same).

We can see there is a common subgroup of G; and G, this is the group Z x C5. In Gy, it
is the subgroup (u)* (am), and in Gg it is (u) * (sv™!). (The equalities (u, am) = (u) * (am)
and (u, sv™!) = (u) * (sv™!) can be verified with the presentations.)

From all the above we can conclude the amalgam structure of I's.

Proposition 8.2. We have
PQ = G1 *(Z*Cz) GQ,

where G1 is the HNN extension of Co x Co associating two generators and Go is the HNN
extension of Ay associating two 3-cycles.

For the rest of the Euclidean Bianchi groups, except I'3, we have the following amalgam
decompositions:

[y = (A4 *c; S3) *psryz) (93 *c, Da);
L7 = (ZxCy) #(z4cyecy) G,
where G is the HNN extension of S3 x¢, S3 associating a 3-cycle with itself; and

T11 = (Z%C3) %z scye05) G

where G is the HNN extension of A4 *c, A4 associating a 3-cycle with itself. These can be
proved exactly the same way.

Since the only group that does not contain an HNN extension as factor group is I'y,

we will be able to compute its cohomology groups directly using a Mayer—Vietoris spectral
sequence associated to the classifying space.
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8.3 The non-Euclidean Bianchi groups
Theorem 8.3. For any d # 1,2,3,7,11, we have the presentation
PFEy(Qy) = (a,t,u| a® = (at)® = [t,u] = 1).

Proof. The rings O, have no units apart from +1, and there are no elements « such that
la] < 2. So from the theorem of Cohn, F2(Qy) has the generators J and E(z), for x € Qy,
with the relations

e E(x)E(0)E(y) = JE(x+vy), =z,y€ R;
e J2=1, J central;
e E(1)3=J, E(-12=1.
As we did with I's, we may reduce to
FEy(0,) = ( J,E(0), E(1), E(€) | E(0)> = E(1)® = J, J central, J?> =1,
EME(0)E(E) = E(E0)E() ).
Then, letting A = E(0)~%, T = E(0)E(1)~!, U = E(0)E(£)~! we have
Ey(Og) = (J,A,T,U | A* = (AT)® = J, J central, J* = [T,U] =1).
Identifying a,t,u with A, T, U after making J = I the result is obtained. [

Note that we have already seen this group; this was the example mentioned as a group
that is both an amalgamated product and an HNN extension. So we have the isomorphism

and the fact that PE2(Qy) is also the HNN extension of PSLs(Z) by an infinite cyclic
subgroup.

Furthermore, B. Fine [9] exhibited an amalgam decomposition for all the non-Euclidean
Bianchi groups as
I'y= PEQ(@d) s Gy

where H is an amalgam of two copies of PSLy(Z) and Gy is a particular group depending
on d. This is proved with Poincaré polygons and polyhedrons, using that the 'y act
on the non-Euclidean hyperbolic 3-space, where the action define some particular regions
(polygons/polyhedrons) that lead to a construction of presentations for the I'y.
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9 Group Cohomology of I’

The method used in this section can be applied to the cases of the other Bianchi groups
with amalgam decompositions, but we will only include this case for a matter of time.

From the previous section we have the isomorphism
Fl = (A4 *03 83) *PSLQ(Z) (Sé *(Oy DQ)7
with the intersections A4 NS5 = C4, Ay N Dy = {1}, S3N S5 = {1}, and S3 N Dy = C5.
These intersections can be seen easily from the presentation

Iy =(abcd|a®=0=c=d*=(ac)’ = (ad)® = (bd)> = (bc)> = 1)

that is equivalent to the amalgam decomposition. Here Ay = (a,c), S = (a,d), S§ = (b, ¢},
and Dy = (b, d).

Let X be a model for BI'q, a classifying space for I'1, and let X11 = BA4, X152 = BS3,
X21 = BSé, X22 = BDQ, Y1 = BCg, }/2 = BCQ, and Z = BPSLQ(Z), so we have

X = (X171 Uy, X12) Uz (X21 Uy, Xo2).

With this, we obtain a covering {X11, X12, Xo1, X220} for a classifyng space of I';. We
can use this to construct a Mayer—Vietoris spectral sequence (presented before) whose
Fi-term is given by

E?’q =HY(X11)® HY(X12) ® H(X21) ® HY(X22)
= HY(A4) & H(S3) & H(S3) & H(Ds),

E117q = Hq(X11 N X12) b Hq(X11 N X21) D Hq(X12 N XQQ) D Hq(X21 N ng)
~ HY(Cs) @ HY(CY) & HI(CY) & HI(Cy),

for ¢ > 0, and EP? trivial for p > 2, where the differentials of bidegree (1,0) are all
induced by inclusions. This spectral sequence converges to H*(BT'1) = H*(I'y).

We computed the cohomology for the finite cyclic groups and for Ss. Also, it is known
that
Z, n = 0;

H™(Dy;Z) = | (2/27)P=1/2 ) n odd;
(2/272) P22 n even, n > 0.

This can be proved with the Kiinneth formula (see [12] for the definition). And, using
[10], the first cohomology groups of A4 are

HY(Ay) =7, HY(A) =0, H?*(Ay) =Cs,
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H3(Ay) = Cy,
Then the E-term looks like this:
5 C3 —

4 cdopcy ——

3 Cy® Oy —

HY(Ay) =

Ces, H°(Ay) =0.

C2®C3 — 0

2 CspC; —— C3 o C3 — 0
1 0 — 0 — 0
0 z* — z* — 0

0 1 2

With all the corresponding inclusions, we define the group homomorphims

(51 : H*(DQ — H*(Cé

induced in cohomology, so we have

and
and
and

and

2t H*(A4) — H*(Cy),
B2 H*(S3) — H*(C3),
V2 H*(S3) — H*(C),
9t H*(Dg) — H*(Cy),

d?’q=Oé1+51@042+’71@52+51@72+52 : E?’q—>E11’q-

We deal with these morphisms by separated cases in order to confirm that the induced
homomoprhisms are not trivial as long as they can be not trivial. Since all the homomorph-
isms listed go to cyclic groups, the non-triviality will leave just one other option (where
the final results do not change).
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Using the previous notation for A4 = (a, ¢), note that there is a group homomorphism
j: Ay — C3 = {a) given by j(a) = a and j(c) = a®. Then, the composition j o4 with the
inclusion into Ay is the identity map on Cj; this implies that the induced morphism

(jod)* =i"oyj*: H*(Cs) — H*(C3)

is the identity map as well, which means that i* = «; must be not trivial whenever H*(C3)
is not trivial. The same is obtained for as.

For the group S3, the fact that it is an extension of C3 by Cs gives a homomorphism
Ss — (3 which becomes the identity on C2 when composed with the inclusion. Using the
same argument we obtain that S and ~, are trivial only when they must be trivial.

For (3, this is not immediate. We already made this comment at the end of Section 7.2
to conclude that the morphism is non-trivial in even cohomology groups.

At last, the group Dy is isomorphic to the direct product Cs & Cs, hence there is a
homomorphism Dy — C5 (the projection) that, composed with the inclusion, is equal to
the identity map on Cs. As before, §; and o are then not trivial whenever they are not
forced to be trivial.

Now we can give explicitly the differentials in the E1-term.
For d(l)’o, all the homomorphisms are identity maps between Z’s, then

d: (a,b,¢,d) — (a+ba+c,b+d c+d),
and we have

Ker(d)?) =7z, Im(d°®) =~z  and  E}°/Im(d)") = 7.

For dtl)’Q,
dg,z : (a,b,c,dy,ds) — (a,a,b+di,c+ dy),

(in the image, d; may be replaced by do or dy + dg; the result is the same) then
Ker(d)?) = Co® Cy,  Im(d)?) = C30Co@Cy,  and  Ep?/Im(dV?) = Cs.

For d(l)A,
d(1)74 : (CL, b, c,dy, da, d3) = (CL(3) + b(3)a a(3) + €(3), b(2) +dy, C(2) + dl)’

(in the image, d; may be replaced by any other nontrivial sum of d;’s; the result is the
same). Doing the computations we obtain

Ker(dM = Cow €3,  Im(d*)=E/", and  Ep*/Im(d) = 0.
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Then E5 looks like this:

5 C3 0 0
4 Ce ® Cs 0 0
3 Co @ Co 0 0
2 Cy ® Cy C3 0
1 0 0 0
0 Z Z 0

0 1 2

From the comments made before, since the 4-th diagonal is the only one where there
is more than one non-trivial factor, we have the group extension

0— C3 — HYI')) — Co @ Cy — 0.
But the only abelian extension of these groups is their direct product.
Finally, we got the first six cohomology groups for I';:
H'T)) =2z,  H.I')) =17,
H*(Ty) =C5,  HYI1) =CieCs,

HYT))=Cya@Cs,  HTy) =Cy.

The only non-periodic cohomology is that of A4, so we can compute the cohomology of
I’y as far as we can compute the cohomology of Ay.
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More explicitly, we have the Ei-term, for k£ > 0, as

4k +3 H*(Ay) ® CHFL - — 0 — 0
4k + 2 H*(A) ®C3pC32 — C29C2 — 0
4k 41 H*(Ay) @ C2F — 0 — 0
4k H*(Ay) @ C2 o CHH — C2e0C2 — 0

0 1 2

The differential d?’4k is surjective always due to the surjectivity of 51 and (Bo. Its kernel
is isomorphic to H*(A4) @ C2**1; this can be seen by thinking that for each element in
H*(Ay), the options to go to zero are given by a C’Skﬂ.

4k+2
d(1)7 +

Conversely, for , since 1 and (9 are zero maps, we have

Ker(d(l)’4k+2) >~ Ker(a) ® C2F2  and Im(d(l)’4k+2) >~ Im(oy) ® C3.

In the quotient El1 Akt /Im d; the components with Cy become trivial.
These pairs of kernels and images can be verified using the first isomorphism theorem.
We have then the Es>-term:

4k +3 H*(Ay) @ C2F 1 0 0
4k + 2 Ker(a;) @ C3F C3/Im(a; ® ag) 0
4k 41 H*(Ay) @ C2F 0 0
4k H*(Ay) @ C2FH1 0 0

0 1 2

With this we can conclude that, for ¢ # 3 mod 4,
HYTy) = E%Y = E3°.
For ¢ = 3 mod 4, there is an exact sequence
0 — C2/Tm(@) — HI(T,) — HI(A) @ C 2 — 0,
where & is the morphism H971(A4,) — C3 given by (the direct sum of) two copies of the

induced morphism Hq_l(A4) — Hq_1(03) = Cs.
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