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EXPANDING MAPS ON INFRA-NILMANIFOLDS
OF HOMOGENEOUS TYPE

KAREL DEKIMPE AND KYUNG BAI LEE

ABSTRACT. In this paper we investigate expanding maps on infra-nilmanifolds.
Such manifolds are obtained as a quotient F\L, where L is a connected and
simply connected nilpotent Lie group and E is a torsion-free uniform discrete
subgroup of LxC, with C' a compact subgroup of Aut(L). We show that if
the Lie algebra of L is homogeneous (i.e., graded and generated by elements of
degree 1), then the corresponding infra-nilmanifolds admit an expanding map.
This is a generalization of the result of H. Lee and K. B. Lee, who treated the
2-step nilpotent case.

1. INTRODUCTION

Let L be a connected and simply connected nilpotent Lie group and let C be a
compact subgroup of Aut(L), the group of continuous automorphisms of L. The
group Lx Aut(L), and therefore also LxC, acts on L as follows:

Vm,n e L, Yo € Aut(L) : ™Pm =n-o(m).

A uniform discrete subgroup of LxC is called an almost-crystallographic group. A
torsion-free almost-crystallographic group is called an almost-Bieberbach group. If
E is an almost-Bieberbach group, then the quotient space E\ L is a closed manifold,
which is called an infra-nilmanifold.

If E is an almost-Bieberbach group and if ¢ € Aut(L) is such that ¢y Eyp~1 C
E, then 1 induces a differentiable map on F\L. Such a map is called an infra-
nilmanifold endomorphism. Note that ¢Ew~! can be a proper subgroup of E.

Let M be a smooth closed manifold. A C'-endomorphism f : M — M is
said to be an expanding map if there exist constants C' > 0 and g > 1 such that
IDf™(v)|| > Cu™||v||, Vv € TM, for some Riemannian metric || || on M. In [3] it
was shown that any expanding map of a compact manifold is topologically conju-
gate to an expanding infra-nilmanifold endomorphism. This is an infra-nilmanifold
endomorphism which is induced by a Lie group automorphism all of whose eigen-
values (these are the eigenvalues of the corresponding automorphism on the Lie
algebra) are of modulus > 1.

In this paper, we will establish the existence of an expanding map for an elab-
orated class of infra-nilmanifolds, significantly generalizing the results obtained in

.
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In fact, the class of infra-nilmanifolds we will consider is the class of infra-
nilmanifolds of homogeneous type, which will be defined below. That this class
is the natural class to investigate follows directly from the results of [5]. The main
result of this paper is Theorem [5.1] stating that any infra-nilmanifold of homoge-
neous type admits an expanding map.

Let us begin by recalling a few basic facts about almost-Bieberbach groups. We
refer to [1] for details about these results and for further references concerning
almost-Bieberbach groups.

Let E C LxC be an almost-crystallographic group. Then N = FNL is a
torsion-free finitely generated nilpotent group. Moreover NV is the Fitting subgroup
of E, N is maximal nilpotent in E' and N is of finite index in E. The quotient
group F'= E/N is called the holonomy group of E. Conversely, let

1-N—-F—>F—1

be an extension of groups with F' finite, N finitely generated, torsion-free and
maximal nilpotent in E. Then F is isomorphic to an almost-crystallographic group.
(We will say that F is an abstract almost-crystallographic group.) The almost-
Bieberbach groups share a rather strong uniqueness property:

Theorem 1.1 ([8]). Let Eq, E2 C Lx Aut(L) be two almost-crystallographic groups.
Then any isomorphism ¢ : By — FEs is induced by conjugation by an element of
Lx Aut(L).

This theorem implies that an infra-nilmanifold is completely determined by its
fundamental group and that for our purposes we can always replace a given almost-
Bieberbach group in Lx Aut(L) by any of its isomorphic copies.

2. RADICABLE HULLS AND MAL’CEV COMPLETIONS

In this section, we recall and apply the theory of canonical bases of torsion-free
nilpotent groups. We refer the reader to [4] and [6, pp. 120ff] for the details.

Let N be a finitely generated torsion-free nilpotent group. By refining the upper
central series of N we can find a central series

N=NDN2DN3DONs2D---DNg2Ngy1=1
with N;/N;41 2 Z, for each i = 1,2,...,d. It follows that it is possible to choose a
generating set
ai, a2, az, ...,Gq
in such a way that NV; is the group generated by a; and N,y1 (Vi = 1,2,...,d).

We will refer to a = (a1, as,...,aq) as a canonical basis of N. Given a canonical
basis a of N, any element n € N is uniquely expressible as a product

n=aj'ay’---a;’, with z1,29,...,24 € Z,
and we will call Z = (21, 22, .. ., 24) the canonical coordinates of n. Given Z € Z%,
we will use n(2) to denote the element of N whose canonical coordinates are Z.
Canonical coordinates are interesting since products, morphisms, ... are expressed
by means of polynomial maps.

Theorem 2.1. Let N be a finitely generated torsion-free nilpotent group with a
canonical basis a = (a1,az,...,aq). Then:
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(1) There exists a polynomial function p : Z¢ x 7% — Z% satisfying
Vi, € 2% n(@) - nlf) = n(u(@, 7).
(2) There exists a polynomial function \ : Z x 79 — 7% satisfying
Vk € Z, V2 € 7 : (n())* = n(\(k, T)).

(3) For any morphism ¢ : N — N, there exists a polynomial function ., :
74 — 74 satisfying

Vi € Z : p(n(T)) = n(Yy(T)).

The polynomials in the theorem above are so-called “integer-valued” polyno-
mials; these are polynomials with rational coefficients taking integer values when
integers are substituted for the indeterminates. Using the theorem above, it is now
possible to construct groups Nk containing N. Let K be any field of characteristic
0. Then we define Nk to be the set of all formal products of the form

k1 _k k
aytay’ - --ay?, ki,ko,..., kg € K.

As in the case of N, we denote this element by n(E), where k = (k1,ka, ... kq).
If one defines a product on N, using the same polynomial g as in Theorem 2]
one obtains a group which is torsion-free and nilpotent (of the same class as N).
Moreover, any morphism of N extends to a morphism of Nk by using the same
polynomial. In the special case K = Q, the group Ng is called the radicable hull
(or rational Mal’cev completion or divisible closure) of N. Moreover, the extension
of a morphism ¢ of N to Ng is unique. In case K = R, the group N is a Lie
group, which is called the Mal’cev completion of N. This is the unique connected
and simply connected nilpotent Lie group containing N as a cocompact lattice.
Also in this case, the extension of a morphism to a Lie group morphism (i.e.,
requiring continuity) of Ng is unique. Moreover, we can also uniquely extend any
automorphism of Ng to a Lie group automorphism of Ng (i.e., we have the following
chain of groups: Aut(N) C Aut(Ng) C Aut(Ng)).

By mapping each element of Ng (resp. Ng) to its coordinate, we can identify (as
sets) Ng (resp. Ng) with Q¢ (resp. R?). There is however a second way of making
such an identification, using the associated Lie algebra.

Let ng denote the (rational) Lie algebra associated to Ng. It is well known that
in the case of nilpotent groups, the exponential map

exp : ng — Ng
is bijective and we can denote its inverse by log. (We refer the reader to [L1] for a
detailed treatment of this part of the section.) By choosing a basis By, Ba, ..., Bg
of ng, we can identify ng with Q¢, by mapping each element to its coordinate. Now,
we find the second identification of Ng with Q¢ by mapping each element n of Ng
onto the coordinate of log(n) with respect to the chosen basis. Lets us call this
identification map cog; thus

cog : Ng — Q% : n — coordinate of log(n) w.r.t. a chosen basis.

Completely analogously, an identification cor of Ng with R? can be obtained. The
two identifications we described so far (canonical coordinates and Lie algebra coor-
dinates) are polynomially related. We formulate this more precisely in the following
theorem, which we only formulate for the radicable hull, but which also is valid for
the Mal’cev completion.
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Theorem 2.2. Let N be a torsion-free finitely generated group equipped with a
canonical basis a and with radicable hull Ng. For a fized basis B1, Ba, ..., Bg of ng,
there exist polynomial maps (with rational coefficients) p1,p2 : Q4 — Q, satisfying

(1) Vg€ Q: cog(n(q)) = p1(q) and
(2) Y7 € Q" : cogn(pa(a)) = 7

For the proof of this theorem, we refer to [10], where the case of the (real) Mal’cev
completion is handled (using the terminology of coordinates of the first/second
kind).

Corollary 2.3. Let N be a torsion-free finitely generated group equipped with a
canonical basis a and with radicable hull Ng. For a fized basis By, Bs, ..., Bg of ng
there exists a polynomial map p : Q% x Q? — Q satisfying

cog (cog'(31) - cog (%)) = p(d1, G2)-
Proof. This is just a combination of Theorem [ZT]and Theorem 221 O

The following simple observation is crucial for the proof of the main result of
this paper:

Proposition 2.4. Let N be a torsion-free finitely generated group equipped with a
canonical basis a. Let B1, Bs, ..., By be a basis of the Lie algebra ng of the radicable
hull Ng. Then there exists an integer k € Z for which

(1) Vn € Ng : cog(n) € kZ* = ne N

(2) Vn € N : cog(n) € £2°.
Proof. This is also a rather direct consequence of Theorem Indeed, let k1 be

the least common multiple of the denominators of the coefficients of the map py.
Then, if ¢ € Z¢ (< n(q) € N), then cog(n(q)) € %Zd. Let ko be the least common

multiple of the denominators of the coefficients of py. If one takes § € koZ<,
then p2(§) € Z?¢ (note that py does not have constant terms!). This shows that if
cog(n) = § € kaZ?, then n € N. The lemma is proved by taking k = kik. O

3. RATIONAL REALIZATIONS OF ALMOST-BIEBERBACH GROUPS

Let E be an almost-Bieberbach group, with Fitting subgroup V. Then F fits in
a short exact sequence of the form

1—-— N—-F—F—1.

Since any automorphism of /N has a unique extension to Ng, we can form a com-
mutative diagram

(3.1) 1 N E F 1
[ ]
1 Ng Eqg F 1

Lemma 3.1. The extension 1 — Ng — Eg — F — 1 in diagram BI) is a split
extension.

Proof. The proof of this lemma can be obtained as the rational analogue of [I}
Lemma 3.1.2]. 0
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From now on, we fix a splitting s : F — FEg and we use ¢ : F' — Aut(Ng) to
denote the induced morphism (p(f)(n) = s(f)ns(f)~1). So Eg = NgxF. We can
also view (extend) each ¢(f) as an automorphism of Ng (we denote this by the
same symbol), and so we can easily extend the diagram (B.1)) above to obtain the
following diagram:

(3.2) 1 N E F 1

[

[ ]

1—>NR—>E]R§N]R><1F—>F—>1

The embedding i3 041 : E — NgxF C Nrx Aut(Ng) realizes E as a genuine
almost-Bieberbach group. Note that for all e € E, we have that the image of e is of
the form (n., ¢(f.)), where f. is the image of e in F' (under the natural projection).
Moreover, each n. € Ng, and therefore, it has rational canonical coordinates. We
are also in the situation that ¢(f.) is in fact an extended automorphism of Ng.
Such realizations of an almost-Bieberbach group will be called rational realizations.

Definition 3.2. Let E be an abstract almost-Bieberbach group with Fitting sub-

group N. Assume N is equipped with a canonical basis a leading to a radicable
hull Ng. An embedding i : E — Ngx Aut(Ng) that is the identity on N will be
called a rational realization of F.

Note that if ¢ : E — Ngx Aut(Ng) is a rational realization of E, then, the pro-
longation of this map to Ngx Aut(/Vg) realizes FE as a genuine almost-Bieberbach
group.

Above we have established the following lemma.

Lemma 3.3. Any almost-Bieberbach group admits a rational realization.

4. LIE ALGEBRAS OF HOMOGENEOUS TYPE

We will say that a finite-dimensional Lie algebra g (over a given field) is of
homogeneous type if it admits a subspace g; such that g = g1 @ [g, g] and such that
g can be written as

(4.1) =01 Dg2Dgz®- -+,

where g;1+1 = [g1,8:]. This definition of homogeneous type coincides with the same
concept of [5] and with the notion of quasi-cyclic of [9].
Note that, if a given Lie algebra g can be written as a direct sum ([@I) with
(1) Yi,5>0: [gi,0;] C gitj (ie., gis graded) and
(2) g is generated by the elements of g1,
then g is homogeneous. This follows from the fact that for such g the lower central

series, defined as 71 (g) = g and 7:41(g) = 8,7 (g)], s given by
V(@) =9 Pgit1 DGiya ® - .
Moreover, if X1, Xo2,...,X. is a basis of gi, then g; is generated by all j-fold
brackets
[X,L' Xi2,. --7Xij] with 1 S il,ig,. .. ,ij S C.

1
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A direct sum decomposition (1) of a Lie algebra of homogeneous type satisfying
the conditions mentioned above will be called a grading of g. Note that we always
assume that for a given grading, g is generated by the elements of g1 (i.e., the
elements of homogeneous degree 1).

Note that any 2-step nilpotent Lie algebra is of homogeneous type, while there
are 3—step nilpotent Lie algebras which are not of homogeneous type (and which
do not allow an expanding automorphism). Of course, all finite-dimensional Lie
algebras of homogeneous type are nilpotent.

We will also say that a Lie group is of homogeneous type if its Lie algebra is
of homogeneous type. Also, an infra-nilmanifold or an almost-Bieberbach group is
said to be of homogeneous type if the corresponding Lie group is.

Lemma 4.1. Let g=g1 ® g2 D gs D - -+ be a finite-dimensional Lie algebra (over
any field) of homogeneous type. Assume that Y1,Ys,..., Y. € g are elements such
that their canonical projections Y1,Ya, ..., Y, form a basis of /(g2 g3 D ga® -+ ).
Then

g=b1®ha®h3Bhs®---,

where Vi : b; is the vector space spanned by all i-fold commutators
[}/}17}/}2’"'7}/}i]a 1<j1,52,.-,Ji < c

Moreover,

(1) [bi,bs] € bivy, and
(2) g is generated by ;.

Proof. Since g is finite dimensional, there exists an m with g, = 0 for n > m.
Let us prove the lemma by induction on this m. If m = 1, then Y7,Y5,...,Y,
form a basis of g1, and so g = g1 = h1. Now, assume that m > 1. Note that
Br C Yn(8) = 8n ® Gnt1 @ - - - ; therefore h, =0 if n > m.

We will first show that b,, = g,,. The inclusion b,, C g,, is obvious. By the
hypothesis on the Y;’s, we can find coeflicients «; ; in the field we are working in,
such that

c
X, = Zai,ij + w; with w; € ’)/Q(Q).
j=1
Let X = [X;,, X4y, ..., X;,,] be an m-fold commutator. Then, we have that

m

X = [XiUXiza"'vX’im]
C C C
= Do Yt wi, Y Y wiy, Y i, Y+ w,]
j=1 j=1 j=1

C C C
= Do Vi) oYY ai, Y]
=1 = =1

= E Ay 5y Xig jo ..'ai7n1jm,[y}l7y}2)"'7y}7n] € b,
1<j1,J2,.-m <c
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showing that g,, C b, as desired. The inclusion map ¢ : h — g induces a commu-
tative diagram

0 Him b b/bm 0

1

0 Im g 9/gm 0
By the induction hypothesis, we know that 7 is an isomorphism. It follows that also
the middle arrow i is an isomorphism, which concludes the proof. ([

Corollary 4.2. Let N be a finitely generated torsion-free nilpotent group equipped
with a canonical basis a. Then ng is of homogeneous type iff ng is of homogeneous

type.
Proof. Let ng be of homogeneous type. Then we can take a grading
ng =nQ1 Ong2dng3d---.
We now find the desired grading of ng = ng ®g R by taking
ng = (ng1 ®R) ® (ng2 ®qR) & (ng3 @ R) & -+ .
Now, suppose that ng is of homogeneous type and that
ng =nr1GR2BNr3D---

is a grading for ng. Now choose (rational) vectors Y7,Ya,..., Y. € ng in such a way
that their natural projections form a basis of ng /v2(ng). By the lemma above, such
a choise of basis induces a grading

ng=h1 Oho®hzD--- .
However, by taking only rational linear combinations of the vectors Y7,Ys,...,Y,

and their i-fold brackets (i = 1,2,...), we find a grading of ng. |

As a consequence, we have that an infra-nilmanifold is of homogeneous type if
the corresponding Lie algebra ng is of homogeneous type.

Proposition 4.3. Let g be a finite-dimensional Lie algebra of homogeneous type
over any field K of characteristic 0. Let F C Aut(g) be a finite group of automor-
phisms of g. Then there exists a grading

9=01DgDg3 D -
of g such that Vo € F: o(gi) = @i

Proof. The proof of this proposition is similar to that of Proposition 5.1 of [2]. Let

g=01BbhaBbhsd---

be any grading of g. Fix a basis X1, Xs,..., X, of h; and complement it with a
basis Z1,Zs,...,Zm of ha @ h3 @ --- to obtain a basis of g. With respect to this
basis, each element ¢ € F' is expressed by a matrix of the form

~( Alp) 0
- ( N(¢) Blp) ) |
where A(p) € GL(¢, K), B(p) € GL(m, K) and N(p) is an m x ¢ matrix (€ K™*°).

Let
A F — K™ s N(p)A(p) ™.
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We claim that X is a 1-cocycle with respect to the F-module structure of K™*¢
given by
Vo € F, VM € K™*°: M = B(o)MA(p™").

Indeed, an easy calculation shows that

Aey) = N(ep)A@R HA(e™)
= (B(@)N(®) + N(p)A@W) A~ A(p™")
PAW) + Alp),
and the claim holds. As F' is finite and K™*¢ is a divisible F—module, we know

that H'(F, K™*¢) = 0. It follows that there is a matrix C € K™*¢ such that
Vo € F: M) = ?C — C. Now, we define a change of basis given by the matrix

I. 0
-C I,

(i.e., we do not change the Z;, but we only alter the X; with an (ho @ h3®- - - )-part).
Let us call this new basis Y1,Ys,...,Y., Z1,Z5,...,Z,,. With respect to the new
basis the element ¢ is represented by a matrix

(& )it so) (% n)
( CA(wHM?)(X()w) — B(p)C B?@) )

B (A%O) B?@) )

Let g1 be the space spanned by Y7, Ys,...,Y.. The computation above shows that
©(g1) = g1. Moreover, by taking g; to be the space spanned by all i—fold Lie
brackets in the basis vectors Y1, Ys, ..., Y., we find a grading

g0=01Dg2DP3Dga- -
satisfying ¢(g;) = gi, Vo € F. D

5. EXPANDING MAPS
This section is devoted to the proof of the main result of this paper:

Theorem 5.1. Let M be an infra-nilmanifold of homogeneous type. Then M ad-
mits an erpanding map.

Assume that the infra-nilmanifold M is determined by the almost-Bieberbach
group FE. As usual, we denote the Fitting subgroup of £ by N and the holo-
nomy group by F. We fix a canonical basis a of N (section [2) and also a rational
realization

i: E — Ngx Aut(Ng) (section B).
Using this rational realization and after having fixed a splitting for 1 — Ng —
Eg — F — 1 as in section 3, we can view F' as a finite subgroup of Aut(Ng) =
Aut(ng).

As it was assumed that E is of homogeneous type, we can choose a grading
(Proposition E3)

ng=n®dOnadngdny---
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with
Yo e F: go(ni) =n;, 1=1,2,3,....

For any A € Q\{0}, we will use K to denote the automorphism of Ny (and also of
Ng) which, on the Lie algebra level, corresponds to the automorphism ky, where
ky restricted to n; is multiplication by A\?, i = 1,2,3,4,.... (The reader can easily
check that such a k is indeed an automorphism of ng.)

As k) restricted to n; is just multiplication by a scalar, we have that K, com-
mutes with all elements of F. Using Ky, we can define an automorphism K of
Eqg = Ngx F as follows:

Ky : NgxF — NgxF : (n,¢) — (Kx(n),¢).

It is our intention to show that K (i(E)) C i(E) for a good choice of A > 1.
We formulate this in the following lemma.

Lemma 5.2. Using the notation introduced above, we can find an integer A > 1
satisfying
Ve € i(F): Kx(e)-e ! €i(E).

Proof. Fix a basis By, Ba, ..., Bq of ng, leading to an identification cog. By Propo-
sition 24] there exists a k € Z satisfying

(1) Vn € Ng: cog(n) € kZ% = n € N, and

(2) Vn € N : cog(n) € +Z°.
Now, let e € i(FE) C NgxF. Then we can view e as being a couple e = (n., ¢.),
with n. € Ng and ¢, € F.

The proof of the lemma makes use of 4 facts.
Fact 1: There exists an | € N such that Ve € i(E) : cog(ne) € $Z%.

Indeed, choose a transversal s : F' — i(F). Then any n. can be written as
a product n - nyy) for some n € N and f € F. Now, cog(n - ney)) depends
polynomially on cog(n) and cog(ns(s)) (CorollaryZ3). As cog(n) € +Z% and there
are only finitely many possibilities for cog(ns(y)), we can conclude that the claimed
[ really exists.

Fact 2: K)(e)-e ' = Ky(n.) -n, .

e

This follows from the calculation

I%,\(e) et = I%,\(ne, Pe) - (nm@e)_l
= (Ka(ne), pe)(pe H(ngh), 00t
= (Ka(ne)-n;' 1)
= f(,\(ne)-n_l.

€

Fact 3: The map
X (Q\0)) x Q= @ (A @) = cog (Ka(eog (@) - (cog (@) ")
is a (rational) polynomial map in both A and ¢= (q1,q2,...,q4)-

This follows from the fact that the expression for K with respect to any basis
of ng is a polynomial in A, and from the fact that products and inverses are also
expressed by polynomial maps in the coordinates.
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Fact 4: There exists a polynomial map ¢ : Q x Q% — Q% such that
vqe QY vr e Q: x(1+r,q) = ré(r,@).

By Fact 3, x(1 + r,q) is polynomial in both r and ¢. Moreover, for r = 0 (i.e.,
A = 1), we have that

(1@ = cog (Rleog" @) (cog' (@) ")
cog (co3 (@) - (cog (@) )
)

= cop(l
= 0
This implies that r is a factor of the polynomial x(1 + r, ), or that

x(1 4 r,q) = r&(r,q) for some polynomial &(r, ),
as claimed.

Using these 4 facts, we can now finish the proof of the lemma. Let L be an
integer satisfying

1 1
VreZ, V§e YZd : €(r, Q) € EZd.
(For example, one can take L = [9 - m, where ¢ is the degree of the polynomial

map & and m is the least common multiple of the denominators of the coefficients
appearing in £.) Now, by taking » = L - k we find that

1
Vg e Tzd : x(1+7r,q) € kZ°.
This shows that
Ve ci(E): Kx(e)-e ™t €N,

which proves (something more than) what was asked for. O

Proof of Theorem [21l We use all the notation introduced so far. Without loss of
generality, we can assume that M = i(E)\Ng, where

i FE— NQN Aut(NQ) - N]RX] Aut(N]R)

is the rational representation of E used above.

Let A > 1 be as obtained in Lemma[52l The map K, seen as an automorphism
of Ng, is an expanding automorphism. If we look at the conjugation by K inside
Ngrx Aut(Ng), we see that

Veci(E): Ky e Ky =

This implies that K induces an expanding infra-nilmanifold endomorphism of M.
O
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