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LATTICES IN PRODUCT OF TREES
by Marc BURGER and Suanar MOZES

Introduction

The aim of this paper is to study the structure of lattices in products
AutT; xAutTy of automorphism groups of regular trees. These lattices have a rich
structure theory both parallel to the theory of lattices in semisimple Lie groups as
well as exhibiting some new phenomena. A basic difference is that cocompact lattices
I' <Aut T, xAut Ty never have dense projections. The class of lattices considered here
are those whose projections in each factor satisfy various transitivity conditions, in par-
ticular that of being locally quasiprimitive. The structure theory of locally quasiprimitive
subgroups of AutT is developped in [B-M]; and is used in an essential way in this
paper. The main consequence of the theory outlined in this paper is the existence
and construction of lattices which are finitely presented, torsion free, simple groups;
the corresponding quotients of T, XT, are finite aspherical complexes with simple
fundamental group, thus answering a question of G. Mess ([PLT] Probl. 5.11 (c)). Fur-
thermore, using the action of these lattices on each of the tree factors, we show that
they are free amalgams FxcF of finitely generated free groups; this answers a question
of P M. Neumann [Ne] (see also [K-N] Problem 4.45). M. Bhattacharjee constructed
in [Ba] a free amalgam L#gH of finitely generated free groups with no finite index
subgroup; on the geometric side, D. Wise [W] constructed a finite complex with no
finite (non trivial) coverings, and covered by a product of two trees.

Torsion free discrete subgroups of semisimple groups are fundamental groups of
locally symmetric spaces. In Chapter 1 we show that the object corresponding to a
torsion free, discrete subgroup of AutT;xAutT, is a square complex, with additional
structure. In fact, torsion free, cocompact lattices correspond to finite square complexes
whose link at every vertex is a complete, bipartite graph. Such a complex X inherits,
from the product structure of its universal covering, a decomposition of its 1-skeleton

XY into a “horizontal” Xg,l), and “vertical” X(Ul) 1-skeleton. The link condition enables

one to define, for every vertex x, an action of m (X}, x) on the set E,(x) of vertical
edges with origin x, defining thus a “vertical” permutation group P,(x) < Sym E,(x);
one obtains analogously a horizontal permutation group P,(x) < Sym E,(x). These are
basic invariants associated to the square complex X; they give information of “local”
nature on the action of m;(X) on the factors of X; for example, the projections of the
lattice m;(X) are both locally (quasi) primitive ([B-M]s) precisely when the above finite
permutation groups are (quasi) primitive.
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A lattice T' < AutT; xAutTy is reducible, if it is commensurable to a product
'y xT'y of lattices T'; < AutT}; for a square complex, this amounts to the existence of a
finite covering which is a product of graphs. In Chapter 1 we give a computable
sufficient condition for the irreducibility of a complex, based on the Thompson-
Wielandt Theorem.

In Chapter 2 we turn to irreducible cocompact lattices with locally quasi-
primitive projections. We prove that if such a lattice meets one of the factors, then it is
not a residually finite group. Using a geometric method and the results in [B-M];, we
construct examples of such non residually finite lattices. The existence of such lattices
constitutes a fundamental difference with the case of Lie groups.

In Chapter 3 we obtain, using a method of P. Pansu (see [Pa]), certain
cohomological vanishing results for irreducible lattices with locally quasi-primitive
projections. We deduce, for example (see Prop. 3.1), that if N < I' is a normal
subgroup in such a lattice I', and if N has non-discrete projections, then I'/N has
property (T). This is an analogue of a theorem of G. A. Margulis in the Lie-group
case (see [Ma]). It is used in the proof of the normal subgroup theorem, in Chapter
4.

In Chapter 4 we prove one of the main results of this paper, namely the normal
subgroup theorem. This concerns lattices I" whose projections satisfy stronger transitivity
conditions, in particular they are locally co-transitive, and asserts that any nontrivial
normal subgroup of I is of finite index. The strategy of the proof is borrowed from
Margulis’ normal subgroup theorem (see [Ma)); it rests on the characterization of finite
groups as being those which at the same time are amenable and have property (T).
While there are many (elementary) methods of showing that certain groups cannot be
finite, there seem to be few methods of showing that certain groups cannot be infinite.

Along the way we prove that closed, locally oo-transitive subgroups of AutT
enjoy the Howe-Moore property.

A natural class of closed subgroups of the automorphism group Aut.7, of the
d-regular tree, introduced in [B-M]s, are the groups U(F) < Aut.7,, associated to a
permutation group F < S, Any vertex transitive subgroup of Aut.7,, whose local
action at every vertex is permutation isomorphic to F < S, is conjugate to a subgroup
of UF). If F < S; is a 2-transitive permutation group, then U(F) is oo-transitive. In
particular, given F;, Fy, 2-transitive permutation groups, the normal subgroup theorem
applies to all cocompact lattices ' < U(F,)x U(Fy), with dense projections. In Chapter 5,
we give effective sufficient conditions (based on [B-M]s; Chapt. 3) on a finite square
complex X, ensuring that its fundamental group I'=m;(X) is of the above type.

In Chapter 6 we construct, for every n > 15, m > 19, a square complex X, ,, on
one vertex, whose fundamental group m; (X, ») < U(Ag,)xU(Ay,) has dense projections.
We introduce certain geometric operations, joining and surgery, on one vertex square
complexes. Using these operations, we show that any finite collection of one vertex
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square complexes whose links are complete bipartite graphs, embeds into a square
complex Y whose fundamental group m;(Y) is a cocompact lattice in U(A,)xU(Ay),
with dense projections. Starting with a one-vertex square complex with non-residually
finite fundamental group, (see Chapt. 2) the fundamental group of the resulting square
complex Y is virtually simple, that is, it contains a simple group of finite index. A more
elaborate construction leads to an infinite family of square complexes on 4 vertices,
with simple fundamental groups; an analogue of the Mostow rigidity theorem can be
used to show that the above groups are pairwise non-isomorphic.

We end by stating a few properties that any of the simple groups I' constructed
in Chapter 6 enjoys (see Theorem 5.5):

(1) T is finitely presented, torsion-free.

(2) T is a CAT(0)-group.

(3) T is of cohomological dimension 2.

(4) T is biautomatic.

(5) T is isomorphic to an amalgam FxgF of free groups over a subgroup of finite
index.

Acknowledgement. — It is a pleasure to express the intellectual debt we owe to
G. A. Margulis. We thank J. Thévenaz for helpful discussions on the structure of
2-transitive groups, IHES for its hospitality, and the Israel Academy of Sciences which
supported the second named author. Finally, we express our gratitude to the referees
for their numerous remarks and suggestions for improvement.

0. Preliminaries

0.1. A permutation group F < Sym(Q2) of a set Q is quasiprimitive if every
nontrivial normal subgroup e+ N < F acts transitively on Q. Let F*=(F, : o € Q)
denote the normal subgroup of F generated by the stabilizers F, of points ® € Q. We
have the following implications:

F is 2-transitive = F is primitive = F is quasiprimitive =
F=F"
or

F is simple and regular (that is, simply transitive) on Q.

Recall that a permutation group F < Sym Q is called primitive if it is transitive and if
every F-invariant partition of Q is either the partition into points or the trivial partition
{Q}. An equivalent condition which is often used in the sequel is that F is transitive
and the stabilizer F, of a point ® € Q is a maximal subgroup of F. See [Di-Mo]
Chapt. 4 for the structure of primitive and [Pr] §5 for the structure of quasiprimitive
groups.
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0.2. For notations and notions pertaining to graph theory we adopt the viewpoint
of Serre’s book ([Se]). Let g=(X,Y) be a graph with vertex set X and edge set Y,
let E@)={y €Y : 0o»)=x} denote the set of edges with origin x; for a subgroup
H < Autg let H(x) = Staby(x) and H(x) < Sym(E(x)) be the permutation group obtained
by restricting to E(x) the action of H(x) on Y. We say that H is locally “P” if for
every x € X, the permutation group H(x) < Sym(E(x)) satisfies one of the following
properties “P” : transitive, quasiprimitive, primitive, 2-transitive. We say that H is locally
n-transitive (n > 3) if for every x € X, the group H(x) acts transitively on the set of
reduced paths (i.e. without back-tracking) of length » and origin x. Observe that H is
locally 2-transitive iff, for every x € X, H(x) acts transitively on the set of reduced paths
of length 2 and origin x. We say that H < Autg is n-transitive if H acts transitively
on the set of oriented paths of length n without back-tracking; H < Autg is locally
oo-transitive if it is locally n-transitive for all n > 1.

For a connected graph g and H < Autg, we have H < Sym(Y), and H* denotes
the subgroup generated by edge stabilizers; “"H denotes the subgroup generated by all
vertex-stabilizers. If g = (X, Y) is connected and locally finite, the group Autg < Sym(Y)
is locally compact for the topology of pointwise convergence on Y.

Let d denote the combinatorial distance on X, n> 1 and x, ..., 5 € X;

g 1s the identity on the subgraph
H,(x),....,x)= ¢g€ H: spanned by all vertices y € X
with d(y, {x1,...,x}) <n

and for x € X, we set
H, (9) = H,(4)/ Hoo (9.
For x, y € X adjacent vertices, set H(x, y):= H(x) N H(y).

0.3. For a totally disconnected group H, we define H*:= (| L, where the
L<H

intersection is taken over all closed subgroups L. < H of finite index and QZ(H)=
{h € H : Zy(h) is open}. Let T be a locally finite tree and H < AutT a closed
subgroup; assume that H is locally quasiprimitive: it follows from [B-M]s, Proposition
1.2.1, that H/H®) is compact, that QZ(H) <@ H is discrete and that for any closed
normal subgroup N <1 H, one has either N D H* or N C QZ(H). Let H® <G <H
be a closed subgroup; then G/[G, G] is compact and for any open normal subgroup
N < G, one has N D H® (see [B-M]3 Corollary 1.2.2).

0.4. (See 3.1 in [B-M];.) Let T=(X,Y) be a locally finite tree. For a closed
subgroup H < AutT, the following properties are equivalent: (1) H is locally
oo-transitive, (2) H(x) is transitive on T(co) for all x € X, (3) H is non-compact and
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transitive on T(oco), (4) H is 2-transitive on T(oo). Any of the preceeding properties
imply, (5) H(x) < Sym E(x) is 2-transitive and H is non-discrete.

Finally we mention ([B-M]s; Proposition 3.1.2) that if H < AutT is closed and
locally oo-transitive then,

(1) QZH)=e,
(2) H® is locally co-transitive and topologically simple.

1. Square complexes and lattices

A convenient and powerful way of describing and studying a group acting on a
tree is via the associated graph of groups. Similarly one can associate with a group
acting on a product of trees a complex of groups (see [Ha]). In general one has to
restrict to groups satisfying certain technical conditions such as the “no inversions” in
the case of an action on a single tree. We shall restrict ourselves here to the case of
free actions. Thus we will be able to construct groups acting freely on a product of
trees as the fundamental groups of certain two-dimensional cell complexes. To describe
these we set the following notations: Circ, is the circuit of length 4, that is the graph
with vertex set {1, 2, 3,4} and edge set {[i,j] : i —j= £ 1 mod4, 1 < 1,j < 4}. We
consider the dihedral group D, as subgroup of the symmetric group S,; the group D,
acts then by automorphisms on Circ, and, for any graph g, the group D, acts on the
set Mor(Circ,, g), of graph morphisms Circ, — g. Recall that the set of edges E of a
graph g=(V, E) comes equipped with a free action of the dihedral group Dy, denoted
y—7,» €L

A square complex X is given by a graph XV =(V, E), a set S with a free action
of D, and a2 map 9 : S — Mor(Circ,, XV) which is equivariant w.r.t. the actions of
D, on source and target. We sometimes denote V by X%; the sets E, S, D,\E, D;\S
are respectively the sets of: edges, squares, geometric edges and geometric squares. For
later use we let 6 denote the fixed point free involution on S given by the action of
the transposition (2, 4) € Dj,.

The link Lk(x) of a vertex x € X% is a graph with vertex set E(x)
and edge set S,={s € S : 9s(1)=x}; origin and terminus maps are given by
0(s)=0s([1, 2]), t(s)=0s([1, 4]) s € S, and the fixed point free involution on S, is given
by the restriction 6[S,. A morphism F: X, — X, of square complexes X;=(V,, E;, S
is a pair (@, ¢), where @ : X — X(Ql) is a morphism of graphs and ¢ : S; — S, is a map,
such that 8-¢ =99, where ¢* : Mor(Circ,, X(ll)) — Mor(Circ,, X(Ql)) denotes the map
induced by @. There are obvious notions of composition of morphisms, of monomor-
phisms, epimorphisms and isomorphisms. A morphism F : X; — X, of square com-
plexes induces for every x € X(IO) a morphism of graphs F, : Lk(x) — Lk(p(x)), F= (¢, ¢).
We say that a subgroup G < AutX acts freely on X if the corresponding actions of G
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on V,Dy\E, D4\S are free: in this case there is a quotient square complex Y =G\X
and a canonical morphism P : X — Y, P=(m, []), such that P, : Lk(x) — Lk(n(x)) is
an isomorphism for every x € X©.

Example. — Product of two graphs: given graphs &;=(V;, E;), we define the
square complex X =86,x®y, X=(V, E, S) as follows:

V=V, XV, E=(V1XEQ) L (El XVQ), S=(E1 XEQ) (] (EQXE]);

the graph structure on X =(V, E) is given by o(v;, &) = (v, 0(e2)), ¢(v1, &) = (01, t(e2)),
0(61 5 1)2) = (0(6’[), Z}Q), t(€1 , UQ) = (t(el), I)Q), (Z)[ , 82) = (2)1 , ZQ), (81 s 1}2) = (El, 02), for v, € V,,
¢, € E;. The action of D, on S is uniquely defined by of(e, &) =(e, ¢), where ©
corresponds to (2,4) and (e, &)= (es, &), where ¢ corresponds to (1,2, 3,4) € D,.
Finally, O(e, ¢), O(ez, €1) are given by the sequence of consecutive edges

(€1, 0(e2)), (t(er), €2), (€1, t(er)), (0ler), €2),

resp. (t (61), 62)9 (Zl ) t(eQ))) (0(81), 22): (el 5 0(32) )

Observe that in this case, Lk(x) is a complete bipartite graph, Vx € X©.

Finally, we say that a square complex X is connected when X is connected,
if X is connected and x € X”, we have the notion of a combinatorial fundamental
group m;(X, x) and X is the quotient of a simply connected square complex X, its
universal covering, by a free action of ®,(X, x) < Aut X. We record the following basic
fact:

Proposition 1.1. — The universal covering X of a connected square complex X s a product
of trees if and only if Lk(x) is a complete bipartite graph for all x € X©.

Square complexes satisfying the link condition of Proposition 1.1 will be called
T-complexes. We say that a T-complex X =T\(T;xT,), where X =T,xT, is VH, if
no y € I' interchanges the factors of X. Equivalently, there is a partition E=E, UE,
such that if Ey(x)=E, N E(x), E,(x)=E, NE(x), x € X0, then E,(x), E,(x) gives at every
vertex x € X© the bipartite structure on Lk(x). Notice that every T-complex has a
two-fold covering which is VH.

Let X =T\(T,xT,) be a VH-T-complex and E=E, UE,; in X! we have two
subgraphs, the horizontal Xﬁ,l) =(X9, E;) and the vertical X(Ul) =(XO, E,). For x € X0,
let x=m(x;, x,) where ©t: T, xT, — X is the canonical projection, and define

"= {y: (Vs Vo) * Yols) = x,,} >
Fxh = {'y: (Yh> 'Yv) : Yh(xﬁ) = x}l}'
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Then I™\(T;x{x,}) is the connected component of x in X\, while
T \({x:} xT,)

is the connected component of x in XE,I). Associating to every y € I' the projection in

Xﬁ," of the horizontal path connecting (x;, x,) to (Yx(%s), x,) defines an isomorphism
rv—m (XEII), x) ;

one obtains in a similar way an isomorphism

L, —m (X(l), x) .

14

The group I'" (resp. T,,) induces for every n > 1 a finite permutation group of the
sphere S(x,, n) (resp. S(x,, 7)) in T, (resp. T)); we give now a direct geometric description
of these permutation groups:

Every ¢ € E,, respectively ¢ € E,, gives rise to a bijection

9. : (o) —> E(t(@), resp.
. : Ex(ol)) — Ex(t(9),

defined by @,(¢)=¢" where ¢’ =0s([2, 3]), and s € S in the unique square such that:
Os([1,2])=e, Os([1,4])=¢;

and @(¢)= ¢’ where ¢' = s([4, 3]), and s € S is the unique square such that:
as([1,4])=e, Os([1,2])=¢.

More generally, let E(y")(x), respectively Eg,")(x), denote the set of vertical, resp. horizontal
paths, without backtracking, of length n > 1 and origin x € X¥; in a similar way, every
¢ € Ey(x), resp. ¢ € E,(x), gives rise to a bijection

o )W — B(t@), resp.
o : B — EX((0).
Composing these bijections, we get a system of homomorphisms

myom (XY, %) — SymEP()

v

m(v",)x T (X(l) x) — Sym Esl")(x)

v

which is compatible with respect to the canonical projection maps E”(x) — E""(x),
resp. Ei")(x) — Eil"_w(x).
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Returning to the description of X as a quotient I'\(T;,xT,), one obtains natural
bijections,
S(x,, ) — E(x), resp.
S, ) — E)

which are equivariant w.rt. the isomorphism

" — m (X;l), x) , resp.

r, —m (XE,”, x)

" - for n=1 we will write

Let Pi")(x), resp. P{(x), denote the image of mﬁ,’?x, resp. m, ;
P,(x), Py(x); let H?, resp. H? denote the closure of the projection of T" into AutT,,
resp. AutT,. The above description implies that the groups P(v")(x) < Sym Eg")(x) and

H(”)(xv)/Hi”)(xy) < Sym S(x,, n) are permutation isomorphic, and that the same holds for
P(x) < SymEP(x) and H®(x,)/H"(x;) < Sym S(x,, n).

In particular, P,(x) < SymE,(x) is permutation isomorphic to H"(x,) < SymE(x,), and
Py(x) < SymE,(x) is permutation isomorphic to H®(x) < SymE(x,). This simple but
fundamental observation enables us to control the “local action” of H? and H? in
terms of the complex X.

We turn now to the notion of reducible lattice. Let T, Ty be locally finite trees.

Defimition. — A lattice T < Aut'T) x Aut Ty is reducible, if it is commensurable to a product
'y XDy of lattices T; < Aut'T;. The lattice T s called irreducible, if it s not reducible.

Proposition 1.2. — For a cocompact lattice T < Aut' T\ xAutTy, the following properties
are equivalent:

(a) There exists i € {1, 2} such that pr(T) < Aut'T; is discrete.

b) Ty={y€ AutT, : (y,e) €T}, resp. Ty={n € AutTy : (¢,m) € T} are lattices in
AutTy, resp. AutTy and Ty X Ty s of finite index in T.

Proof. — Assume that pr(I) < AutT, is discrete; then I' - AutTy is closed and
hence I' N AutT, is a lattice in AutTy. The group pr(I) < AutT'y normalizes the
cocompact lattice I' N AutTy and hence ([B-M];, 1.3.6) is discrete. Thus pry(I') is
discrete, hence as above, TN AutT, is a lattice in AutT, which shows that (a) implies
(b). The converse (b) = (a) is obvious; notice that both projections are discrete. O

We say that a VH-T-complex X =T\(T;xT,) is reducible, if I' < Aut T xAut T,
is reducible, otherwise it is called irreducible.
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In geometric terms, the complex X is reducible if and only if X admits a finite
covering which is a product of two graphs. However, we do not have an algorithm
deciding if a given finite VH-T-complex is reducible, nor do we know whether such
an algorithm exists. Nevertheless, we can, using Proposition 1.2 and the Thompson-
Wielandt theorem, give a sufficient condition ensuring irreducibility. More precisely,
let X be a VH-T-complex; for ¢ € E;, resp. ¢ € E,, x=0(e), let Ly(¢)=Stab,, ,(¢), resp.

L,(e) =Staby, ,(0); let &) C E(x), resp. &,() C E’(x), denote the set of horizontal,
resp. vertical, paths of length two starting at e, and:

_ ’ I _
Ki(e) = {r € PP : Tbg’h@um - za’} ,

_ 27, - _
K,(e)= {‘c ePx):7 # R za’} .

When Xg) and Xil) are connected, then the permutation groups P(v")(x), Pi">(x), L,(x), La(x),
are independent of x, up to permutation isomorphism; in this case we omit the “x”;

when P, and P, are transitive, K,(¢) and K,(¢) are independent of ¢, up to permutation
isomorphism, and we omit the “¢”.

Proposition 1.3. — Let X be a finite VH-T-complex; we assume that X(yl), Xg,l) are connected
and that P,, P, are primitive permutation groups. If either K, or K, s not a p-group, then X is
an vrreducible VH-T-complex.

Proof. — Let X=T\(T,xT,); H”, H” as above and x4, y, resp. %, »,, adjacent
vertices in T}, resp. T,. The assumptions imply that H#  H® are both vertex transitive
and locally primitive. If T is reducible, then H® HY are discrete and hence by
Thompson-Wielandt (see [Th],[Wi],, [B-C-N] or [B-M]s Chapt. 2), H{(x;, ;) and
H(ly)(xv, 9,) are p-groups; since K, K, are homomorphic images of the latter, they would
also be p-groups, a contradiction. O

Observe that if X=T\(T,xT,) is reducible, then I" contains a subgroup of finite
index which is a product of two free groups of finite rank; in particular the group I is
linear over C. In this context we mention the following consequence of an arithmeticity
result proved in [B-M-Z], which shows that under the hypothesis of Proposition 1.3,
the group I is not linear over any field, and hence an irreducible lattice.

Theorem 1.4. (See [B-M-Z].) — Let X be a finite VH-T-complex; we assume that
X(vl), Xﬁll) are connected and that P,, P, are primitive permutation groups. If either K, or K, s not
a p-group then, over any field, any finite dimensional linear representation of 7,(X) has finite image.



160 MARC BURGER, SHAHAR MOZES
2. A Criterium for non-residual finiteness

2.1. A basic question concerning the structure of a group is whether it is
residually finite. We shall show that certain lattices in AutT;xAutTy, with locally
quasiprimitive projections, are not residually finite; the results from [B-M]; on the
structure of locally quasiprimitive groups needed here and in the sequel are recalled
in 0.3. The basis for constructing these examples is given by the following

Proposition 2.1. — Let H; < Aut'l'; be closed, non discrete and locally quasiprimitive; let
I' <H,;xHy be a cocompact lattice with H§°°’ C prT) C H;. Then,

e 5 [H{, A)] - [H57, A,
where A;=T NH,;. In particular, if A| - Ay e, then T is not residually finite.

Progf. — Let I" < T be a normal subgroup of finite index in T, then A} =H,NI"
is of finite index in A; and both A, A] are normal in pr (T) > H<1°°>; since H(loo) has no
proper open normal subgroups ([B-M]s Prop. 1.2.1), the action by conjugation of H<1°°)
on Ay/A} is trivial and thus A} D [H{™, Ay]. Since HP\T, is finite, £ 5,7, (H{™) =e
and therefore [H(loo ), Al] F¢ provided A Fe. O

With the notations of the above proposition, we have the inclusion A; C Q Z(H,);
the next result gives information about the size of QZ(H,)/A,.

Proposition 2.2. — Let H;, < Aut'l'; be non-discrete, closed, locally quasyprimitive and
I <H,xHy a cocompact lattice with pr(T)=H,;; let ;=T NH,. Then, the group Q Z(H,)/A;
is locally finite, meaning that every finitely generated subgroup s finite.
In particular, QZ(H,) £e iff A; *e.

Proof. — Let S C QZ(H,) be a finite subset and U < H, be an open compact
subgroup commuting with S. Then, the intersection I'N(UxHy) is a cocompact lattice
in UxHy, hence finitely generated. Let A C T'N (UxHy) be a finite generating set;
then the centralizer &(A) of A in T is a cocompact lattice in &y (A)xH,; since

pro(A) generates a cocompact lattice in Hy and pr(A) generates a dense subgroup of U,
we obtain &y ,y,(A) =2y, (U)x( C QZH)x(¢. Thus, Ly (U)x(e) is discrete, and
Ly, (U)x(e)/ & (8) is finite. Since S C Ly, (U) and L(A) C A1 x(e), it follows that S
generates a finite subgroup of QZ(H,)/A,. O

Question. — Is Q Z(H,)/A; a finite group?

Corollary 2.3. — Let H; < Aut'T; be closed, non-discrete, locally primitive groups; assume

that Q Z(H,)  (¢), for some i=1, 2. Then any cocompact lattice T < HyxH,y with pr{T)=H;
is not residually finite.
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2.2. We describe now how combining Proposition 2.1 with [B-M]; Section 1.8
leads to examples of non residually finite lattices.

Let E denote the tree consisting of a single edge, fix morphisms ¢; : T; — E and
let n; : Aut T; — Aut E(~ Z,) be the induced homomorphisms. Let &;=T;X,,T; be the
graph of diagonals, that is, the fiber product of T; with itself relative to ¢, : T; — E
(see [B-M]3 Section 1.6 and 1.8). Recall that AutT;x,AutT; < Aut Z,.

Let I' < AutT) xAut Ty be a cocompact, torsion free lattice; let H;:= pr(I'), define
v : IXT — (Hy xH)x(HyxHy) by w((v1, ¥2), (Y1, ¥2))=((n1, Y1), (Y2, ¥5)) and set

A= y(TXT) N (X, Hy)X (Fp X, Hy)

Then A is of index 1, 2 or 4 in Yy(I'xT), it acts as a group of covering transformations
on Y, xY,, and gives rise to a finite VH-T-square complex:

Y :=A\(Z, xY,).
We have the exact sequence
l — m(P))xm(Y,y) — m(Y) — I'xT

where the last arrow has image of index 1, 2 or 4 in I'xT".

Proposition 2.4. — Assume that H; s non-discrete and that H$°°) i locally 2-transitive,
1=1,2. Then we have:

m(Y)> D m(2)xm1 (D))
and the quotient is isomorphic to TV XT(>),
Proof. — Set L;= (HixniHi) x(T;), where T; € Aut (Tix(p,-Ti) is the automorphism
exchanging the factors, let &, be the universal covering tree of &; and
1 — m(Z) — Gi—oL; — 1
be the associated exact sequence. Let @ =m; X®y : Gy XGy — L; XLy and
A=m(Y) =0 '(A) > m (D)) X1, (D).

We claim that pr{A) D G considering A as a subgroup of L; X Ly, we have

pri(d) =, : gprLz.(A)) since A contains Ker®, X Ker,; the group prn (A)= pru,xn;(A)
is normal of finite index in pryu (W[ X I)) and the latter subgroup being dense in

H; x H;, we conclude that pr (A) is normal of finite index in H; X,,. H;. Observe now

that T; normalizes pr (A), hence pr; (A) is normal of finite index in L;, which implies the
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same property for pr,(A) in G; and proves the claim. Using that G; is locally primitive
non-discrete (Prop. 1.8.1, [B-M]s and Prop. 2.1), we conclude

A% 5 [GF, m(@)] x [GFY, m(@)| =m(Z)) x m(Zy) =Ker o,
Since A contains the kernel of ®, we deduce that A®/Ker @ equals A®, which in

turn equals W(I' x T)) ~ T x I since A is of finite index in W X T). O

2.3. We briefly describe a way of constructing the complex Y of 2.2 in terms of a
fiber product of square complexes. Thus, let X =T\(T, xTy) be a finite VH-T-complex,
¢;: T; — E, m; : AutT; — AutE the morphisms defined in 2.2, and let S:=EXE be
the square complex consisting of 1 geometric square and 4 vertices. Let

Q1 Xy : Ty xTyg — S
NixXMo : AutT; xAut Ty — AutS

be the corresponding product morphisms; let T'y:=T N Ker (M, XMy). Then,
X :=To\(T; xTy)

is a finite covering p : X — X with Galois group G:=T'/T; and the above product
morphisms induce morphisms

(p:)A(—>S
n:G— AutS,

where @ is equivariant wr.t. 1. The fiber product V:i=Xx )A( comes equipped with
an action of Gx3G, and the complex Y in 2.2 is then 1somorphlc to the quotient
(Gx G\Y The prOJectlon maps pi, py of Y on both factors, composed with the
covering map p : X - X, give rise to homomorphisms

hm(Y) — mX), i=1,2.

Using the isomorphism Y = (GXnG)\\A(, whose explicit construction is left to the
reader, one gets Ker s =m(Z). We denote by X X X =Y the complex constructed in
this way and let

h:mXRX) — mX)xn(X)
denote the product homomorphism £, X4;. We now obtain the following

Corollary 2.5. — Let X be a finite, irreducible VH-T-complex. Assume that X;ll), Xgl) are
connected and that P,, P, are 2-transitive permutation groups with 2-transitive socles. Let

h:mX®X) — m(X)xm(X)
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be the canonical homomorphism. Then, the image of h has index 2 or 4 and,

(X B X)) D Kerk.

Remark. — The socle of a finite group is the product of all its minimal normal
subgroups. A celebrated theorem of Burnside (see [D-M], 4.1) states that a 2-transitive
group has a unique minimal normal subgroup which is either elementary abelian
regular, or primitive and simple. Furthermore, in the case of non-abelian socle, it
follows from the classification of 2-transitive groups that the socle is 2-transitive, except
in one case (see [Ca] p. 624).

2.4. An explicit example of such lattices may be constructed as follows. Let pF ¢

be odd primes, both congruent to 1 mod 4, with (g) = (1%) =1, H(Q) the usual Hamilton
q

quaternion algebra over Q with basis 1, 7,7, £, and
Q:={x € HZ): N =p¢",a, b € N, x = 1(mod 2)}.

2

Fix g, € Q,,¢, € Q, with g, = — 1, ¢,

map

= — 1, and let I, , be the image of the

¢:Q — PGLE2, Q,)xPGL(Z2, Q,)

Xy + X1€p, X9 + X3€p xy + X1€4, Xy + x3€,
X — .
—Xo + x3€y, Xo—x€ )  \ —Xotx3€, KXo — X\E

Then T, , < Aut.7,, XAut7,, is a torsion free cocompact lattice, acting simply tran-

sitively on the set of vertices of 7, X.7,, and satistying pr\(I,, ) =H,, pr,(T;, ) =H,,
where for a prime ¢ we define (see also [B-M]s, 1.8)

det .
H, = {g € PSL(2, Q) : Wif_l € (z,j)?} .

The density of projections follows easily from the fact that I, , is an irreducible lattice

and that Hy contains the index 2 subgroup H; = PSL(2, Q;) which is simple. Via the
homomorphism

((Yl ’ YQ)a (Y’o’) 74)) - (Yla Y3, Y2, 74)

the group I, XTI, , acts simply transitively on the set of vertices of

Tt X T X T X T 4
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and the subgroup A, , < y(I, ,XxT, ,) acts simply transitively on the set of vertices of
Z,x%,. The quotient

@:o,q = Ap’q\(ﬁ@pX@q)

is a square complex with one vertex. As T, , is residually finite it follows from
Corollary 2.5 and Proposition 2.4 that:

m(, ) =mn(Z,)xm(D,).

Let us denote the one vertex VH-T-square complex corresponding to the arith-
metic lattice T, , < PGL(2, Q,)xPGL2, Q,) < Aut.7}, XAut.7,, by .4, =T, ,\
Ty X I, . Both complexes .4,  and &,  will be used later for constructing vari-
ous other square complexes and lattices.

3. Cohomological properties of lattices

In this section we turn to certain cohomological properties of fundamental groups
of finite T-square complexes. The main results are Proposition 3.1 and 3.2 below;
Proposition 3.1 enters in an essential way in the proof of the normal subgroup theorem
(see §4) while Proposition 3.2 will imply certain cohomological vanishing results for
irreducible lattices with locally quasiprimitive projections.

Proposition 3.1. — Let T\, Ty be locally finite trees, ' < AutT)xAutTy a discrete
subgroup such that T\(T|xTy) is finite and N <\ T a normal subgroup such that the quotient
graphs pr{N\T;, i=1, 2, are finite trees. Then T/N has property (T).

Proposition 3.2. — Let Ty, Ty, T be as in Proposition 3.1 and H;:=pr (') < AutT,.

(@) The homomorphism Hom (H,xH,, C) — Hom(', C) mapping ¥ to x|r & an
isomorphism.

(b) Let (r, V) be an irreducible finite dimensional umitary representation of T with
H!(T, ©) 0. Then 7 extends continuously to Hy x Hy, factoring via one of the projections.

The following result is an application of Proposition 3.2 to irreducible lattices
with locally quasiprimitive projections:

Corollary 3.3. — Let Ty, Ty be locally finite trees, H; < Aut'T; closed non-discrete locally
quasiprimitive subgroups and

I' < AutT) xAutT,

a cocompact lattice with H§°°> C pr(I) C H..
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(1) Hom(T', C)=0.

(2) HY(T, m)=(0), for every unitary, finite dimensional representation (m, V) of T.

Proof. — Set G, =pr(I).

(1) Follows from Proposition 3.2 (a) and the fact (see [B-M]s Corollary 1.2.2)
that G;/[G;, Gj] is compact.

(2) We distinguish two cases:

(@)

(b)

n extends continuously to G;xGy, factoring via one of the projections.
Wlo.g, let ® : G; — U(V) be a continuous unitary representation with
(Y1, ¥2) =0(Y1), Y= (1, ¥2) € I'. Since G, has small subgroups and U(V) is
a real Lie group, Ker  is open in G; and since G| D H(loo), it follows (see

[B-M]; Prop. 1.2.1.5)) that Kerw D H(1°°); thus G, /Ker ® being compact
and discrete, is finite. This implies that n(I') is finite. For any subgroup
I" < T of finite index, there is I < I' of finite index with I C I".
Then, pr(T”) < pr{) is normal open and hence (Cor. 1.2.2.2. [B-M]s),
pr{T") contains H™, in particular pr,T") D H®™. Thus (1) applied to T
implies Hom(I"', C) =0, for any subgroup I" of finite index in I', which
together with the finiteness of n(I') implies H'(T", &) = (0).

n does not satisfy the extension property (a); it follows then from
Proposition 3.2 (b) that H(T, )= (0). O

The proofs of Proposition 3.1 and 3.2 rely on the study of a certain complex of
cochains associated to a group acting properly on a square complex. More precisely,
let X=(V,E,S) be a VH-complex, I' < AutX a discrete subgroup preserving the
VH-structure, acting in a clean way on X, and n: I' — U(F#) a unitary representation
of I' into a Hilbert space F# . The assumption on the action of I' means that, whenever
an element y € T fixes a geometric edge, resp. a geometric square (see §1 for definition),
then it fixes all edges, resp. squares, in this equivalence class. Let I', denote the stabilizer
of x€ VUEUS and n{x) = |T|. Define for Y € {V, E, S}:

Ly

|
={f:Y — ¥ :fis I-equivariant and || f||*:= Z — I FOWI? < +o0}.

n\Y n( y)

We obtain a complex %y, -2, Zr =2, Zs of Hilbert spaces, where the
bounded operators d, D are given by:

dfle):=fltle)) — fl0le), SfE€ LYy
DF(o):= F(9o[1, 2]) + F@o[2, 3]) + F@c[3, 4]) + F@o[4, 1]), F € Z,.
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The space of 1-cocycles,
Z'(F)={Fe %, :DF=0,F¢+F@=0, VecE}

is a closed subspace of %; the orthogonal complement of Imd in Z'(Z¥) is
Ker (8| z1), where & : £ — £, is the adjoint of d and our first task is to establish
a formula for ||8F||?, F € &'(#), which takes into account the VH-structure and the
link condition. To this end, let £ , resp. £}, be the subspace of maps f € £}
having their support in E,, resp. E,. Let P, resp. P,, be the orthogonal projection on

th’ resp. ZEU; let 8, =6P,, §,=6P,, D,=DP,, D,=DP,.
Proposition 3.4. — For all F € 1K), the following equality holds:
I8F|* = [|8:F||* + [|8,F||* + [|D;F||* + [|D.F|.

Proof. — Let F € &!(F); since =38, + §;, we have to compute the following
quantity:

(8F, 8,F) = > L(zs,lF(x), 8, F(x)).

*€T\V n(x)
Since F(e) + F(¢) =0, we have
(8:F(x), 8,F(x)) =4< > Fe, Y. F(e’)> , forall x€V.
e€Ep(x) ¢ €E,(x)

Taking into account the link condition, we obtain:

(8,F, 8,F) = Z Z

xEl"\V O‘ES
where S,={c € S: 0(0)=x} and u(o)=(F(0o[l, 2]), F@o[1, 4])).

Using e, 40)= Toer,s, 5 0), we obiain,

(BF,8F) =4 > —

Gen\s n(o)

Let R be a set of representatives of the set of geometric squares in T'\S, then

4> %u(ﬁ =4 ———{u + u(1,0) + u(t,0) + u(17,0)}.

ocrl'\S O'ER
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Using DF=0 and F(¢) + F#)=0, Ve € F, a computation leads to:
u(o) + u(,0) + u(%,0) + u(vt,0) = | DiF(G)|* = |D.Fo)],
and hence (§;F, §,F) = ||D,F||? = ||D,F||?, which proves the lemma. O

Remark. — P. Pansu obtained in [Pa] an equivalent formula by a different method.

Let now T, Ty, I', N be as in Proposition 3.1 and n: T’ — U(F# ) be a unitary
representation of I with Kern O Nj let £ be the complex associated to the T" action
on X=T;xT,y and to m.

In this situation we have:

Lemma 3.5. — There 1s a constant ¢ > 0, such that

|F|| < ¢||8F||, VFe Z'(Z%).

Proof. — We recall the following elementary fact: let S=(X,Y) be a finite tree,
:: Y — N* an edge indexing and .7 a Hilbert space. For w € F# Y define

Su)= ) doue, re€X;

ole) =x

then there exists a constant ¢ > 0, such that ||w|| < ¢||8%||, for all w € F#E Y, satisfying
w(e) + we)=0, Vee Y.

Let now T;=(X;, Y,) and let S; =(V,, E;) be a finite subtree of T, which is a
strict fundamental domain for the action of pr(N) on T,. The set Eg (v), (v € V) of
edges in E, with origine v is a fundamental domain for the pr;(N)(¢)-action on E(v) and
we define an edge indexing 7, : E; — N* by i(¢)= [pn(N)(@)e|; 8% denotes then the
corresponding operator on # Bl Let Wy C Y, be a finite set of vertices such that
E; X W, surjects modulo T onto the set of horizontal edges of I'\(T; x Ty). According
to the above general fact, there exists ¢; > 0 such that

> e, )l < o [ FC, w)|

e€E|

, YweY,, VFeZ'(¥).

For every ¢ € Es (1), € Vi, choose a finite set F, C N, |F,|=4(e), such that
pn(F)e=pri(N)@®1)(e). Then, we have for every v; € Vi, w € Wy:

&F@,w)= Y F(,uw)

¢ €E()

Z Z F(ne, w)

e€Es () (m,
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thus

81w, w) — 8F, w)= Y > (Fe, w) — Flue, w))

eeESI (1) (n1 , n9)€F,
which, by N-invariance of F, equals
= > X Few-Fen )

eeEsl (vy) (ny , ng)EF,

Then we observe that
@ (e, w) — Fle, ny 'w)]|® < Col | D#F|?,

where Gy only depends on the distance dw, now).
From (1) and (2) we deduce

> IFe wll* < Cs(I8:F|* + |ID,F|?)

e€E |, weW,

where C; depends on N, ' and the choice of Wy. The same argument applied to the
pro(N)-action on Ty, together with Lemma 3.4 implies Lemma 3.5. O

Proof of Proposition 3.1. — We have to show that H'(I', ®)=0 for any unitary
representation T of I" such that Kermw D N. In the notation preceeding Lemma 3.5, we
have H(T", 1) ~ &% )/Imd.

We may assume that ® has no invariant vectors, thus Kerd=0. Then Lemma
3.5 implies that § : &' — F, is a continuous isomorphism and thus d: &, — &'
is an isomorphism which implies H'(', m)=0. O

Proof of Proposition 3.2. — Let (n, F# ) be a finite dimensional unitary represen-
tation of I’ and % the complex associated to the I'-action on T;xT; and m. Since
dimn < +oo, H'(T, ) is isomorphic to Kerd|z1 ), which by Lemma 3.4 coincides
with {F € (%) :8F=8F=D,F=D,F=0}.

a) Suppose n=Id, F# =C; let x € H'(T,n) and F € Kerd|z1 4, correspond
to yx under the above isomorphism; let f € C*1**2 with df=F; then
xy)=foy —f Since D,)F=D,F=0, there are functions F; : Y; — G, with
Fley, v)=F\(e1), F(v1, €2) =Fs(e0), Vv; € X;, & € Y;. Since F is I'invariant, F; is
pr{l)-invariant, and hence H; = pr(I')-invariant. Fix a base point b= (b;, by) €
X xXy, and choose f; € C% with dfi=F; and f(b, by) =fi(b1) + fo(by). Let
xi : Hi = C be the continuous homomorphism defined by:

Xilhi) =f: 0 hi — f..
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It follows then that f(v;, v))=fi(v1) + fa(va), ¥V (01, v2) € X; %Xy, and hence
X, ¥2)) =x1(n1) + X2(¥2), Y (1, ¥2) € T. This shows that the restriction map
Hom (H,xH,, C) — Hom(I", C) is surjective; on the other hand, since T is
cocompact, this map is clearly injective.

b) Let ® be an irreducible representation, with H!(', m)+0 and take F €
Ker(8|z1), F$0. As above, there are maps F;, : Y; — F#, such that
F(ey, vo) =Fi(e1), F(v1, ) =Fy(e0); without loss of generality, we may assume
that F; #0. Using the I'equivariance of F and the fact that & is irreducible,
finite dimensional, we may find ¢, ...,¢, in Y, such that F(¢),...,Fi(e,) is a
basis of .7 . Observe now that F,(y,¢e) =n(y1, %2)F1(¢)), V(11,7) €T, Ve€ Y.
This implies that there is a representation ® : pr(I) — U(F#), such that
(Y, Yo)=w(y1), V(y1,¥2) € . Let N be the normal open subgroup of H,
generated by H(e;) N ... N Hy(g,); then pr(I) - N=H,, and @|y,m~=1dg ;
therefore @ extends continuously to H;,. O

4. The normal subgroup theorem

4.1. The main result of this section is the following analogue of Margulis’ normal
subgroup theorem.

Theorem 4.1. — Let T < Aut'T\,xAutTy be a cocompact lattice such that H;:= pr,(T) s

locally oo-transitive and HE@ us of finite index in H;. Then, any non-trivial normal subgroup of T’
has fimite index.

Remark. — The results from [B-M]; on the structure of locally oo-transitive
groups needed in this chapter are recalled in 0.4.

4.1. Various decompositions

Let T=(X,Y) be a locally finite tree and H < AutT a closed, locally oco-
transitive subgroup. For & € T(oco), let Pg:=Staby(E); since H(x) acts transitively on
T(oc0), we have

4.1) H=H() - P
For £ € T(o0), let Bz : XxX — Z denote the Busemann cocycle, that is
B )= lim(de, ) = dy, )- The map
p—»
X : Pr; —Z
g Belx, &)
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is independent of x € X, and defines a continuous homomorphism. For g € Aut T, let

£(g):= min d(x, gx); an element a € P is hyperbolic iff xz(a) # 0, in which case Xz(a) =£(a)
x€X

if € is the attracting fixed point of @ and Y¢(a) = — £(a) if & is the repelling fixed point
of a. Let xz(Pe)=4¢:Z, with £z > 1, Pg =Kery; and A= (a), where |:(a)| =, then we
have the semidirect product decomposition:

(4.2) P:=A-P.

Since H is 2-transitive on T(oo) ([B-M]; Lemma 3.1.1), the group Pg acts transitively
on T(c0)\{&} and thus

(4.3) H=P;UPGP;, for any o ¢ P:.
Let a € P¢ be a hyperbolic element with £:=%¢(a) >0 and r: Z — X a parametrization
of its axis, with 7{+00)=E&. Then:
PUR) C Pk + 1)), VkeZ
(4.4 aP(rk)a =Pk + ), VkeEZ
kL>J_Pg(7(k)):P2, VieZ
2]

Since H is locally oo-transitive, £¢ does not depend on & € T(oco); for the common
value £y we have £g=1 iff H is vertex transitive and £z =2, otherwise. For a € H a
hyperbolic element with ¢(a)=¢y and x, y € X adjacent vertices on the axis of a we
have

H = HxA H(x) if £ =1

4.5) .
H=H0A*'[HxUHQY)]  if =2

where A*={a":n > 0}.
4.2. The Howe-Moore property

Proposition 4.2. — Let H < Aut'T be a closed, locally co-transitive subgroup and (n, F)
a continuous unitary representation of H with no nonzero H-invariant vectors. Then all coefficients
of T vamish at infiniy.

The proof of Proposition 4.2 depends on Proposition 4.3 below which treats
the following general situation: Let B=A-N be a locally compact group which is the
semidirect product of the closed subgroups A= (a) ~ Z and a totally discontinuous
group N < B; assume that there is an open compact subgroup Gy C N such that

Co C aCpa™! and N= |J #Cya™*, in this setting we have:
k>0
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Proposition 4.3. — Let (v, FE ) be a continuous unitary representation of B and v € FH
such that

N—C

n — (n(a")v, v)
does not vanish at infinity. Then there exists w € FE, w +0, such that Staby(w) is of finite index
in N.

Progf. — The subspace F# ) = {w € FH#, Staby(w) is open} is dense in F: fix
a decreasing sequence (K,),en of compact open subgroups of N, such that N K, =(e).

nx>1

The sequence (f,),>1, where f, =

! k. is an L!-approximation of the identity, and
mK,) "

hence lim n(f,Jv=v for every v € F#. Observing that n(f,)p € H ) we conclude
that F# ) is dense in . Thus there exists « € ), such that the function
n — (n(d")u, u) does not vanish at infinity; there exists therefore a subsequence (n;)ien,
with lim 7;= + 00 and w € F, w30 such that (m(a")u);s, converges weakly to w. Let
K < Cj be an open subgroup (of finite index) such that wkju=u, Vi € K. Then
n(a")u is fixed by ¢“"Ka™™ and, passing to a subsequence, one may assume that the

sequence of subgroups (¢"Ka "),cn converges in Chabeauty topology (that is uniformly
on compacts) to a closed subgroup L <N.

Claim 1. — w i1s L-invariant.
For £ € L and m; € a"Ka ™" withiliror.} m; =£, we have,

(n(f)w, w) - <w3 w) = (<n(£)w’ w> - (n(f)w, n(a"i)u»-}-
+ ((n(0)w, ©(a*)u) — (R(m)w, T(@")u))+
+ (<w) n(anl)u> - <ws w))
The first and last summand tend to zero since (a¢“)u converges weakly to w, and the

second summand tends to zero since it is bounded by |n()w — m(m;)w| - ||»| and
lll};} m; =£. This shows Claim 1.

Claim 2. — The subgroup L is of finite index in N. Let d be the index of K in

Co and pick xy,...,x, € N with r > d; since the increasing union 91 d'Coa™" equals N
12>

there exists % such that {xi,...,x,} C dCoa™™, for all i > i; since r > d, there exists for

every i > i, Ji ¥k such that xj;lxkl. € a"Ka™ and since r < +00, there exists j %k such

that xj_lxk € d"Ka™" for infinitely many ¢ > i,; this implies xj_lxk € L and shows that
the index of L in N is at most d. O
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Now fix xp € X and consider the H-action on T(co)xZ given by:
A, m)=(Im, By(h~ %0, x0) + m), n € T(c0), m € Z, h € H.

For this action we have Staby(&, 0) =Pg.
Lemma 4.4. — The H-orbits in T(c0)XZ are closed.

Proof. — Since H acts transitively on T(co) it suffices to show that if
lim A,&, m)= (&, s) then (h,),en is bounded in H/Pg. Write 4, = k,a™u, with k, €
H(xy), a € Pz hyperbolic and u, € Pg. For n large we have: Bg(h, 'xo, x) + m=s,
which amounts to Bg(a=%xg, x9) + m=s, hence Le(n) + m=s, which shows that (¢,
is stationary and thus (%,),en is bounded in H/ Pg. a

Proof of Proposition 4.2. — Let & € T(oo),a € P with £=x:(@)=¢: > 0,
r: Z — X a parametrization of the axis of a with noo)=§, and x,:=nk), k € Z.
Then Pr=A- Pg, A=(a), and (see (4.4)), Proposition 4.3 applies to P;. Let (r, )
be a continuous unitary representation of H and assume that some coefficient of =
does not vanish at infinity. Since H = H(xo)A"(H(xo) U H(x))), (see (4.5)), there exists
v € F,v+0, such that n — (n(a")o, v), n € N, does not vanish at infinity: indeed let
u$0 and (g,).»1 be a sequence tending to infinity such that

|(n(g)u, u)| >€ >0, forall nx>1l.

Write g, =k,a'"k,, with k, € H(x), l, > 1, ¥, € H(x) U H(x,); we may assume that
(kus1, (K)us1 converge, say to resp. k, K. Setting ' =mn(K)u, w=n(k)"'u and applying
the triangle inequality, we get:

lim |(m(g)u, u) — (n(@")!, )| =0

and hence n — (n(a")w', w) does not vanish an infinity; since any matrix coefficients
of a unitary representation is linear combination of diagonal coefficients, we conclude
that there exists »$0 such that n — (n(a")v, ») does not vanish at infinity. Hence
(Proposition 4.3) there exists w € J#, w+0, such that L:= Stabpg(w) is of finite index
in P{.

Now we claim that there exist sequences (£)ien, (£)ien in L, (h)ien in H(xy) and
an element @' € Py with lim £:A;¢ i=d and xz(d')=2¢. For every k > 1, choose 1; € T(c0)
with (M - €),, =%, where (- B), denotes Gromov’s scalar product, that is, (o - B), is
the distance from y to the geodesic joining o, B; in particular kﬁrglo Mt =§&. Choose

n € Pg(xk+g) such that (mn; - €),, =k+¢; with these choices we have m(n;, 0) = (mm;, 2¢)
and hence lim nx(n, 0) = (€, 2¢). Choose a sequence (A )ien in H(xp) such that lim /= ¢
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and #(&, 0)=(n4, 0); with this we have Jim mhy(&, 0)= (&, 20) =d*E, 0). Since the H-
orbits in T(0co)xZ are closed (Lemma 4.4), there exists n; € Pg such that lim mhyn, = .

Since L is of finite index in Pg, we may assume, passing to a subsequence, that
n =0y, n,=£;6 where 6,0 € Pg and £, £}, € L, for all k> 1. Setting & =6"'a’c’ ™"
we have lim Ol =d and x(d)=2¢.

This claim implies that
(m(a)w, w) =lim (n(¢ il )w, w) =lim (n(k)w, w) = (w, w)

and hence w is A’:= (d')-invariant. The closed subgroup P’ generated by A’ and L is
of finite index in Pz and w is P'-invariant; by (4.3) we have |P¢\H/P:| =2 and hence
|[P\H/P’| < +00. The continuous function # — (n(k)w, w) is left and right P’-invariant
and takes therefore only finitely many values. In particular

Staby(w)={h € H : (n(hw, w) = (w, w)}

is an open subgroup of H; this subgroup is also cocompact in H, since Staby(w) D P’
and hence Staby(w) D H®. O

4.3. In this section we prove the normal subgroup theorem (Theorem 4.1); for
this we follow the strategy of Margulis. First we notice the following corollary to
Proposition 3.1:

Corollary 4.5. — Let T < Aut T} xAut'T'y be a cocompact lattice such that H;:= pr(T’) s
locally oo-transitive and H; =H'™; let N <1 T, N +{e} be a nontrivial normal subgroup of T.
Then T/N has property (T).

Remark 4.3.1. — Assume H;:= pr,(T) is locally oo-transitive; for N < T', N F¢, we
have pr,(N) D HE—OO).

Proof — As pr(N) < H;, it follows from [B-M]s Prop. 3.1.2, that either
rN) O H™ or pr(N) is trivial. The latter is impossible or else we would have a
nontrivial discrete normal subgroup of Hj;_; which is incompatible with Hs_; being
locally oco-transitive. O

Proof of Corollary 4.5. — By Remark 4.3.1, we conclude that each pr(N) does
not act freely on T; and hence by [B-M]; Lemma 1.4.2, pr(N)\T; is a finite tree and
Proposition 3.1 shows that I'/N has a property (T). O

Given H; < AutT;, closed, locally oo-transitive subgroups, we will always endow
T,(0o) with the Hj-invariant measure class and denote by .#4(T(00)), A6 (Ty(c0)),
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A6 (T1(00)xTy(c0)) the corresponding measure algebras, that is the algebra of classes
of Lebesgue measurable sets, where two sets are identified if they differ by a null set
(see e.g. [Ma] IV.2).

The next fundamental ingredient in the proof of the normal subgroup theorem is

Theorem 4.6. — Let T < AutT,xAutTy be a cocompact lattice such that H;:= pryT)
is locally oo-transitive and HE-OO) s of finte index in H;. Any T-invariant subalgebra of
A (T (00)xTy(00)) is one of the following algebras:

{0, Ti(00)x Ta(00)}, A& (T (00))x {Ty(00)},
{T\(00)} x At (To(00)), A (T (00)x Ty(c0)).

First we show how to deduce the normal subgroup theorem from Corollary 4.5
and Theorem 4.6.

Pm(y‘of Theorem 4.1. — Let {¢} #N < T, and T,=T N HxH), Ny =
N N H XH N; set Gi—Hi , then G; is locally oco-transitive, G\ '=G;, T, is of
finite index in T and (Remark 4.3.1) pr(To)=G,. Moreover, N, is of finite index in
N, and N being infinite (Remark 4.3.1), we have Nj # {¢}. We claim that T/Nj is
amenable. Assume the contrary; then ([Ma] IV, Theorem 4.5, Remark 2 and Lemma
4.7) there exists an infinite, [y-invariant subalgebra & C .26 (T'(00)xT5(00)) such that
NyB =B, for all B € .%. According to Theorem 4.6, we have the following possibilities
for A :

A6 (T (00)xTy(00)), AE(T1(00))x{Ta(00)}, {T1(00)} X A (To(00)).

Since NyB=B, for all B € .%, we obtain, respectively, No={¢}, Ny C {¢e}xG,,
Ny C G| x{e}, neither of which is possible by Remark 4.3.1. Thus I';/Nj is amenable
and (by Corollary 4.5) has property (T). Thus I'j/Nj is finite and so is I'/N. O

The remainder of this section is devoted to the proof of Theorem 4.6.

Let T be a locally finite tree, G < AutT a closed, locally oo-transitive
transitive subgroup, p € M!(T(co)) the Patterson density for G; in particular

(w)/du(w) = ¢ P9 where b € X is a fixed vertex and & the critical expo-
nent of G; for the properties of the Patterson density used in this section we refer
to [B-M], §1, 86, and §7. Let s € G be a hyperbolic element with attracting, resp.
repelling fixed point o, respectively §. For C € .24 (T(00)), set y(C)=T(c0) if § € C
and y(C)=0 if & ¢ C.

Lemma 4.71. — For every G € A6(T(00)) and almost every g € G, the sequence s"(gC)
converges to Y(gC) in |-measure.
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Proof — Let r : Z — X be the parametrization of the axis of s, such
that roo)=a, n0)=b; for wy,w, € T(co)\{a}, define dw,, wy):=e 2 where
(w1, w):=1im [(w; - wo)gy —k]. Then & is a complete metric on T(co)\{a}, and the latter
has finite Hausdorff dimension with respect to d. Moreover, d(sw; , sw,) = ¢ dw, , ws) for
all w; € T(co)\{a}, where £ is the translation length of 5. For A € .Z4(T(c0)), set
VA) = [ &® b du(w); then v is a Radon-measure on T(co)\{a}, equivalent to p, and

A

V(sA) = *V(A). Let C € 46(T(c0)) and assume that & is a density point of C, that
V(CNBE, g))
18 hn% —_—
= V(BE, )
distance d. For any fixed R > 0, taking into account that s"B(, R)=B(, ¢ R), we
have

=1, where B, €) is the ball centered at &, of radius €, for the

v(C N 5B, R))

Jim -1
v(s"BE, R)
V('C N BE, R))

and hence lim =1. Thus §"C converges to T(co) in v-measure and

v(BE, R))

hence in p-measure. We conclude by observing that for almost every g € G, g& is
either a density point of C or a density point of T(co)\C. O

For 1=1,2, let H; < AutT; be a closed, locally oo-transitive subgroup, W; €
M!(T,(c0)) the Patterson density as above, s; € H; a hyperbolic element, &;, o; € T;(00)
the repelling, respectively attracting, fixed point of s;, s=(s1, ¢), = (e, 52) and p=p; XHs.
For B € .26 (T (00)xTy(c0)) set

B,={n € Ti(0c0): (n, w) € B}, w € Ty(c0)
B" = {1 € Ty(00) : (n, ) € B}, n € Ty(o0)

and y,(B)= Tl(c>o)><B§l , W2(B) =B, X Ty(00).

Lemma 4.8. — For almost every g € H, xHo,

sS'gB — yi(gB), t"gB — w(gB),

and convergence holds in \-measure.

Proof. —"lirglo s"gB=wy,(gB) in p-measure is equivalent to

(*) lim do(w) A €)[Xg8 (€ 1) — X (g8)E )| =0.
Ty (o0)



176 MARC BURGER, SHAHAR MOZES

For a.e. w € Ty(c0) and g, € Hy, the set Bg_1w is measurable and (s"gB), = 5](gB).,
2

converges to Y((gB),) (Lemma 4.7). Observe that &, € (gB), iff w € (gB)* which, using
the above, implies

lim ) Ixs”gB(ga w) - X‘I’l(gB)(ga w)ldl-l(ﬁ) =0

=% T, (00

for almost every w € Ty(00), go € Hy, gt € H,. Fubini’s Theorem and the dominated
convergence theorem imply then (¥). O

Assume now that H; = HE—°°) and let I' < H, xHj be a cocompact lattice such that

pril)=H,.
Lemma 4.9. — The subgroups (s) and (1) act ergodically on T\(H;xH,).

Proof. — Consider the unitary representation ® given by the regular action of H,
on LAT\(H, xHy)) and let A C T'\(H, xH,) be an (s)-invariant measurable subset; thus
Xa 1s a 7(s)-invariant vector. Let P be the orthogonal projection on the subspace .7, of
n(H,)-invariant vectors and v:=xs — P(xa) € . Since F# - has no nonzero n(H,)-
invariant vector, Prop. 4.2 implies that & — (n(h))o, v), H| — G, vanishes at infinity.
On the other hand, & — (r(k))v, v) has constant value ||7|*> along the unbounded
subgroup (s) <H; and hence x5 — P()s)=v=0. From TH, =H, x H, we deduce that
any H;-invariant measurable function on T'\(H; x Hj) is H; X Hy-invariant and hence
essentially constant; in particular ya =P(xa) is essentially constant and therefore A is
either of measure zero or of full measure. O

The above lemma together with Birkhoff’s ergodic theorem imply,

Lemma 4.10. — For almost every h € H, xHy, the sets L>J1 Ths™" and L>Jl Tht™" are dense
n H] XHQ.

Lemma 411, — Let B8 C Ab6(T (00)xTo(00)) be a T-invariant closed subalgebra,
B €. and g € H. Then, for almost every g’ € H, we have

gvi(g'B) € B
and

gVa(g'B) € B .
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Proof. — The set

, U Fg’—ls—"=H1><H2 and
U= <{g' € H xH,: !
s"(g'B) — wi(¢g'B)
is of full measure in H;xH; (Lemma 4.10, Lemma 4.8). Given g € H,xH; and
g € U, take v, € T and ())ien, such that Jim g; =g, where g=Yg'"'s. We have

Yi=gs"g', B € £, and 7B =g(s"g'B) — gy1(¢'B). O

Proof of Theorem 4.6. — Replacing T by I'N (H(loo)xH(Qoo)) and using Remark 4.3.1,
we may assume that Hi=HE~°°).

(a) Let B’ C M(T(0)) be an H-invariant subalgebra. Then .# ' = {¢, T (c0)}
or HB'=.46(T{(x0)). Let P;=P; identifying Ti(co) with H;/P;, we deduce
([Ma] IV Proposition 2.4) that there exists a closed subgroup L; < H; with
L; D P, such that #'=.46(H;/P;, L). Since H; acts 2-transitively on H;/P;,
P; is a maximal subgroup of H; and thus L;=P; or H;, which establishes (a).

Let A& C M(T)(00)xTy(00)) be a I'-invariant subalgebra.

(b) Let B € %, and assume that the set of w € Ty(c0) s.t. B, & {0, T (c0)},
respectively, the set of § € T (00) s.t. B5¢ {¢, Ta(c0)} is of positive measure.
Then Lemma 4.11 implies that & D %8, x{Ty(00)}, respectively, & D
{T\(c0)} x.#B, where B, C A (T(c0)) is an H;invariant, non-trivial,
subalgebra and thus, by (a), %, = .46 (T ,(00)).

(c) Assume that % F {0, T (0c0)xTy(c0)}; then (b) implies that either & D
A (T1(00))x{Ty(00)} or HB D {T1(00)}x.Ab(Ty(00)). In the first (respec-
tively, the second) case, if moreover % .46 (T (00))x{Ty(c0)} (resp.,
FB +{T\(00)} x A (Ty(0)) we obtain using (b) that

FB D {T(00)} x A (Ty(0))

(respectively, B D A (T (00))x{Ty(00)})
and hence in both cases . = .44 (T (00)xTy(c0)). O

5. Applications of the Normal Subgroup Theorem

The normal subgroup theorem applies to lattices in AutT;xAutTy whose
projections are locally oco-transitive. Beside rational points of algebraic groups of rank 1,
the main source of locally oco-transitive groups are the universal groups U(F) whose
definition we briefly recall (see [B-M]; 3.2). Let d > 3, .7;=(X,Y) be the d-regular
tree, F <S; a permutation group and i: Y — {1, 2,...,d} a legal colouring.
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Then:
UF)={g € AutT,: iggogily €F, VreX}

is a closed subgroup of Aut.7}, acting transitively on X and such that, at every vertex
x € X, UF)x) < SymE(x) is permutation isomorphic to F < S;,. When F < S, is

2-transitive we have (see [B-M]s 3.1, 3.2)
(1) UF)* = UF) is of index 2 in U(F) and simple.
(2) UE)" is locally oco-transitive.

Theorem 4.1 implies then

Corollary 5.1. — Let d; > 3, ¥; < S; be 2-transitive permutation groups and

I' < UF)xUFy) be a cocompact lattice with pr{T) DO U(F,)". Then, any nontrivial normal
subgroup e + N <1 T is of finite index in T.

In general, it is difficult to determine whether a lattice has locally oco-transitive
projections; in [B-M]; Chapter 3, we have shown that under certain additional
assumptions of local nature, 2-transitive groups of tree automorphisms are oco-transitive
and, in some cases, their closure is a group U(F) of the above type. We now apply
these results to finite VH-T-complexes.

Let X be a finite VH-T-complex; we assume that the horizontal 1-skeleton X;”
and the vertical 1-skeleton X" are connected. Let d,=|E;(x)|, d,=|E,(x)|, Vx € X;
then X is a quotient 1"\(.7(1,’ X.7;) of a product of regular trees of degrees d; and d,.
Let P, <SS, and P, < S; be the “horizontal”, resp. “vertical”, permutation groups;
it follows from [B-M]; Proposition 3.2.2 that, up to conjugation, I' is contained in
UP,)xUP,). We assume both P,, P, to be transitive and let L, L,, K;, K, be the
finite permutation groups defined in §1. These groups are effectively computable in
terms of the finite complex X.

Proposition 5.2. — Assume that the permutation groups Py, P, are 2-transitive and that Ly,
L, are simple non-abelian. Then, K, ~ L' K, ~ L with (&, a,) € {0, 0), (dy— 1, d,— 1)}.

(1) If (an, a,)= (0, 0), the lattice T s reducible.
(2) If (ay, @) =(dy— 1, d,— 1), the lattice T s irreducible and T < U(P,)xU(P,) has dense
projections.

Proof. — Let H® = pr(T), HY = pry().
Since X, X\ are connected, the groups H® < Aut.7 , HY < Aut.7; are both

12

vertex transitive. Fix adjacent vertices x,y in 7 and ¥, in . By hypothesis, the
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following isomorphisms of permutation groups hold:

@

H'w~Pp, HW) ~P,

Hx,5)/HY () ~K;, HYK,y)/HY) =K,

Now we apply Prop. 3.3.1 (and the remark following it) to deduce that K, ~ Lzh,

K, ~ L with @, € {0,d, — 1}, a, € {0, d, — 1}; if 4,=0, then H® is discrete, thus
(Prop. 1.2) T is reducible and H® is discrete; the latter implies (Prop. 3.3.1 [B-M]s)
that a,=0.

If @, =d,— 1, then (Prop. 2.2.2) H¥ = U(P,), and (Prop. 1.2) T is irreducible which
implies that H? is non-discrete and hence a,=d, — 1 by Prop. 3.3.1. O

Combining Corollary 5.1 and Proposition 5.2, we obtain

Corollary 5.3. — Let X be a finite VH-T-complex as in Proposition 5.2 and assume
moreover that (ay, a))= (dy— 1, d, — 1).
Then, any nontrivial normal subgroup N <1 m,(X) is of finte index in m;(X).

Let now I' < H;xH, be a cocompact lattice, where H; < AutT; are locally
oo-transitive, H<l-°°) is assumed of finite index in H; and pr,(T) D HEOO), 1=1,2; let, as
usual, I be the intersection of all finite index subgroups of I': the subgroup I is
normal in I'. Assume that I' is not residually finite; then, (normal subgroup theorem)
) is of finite index in T' and we claim that I'™ is simple: indeed, since I** is of
finite index in T, we have pr(I>)) D HE»OO) and the normal subgroup theorem applies
to T); given e+ N < '™, the group N is of finite index in I, hence in I' and
thus N D ™). This line of reasoning leads to

Corollary 5.4. — Let X be a finite VH-T-complex satisfying the following assumptions:
(1) The horizontal and vertical 1-skeleton, X\ and Xgl), are connected.

(2) The horizontal and vertical permutation groups Py, and P, are alternating groups of degrees
dy, and d, at least 6.

(3) m(X) is not residually finite.

Let Y be the Galois covering of X associated to the intersection of all finite index subgroups

of ;i(X). Then
(1) Y s a finite, VH-T-complex.

(2) m(Y) s a simple group.
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Proof. — If m(X) < Aut7, XAut.7, is not residually finite, it has to be an
irreducible lattice, and hence, by Proposition 5.2, Corollary 5.3 applies. O

Theorem 5.5. — Let T=m,(Y) be as in Corollary 5.4; the simple group T emjoys the
Jollowing properties:

(1) T s fintely presented, torsion free.

(2) T us the fundamental group of a finate, locally CAT(0)-complex.

(3) T s of cohomological dimension 2.

4) T s biautomatic.

() T s wsomorphic to an amalgam Fxg¥ of free groups over a subgroup of finite index.

Proof. — (1), (2), and (3) are clear; (4) follows from [Ge-Sh]. To show (5), observe
that I' < U(A,))" xU(A,)" projects densely onto each component, in particular both
actions of I' on .7, and .7, have an edge as fundamental domain. O

In Section 6 we will show how to construct square complexes X satisfying the
assumptions of Corollary 5.4.

6. Embeddings, constructions of complexes and virtually simple groups

6.1. An interesting class of lattices I' C Aut'T, xAut T, are those which act freely
(see chapter 1.) and vertex transitively on T xTy. Recall that the action of a lattice I’
on the square complex T;XTy is free if and only if I" torsion free. In the sequel we
construct and modify various examples of vertex transitive torsion free lattices. Thus it
is convenient to have several ways of presenting such lattices.

Any torsion free cocompact lattice I' < AutT,; xAutTy corresponds to a finite
VH-T-square complex (see Chapter 1). Vertex transitive torsion free lattices are
precisely those corresponding to VH-T-square complexes which have a single vertex.
Thus vertex transitive torsion free lattices may be defined geometrically by constructing
l1-vertex VH-T-square complexes.

A useful tool in constructing a 1-vertex VH-T-square complex as well as describ-
ing its fundamental group, i.e. the corresponding lattice, is provided by a VH-datum.

Definition. — A VH-datum (A, B, @a, @5, R) consists of two finite sets A, B, fixed
point free involutions @4 : A — A, @3 : B — B and a subset R C AXBXAXB satisfying
conditions 1 and 2 below. Let us denote a~! =@x(a), a € A, b~' =@p(b), b€ B. The
group generated by the maps 6, p : AXBXAXB — AXxBxAxB

ola,b,d, ¥)=@"", b7 a b
pla,b,d,b)=(d,b,a, b
is isomorphic to Z/2ZxZ/2Z.
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1. Each of the 4 projections of R onto the subproducts of the form AXB or
BxA are bijective.

2. The subset R is invariant under the action of the group (o, p) and this
action on R is free.

To a given VH-datum (A, B, @4, 9g, R) one associates a one vertex VH-T-square
complex X=({x}, E, S) by defining:

E,=A, E,=B, S= {S(a,b,af,b'), S, a, 0,0

(a,b,d,b)€R}.

The origin and terminus maps E — V={x} are both the constant map u — x.
The map E — E given by u — w«!' is the orientation reversing map of graphs.
For s=su,,u,u,u € S, let 9s([¢, 7+ 1])=u. The maps o,p’ : S — S given by
O(Stug, u, u, ug) = S(u;l , ul_l , u(;l , u;l) and pl(s(uo,ul Juy, u3) = Sy, uy, u3, up) g€NETate a Dy = (s o)
action on S. Observe that X is a one vertex VH-T-square complex.

The fundamental group of a finite VH-T-square complex is finitely presented.
Starting with a VH-datum (A, B, ¢a, @5, R), a presentation for the fundamental group
I" of the corresponding square complex is given by:

F=(AUB|xx'=¢, VXE€AUB, abdt/ =¢, Y(a,b,d,b)eR).

Recall the definition in chapter 1 of the local permutation groups P, =P(xo), P, =P,(x).
The edges of the horizontal 1-skeleton of X are loops corresponding to the elements
of A, and similarly those of the vertical l-skeleton correspond to B. Thus each
element a € A, resp. b € B, defines a generator 6, € P, C Sym(B), resp. 6, € P,
C Sym(A). These permutations may be determined from the VH-datum by letting
6.0/ =b o,a")=d whenever (a, b, d,¥) € R. The fact that this indeed gives a
well defined collection of permutations, i.e. maps A — Sym(B), a — ¢,, B — Sym(A),
b +— o, follows directly from conditions 1, 2 above.

Note that these maps A — Sym(B), B — Sym(A) contain all the combinatorial
information needed to construct the l-vertex square complex X or equivalently the
VH-datum; we will refer to these two maps as the structure maps. One may formulate
certain compatibility conditions on a pair of maps A — Sym(B), B — Sym(A) which
ensure that they yield a VH-datum and hence a one-vertex VH-T-square complex.

In Section 2.2, 2.3 we described a construction of a fiber product X ® X of
VH-T-square complex with itself. When X is given by a VH-datum (A, B, @4, ¢5, R)
then X ® X is the one-vertex square complex corresponding to (AXA, BXB, @ X@a,
P XQp, ﬁ) where

R= {((“1 » @), (b, bo), (d), @), (B, bé))

(dl, bl,a’l, bll) € R
(a27b23a127b12)6R '
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6.2. Mating of complexes

We define two operations on VH-T-square complexes. The first “joins” several
one vertex VH-T-square complexes to produce a new one vertex VH-T-square
complex. The second modifies a given VH-T-square complex by performing “surgery
like” operations on it. We shall refer to the combination of these operations as “mating
of complexes”.

6.2.1. jJoining. — Let "X, 1 < ¢ < r, be one-vertex VH-T-square complexes.

M
Each of the ®X is given by a VH-datum (@A, “B, @up , Pug, (’)R). Let X= V 9X be
i=1
the one-vertex VH-T-square complex determined by the VH-datum (A, B, @a, ¢, R)
where

A= U A Pa = U Pion

=1 =1

B=|J"“B o= J ous

=1 =1

— ' ® @®, Op @,~1 @p—1 r L, 0 ® 0 0 .
R ,—L:'JI RU{(a, b, %a", b )’z:{:], ac A, Ybhe B}

Geometrically, X is obtained by gluing the square complexes ?X at the single vertex
of each and then gluing in a torus for each horizontal loop of ¥X and vertical loop
of X 14

Let 0%, : YA — Sym(“B), %y : B — Sym(“A) be the structure maps of X,
see 6.1. Then the structure maps corresponding to

X=\ X
i=1
are
¥y :A— Sym(B), W¥p:B — Sym(A)
where
A=J%, B=U"B
=1 =1
and:
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Wp(b) ‘
Wa(b) ‘

AA i,

for b € VB, .
= Opy(b).

(A

Remark. — The complex X comes equipped with monomorphisms of VH-
T-square complexes, X; — X inducing injections m;(X;) — m;(X) at the level of
fundamental groups.

6.2.2. Surgery. — Let X be a one vertex VH-T-square complex corresponding

to a VH-datum (A, B, @a, ¢, R). Given a;,a € A, (a1, b;, a9, 0) € R, 1 <1< d,
representing d distinct geometric squares and a permutation T € S;, we define a
new VH-datum (A, B, @4, @5, R) where R is obtained from R by replacing for each
1 <i<gd,

(ab bi> a, bba (a2> b;; a, bi)a (a2—1 > b:1 > ai_l 5 bg_l)z (al_l3 bll_1 > a;1 > bz_l>
by

(@, beys a2, b)), (@, 0, a1, bug), (@ by a5 67, (o S By b).

Observe that this operation indeed produces a VH-datum. Let us denote this operation
by F;

o, ap; b4, @04 I the special case where a; =ay, by F;

a; b4 One has analogous

operations Fj exchanging the roles of A and B. Geometrically, such an

,bosay..a

operation corlreSQp(I)nctlis to taking 4 squares in the geometric realization of X all
having the same horizontal boundaries a;, ay cutting each of them along a vertical
interval connecting the midpoints of @, and ay and pasting the cuts according to the
permutation T € S,.

In terms of the structure maps ¥4 : A — Sym(B), ¥p : B — Sym(A) the operation

F%, 40,5, @mounts in modifying only the permutations Wa(ai), Wa(az) € SymB; the
new structure maps are given by
~ [ by if b=4"' and 1 <i<d
Fa(@)e)= {‘PA(al)(b) otherwise.
- b, if b=b7, and 1<i<d
_ i () NN
¥a(@)0)= {\PA(@)(J)) otherwise.

~ ~ ~ _1 ~

Yalr ) =Pal@)™", Palgy)=Yal@)™,
Yu(@)=Yaa), for all a ¢ {a;, ar}.

¥y =P,
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6.2.3. Useful “building blocks” in the following construction are the l-vertex
VH-T-square complexes &; ,, k, £ > 4 even. They are given by the following VH-

datum
(AB R)hA— PP
k05 Dkt @A, 45 @B, ,, Re o) where A= qa SIS5(
lgigf
+1 e 5 2
B={bj 1<J<§} and R={ (&, B2, 4%, b7°) 1<]\§
e,8 e {£1}

6.3. The “mating of complexes” construction described in 6.2 leads to the
following embedding result:

Proposition 6.1. — Let OX, ..., "X be 1-vertex VH-T-complexes; assume that the vertical
permutation group OP, < Sy, and horizontal permutation group op, < Swy, are 2-transitive. Then
Jor any even k, £ > 4, there exists a 1-vertex VH-T-complex X wnth the following properties:

(1) There exist embeddings "X — X, 0 < i < n, and embeddings Cy, ¢, Cy 4 — X, whose
umages intersect pairwise at the single vertex of X.

(2) The horizontal and vertical permutation groups Py, < Sy, P, < S; of X, are both
2-transitive. We have

n

dy=">_ %+ k+4,
=0

d=Y_ %+ +4.

=0

(3) a) Assume dy, > 2Ody. If all groups P, consist of even permutations, then P, coincides
with the alternating group A, and otherwise with the symmetric group Sy, .
b) Assume d, > 2Od. Then the analogous assertion holds for ‘P, P,.

Proof. — Let the VH-datum corresponding to ?X, 0 < ¢ < n, be

((Z)IA‘) <ZB: Pan > Pop > <ZR) )
and the VH-datum of C,, , be

(Am,m Bm,n) (PAM’"’ (0533 aRm,ﬂ)

m,n
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(see 6.1 and 6.23). Let Y be the l-vertex VH-T-square complex obtained by
joining OX, VX .. ®X C;, and C, 4. Denote by (YA, YB, ¢v,, ¢vz, 'R) the VH-
datum of Y. The complexes "X, Cy ¢, Cy 4 are indeed embedded injectively in Y,
however, the horizontal and vertical permutation groups of Y are not even transitive.
Performing appropriate surgery operations on Y will produce a 1-vertex VH-T-square
complex X with the asserted properties. Let us denote the elements of each of the sets
YA, B, 1 <i<nby:

A — {@% (z)aj-l l 1<y @d,,/Q} )

0B — {@bj, (z)bj-l ‘ 1<j5< ('}1”/2} )

Choose some elements %2 € OA, % € OB and elements a,,a, € A, so that
a) :I:Zig,ii;l, elements ZI,ZQ € By s so that b #ZQ,ZQI and a,,ay € A4 4 so that

a)+ay,a, l, elements Zl s ZQ € B4, 4 so that Zl #ZQ, Z; ' Denote the elements of the set

(U {%|1<j< (’)d,,/Q}) U {%, @}

=1

{@)1<1<th=2+2%/2}

=1

and the elements of

(0 (s sserm)) o)

by {bj‘ 1<jg<t=2+ Z @dv/Q}. Let 1, € S, be the cycle 1,=(1,2,...,4) and 1, € §,

i=1
be the cycle t,=(1,2,...,4). Since for each 1 < i < &, (@1, b;,a; ', 5, ') € 'R and

. . . TU
correspond to distinct geometric square, we may perform the surgery F/a]; by, s, O Y.
v

Observe that we may perform the surgery E

h .
- on the resulting square complex.
15 @15 o0 O

h

Denote the resulting square complex by Y. On this square complex we perform the
surgery FQ’Q(()% - followed by % | Let X be the l-vertex VH-T-square complex
a1;0b, by

by; O, 7y
obtained via these surgery operations and (A, B, @4, ¢, R) be its VH-datum. Observe
that as the surgeries did not involve any of the squares of the VH-T-square complex
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®X,0<i<n, G and Cy 4 we have embeddings "X — X, 0<i<n, Gy, Cy 4 — X
as asserted in (1).

To verify that the permutation group P, is 2-transitive, observe first that the
element 65 =W4(@1) € Sym(B) contains the cycle (b, b; 1, ..., &, ;). Thus any element

of U “B may be moved (using an appropriate power of 67,) into OB. Also using the

=1

transitivity properties of C, 4 together with o5, every element of (1B4, , may be brought
into “B. We also have 07, =Y¥a(@1) € SymB which contains the cycle (bo,ZQ). This

together with the transitivity properties of C; ¢ allows us also to bring any element
of By, into ”B. Moreover, given any pair of elements in B, we may first bring one
of them into “B. If now the second element has not already been brought into ©B,
we may move the image of the first one within B to allow bringing the other into
OB without moving out the first element. Thus given any &, ¥’ € B, there exists some
n € P, such that n(b), n(6’) € “UB. Since, by assumption, P, is acting 2-transitively on
OB, we conclude that P, is 2-transitive on B. The argument for P, is analogous. Thus
(2) holds.

Assertion (3) follows from a theorem of Marggraf (1892) (see [Wi], Theorem
13.5) using the observation that P, (resp. “P,) is embedded in P, (resp. P;) so that its
action on OB (resp. ®A) is transitive and it fixes pointwise the complement B\”B (resp.

A\PA). O

Proposition 6.2. — Let Z be a 1-vertex VH-T-complex; then there is a 1-vertex VH-T-
complex Y such that,

(1) Z embeds into Y,

(2) the groups P},( and PZ consist of even permutations.

Proof. — Let (A, B, ¢a, 95, R) be the VH-datum corresponding to Z. Define
Y to be the VH-T-square complex corresponding to the VH-datum (A, B, ¢z, ¢3, R)
where

A=Ax{1,2},B=Bx{1, 2}, ¢z =9axid, g5 =pxid
and

R={((a,9, 6,0, (@9, #,)) | (@ b,d,})eR ije{l,2}} O
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6.4. In this section we state and prove the main results of this paper.

Theorem 6.3. — For every n > 15 and m > 19, there exists a torsion free, cocompact lattice
I' < U(Ag,)xU(Ag,,) with dense projections. Any non trivial, normal subgroup N <1 T is of finite
index in T

Progf. — We apply Proposition 6.1 to the case where n=0 and OX is the
arithmetic quotient .4, |; (see 2.4); in this case 4, =14, °P, < Sy, is permutation
isomorphic to the PSL(2, F};) action on P!(F3), %4,=18, P, < Sey, is permutation
isomorphic to the PSL(2, Fj;) action on P!(F);), in particular both groups are 2-
transitive and consist of even permutations. Let £, £ be even integers with £ > 12,
£ > 16 and let X be the complex given by Proposition 6.1. Then P,=Ay,, 2n=18+%
and P,=A,,, 2m=22 + {; moreover, the monomorphism A3 ;— X implies that
X =T\(T5.XT5,) is irreducible, and hence (Proposition 5.2) T < U(Ay,)xU(A,) has
dense projections; the last assertion follows then from Corollary 5.1. O

Definition. — A group T is virtually simple, if the intersection T°° of all finite index
subgroups of T s of finite index in T and simple.
Observe that this amounts to say that T admits a subgroup of finite index which is simple.

Theorem 6.4. — For every n > 109 and m > 150, there exists a torsion free, cocompact
lattice T < U(Ag,) X U(Ayg,) which is virtually simple.

Proof. — We apply Proposition 6.1 to the case where n=1,X=A;; |; and
X =Aj5 17 ® A3, 17 (see 2.3), and £, £ (even) > 4. As in Theorem 6.3, the resulting
complex X =T\(%,%X%,) is irreducible with P,=Ay,, P,=Ay,, 2n=214 + k, 2m=
346 + ¢; moreover (Proposition 2.4 and Corollary 2.5), "X =A,3 ;;®A3; j; has a non-
residually finite fundamental group, injecting into w;(X) which shows that all conditions
of Corollary 5.4 are satisfied and thus I' =m;(X) is virtually simple. O

Theorem 6.5. — Let Z be a 1-vertex, VH-T-complex. Then there exists a 1-vertex VH-T-
complex X such that:

(1) Z embeds into X,

(2) m(X) is virtually simple.

In particular, ™,(Z) s 1somorphic to a subgroup of m,(X).

Progf. — Applying Proposition 6.2, we may assume that Pf and Pf consist of even

permutations. We apply then Proposition 6.1 to the case n=2, "X =A;3 17, 'K =Ay3
R A3, 17, ®X =7, k={ =4 and argue as in Theorem 6.4. O
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6.5. In Section 6.4 we proved the existence of a finite VH-T-square complex
whose fundamental group is simple. Note, however, that the construction in 6.4 gives
an explicit 1-vertex VH-T-square complex X whose fundamental group is virtually
simple; to obtain the square complex having a simple fundamental group one has to
consider the maximal finite covering X(* of X. We do not know whether a general
procedure for finding the maximal finite covering of a given VH-T-square complex
with virtually simple group exists. We note, however, that for the square complexes
constructed in the proof of Theorem 6.3, there exists a Turing machine which, given
X produces X*; we do not know how to bound the size of X in function of X. In
this section we give an explicit construction of a finite VH-T-square complex whose
fundamental group is simple.

Let Y be a one vertex VH-T-square complex corresponding to a VH-datum
(A, B, @a, 95, R) and satisfying:

Ql. m(Y) < AutT;XxAutT,; is an irreducible lattice. (Where T;xT, is the
universal covering space of Y.)

Q2. The finite permutation groups P, < SymB and P, < Sym A, as well as their
respective socles are 2-transitive on the corresponding set.

Q3. Let |A| =2k and [B|=2¢ with £ > k+5+ [Kk— 1)+ k— 1]4 + 4.

Let D be the one vertex VH-T-square complex obtained from Y via D=YRY,
denote its VH-datum by (Ap, Bp, @a,, @8,, Rp). Let Y be a copy of Y associated

with VH-datum (A, E, 9%, 93, R) where for each a € A we let a € A denote the

corresponding element, analogously beB corresponds to b € B, and R= {@, b,d,b);
(a, b,d, ) € R}. We describe next how to mate these three VH-T-square complexes,
Y,D and Y, to obtain a new one vertex VH-T-square complex Z so that Z has a
covering VH-T-square complex Z having 4 vertices and described explicitly, such
that its fundamental group m;(Z)° is a simple group. The idea of the mating is
similar to the one used in the previous construction together with the observation that
we have certain explicit closed loops in the one skeleton of D representing elements of
7t;(D) which actually belong to mt;(D)°. Using appropriate mating (joining and surgery
operations) allows us to use these to construct a square complex Z for which every
(necessarily closed) path of length 2 in the horizontal or vertical 1-skeleton represents
an element of m,(Z).

Let us denote the elements of the sets A, B by:

A={a,a ' 1<i<hk}

1
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where x and x~' denote the two orientations of the same geometric edge. Correspond-
ingly we have:

1

A={a;,a ' :1<i<k}

Ap = {(aj.,aj‘.‘) t1<ij<k eme{xl}}

Bo={(&, ) : 1<ij<t emne{£1}}.

Let ®Z=Y VD VY be the join of the 3 one vertex VH-T-square complexes Y, D, Y.
To obtain Z we shall perform a sequence of surgery operations on “Z. All the surgery
operations we shall use will be of the following special type: Fj, . where 7 is the
transposition (1, 2); for each =1, 2, the boundary of ¢; is the path O¢ such that
0¢([0, 11)=0¢([3, 2]) =1, Oc([1, 2]) =0¢([0, 3]))=g. le., the geometric realization of
the subcomplex consisting of ¢, ¢; and their boundary is a pair of closed tori having
the loop corresponding to fin common. Recall that a one vertex VH-T-square complex
provides us with a natural presentation of its fundamental group. Observe that prior
to the surgery operation F, ., we had the following relations: /™~ o f=a,f af=g
between the generators corresponding to the boundary edges of the squares ¢, ¢;. In
terms of the presentation of the fundamental group of the square complex, the result
of applying the surgery operation F} is refered to by the phrase: “introduce the
relations /g f=g,f 'af=a".

As we frequently will be introducing relations:

[laf = h, fl'hf=g
f_l.ng = h, [f'hf=g

561569

f_{grf = h, f_lhrfzgr-

It will be useful to denote introducing all these relations by the notation

8.8 < hby..h,

Before listing the surgery operations which transform ©Z to Z recall that by Corollary
2.5 for any u, «, a, d € A the closed path of length 4 in the 1-skeleton of D consisting
of the edges ¢, ¢, €3, &, where ¢, =(a, u), e =(a""', ), €3 =(a’_1 s u’_l) and e, = (', u™")
represent an element of m;(D) which belongs to m; (D) = N where the intersection
is over all finite index normal subgroups of m;(D).
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6.5.1. List of surgery operations

lI. For 1 <i1<k—3:

5; -1 -1 -1 -1
@1 G20, —(a, a)ag , a)a; , a; Nai, a; )

2. For k—2<i<k

b; -1 1 -1 -1
wasama; ——a, a)a @) a4 Na,a )
_1 B 1 -1 -1 -1
3. GG\ G—2a, @, &) (@, a; N, a)a ,a )
7
—1 b -1 -1 -1 -1
4. aazaa; @, ;) , a Nai, ai)a 5 a; )
(bl 5 bl) ~ o~ ~
5. a - @me——ady- - ay
~ (b, b9)
6. ajao <> a1ay
(79
7. a ((12 ) a2) — a1y
~ [
8. al(aQ,a2)<————>a1a2
9. for 1 <1,5<k let
Bp5+[Kim 1)+j—1]4
(@), @) a
Zlc+5+[/(;(i-.1)+j-1]4+l
(@, @) — ay
1 Zk+5+[k(,'_ 1)+j—1]4+2
(ai, a] )ﬁ a)
—1 $k+5+[k(i~l)+j—l]4+3
(aia a] ) ap

10. for 1 <2<k, let

(boi+1 5 b9i+1)
a,«—aq

(boita 5 boi+o)
A a

~ (ag, ag)
11. it 5+ [hh—1)+h—1]4+4 < by
~ (a3, a3)
12. Bit 5+ [hg—1)+h—1)4+4 > b5
ay
13. (bokrs s bogrs) > be

14. (ka+3 , b2k+3) ‘L" b;
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These surgery operations performed on Z” produce a new one vertex square complex
7. with VH-datum (Az, B, ®a, 5 PB,, Rz)
Let the universal cover of Z be .7, X .7, (as usual .7, denotes the r-regular tree).

Let T'=m(Z) < Aut?7, x Aut7,, H,=pr(), 1=1,2.
Claim 6.6. — Each H; is locally 2-transitive, 1=1, 2.

Proof. — This is proved using property Q2 (2-transitivity for Y) together with
surgery operations 9, 10 for the first tree and operations 11-14 for the second tree. O

Recall the following result of A. Bochert:

Theorem 6.7. ([Bo], cf. [Wi])). — Let G be a 2-transitive group of permutations of a set
of d elements. If the size of the fixed point set of some non trivial g € G exceeds id + g\/a then
G s ather Ay or S,.

Observe that the element pri(b)) € H, fixes a vertex as well as more than
in + g\/ﬁ edges out of the n edges at that vertex. Thus we conclude using the
theorem of Bochert that for any vertex x the finite group H,(x) is the alternating group
A, (note that all the elements of H,(x) are even permutation). (A similar argument
using pro(a;) € Hy may be used to study Hy instead of H,.) Applying now [B-M];
Proposition 3.3.1 together with the fact that each H; is non discrete we conclude:

Claim 6.8. — The subgroups H; satisfy

H,=U@A,) H,=UA,). O

Thus we already know that for the fundamental group I'=m,(Z) we have that

= M N is a finite index simple normal subgroup of I'. Let Z° denote the
N<ar
fl . . .

corresponding (maximal) finite cover of Z.

Proposition 6.9. —  The subgroup T\ is the subgroup of index 4 in T generated by the
elements of T corresponding to horizontal or vertical paths of length 2.

This proposition follows using the following claims:

Claim 6.10. —  Every horizontal path of length 2 in Z represents an element belonging
to T,
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Progf. — Recall that paths of length 2 corresponds to words of length 2
in Az. Observe that for a,d,u,4 € A the path of length 4 determined by
(@, W@, W)d "', W ")d, u") represents a word belonging to m,(Yp)> and hence
also to ™. The surgery operations 1,2,3,4 imply that each of the words
Qa1 ar—9a;, l <1< k- 3, a4a3a24;, k—2 Sj < k, akak_lak_gal—l and a4a3a2a1—l
is conjugate to an element of > and thus is itself in >, This however implies that
any word of the form ad’ for a,d € A is in T, Indeed, we have

d,-_l%: (akak—1ak—24i)—l(akak—1ak—2%') er™ 1<i,j<k—3

alai=(akak_lak_gal_I)_l(akak_lak_ga,') € 1—-(00) 1 <i1<k—3.

Thus we see that in T/ the images of all the elements a;,q; where
1 < i< k— 3 are the same element, say ¢, and moreover f is its own inverse, t=¢"".
Now since for each j with £ — 2 < j < k we have aasa0a; € T we conclude using
the fact that asas € I that axa; € ) and now it is clear that for any two elements
a,d € A={a,a ' :1<i<k} we have ad € T, Applying next the conjugacy given
by surgery operation 5 we conclude that also paths of the form ad are in '™ for
any a,d € A. We turn to paths of length 2 coming from AJQD (where Ap is defined in
6.5 and Alz) means words of length 2 of elements in Ap). Here we consider again the

conjugacy provided by operations 1-4. Observe that from these now follow that the
following elements are in T**):

(@) (@ a) 1<i<k—3 (4, a) @, q")
(%) (@,a) (@ ,a) k—2<i<k (q ,a)(@ ", q")
(%, @) (g ', a; ) @', a) (@, a)

Recall that for I'p =m,(Yp) we have I'p/Tp® — A? where A =m(Y). Where the map
is the one naturally induced by viewing each edge (x,%) in Yp as an element of A%
Note also that the image is the index 4 subgroup of A? consisting of the elements of
the form (y;, ;) such that both “horizontal” and “vertical” length of v,y are even.
Thus as I'™™ N T contains I'p® as well as the elements listed in (*) we deduce that
) N Tp contains the elements:

e, ma) 1<i<k—3 (a'a',e

(*x) (e,ma) k—2<i<k (al_lafl,e)

1

—1 —1
(e, ;a, ) (@ a1, e
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Thus we may conclude that also horizontal paths of length 2 coming from A} are
in T, The conjugacies provided by surgery operations 6, 7, 8 allow us to conclude
that any horizontal path of length 2 corresponding to an element of A% represent an
element belonging to I™ (and hence corresponds to a closed path in Z(*).

Establishing the analogous assertion for vertical paths is provided by the following
general observation applied to our VH-T-square complex Z.

Lemma 6.11. — Let W be a one vertex VH-T-square complex. Let A=m(W) <

AutT, x AutTy, H;=pr(I"). Assume that each H; is locally 2-transitive. Let N < A be a
normal subgroup such that A%V C N, t.e. any horizontal path of length 2 namely a path represented
by elements of Aby={ad : a,d € A,} correspond to an element of N. Then also vertical paths of
length 2 correspond to elements of N, i.e. By C N.

Progf. — There exist some b € By and o € A%V such that bob~! & A%V in A. To
see this, observe that for any ¢ € A and b € B there exist unique ¢ € A and ¥ € B
such that ba=da'd’ thus it follows that for any 4 € B, any n > 1 and any o € A" there
is a unique ¥’ € B and an o € A" (unique when o is “reduced”) so that bo.=a'4’. The
assertion is that there is some b € B and a € A? so that the corresponding 4 € B and
d € A? such that ba=a'b’ satisfy &’ #b. If no such b and o exist then it would follow
that given any b € B the collection of ¥ € B for which there exist a, o € A" (for some
n > 1) so that bo=d'd’ consists of at most two elements. This is however impossible
since the transitivity of the action of Hy on the edges at a vertex implies in particular
that given any 4’ € B there exist some n > 1 and o, o € A” such that ba=a'b’. We
have then bob~' =o/B’ for some of € Ay ¢ B’ € Byy. This implies that B’ € N. Using
the local 2-transitivity assumption for Hy we conclude that for any ¢ B € B%V there

exist some 0O, 0y € Ay, for some r € W so that we have: o,p=pa, = ocl_lB’(x2=B.
Observe that as both o, 0y are of the same length we have o; =0y in A/N; hence B
is conjugate to B’'=¢ in A/N. Hence also B € N. O

Combining the above we obtain

Corollary 6.12. — The subgroup T is of index 4 in T. The corresponding VH-T-square
complex 7\ is the complex having 4 vertices vy, v, vy, vs. For each a € Ay we have an edge
d® with t(d®) =0, 0o(a¥)=vy and an edge a* with t(a%) = vs, 0o(a”) =1vy. For each b € By we
have an edge b0 with t(b°) = vy, o(b®) =uvs and an edge b” with t(b7) = vy, o(b?)=1v,. For each
(a, b, d, ) € Ry we have a square with vertices vy, vy, vy, v3 and edges a®, b7, a¥ b0,
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