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ANOSOV AUTOMORPHISMS ON COMPACT NILMANIFOLDS
ASSOCIATED WITH GRAPHS

S. G. DANI AND MEERA G. MAINKAR

ABSTRACT. We associate with each graph (S, F) a 2-step simply connected
nilpotent Lie group N and a lattice I' in N. We determine the group of Lie
automorphisms of N and apply the result to describe a necessary and suffi-
cient condition, in terms of the graph, for the compact nilmanifold N/I'" to
admit an Anosov automorphism. Using the criterion we obtain new exam-
ples of compact nilmanifolds admitting Anosov automorphisms, and conclude
that for every n > 17 there exist a n-dimensional 2-step simply connected
nilpotent Lie group N which is indecomposable (not a direct product of lower
dimensional nilpotent Lie groups), and a lattice I' in N such that N/T" ad-
mits an Anosov automorphism; we give also a lower bound on the number
of mutually nonisomorphic Lie groups N of a given dimension, satisfying the
condition. Necessary and sufficient conditions are also described for a compact
nilmanifold as above to admit ergodic automorphisms.

1. INTRODUCTION

Let N be a simply connected nilpotent Lie group and I' be a lattice in IV;
namely T is a discrete subgroup such that N/T" is compact. If 7 is a hyperbolic
automorphism of N such that 7(I') = T" then we get a diffeomorphism 7 of N/T,
defined by 7(2I') = 7(z)I for all z € N, which is an Anosov diffeomorphism of
the compact nilmanifold N/T". Anosov diffeomorphisms arising in this way are
called Anosov automorphisms. All known examples of Anosov diffeomorphisms
are on nilmanifolds or on manifolds finitely covered by them. Also by a result
of A. Manning [7] all Anosov diffeomorphisms on nilmanifolds are topologically
conjugate to Anosov automorphisms. This raises the question as to which compact
nilmanifolds admit Anosov automorphisms. Indeed it is easy to see that not all
of them do. A first example of such a manifold other than a torus was described
by S. Smale [I1] (the example is attributed to A. Borel). Since then there have
been several papers studying the class of compact nilmanifolds admitting Anosov
automorphisms; see [1], [3], [4], [6] and the references cited in the last two papers.

In this paper we associate a compact nilmanifold with each graph, and describe
necessary and sufficient conditions, in terms of the graph, for the manifold to ad-
mit Anosov automorphisms. This gives, in particular, new examples of compact
nilmanifolds with Anosov automorphisms.

Received by the editors February 28, 2003 and, in revised form, July 16, 2003.

2000 Mathematics Subject Classification. Primary 22E25, 58F15; Secondary 22D40, 22D45,
05C99.

The second-named author gratefully acknowledges partial support from the TIFR Alumni
Association Scholarship of the TIFR Endowment Fund.

(©2004 American Mathematical Society

2235



2236 S. G. DANI AND MEERA G. MAINKAR

Let (S, E) be a finite graph, where S is the set of vertices and E the set of edges;
equivalently F is a collection of unordered pairs of distinct vertices; the unordered
pairs will be written in the form a3, where o, 3 € S. Let V be a vector space with
S as a basis. Let A2V be the second exterior power of V and W the subspace of
A2V spanned by {a A B :a,3 € S,aB8 € E}. Let N =V @ W. Stipulating the
conditions that for any a, 8 € S, [a, 8] = a A S if af € E and 0 otherwise, and
[v,w] =0 for all v € V and w € W determines a unique Lie algebra structure on
N. Furthermore it can be seen that N is a 2-step nilpotent Lie algebra. Let N
be the simply connected Lie group with Lie algebra . We note that N can be
realised as A with the multiplication defined by

1
(vi,w1) - (v2, w2) = (V1 + vo, w1 + wa + 5[”17")2]);

for all v1,v2 € V and wy,we € W (here + denotes the addition in N).

Let I' be the subgroup of N generated by S. It can be seen that when N is
identified with A as above, as a subset I' is contained in the (additive) subgroup
of N generated by SU{3(a A B) : af € E}. In particular, I is discrete. It can
be further verified that N/T is compact. Thus T is a lattice in N, and N/T is a
compact nilmanifold; we call it the compact nilmanifold associated with (S, E).

To describe the condition for N/T" as above to admit an Anosov automorphism
we introduce the following definition. A subset S’ of S is said to be coherent if for
all a, 8 € S’ the following holds: if v € S is such that ay € E, then either v = (3
or By € E.

Theorem 1.1. Let (S, E) be a finite graph and let N/T be the compact nilmanifold
associated with (S, E). Then N/T admits an Anosov automorphism if and only if
for every a € S there exists a coherent subset S’ of S such that « € S and one of
the following conditions holds:

i) S’ has at least 3 elements; or

it) 8" = {a, B} for some B # o such that af is not an edge.

As we shall see the set S can be partitioned into maximal coherent subsets which
we call the coherent components of S; conditions (i) and (ii) in the theorem are
satisfied for some S’ containing « if and only if they are satisfied for the coherent
component of a. We determine the coherent components for various classes of
examples of graphs. Applying the theorem we then get new examples of compact
nilmanifolds with and without Anosov automorphisms; see Corollary [.4

We say that a simply connected nilpotent Lie group N is indecomposable if it
cannot be expressed as a direct product of two proper closed connected normal
subgroups; that is, if N7 and N> are two closed connected normal subgroups such
that Ny N Ny is trivial and N = N;Ns, then either Ny = N or Ny = N. Given
a simply connected nilpotent Lie group N and a lattice I' in N, N is said to
be T'-indecomposable if it cannot be expressed as a direct product of two proper
closed connected normal subgroups Ny and Ny such that Ny N T and No NT are
lattices in N7 and Nz respectively. Clearly, if NV is indecomposable, then it is T'-
indecomposable for any lattice I" in it. Since given two compact nilmanifolds Ny /T’
and N3/T'y admitting Anosov automorphisms the cartesian product (Ny x N3)/
(T'1 x ') also admits Anosov automorphisms, the classification of compact nilman-
ifolds N/T" admitting Anosov automorphisms reduces to identifying all such N/T'
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where N is I'-indecomposable. From our results on existence of Anosov automor-
phisms we deduce, in particular, the following:

Corollary 1.2. For every integer n > 17 there exists an indecomposable sim-
ply connected 2-step nilpotent Lie group N of dimension n, admitting a lattice T’
such that N/T' has an Anosov automorphism. Furthermore, if v(n) is the num-
ber of mutually nonisomorphic Lie groups satisfying this condition, then v(n) >

+(n—3v2n —17).

We show also that if for some « € S there is no coherent subset of S containing
at least two elements, namely if the coherent component of « consists only of
itself, then N/T does not admit any ergodic automorphism; that is, for any Lie
automorphism 7 of N such that 7(I') = I, the induced diffeomorphism on N/T is
not ergodic with respect to the N-invariant measure on N/I'. It will be seen that
this happens for several examples of graphs; see Corollary An example with
this property was given earlier in [5].

In the following sections we first obtain a description of the automorphism group
of the simply connected nilpotent Lie group N as above (or equivalently of the
Lie algebra N) associated with (S, E); see Theorem In particular, we get a
description of the semisimple Levi component of the automorphism group, in terms
of the coherent components of (S, E'); see Remark -4l These results may also be of
independent interest. The description of the automorphism group is then applied,
in §0l together with standard properties of Anosov automorphisms to conclude
Theorem [T

2. PRELIMINARIES

Let N be a 2-step nilpotent Lie algebra; that is, [V, [N, N]] = 0. Let N be
expressed as N' = V @ [N, N], where V is a vector subspace complementary to
[V, N]. We denote by Aut(N) the group of Lie algebra automorphisms of A. We
now obtain a decomposition of Aut(N) corresponding to the decomposition of A/
as above.

For any two vector spaces V4 and V2 we denote by Hom(V7, Va) the vector space of
all linear maps of V; into V. Let 7 : N — V be the canonical quotient linear map
with respect to the decomposition of A as above. To each § € Hom(V, [N, N])
we associate a map 79 : N' — N defined by 19(£) = £+ 6(n(€)) for all £ € N.
Clearly 79 is a linear automorphism and since for &,n € N, 7([¢,n]) = [£,n] +
0(m([¢,7m])) = [£,m], which also equals [£ + 8(7(£)),n + 8(7(n))], it follows that 75
is a Lie algebra automorphism of A/. Any automorphism arising in this way, from
some 6 € Hom(V, [N, N]), is called a shear automorphism.

Let U be the subgroup of Aut(/N') consisting of all shear automorphisms. It is
easy to see that U is a normal subgroup of Aut(N). Let T' = {7 € Aut(N) : 7(V) =
V}. We note that U N T is trivial; if § € Hom(V, [N, N]) is such that 79 € T, then
O(m(£)) =0 for all £ € N, which shows that 7y is the identity automorphism. Next,
we prove the following.

Proposition 2.1. Aut(N) is the semidirect product of the subgroups T and U.

Proof. Let 7 € Aut(N). Then there exist uniquely defined linear transformations
¢:V —=Vand ¢ :V — [N,N] such that 7(v) = ¢(v) + ¢(v) for all v € V. Since
[V,N] is 7-invariant and 7 is invertible it follows that ¢ is invertible. Now let



2238 S. G. DANI AND MEERA G. MAINKAR

6 € Hom(V, [N, N]) be the map defined by 6(v) = ¥(¢p~1(v)) for all v € V. Then
for any v € V we e 75 (r()) = 7 (6(0) + 0(0)) = 9(0) + (0) — 0(6(0)) =
¢(v), since 0(¢(v)) = ¥(v). This shows that 7, '(r(v)) € V for all V. Therefore,
Ty 17 € T, and hence 7 € UT. This proves the prop051t10n. (I

Let G be the subgroup of GL(V') consisting of the restrictions 7|V, 7 € T. We
note that V generates A as a Lie algebra, and hence 7 — 7|V is injective. Therefore,
by Proposition 2] Aut(N) is a semidirect product of G and Hom(V, [N, N]).
Hence to understand the automorphism group Aut(N) it suffices to determine G.
It may be observed that T is a Lie subgroup of Aut(N\), as it is a closed subgroup,
and since the restriction homomorphism is continuous it follows that G is a Lie
subgroup of GL(V).

We note also that V as above may be identified with A//[AN, ], via the cor-
respondence v « v + [N, N], and hence G corresponds to a Lie subgroup of
GLN/IN,N]). Tt is easy to see that the subgroup of GL(N /[N, N]) defined
in this way is independent of the choice of the subspace V' complementing [N, ]
in . In the sequel it would, however, be convenient to realise it as a subgroup of
a specific complement V', rather than as a subgroup of GL(N /[N, N]).

Now let (S, E) be a finite graph and let N be the Lie algebra associated with it,
as described in the introduction. We recall that ' =V @ W, where V is a vector
space with S as a basis and W is a subspace of A2V spanned by {a A 3 : a3 € E},
and the Lie bracket operation [, | : N'x N — N is defined to be the unique bilinear
map satisfying the following conditions:

i) for a, €S, [a, 8] =a A B if af € E and 0 otherwise;

ii) [a, BA~] =0 for all a, B,y € S

ili) [w A B,y A 0] =0 for all o, 3,7,0 € S.

We note that [A,N] = W, which is contained in the center of N, so N is a 2-step
nilpotent Lie algebra; [N, N] coincides with the center if the graph is connected.

We recall that V @ A2V is the free 2-step nilpotent Lie algebra based on V, with
the bracket operation determined by the relations [u,v] = u A v for all u,v € V,
and [v,w] = 0 for all v € V and w € A?V (see [I], for instance). The Lie algebra N/
as above is the quotient of V' @ A2V by the subspace of A2V spanned by a A 8 such
that o is not an edge; this subspace is a Lie ideal in V @ A%V, since A%V is the
center. On the other hand, the free 2-step nilpotent Lie algebra is the Lie algebra
associated to the complete graph on S, where S is a basis of V.

We conclude this section with the following characterisation of nilpotent Lie
algebras associated with graphs.

Proposition 2.2. Let N be a 2-step nilpotent Lie algebra expressed as N =V @
WV, N, where V is a vector subspace complementary to [N, N|. Let G be the
subgroup of GL(V) consisting of restrictions of Lie automorphisms of N leaving
V invariant. Let S be a basis of V', and D be the subgroup of GL(V') consisting
of all elements that are represented by diagonal matrices, with respect to S. Then
G contains D if and only if N is (up to Lie algebra isomorphism) the Lie algebra
associated with a graph (S, E) with S as above.

Proof. Tt is straightforward to verify that if A is the Lie algebra associated with
a graph (S, E) on the set S, then D is contained in G. Conversely, suppose that
G contains D. Let {Aa}aes be such that for £,m,¢,% € S, e, # ApAy unless
{&n} = {¢,¢}. Let d € D be the transformation defined by d(a) = A,« for all
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a € S. Then d € G and hence there exists 7 € Aut(N) such that 7(a) = Ay« for all
a € S. Then for any «, 8 € S, [, (] is either 0 or an eigenvector of 7 with Ay Ag as
the corresponding eigenvalue. By the choice of d these eigenvalues are distinct and
the corresponding eigenvectors are linearly independent. Let F be an edge set on .S
defined by af € E if [, 8] # 0. It is then easy to see, using the above observation,
that A/ is Lie isomorphic to the Lie algebra associated with (S, F). O

There exist examples of 2-step nilpotent Lie algebras A/ such that the subgroup
G of GL(N/|N,N]) as above does not contain all diagonal transformations (with
respect to any basis); this holds, for instance, for the Lie algebra of the Lie group
described in §3 of [5], but one can also construct substantially simpler examples. It
follows, in particular, from Proposition -2, that not all Lie algebras are associated
with graphs in our sense.

3. LIE SUBALGEBRAS OF End(V)

In this section we digress to describe Lie subalgebras of End(V') that contain
all “diagonal” transformations. Let V' be a finite-dimensional vector space with a
basis S and let D be the Lie subalgebra of End(V') consisting of all endomorphisms
that are represented by diagonal matrices with respect to the basis S.

We say that a subset © of S x S is transitive if for any a, 3,y € S such that
a # v and (a, 0),(8,7) € © we have (a,y) € ©. To each transitive subset © of
S x S we associate an equivalence relation ~ on S defined as follows: for o, § € S,
a ~ f3 if either &« = 3 or, both (a, 8) and (0, &) are contained in ©; it is clear that
~ is an equivalence relation.

For a, f € S we denote by E,g the element of End(V') such that E,3(8) = «
and E,g(§) = 0for £ € S, £ # 5. We note that for any Lie subalgebra G of End(V)
the set {(a,5) € S x S : Eqp € G} is a transitive subset of S x S.

The following result may be considered standard; a proof is included for the sake
of completeness.

Proposition 3.1. Let G be a Lie subalgebra of End(V') containing D. Let © =
{(a, 8) :a, B € S, Eap € G}. Let A be the set of equivalence classes in S with respect
to the equivalence relation associated to the transitive subset ©, and for A € A let
S\ be the corresponding equivalence class. For each X\ let V) be the subspace of V
spanned by Sx. Then

G=D& P REps=QeM,
(a,8)€©

where @ = @, .o End(V)), viewed as a Lie subalgebra of End(V') via the canonical
embedding, and M is a nilpotent Lie ideal in G. Furthermore, the elements of A
can be enumerated as \i,..., A\, so that @Kj WV, is E-invariant for every € € G
and j=1,... k. B

Proof. Let X € G. Then it can be expressed as X = Xg + Za,ﬁeS,a;ﬁﬁ AapEas,
where Xy € D and A\,3 € R. Consider any «a, 3 € S such that a # § and Anp3 # 0.
As G is a Lie algebra containing D it follows that [Eqq, [Egg, X]] € G. This shows
that )\BaEBa+/\a[3E(yﬂ € g. Also [Eﬁg, )\gaEgo(—l—)\(y@Eo(@] = )\gaEg(y—)\(,(@Eag €q.
Therefore, A\ogEqs € G and since \op # 0 we get that E,3 € G. This proves the
first equality asserted in the proposition.
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For each A € A the subset {Eng : o, € Sy} generates the Lie subalgebra
End(Vy). Since these subsets are contained in ©, it follows that the Lie algebra Q
as defined in the statement of the proposition is contained in G. The Lie algebra
End(V) can be decomposed as Q & €D, ey, Hom(Vy, Vi). It can be seen that
for each A, p, A # p, Hom(Vy,V,) is invariant under the restriction of the adjoint
action of End(V') to Q, and that the Q-action on Hom(V}, V,,) is irreducible. Since
G is a Lie subalgebra of End(V') containing Q it follows that G has the form Q @®
D yew Hom(V,, Vi), for a some subset ¥ of (A x A) \ A, where A denotes the
diagonal {(o,0) : 0 € A}. We note that ¥ is uniquely defined. Furthermore, if
(A, ) € U for some A, pn € A, then (u, A) ¢ U; otherwise the elements of Sy and S,
would be equivalent under ~, which is not the case since A and p are distinct.

Let M = @, ey Hom(V,, V). Then we have G = Q ® M. Furthermore, M
is clearly a Lie subalgebra and it is invariant under the adjoint action of Q, so it is
a Lie ideal in G.

Now consider the relation on A defined by A < p if either A = p or Hom(V,,, V3)
is contained in G. Since G is a Lie algebra, the relation is transitive. Also, the above
observation implies that it is antisymmetric. Thus it is a partial order. We can
therefore write the elements of A as A1,..., \x such that, for any i = 1,...,k, \;
is a minimal element of {A;, ..., Ax}. Then for i,j =1,...,k, i # j, Hom(Vy,, Vy,)
can be contained in G only if ¢ < j. Hence M is contained in ,_; Hom(V,, Vx,).
This shows that M is nilpotent and also that @ig ; V; is invariant under every
£eg, forall j=1,...,k This completes the proof of the proposition. O

4. DETERMINATION OF G

We now return to the graph (5, E) and the Lie algebra N associated with it, as
in {1l Let G be the group of automorphisms of N as in §2. For any o € S we define

V(o)={weS:oweE} and Qo) =Q' (o) U{0o}.

Proposition 4.1. Let I denote the identity transformation in GL(V'). Let a, 8 €
S, a # 3. Then the following conditions are equivalent:

i) I + Eop € G;

it) I +tEa3 € G for allt € R;

iii) (o) C Q(B).

Proof. 1) = iii) Let 7 = I+ E3 € G; thus 7(y) = 7 for v # 3, and 7(8) = S+ .
Consider any v ¢ Q(8). Then [3,7] = 0. As 7 € G, it is the restriction of a Lie
automorphism of N, and hence we get that [7(3), 7(7)] = 0. That is, [8+a,~] = 0.
As [8,~] = 0 this shows that [, 7] = 0. Therefore, v ¢ Q'(a), since if ay € E, then
[, 7] = a Ay # 0. This shows that ©'(a) C Q(5), so (iii) holds.

ili) = ii) Suppose that Q'(a) C Q(B). Fix any t #0 and let 7 = I +tE,3 €
GL(V). Let A%1 : A2V — A%V be the second exterior power of 7. Let W’ be the
subspace of A2V spanned by the set of all £ A 1 such that &n is not an edge. We
show that W’ is A?r-invariant. Let &, € S be such that ¢ # n and &7 is not an
edge. If neither of £ and 7 equals 3, then A%27(£ An) = £ Anp € W’'. Now suppose
¢ = 3. Then 7 # 8 and hence A27(EAN) = (B+ta)An=BAn+taAn. As B =E,
n ¢ Q(B), and since Q' (a) C Q(B), it follows that n ¢ Q'(«). Hence both 8 An and
a An are contained in W’. This shows that A27(£ An) € W’. Similarly, we see that
if n = 3, then also A%7(£ An) € W'. This shows that W’ is A27-invariant.
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It is straightforward to see that (1 ® A%7) : V@ A%V — V@ A%V is a Lie algebra
automorphism of the free 2-step nilpotent Lie algebra V @ A2V. Since N is the
quotient of V @& A2V by W', and the latter is A?7-invariant, it follows that 7 @& A2T
factors to a Lie algebra automorphism of A (one can also verify directly that the
quotient of 7 @ A% on A is a Lie algebra automorphism of N). Clearly 7 is the
restriction of this Lie automorphism to V. Hence 7 = I 4+ tE,3 € G, and so (ii)
holds.

As (ii) trivially implies (i), this completes the proof of the proposition. O

Now let G be the Lie subalgebra of End(V') corresponding to G. We define
©=0(S,E)={(a,3) €S xS:a#and Q(a) C QB)}.

We note that for any o, 8 € S, a # 3, {I +tEqs} is the one-parameter subgroup
in GL(V) corresponding to the element E,g of the Lie algebra End(V'). Hence by
Proposition 1] we get that E,p € G if and only if (o, 8) € ©. (This shows, in
particular, that © is a transitive subset, but this can also be verified directly.)

Let A = A(S, E) be the set of all equivalence classes in S with respect to the
equivalence relation associated with ©. Also for each A € A let S, be the corre-
sponding equivalence class and let V) be the subspace of V spanned by S). We
note that each Sy, A € A, is a coherent subset of S with respect to E (see §II for
definition) and that every coherent subset of S is contained in Sy for some A € A;
Sx, A € A, will be called the coherent components of S with respect to E, and the
decomposition of V' as @, Vi will be called the decomposition corresponding to
the partition into coherent components.

Since G contains D, it follows that G contains the Lie subalgebra D of End(V)
consisting of diagonal transformations, and hence by Proposition 3.1l we get that

G=D® P RE.s=(PEnd(Vy) &M,

(a,8)€0 AeA

where M is a nilpotent Lie ideal in G, and that A can be written as {A1,..., Ax} so
that ®i<j V), is &-invariant for all £ € G and j = 1,..., k. Let M be the connected
Lie subgroup of G corresponding to M. Then M is a nilpotent Lie subgroup. It
consists of unipotent elements and hence it is a closed subgroup. As M is the unique
maximal nilpotent Lie ideal in G, it is invariant under all Lie automorphisms of G,
so M is invariant under all Lie automorphisms of G. In particular, it is normal in
G. Then the connected component of the identity in G, which we denote by G°, is
given by

¢ = ([] LA - M,
AEA
where, for each A\ € A, GL*(V,) denotes the subgroup of GL(V)) consisting of all
the elements with positive determinant (the product is viewed as a subgroup of
GL(V) via the canonical embedding), and furthermore, B,.; Vi, is GP-invariant
for each j =1,...,k, where A\,..., )\, are as above.

We note that G is not connected, since the negative scalar transformations are
contained in G but they do not belong to the identity component G°. The subgroup
DG° of G is an algebraic subgroup of GL(V), and it is Zariski-connected as an
algebraic subgroup. We note that DG® = ([T oo GL(VA))- M; M is the unipotent
radical of DG® and [],c, GL(Va) is a (reductive) Levi subgroup.



2242 S. G. DANI AND MEERA G. MAINKAR

The subgroup G can be even larger than DG°. We next describe a subgroup of
G which may, in general, not be contained in DGP.

Let (S, E) be the group of symmetries of (S, E), namely permutations o of S
such that for a, 8 € S, af € E if and only if o(a)o(8) € E. Every o € X(S, E)
extends uniquely to a nonsingular linear transformation of V' and the latter can
be seen to belong to G. The elements of G arising in this way form a (finite)
subgroup which also we shall denote by X(S, F), identifying each symmetry o of
S with its extension to V. This subgroup may, in general, not be contained in
GY (see examples in {5)). However, since ¥(S, E) is contained in G, it normalises
GO. Since M is the unique maximal connected nilpotent normal Lie subgroup of
GY, it follows that (S, E) normalises M. It follows that the Lie subalgebra M of
End(V) is invariant under the action of X(S, E) C GL(V), by conjugation. Unlike
the reductive Levi component, the unipotent radical M seems to depend more
intricately, in a heuristic sense, on the specific details of the graph, and in this
respect it is useful to know that it is invariant under the symmetry group (S, E).

In the examples in §8 we shall see instances when 3(S, E) is not contained in
DG°. Tt seems plausible that (S, E) and DG always generate G, but we are
unable to ascertain this at present.

The results on the automorphism group may be summed up as follows.

Theorem 4.2. Let (S, E) be a finite graph, N be the 2-step nilpotent Lie algebra
associated with (S, E), and V and W be as in the definition of N'. Let ©(S, E) be
the subset of S x S defined as above, and let V= @y, Vi be the decomposition
of V' corresponding to the partition of S into coherent components. Then the au-
tomorphism group Aut(N) is a semidirect product of the subgroup U consisting of
shear automorphisms, and the subgroup T consisting of all automorphisms leaving
V invariant. Each 7 € T is uniquely determined by its restriction 7|y on V, and
for the Lie subgroup G = {r|y : 7 € T} of GL(V) the following conditions are
satisfied:
i) The Lie subalgebra G of End(V') corresponding to G is given by

G=D® @ RE,z.

(e,B)EO(S,E)

i) GV can be expressed as ([[,cp GLT(VA)) - M, where M is a closed connected
nilpotent normal subgroup of G.

iii) G contains ¥.(S, E) and, in particular, G° and M are normalised by X(S, E).

iv) The elements of A can be arranged as \1,...,\; so that for all j =1,... k,
@D,<; Vi is invariant under the action of G°.

Remark 4.3. As mentioned earlier the group G as above is not connected. We note,
however, that T is an algebraic subgroup of GL(A), so it has only finitely many
connected components (see [2]), and hence G has only finitely many connected
components, the identity component being as given by the theorem. The first part
of the theorem then implies also that Aut(N) has only finitely many connected
components.

Remark 4.4. Let (S, E) be a finite graph. Then, with the notation as above, the
following holds:

i) Assertion (ii) in Theorem A2 shows, in particular, that ([[ ., SL(VA)) is a
semisimple Levi component of G°. Thus G° is solvable if and only if all coherent
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components of S with respect to E are singleton sets; when GV is solvable, the
connected component of the identity in Aut(A) is also solvable.

ii) GY is a reductive Lie group if and only if for any «, 8 € S such that Q'(a) C
Q(B) we have Q' (3) C Q(«).

Remark 4.5. Tt may be noted that the graph (S, F) is not assumed to be connected.
When (S, E) is not connected, the isolated points in S (namely those from which
there is no edge) form a single coherent component, and all other coherent compo-
nents are precisely the coherent components of the connected components of (S, E)
other than isolated points.

Remark 4.6. Let (S, E) be a finite graph and let Sy, A € A be the family of its
coherent components. It is easy to see that for any A € A, if there exist «, 5 € Sy
such that o € E, then &n € FE for all £, € Sy; that is, the restriction of (S, E) to
S is either a complete graph (i.e., every pair of vertices is connected by an edge)
or it is discrete (has no edges).

Remark 4.7. Now let £ be the set of all unordered pairs Ay with A\, u € A, for
which there exist & € S\ and 8 € S, such that af € E. We call (A, &) the
coherence class graph. Let Ay be the subset of A consisting of all A such that the
restriction of (S, E) to Sy is a complete graph. In view of Remark H.6 (and the
definition of coherent subsets) the graph (A, £) and Ag together determine the graph
(S, E); given o, 8 € S, with say a € Sy and § € S,,, af € E if and only if either
A=p € Agor A# pand A\ € E. We note also that given a graph (A, £) in which
no two distinct vertices are coherent to each other, a family of positive integers
{mx}rea and a subset Ag of A there exists a graph (S, E) such that (A, &) may
be realised (up to equivalence of graphs) as the coherence class graph of (S, E), for
A € A the corresponding coherent class Sy has cardinality my, and the restriction
of (S,FE) to Sy is complete or discrete according to whether A € Ag or A ¢ Ao,
respectively; furthermore, such a graph (5, F) is unique.

5. SOME EXAMPLES OF GRAPHS

In this section we discuss the set O(S, E) and the partition into coherent com-
ponents, in respect to some classes of graphs (for the associated Lie algebra, Lie
group, etc., we follow the notation as in the preceding sections).

1. Complete graphs: Let (S, E) be a complete graph on a finite set. Then clearly
O(S,E) ={(a, ) : o, B € S,cx # [3}; hence S is a coherent set and G = GL(V).

2. Chain graphs: Consider the “chain” graphs (S, F), where S = {1,2,...,n},
n>2 and E = {k(k+1): k=1,...,n—1}. Then we see that O(S,E) =
{(1,2),(1,3),(n,n—2),(n,n—1)}. For n = 2, S is coherent, and hence G = GL(V).
For n = 3 the coherent components are {1,3} and {2}, and G can be seen to be
the parabolic subgroup of GL(V') leaving invariant the subspace spanned by the
vertices 1 and 3. For n > 4 all the coherent components are singleton sets; in this
case G is a solvable Lie group; furthermore, [G°, GY] coincides with the nilradical
M and is commutative.

3. Cycles: Let (S, E) be the cycle graph on n vertices, where n > 3, namely
S={1,2,...,n}and E={k(k+1):k=1,....,n—1}U{nl}. Forn =3, (S, E) is
a complete graph, considered in 1 above. For n =4, (S, E) = {(i,7) : |i — j| = 2}
and hence the coherent components are {1,3} and {2,4}. The group G can be
seen to be generated by GL(V1) x GL(V;) where V; and V4 are the subspaces of V/



2244 S. G. DANI AND MEERA G. MAINKAR

spanned by the subsets S; = {1,3} and Sy = {2, 4}, together with the permutation
o =(1,2)(3,4) (product of the two transpositions).

For n > 5, ©(S, E) can be seen to be empty; consequently, all coherent com-
ponents are singletons. In this case G' can be seen to be generated by D and the
permutation (1,2,...,n) (since G contains D as a normal subgroup it follows that
it is generated by D and the permutations contained in it, and the latter can be
seen to be contained in the subgroup generated by the (1,2,...,n)).

4. Trees: A tree is a connected graph (S, F) having no subgraph which is a
cycle. In this case it can be seen that two end vertices (through which there is only
one edge) belong to the same coherent component if they belong to the same final
branch (namely if the other vertex of the edges is common); each of the interior
vertices (other than end vertices) constitutes a coherent component by itself.

5. Complete bipartite graphs and “clump” graphs: Let S be a disjoint union of
two subsets 57 and Sy, each containing at least two elements, and let F consist of
af such that one of @ and 3 belongs to S7 and the other belongs to S3. This is called
a bipartite graph. In this case (S, E) = {(a, 8) : o, B € S1}U{(a, B) : a0, B € Sa}.
A more general class of graphs of this kind may be defined as follows: Let S be
a set which is a disjoint union of subsets S1,S55, ..., Sk, where k > 2 and each S;
has at least two elements. Let £ be the edge set of a connected graph on the set
{1,...,k}. We define the set E of edges on S to consist of unordered pairs a3
where a € S; and § € S; for some 4,5 € {1,...,k}, such that (i # j and) ij € £.
(This reduces to the bipartite graph when k = 2.) A graph (S, F) arising in this
way, we shall call a clump graph. In this case

O(S,E) = U {(,B) : € Si, B € S},
i,5€{1,...k}, Q(G)C ()
where '(j) are as defined in §d] for the graph ({1,...,k},&). It follows that
S1,...,Sk are coherent subsets; the coherent component of S containing S;, i =
1,...,k, is given by UQ/(j)=Q’(i) S;.

6. “Magnet” graphs: Let S be a finite set and C' a subset of S such that at least
two elements of S are not contained in C. Consider the graph E on S given by the
condition that a3 is an edge, for «, 5 € S with « # [ if at least one of a and [ is
contained in C; we call C the core of the graph. In this case it can be seen that
the partition of S into coherent components consists of the partition into C' and its
complement in S.

7. “Complementary” graphs: Let (S, E) be a finite graph and (S, E) the graph
over the same set of vertices, defined by the condition that, for o, 3 € S, a8 € F
if and only if o3 is not an edge in F; namely the set of edges of E and E are
complementary to each other; we call (S, E) the complementary graph of (S, E). Tt
is easy to see that the coherent components of S with respect to E and E are the
same.

6. ANOSOV AUTOMORPHISMS AND ERGODIC AUTOMORPHISMS OF N/T'

We now discuss the implications of Theorem [£2] for Anosov automorphisms and
ergodic automorphisms of N/I', and prove Theorem [Tl

Let (S, E) be a finite graph and N/T" be the compact nilmanifold associated
with it, N and T being as defined in §I1 Let N be the Lie algebra of N in the
form described in Il Let V and W be as in the definition of N, so N =V @ W.
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Let @ be the subgroup of A/ (with respect to addition) generated by the subset
SuU {%(a/\ﬁ) ca,8 € S,aB € E}. When N is realised as N with the multiplication
as described in {1l the group of Lie automorphisms of N is the same as Aut(N) (in
fact, the identity map of A is the corresponding exponential map). Also, ® is a
subgroup of N and I is the smallest subgroup such that I'[®, ®] = &. Hence N/T’
admits an Anosov automorphism if and only if there exists 7 € Aut(N') such that
7 is a hyperbolic linear transformation of A" and 7(®) = ®.

Lemma 6.1. Let A be the set of coherent components and let Ay,...,\p be an
enumeration of A such that assertion (iv) of Theorem holds. For each j =
...,k let Nj = (®i<j Va,)® W ; also let No = W. Let T be a Lie automorphism
of N contained in the connected component of the identity in Aut(N). Then each
Nj is invariant under the action of 7. If T(®) = ®, then for all j = 1,...,k the
determinant of the action of 7 on Nj is 1.

Proof. The connected component of the identity in Aut(N) is the semidirect prod-
uct of the identity component of T and U, where T and U are the subgroups as in
Theorem The first assertion in the lemma therefore follows immediately from
assertion (iv) of that theorem. Now suppose that 7(®) = ®. Observe that for each
j=1,....k, NjN® is a lattice in N;, and it is invariant under the action of 7.
This implies the second assertion. (I

Proof of Theorem [[1l. Suppose that for each o € S there exists a coherent subset
S’ such that (i) or (ii) holds. Let Sx, A € A be the coherent components of S with
respect to E (see ). As every coherent subset of S is contained in a coherent
component Sy, for some A € A, it follows that for each A € A either |Sy| > 3, or
Sy = {«, 8} for some a, 8 € S such that af is not an edge.

As before let V) be the subspace of V' spanned by Sx. Hence V' = P, Va. For
each A € A let @, be the subgroup of V) generated by Sy. A transformation from
GL(Vy) leaves invariant the subgroup ®, if and only if the matrix representing it
with respect to the basis Sy belongs to GL(dx,Z) (nonsingular integral matrices
with determinant 1), where dy = |S\|. Therefore, for every A such that |[Sx| > 3
there exists gy € GL(Vy) such that gx(®) = ®,, and the eigenvalues of g, as
well as pairwise products of the eigenvalues are of absolute value different from
1; existence of such elements can be deduced from the theorem of Gopal Prasad
and Raghunathan [9] using the fact that SL(d,Z) is a lattice in SL(d,R) (see [3]
for an idea of the argument); alternatively explicit examples may be constructed
in low dimensions (3,4 and 5) and put together. For A such that |Sx| = 2 let gy
be any hyperbolic element in SL(Vy) such that gx(®y) = ®5. We choose natural
numbers jx, A € A, such that if A\ and p are distinct elements of A and a and b are
eigenvalues of g, and g, respectively then |a/*b’| # 1. Now let g € GL(V) be the
element whose restriction to V) is gi*, for each \ € A.

By Theorem B2 the element g as above is contained in the subgroup G of GL(V),
in the notation of the last section, and hence there exists 7 € Aut(N') such that g is
the restriction of 7 to V. Since g leaves invariant the subgroup of V' generated by S
it follows that 7(®) = ®. We show that 7 is hyperbolic as a linear transformation.
Suppose if possible that it has an eigenvalue, say ¢, of absolute value 1. Since g
has no eigenvalues of absolute value 1, it follows that ¢ must be an eigenvalue of
the restriction of 7 to W. Then there exists a nonzero T-invariant subspace W’
of W such that all eigenvalues of 7 on W’ are of absolute value 1. We note that
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W =[N, N =[V.V] =32, ,ea VA, Viu]. For any A, pu € A, [Vy, V] is 7-invariant.
Furthermore, the absolute values of the eigenvalues of 7 over [V}, V,,] are products of
absolute values of the eigenvalues of 7 over V) and V},. The conditions in the choice
of g therefore imply that for A, p € A the restriction of 7 to [Vy, V,,] has an eigenvalue
of absolute value 1 only if A = v and |Sy| = 2. This implies that W’ is contained in
ZA€A7|S>\|=2 [Vix, VA], as may be seen by considering the quotient of W modulo the
latter subspace. Since W’ is nonzero, we get, in particular, that there exists A\g € A
such that |Sy,| = 2 and [V}, Vi,] is nonzero. Let Sy, = {e, 8}. Then [V),, V3] is
the subspace spanned by [a, 3]. Therefore, the preceding conclusion implies that
[, B] # 0. But since {a, 8} = Sy,, by the condition in the hypothesis o/ is not
an edge, and hence [, 5] = 0. The contradiction shows that 7 is hyperbolic. Since
7 € Aut(N) and 7(®) = @, as noted earlier this implies that N/T" admits an Anosov
automorphism.

Now suppose conversely that N/I' admits an Anosov automorphism. Hence
there exists 7 € Aut(N) such that 7 is a hyperbolic linear transformation of A
and 7(®) = ®. Since Aut(N) has only finitely many connected components (see
Remark EZ3) by replacing T by a suitable power we may assume that 7 is contained
in the connected component of the identity in Aut(N). Let N, j = 1,...,k,
be defined as in Lemma [E1l Then by the lemma, for each j = 1,...,k, N is
T-invariant and the determinant of the restriction of 7 to any N is £1.

Suppose first that there exists A € A, say A = A;, such that S) is a singleton set.
Then V) is one-dimensional. Since N; = N;_1 ® V) the one-dimensionality of Vy
together with the above conclusion implies that 7 has +1 as an eigenvalue. This is
a contradiction, since by assumption 7 is hyperbolic. Hence each S has at least
two elements.

Next suppose that there exists A € A such that S\ = {a, 8}, with a, 8 € S and
aff € E. Let j, 1 < j <k, be such that A = \; and consider the action of 7 on
N;/N;_1. The latter is two-dimensional and since 7 is hyperbolic, it follows that
the action has two distinct real eigenvalues, say #; and 6>. Furthermore, the above
observation on the determinants implies that #1602 = 1. Therefore, there exist
v1,v2 € V such that 7(v;) = 6;v; + x;, where z; € N;_q, for i = 1,2. We can
write v;, @ = 1,2, as v; = a;« + b; 0 where a;,b; € R. Then [v1, v2] = d[e, 3], where
d = (a1ba — azby). Since 67 and 0 are distinct, v; and vy are linearly independent
and hence § # 0. Now

T([v1,02]) = [7(01), 7(v2)] = [Bhvr + 21, 0202 + 3] = 0:1602[01, v2] + 1,
where z is an element of [Nj, N;_1]. Therefore,
T([avﬂ]) = 9192[a7ﬂ] + 671‘% = C[avﬂ] + xlv

where ¢ = 6102 = £1 and 2/ = § 'z € [N;,N;_1]. We note that since o3 € E,
[a, 8] = a A B, and that it is not contained in [N, N;_;]. This shows that the
action of 7 on [N, N;] has ¢ = £1 as an eigenvalue. This is a contradiction, since
by assumption 7 is hyperbolic. This shows that if for some A € A, Sy = {«, 8},
with « # 3, then af is not an edge. This completes the proof of the theorem. [J

Theorem can be applied similarly, in fact in a simpler way, to get a char-
acterisation of compact nilmanifolds admitting ergodic automorphisms. Let (S, F)
be a finite graph and let N/T' be the compact nilmanifold associated with it, as
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defined in §Il. We recall that an automorphism of N/T is ergodic (with respect to
the unique probability measure invariant under the action of N by translations) if
and only if its factor on N/[N, NI is ergodic (see [8]). When N is realised as N
as before, this means, together with the criterion for ergodicity of toral automor-
phisms, that the automorphism of N/T defined by 7 € Aut(N) such that 7(T') =T
is ergodic if and only if the factor of 7 on V has no eigenvalue which is a root of
unity. Therefore, from Theorem [4:2] we can deduce the following.

Theorem 6.2. Let N/T be the compact nilmanifold associated with a finite graph
(S,E). Then N/T admits an ergodic automorphism if and only if every o € S is
contained in a coherent subset S’ containing at least two elements.

Proof. As before let Sy, A € A, be the partition of S into coherent components, and
V) be the subspace of V' spanned by S). Suppose that every Sy has at least two
elements; this is equivalent to the second condition in the theorem. Let A denote
the subgroup of V' generated by S. For each A let gy € SL(V)) be an element such
that gx(Va N A) = VAN A and g, has no eigenvalue which is a root of unity; it
is easy to see that such a choice may be made. Let g € GL(V) be the element
whose restriction to Vj is gy, for each \. By Theorem [£2] g is the restriction of
an (unique) automorphism of N, say 7 € Aut(N). Since g(A) = A, it follows that
7(I') =T and hence 7 induces an automorphism, say 7, of N/I'. By the criterion
recalled above and the choice of ¢ it follows that 7 is ergodic. This proves the “if”
part of the theorem.

Now suppose that N/T" admits an ergodic automorphism. Thus there exists
7 € Aut(N) such that 7(®) = ® and the factor of 7 on V has no eigenvalue which
is a root of unity; here @ is the subgroup of N coinciding with T" when N is realised
as N. As Aut(N) has only finitely many connected components, by replacing T by
a suitable power we may assume that 7 is contained in the identity component of
Aut(N). Let Nj, j = 1,...,k, be defined as in Lemma [T} hence for each j the
subspace N; is 7-invariant and the determinant of the restriction of 7 to any N is
+1. Now suppose that there exists A € A, say A = A; such that S is a singleton.
Then V) is one-dimensional. As N'j = N ;_; @ Vy the preceding conclusion implies
that 1 is an eigenvalue of the factor of 7 on V' = N /W. But this contradicts the
ergodicity condition. Therefore, every S has at least two elements. O

Remark 6.3. Let (S, E) be a connected graph, where S is a set with at least 3
elements. Suppose that all coherent components have at least 2 elements. Then
every a € S is contained in a 3-cycle or a 4-cycle in (S, F). This may be seen as
follows: For &,n € S we write £ ~ n if they are coherent to each other, namely in
the same coherent component. Let a € S be given. As S is connected, there exists
B € S such that a8 € E. Suppose first that a ~ (. Since (S, E) is connected, there
exists v € S\ {a, B} such that either oy € FE or Sy € E. Since a ~ [ it follows
that af3, 57, vya € F; in this case « is contained in a 3-cycle. Now suppose that a
and [ are not coherent to each other. As each coherent component has at least two
elements, we can choose o/, 3 € S such that o/ ~ o and 8’ ~ 3. As « and 3 are
not coherent to each other it follows that o/, 3" € S\ {«a, 5} and o/ # . Tt is easy
to see that then {«, 3,0/, 5’} is a 4-cycle. This proves the claim.

Together with the observations in the last section, Theorems [T and [6.2] imply
the following corollary.
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Corollary 6.4. Let (S,E) be a finite connected graph and N/T' be the compact
nilmanifold associated with it. Suppose that S has at least 3 elements. Then we
have the following:

i) if there exists o € S which is not contained in a p-cycle where p =3 or 4 (e.g.
if (S, E) is chain graph or a tree graph, or a cycle graph on n > 5 vertices), then
N/T does not admit any ergodic automorphism;

i) if (S, E) is a complete graph or a clump graph, then N/T' admits an Anosov
automorphism.

i11) if (S, E) is a magnet graph, then N/T' admits an Anosov automorphism if
and only the core has at least 3 elements.

We note that if S is a set with two elements and (S, E) is the (unique) connected
chain graph on it, then N is the 3-dimensional Heisenberg group, and in this case
N/T admits an ergodic automorphism but not an Anosov automorphism. The
assertion in (i) for chain graphs over n > 3 vertices in turn implies the following.

Corollary 6.5. Let U be the group of all unipotent upper triangular d X d matrices,
where d > 4, and let T be a lattice in U. Then U/T' does not admit any ergodic
automorphism. In particular, it does not admit any Anosov automorphism.

Proof. We note that every lattice in U is arithmetic (see [I0]) and hence it suf-
fices to prove the assertion for the lattice I' consisting of integral matrices in U.
Let N = U/[U,[U,U]]. Through an inspection of the matrix representation it is
easy to see that IV is then the simply connected nilpotent Lie group associated
with the chain graph over d — 1 vertices; this may be realised, for instance, by
taking S = {FE12,...,Eg—1)a} (in that order). Also, [U,[U,U]]I" is closed and
I = [U,[U,U|/[U,[U,U]] is a lattice in N, and it is the lattice associated with
the graph. Therefore N/T” does not admit any ergodic automorphism. Since any
ergodic automorphism of U/T" would factor to an ergodic automorphism of N/T”,
it follows that U/T" also does not admit any ergodic automorphism. O

We note that the cycle graphs over n > 5 vertices are included in (i), the 3-
cycle which is a complete graph, is included in (ii), and the 4-cycle is also included
in (ii), as it is a clump graph with k£ = 2 and (i.e., a bipartite graph with) S; and
So consisting of the alternate vertices in the cycle.

In the case of the complete graphs, which includes also the cycle graph over 3
vertices, the existence of Anosov automorphisms was known earlier (see [I]). The
other examples given in Corollary [E4(ii) and (iii) are not found in literature. We
note that the 4-cycle graph which is the simplest from these, gives an example of
an 8-dimensional compact nilmanifold N/I" admitting an Anosov automorphism.

We note also the following. Let (S, E) be a finite graph and let (S, E) be the
complementary graph (see §5). Let N/T' and N /T be the compact nilmanifolds
associated with (S, E) and (S, E) respectively. Recall that the decomposition of
S into coherent components is the same with respect to F and E. If each of the
coherent components has at least three elements, then both N/T" and N / I admit
Anosov automorphisms. If there are singleton coherent components, then neither
admits Anosov automorphisms. If there are no singleton coherent components but
there are coherent components with two elements, existence of Anosov automor-
phisms will depend on the edge configuration and it may happen that one of them
or neither may admit Anosov automorphisms.
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We shall now apply Corollary to deduce Corollary[L.2. For this we need the
following lemma.

Lemma 6.6. Let (S, E) be a connected graph. Then the simply connected nilpotent
Lie group N associated with (S, E) is indecomposable.

Proof. Let N1 and N5 be closed connected normal subgroups of N such that N1 N
Ny is trivial and N = N;Ny. Without loss of generality, we may assume that
N; is nontrivial. Let N be the Lie algebra corresponding to N, namely the Lie
algebra associated with (S, F), and let Ny and N5 be the Lie subalgebras of N
corresponding to Ny and Ny respectively. Recall that N' = V @& W (notation as
in and let V1 and V5 be the projections of A'; and A3 respectively, on V. Since
elements of A'1 and A9 commute with each other and W is contained in the center
it follows that [v1,v2] = 0 for all v; € Vi and vy € Vi, Let S (respectively S2)
be the subset consisting of all « in S such that there exists v in V; (respectively
in V5) such that v = aa + 3 g esq @ § With @ # 0. Since Ny is nontrivial, it
follows that S7 is nonempty. Suppose if possible that Ss \ S is nonempty. As the
graph is connected we can then find o € S; and § € S \ S7 such that af € E.
Hence there exist v1 € V4 and vs € V5 such that v;1 = a1 + desh#a ag & and
vy = a1 + 2%52’77#3 an 1, with a; and as nonzero. Since § ¢ 51, it follows that
[v1,v2] = a1az]a, O] + w, where w is contained in the subspace of W spanned by
{[&n] : &,mn € S,€ A # a A B}. Since ajas is nonzero, this implies that [v1, vs]
is nonzero, which is a contradiction to the observation above. Therefore, Ss \ S1
is empty, which means that S, C S; and hence S; = S. Thus for all a € S there
exists a v, € Vi whose a-coordinate is nonzero. Since S; = S, taking a suitable
linear combination of such vectors, we get a v € Vi with v = Y ¢ aqa with
aq # 0 for all o € S. We shall deduce from this that V4 = V. Let v' = 37, ¢ bef
be any element of V5. Then we have [v,v'] = 0, which implies that if o, 3 € S
and off € E, then anbs — agb, = 0, and hence bo/an = bg/ag. Since the graph
is connected, this shows that b, /a, is the same for all & € S which means that
v’ is a multiple of v, and, in particular, belongs to V4. As this applies to every
element v’ of V5, we get that V5 is contained in Vi, and hence Vi = V, as sought
to be shown. The conclusion means that Ay + W = V + W = N. Recall that
W = [N, N]. Substituting for N' as N'; + W from the last equation we get that
W =[N1+W,N1+W] C Ny, and hence N' = N1+ W = N;. Therefore, Ny = N;
this proves the lemma. O

Proof of Corollary[l2l For each finite graph (S, E) let d(S, E) denote the the sum
of the cardinalities of S and FE. We note that d(S, E) is the dimension of the simply
connected Lie group associated with (S, E'). Let D denote the set of integers n such
that there exists a connected graph (S, E') such that d(S, E) = n, and the compact
nilmanifold associated with it admits an Anosov automorphism. We show that all
integers n > 17 are contained in D. In view of Lemma B.6] this would imply the first
assertion in the corollary. We shall also consider along the way the number v(n) of
compact nilmanifolds of dimension n arising in this way, and prove the estimate as
in the statement of the corollary.

Consider the following parametrised family of graphs. Let S be a set which
is a union of subsets Si,..., Sk, Sgt1, where k& > 1, Si,..., Sk consist of two el-
ements each, and Siy1 has ¢ > 2 elements. Let £ be a set of unordered pairs
of elements from {1,...,k,k + 1} such that the following conditions are satisfied:
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i) ({1,...,k+1},&) is a connected graph, ii) the vertex k + 1 is on only one edge.
Consider the clump graph (S,E) on S = Uf:ll S; corresponding to the graph
({1,...,k+1},&) (see §Al item 5, for definition). Let p be the number of edges in
£ involving only the vertices 1,..., k. Clearly, the number of edges in F is 4p + 2q.
Hence d(S, E) = 2k+3g+4p. By Corollary B4 the compact nilmanifolds associated
with clump graphs admit Anosov automorphisms, so we get that 2k + 3¢ + 4p is
contained in D; in this £ > 1 and ¢ > 2 can be chosen arbitrarily, and p, which is
the number of edges of a connected graph on {1,...,k} ranges between k — 1 and
%(k— 1)k. In particular, choosing k = 4 we get that {3¢+4p+8:3 <p <5,¢>2}
is contained in D. It can be verified that this set contains all integers n > 32.

Before going over to proving the first statement in the corollary for lower values
of n, we shall deduce a lower bound on v(n), using the above family of graphs.
Let an integer n be given. We choose ¢ = 2 if n is even and ¢ = 3 if n is odd.
As d(S, E) = 2k + 3¢ + 4p, the condition for it to equal n is k + 2p = m, where
m = (n —6)/2 if n is even, and (n — 9)/2 if n is odd. For any integer k with
the same parity as m contained in the interval [\/m, 2(m + 2)] we get an integer
psuch that k+2p=mand k-1 <p < %(k‘ — 1)k. For each of these values of
k we get a connected graph (S, FE) as above for which d(S, E) = n. We note also
that for distinct graphs from this family the associated nilpotent Lie groups are
nonisomorphic as the dimensions of their commutators are different. This shows
that v(n) > 1(3(m+2) — /m—2) > & (n — 3v2n —17) for all n. This proves the
second assertion in the corollary.

To complete the proof of the first part we now produce examples showing that
all integers from 17 to 31, are contained in the set D as above. In each of the
examples below the existence of Anosov automorphisms follows from Corollary

First we note that choosing k = 3 in the family of graphs introduced above, and
taking p to be 2 or 3 as is admissible, we get that {20, 23, 26,29} and {24, 27,30}
are contained in D. For k = 2, we can choose p = 1 and this gives that 17 also
belongs to D.

Now let S be a set consisting of 10 elements and Si,S2 and S3 be mutually
disjoint subsets consisting of 2, 3 and 5 elements respectively. Let ({1,2,3},&) be
the graph with edges connecting 1 with 2 and 2 with 3. Consider the clump graph
(S, E) corresponding to the graph ({1,2,3},€). The number of edges is 21. This
shows that 31 is contained in D. The bipartite graph on a set S of 7 elements
partitioned into subsets of 3 and 4 elements yields that 19 belongs to D.

The complete graphs on sets of 6 and 7 vertices provide examples with d(S, E) =
21 and 28 respectively, thus showing that 21 and 28 are contained in D.

Consider a magnet graph (S, E) (see §5] item 6, for definition), with C' as the
core subset. If S has 7 elements and C has 4, then d(S,E) = 25. If S has 7
elements and C has 3 elements, then d(S, F) = 22, and if S has 6 elements and C
has 3 elements, then d(S, E) = 18. Thus 18,22 and 25 are also contained in D.

Together the above observations show that D contains all integers n > 17. This
completes the proof of the corollary. O

Remark 6.7. It may also be noted that the lower bound for v(n) obtained above is
tentative and there is scope for improving it by considering other classes of graphs.
Recall that in the proof mutual nonisomorphism of the Lie groups is ensured by the
stronger condition of the dimensions of their commutators being different. In this
respect we note that for a given n, the number of distinct m for which there exists
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a nilpotent group N associated to a connected graph with no singleton coherent
component, with N of dimension n and N/[N, N] of dimension m, is at most
Lin+2)
3 .

Remark 6.8. Let D be the set of integers as in the proof of Corollary [[.2l The
case with £ = 1 in the parametrised family of graphs, as in the proof, shows that
8,11 and 14 are contained in D. The complete graphs on 3,4 and 5 vertices yield,
respectively that 6, 10 and 15 are contained in D. It can be seen that the remaining
values up to 16 do not belong to D; we omit the details of the verification.

We note that for some of the low values of dimensions not belonging to D there
could exist compact nilmanifolds N/I" (that are not associated with graphs) admit-
ting Anosov automorphisms, with N a 2-step simply connected nilpotent Lie group
that is T-indecomposable (see §] for definition), or even indecomposable, I' being
a lattice in N. In principle this can be analysed using information on the structure
of Lie groups and their representations in low dimensions; we shall, however, not
go into it here, as the details turn out to be too cumbersome.

For dimensions 9 and 12 there exist compact nilmanifolds associated with con-
nected graphs which admit ergodic automorphisms, though not Anosov automor-
phisms; these we get from magnet graphs over 4 and 5 vertices, with a core subset
consisting of two elements in each case. And of course in dimension 3 the line graph
on 2 vertices provides another such example; it is a quotient of the Heisenberg group.
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