Divergent trajectories of
flows on homogeneous spaces and
Diophantine approximation

By S. G. Dani*) at Bombay

Let G be a connected Lie group and I' be a lattice in G; that is, I is a discrete sub-
group of G such that G/I' admits a finite G-invariant measure. Let {g,},., be a one-
parameter subgroup ‘of G. The action of {g,} on G/I' (on the left) induces a flow on
G/I'. The ergodic theory of these flows is extensively studied and, at least from a certain
point of view, satisfactorily understood (cf. [6] and its references). Thus, for instance,
it is possible to determine, in terms of the position of {g,} in G relative to I', whether the
flow admits dense trajectories {g, x I' | t =0}, where x € G, and whether a generic trajectory
(either with respect to the measure or topologically) is dense in G/I'. In general, however,
there exist exceptional trajectories which are not dense, but to describe their set is a
very difficult task; for an arbitrary one-parameter subgroup this is known only when G
is a nilpotent Lie group (cf. [18] for that case and [16] for results on horocycle flows).

In this paper we assume G/I" to be non-compact and investigate a special class of
such exceptional trajectories: ‘divergent’ trajectories. A trajectory is said to be divergent
if eventually it leaves every compact subset of G/I' (cf. §1 for precise definition). In
§§ 2 and 3 we also get some results on bounded trajectories of certain flows.

It was proved by G. A. Margulis in [21] that if G=SL(n,R) and I'=SL(n, Z)
and {g,} is a one-parameter subgroup consisting of unipotent elements then there are no
divergent trajectories (cf. [11] and [14] for stronger results). A similar situation can be
seen to hold if all the eigenvalues of g,, ¢ € R are of absolute value 1 (cf. Proposition 2. 6).
However if g, (or any g,, t+0) has some eigenvalue A with || %1 then there exist at
least certain ‘obvious’ divergent trajectories. For instance, if G=SL(2, R), '=SL(2, Z)
and g,=diag(e”’, '), then the trajectory starting from any point of PI'/T’, where P is
the subgroup consisting of all upper triangular matrices in G, is divergent for simple
geometric reasons. We call these degenerate divergent trajectories (cf. § 2 for details).
In §2 we also consider the one-parameter subgroups of G of the form

H -t -t At At
diag(e™',...,e7 "% e*,..., e,
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(with G and I' as above) and relate the divergence of their trajectories to a question
involving Diophantine approximation for certain systems of linear forms; specifically, if
I 0
g=( I I)’ where L is a (n—p) xp matrix (and I stands for identity matrices of
appropriate sizes) then for the one-parameter subgroup as above, with 1 <p<n—1 and
(n—p)
A=

, the trajectory of gI' is divergent if and only if the system of (n—p) linear

forms in p variables is singular. A classical result in number theory then implies that
while for n=2 all the divergent trajectories are degenerate, for n=>3 there always exist
non-degenerate trajectories, at least for p=n—1 (cf. Theorem 2.7 and the subsequent
remark). For these one-parameter subgroups we also find that boundedness of the
trajectory of gI” as above is equivalent to the system of linear forms corresponding to L
being badly approximable in the sense of [26]. By a result of W. Schmidt this implies
that the set of points on bounded trajectories has full Hausdorff dimension (equal to
that of the manifold) (cf. Corollary 2. 21).

If £=(¢y,...,¢&,), where 1=p=n—1 and ¢,,...,{,eR" is an irrational p-frame
(that is, ¢,,. .., £, are linearly independent and the subspace spanned by them does not
contain any non-zero rational vector) then there exists a sequence {y;} in SL(n, Z) such
that y,&— 0 (cf. [15] for stronger and general versions of this). In §3 we relate
divergence/boundedness of trajectories on SL(n, R)/SL(n, Z) of the flows as above to
the speed of the convergence 7, — 0 in terms of the sizes of y; (cf. Theorems 3. 4 and
3.5). This in particular reproves a part of a recent result of S. Raghavan in that direc-
tion.

One of the author’s motivations in investigating divergence of trajectories is its
application to orbits of horospherical subgroups (cf. §1 for definition). Recently,
D. S. Ornstein and M. Ratner obtained a simpler proof in the particular case of
SL(2, R) of the present author’s classification (cf. [12]) of invariant measures of
maximal horospherical flows. (The author is thankful to M. Ratner for communicating
the proof.) The idea of the proof can be employed to prove the following: Let G be a
Lie group, I' a lattice, {g,} a one-parameter subgroup of G consisting of semisimple elements
and let U be the horospherical subgroup corresponding to g, (or any g,, ¢>0). Suppose
that the U-action on G/I" is ergodic. Then for xe G, UxI'/T" is dense in G/I' whenever
{g,xI'|t=0} is not a divergent trajectory (cf. Theorem 1. 6). It may be mentioned that
for a certain class of U as above it can be proved by a similar method that any ergodic
U-invariant measure on G/I' other than the G-invariant measure is supported on the
set of points whose trajectories under {g,} are divergent.

Now let G be a connected linear semisimple Lie group and let I" be an irreducible
lattice in G. The study of divergence of trajectories in the general case can be reduced to
this case (cf. §4). In § 5 we develop a natural extension of the notion of degeneracy of a
divergent trajectory for flows induced by one-parameter subgroups of G on G/I'. In § 6
we prove that if the “rank” of I' is 1 then all the divergent trajectories are degenerate.
This enables us to apply Theorem 1. 6 to determine for certain horospherical subgroups
precisely which orbits are dense in G/I" (cf. Corollary 6. 3).
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As suggested by the rank 1 case it would be very nice if all divergent trajectories
were degenerate! However, in the concluding section we show that at least if I' is of
maximal rank (equal to the R-rank of G) and the rank exceeds 1 then for any one-
parameter subgroup {g,} which admits any divergent trajectories at all, admits non-
degenerate divergent trajectories (cf. Theorem 7. 3).

Acknowledgement. The author would like to thank E. Bombieri whose comments
contributed greatly in understanding various points involved in the paper. Thanks are
also due to S. Raghavan, who by sending his preprint, [24], inspired the application
of divergence and boundedness as in § 3. The author is also indebted to M. V. Nori
for a discussion relating to § 6.

§. 1. Divergent trajectories and horospherical orbits

Let G be a connected Lie group and I' be a lattice in G; that is, I' is a discrete
subgroup such that G/I' admits a finite G-invariant measure. A lattice I is said to be
uniform or non-uniform according to whether G/I' is compact or non-compact,
respectively.

Let {g,},c., be a one-parameter subgroup of G and consider its action on G/I'
on the left. By a trajectory of {g,} on G/I' we mean a curve of the form {g,gI'|t=0},
where g € G. A trajectory {g,gI'|t=0}, g € G is said to be divergent if given any compact
set C of G/I" there exists T=0 such that for t=7, g,gI' ¢ C or, equivalently, if for any
sequence {f;} in R* such that ¢, — oo the sequence {g, gI'} has no limit point in G/I';
we often write this as g,gI" — co. We note that for a divergent trajectory to exist,
G/T' has to be non-compact.

1. 1. Proposition. Let h € G be such that {g,hg_,|t=0} is bounded (relatively com-
pact in G). Then {g,gl'|t=0}, where ge G, is a divergent trajectory if and only if
{g,hgI'|t =0} is a divergent trajectory.

Proof. This is immediate from the equality g,hgl"'=(g,hg_,) (g.gI') for all t=0.

Thus, in particular, the set of points of G/I' on divergent trajectories of {g,} is
invariant under the centralizer of g, (the set of elements which commute with g,). It is
also invariant under the “horospherical subgroup” corresponding to g, (or, equivalently
any g,, t>0).

1. 2. Definition. Let g e G. Then the subgroup
U={heG|g'hg i —e as j— o0}
where e is the identity, is called the horospherical subgroup corresponding to g.

The horospherical subgroup as above is also sometimes called the contracting
horospherical subgroup; the one corresponding to g~! is called the expanding horo-
spherical subgroup. Any horospherical subgroup is a connected Lie subgroup of G
(cf. [9] §1, for instance). The group of 2 x2 upper triangular unipotent matrices, viz.

1 ¢ . .
{(0 1) teP}, which defines the classical horocycle flow, is the horospherical sub-

0
group in SL(2, R) corresponding to (O - 1) for 0<i<1.
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1. 3. Remark. If G is a semisimple Lie group then a subgroup is horospherical
(corresponding to some element) if and only if it is the unipotent radical of a parabolic
subgroup of G. We also note that for such a G, and {g,} consisting of semisimple
elements the subgroup Q={he G|{g,hg_,|1=0} is bounded} is a parabolic subgroup
and the horospherical subgroup corresponding to g, (or any g,, ¢>0) is the unipotent
radical of Q. It may also be recalled here that a parabolic subgroup coincides with the
normalizer of its unipotent radical. Thus in this case Proposition 1.1 can be stated as
follows: the set of points of G/I' on divergent trajectories of {g,} is invariant under the
action of the normalizer of the horospherical subgroup corresponding to g,.

1. 4. Definition. Let G be a connected Lie group and I’ be a lattice in G. The
commensurator C(I') of I' is defined by

C(I'N={0eG|0OIro=1 n I is of finite index in both I' and 6" 6~ }.
It is easy to see that C(I') is a subgroup of G.

1. 5. Proposition. Let G be a connected Lie group and I' be a lattice in G. Let
{g,} be a one-parameter subgroup of G. Let O e C(I'). Then for g€ G, {g,gI'|t=0} is
a divergent trajectory if and only if {g,g0I'|t=0} is a divergent trajectory.

Proof. We first observe that if I'” is any subgroup of finite index in I" then for
any g€ G, {g,gl'|t=0} is a divergent trajectory in G/I' if and only if {g,gI''|t=0}
is a divergent trajectory in G/I"': this is because the canonical quotient map n: G/I"" — G/I’
is a continuous surjective map such that for any y € G/I'. n~*(») consists exactly of y
points, where 7 is the index of I'" in I'.

Now let e C(I'). Then I''=T n 0I'0~ ' is of finite index in both I' and 69!
and hence by the above observation {g,gI'|t=0} is a divergent trajectory in G/I" if
and only if {g,g0I'0~!|1=0} is a divergent trajectory in G/6I'6~*. But observe that the
map ¥Y:G/I - G/0Tr07!, defined by Y(xN=xI'0"'=x6"1(Oro6'), is a homeo-
morphism. Hence the above assertion implies that {g,gI"|t=0} is a divergent trajectory
if and only if the trajectory {g,g0I'|t=0} is divergent.

As noted earlier, one of our motivations for studying divergence or otherwise of
trajectories is its application to the study of orbits of horospherical flows (actions of
horospherical subgroups) on G/I', and, dually, I'-orbits under various linear actions
of G.

1. 6. Theorem. Let G be a connected Lie group and I' be a lattice in G. Let {g,}
be a one-parameter subgroup of G such that Adg,, t € R are diagonalisable over C. Let U
be the horospherical subgroup corresponding to g, (or any g, t>0). Suppose that the
U-action on G|I' is ergodic (with respect to the G-invariant probability measure on G/I).
Let ge G be such that {g,gI'|t=0} is not a divergent trajectory. Then UgI|I', the
U-orbit of grI', is dense in G/T.

As stated in. the introduction our proof of this is motivated by certain ideas of
Ornstein and Ratner for horocycle flows on SL(2, R)/I" by which they reprove, in the
particular case, the present author’s classification theorem for invariant measures. One
may expect the ideas to yield a similar classification for arbitrary horospherical flows

. Brought to you by | ETH-Bibliothek Zurich

Authenticated
Download Date | 11/9/19 4:53 PM



Dani, Flows on homogeneous spaces and Diophantine approximation 59

(cf. [10] and [12] for such results). However, there seem to be several difficulties in
doing that in general. Firstly, the proof seems to involve the fact that the action of
(g g_1> , where 0 <A <1 contracts the orbits of {((1) 6)} “uniformly”; thus it is not
clear whether it would work for the action of a horospherical subgroup corresponding
to an element g in a semisimple group G (even SL(n, R), n=3) such that Ad g has more
than one eigenvalue with distinct absolute values each less than 1. Secondly, and perhaps
more importantly, unlike in the case of SL(2, R) when G is a semisimple Lie group of
R-rank =2 and I is a lattice of maximal rank (e.g. G=SL(n, R), n23 and I'=SL(n, 2))
the set of points on divergent trajectories is rather complicated: there are “non-degenerate
divergent trajectories” (cf. Theorem 7. 3) which are outside all the “geometrically nice”

subsets which account for the invariant measures of at least the maximal horospherical
flows (cf. [10] and [12]).

However, the idea does yield a proof of Theorem 1. 6 as above. We include the
details in the Appendix. In the cases when we have a good description of the divergent
trajectories the theorem can be used to study the orbits of horospherical flows (cf.
Corollaries 2. 18 and 6. 3 for some applications). It may be worthwhile to note here
that similar results were obtained by a different method in [15], §4; in the situation
studied there those results are stronger than can be obtained by the present method.

§ 2. Trajectories in lattice spaces and number theory

In this and the next section we discuss divergence and boundedness of trajectories
of certain flows and lattice spaces in relation to certain notions in number theory.

(2.1) Let &£, be the space of lattices in R", where n =2, of determinant 1 (that is,
the Lebesgue measure of a fundamental domain is 1). We denote by A, the lattice Z".
The space %, can be identified with the homogeneous space SL(n, R)/SL(n, Z) via the
correspondence g SL(n, Z) < g(A,) for all g e SL(n, R), which can be easily checked to be
a well-defined bijection. We note also that the correspondence is a SL(n, R)-equivariant
homeomorphism when %, is equipped with the usual topology (cf. [25], Chapter 1) and
SL(n, R)/SL(n, Z) is equipped with the quotient space topology. The following is a
consequence of the well-known Mabhler criterion (cf. [25], Corollary 10.9).

2. 2. Proposition. Let {g;} be a sequence in SL(n, R). Then the sequence {g;SL(n, Z)}
diverges (that is, has no limit point in SL(n, R)/SL(n, Z)) if and only if for each neighbour-
hood Q of 0 in R" there exists i, such that for i2 i, the lattice g,(A,) contains a non-zero
element belonging to Q.

(2.3) It is well-known that SL(n, R)/SL(n, Z), or equivalently ., admits a finite
SL(n, R)-invariant measure (cf. [25], Chapter 10). Let {g,} be a one-parameter subgroup
of SL(n, R). Then the action of {g,} on %, is ergodic if and only if {g,} is not contained
in any compact subgroup of SL(n, R); further the action is mixing whenever it is
ergodic. These assertions follow from a theorem of C. C. Moore (cf. [23], Theorem 1)
and the fact that SL(n, R) is a simple Lie group with finite center. The results in partic-
ular imply the following. '
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2. 4. Proposition. Let {g,} be a one-parameter subgroup of SL(n,R) which is not
contained in any compact subgroup. Let {t;} be a sequence in R such that t;— oo.
Then for almost all A e %, (with respect to the SL(n, R)-invariant probability measure),

{8, (A} is dense in Z,.

We remark here that this proposition in particular implies the main theorem of
W. Schmidt in [27], when we choose g,=diag(e™", e”,...,e7" e V) (diag(...) de-
notes the diagonal matrix with the parenthetical entries along the diagonal). We also
remark that in fact for any sequence {g;} in SL(n, R) which has no limit point in
SL(n, R), {g;(A)} is dense in &, for almost all A. This can be deduced from Theorem
5.2 in [30] or the (stronger) results in [19].

The significance of the proposition for the subject at hand is the following.

2. 5. Corollary. Let {g,} be a one-parameter subgroup as in Proposition 2. 4. Then
the set of Ae %, such that the trajectory {g,(A)|t=0} is either divergent or bounded
is of zero measure.

While in general the description of the sets of bounded or divergent trajectories
is a difficult task, thanks to a theorem of G. A. Margulis we have the following simple
criterion for the latter set to be non-empty.

2. 6. Proposition. Let {g,} be a one-parameter subgroup of SL(n,R). Then there
exists A € &, such that {g,(A)|t=0} is a divergent trajectory if and only if g, (or any g,,
t+0) has an eigenvalue A (possible complex) such that |A| +1.

Proof. If {g,} is a unipotent one-parameter subgroup (that is, if all eigenvalues
of g,, te R are 1) then a theorem of G. A. Margulis (cf. [21] and also [11] and [14]
for stronger results in a different direction) asserts that the trajectory {g,(A)|t=0} is
never divergent. Now let {g,} be such that all eigenvalues of g,, € R are of absolute
value 1. By Jordan decomposition g,, t € R can be expressed as g, =c,u, where {u,} is a
one-parameter subgroup consisting of unipotent elements, {c,} is a one-parameter sub-
group contained in a compact subgroup and c¢,, € R and u,, t € R commute with each
other. The above special case together with boundedness of {c,} now implies that
{g,(A)|t =0} is never divergent.

Conversely, suppose that {g,} is a one-parameter subgroup such that g, (or any
g, t+0) has an eigenvalue A such that |A|#1; since g, € SL(n, R) we may choose 4
so that |1| <1. Put

@7 W({g)={veR"|g (1) —0 as t— co}.

It is a positive dimensional subspace of R". Let A € %, be such that A n W({g,}) +(0),
say it contains v+0. Then g,(v) € g,(4) and g,(v) — 0 as ¢t — co. Hence by Proposition
2.2,{g,(A)|t=0} is a divergent trajectory, which proves the proposition.

The proof of the converse part above shows that when W({g,}), as defined by
(2.7) is non-zero there are certain too obvious divergent trajectories; viz. those of
A e, such that A n W({g,})+(0). A moment’s reflection also suggests the following
divergent trajectories to be almost as obvious:
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Let R" be equipped with the usual inner product. Also let any non-zero subspace V'
of R" be equipped with the Lebesgue measure /, such that a (any) parallelopiped
{32¢v,10=¢,<1} where {v;} is an orthonormal basis of V' has measure 1. If X is a
lattice in V let d(2)=1,(F), where F is a (any) fundamental domain for ¥ in V. Now
let {g,} be a one-parameter subgroup of SL(n, R) and let A € &, be such that for some
non-zero subgroup Z of A, d(g,(Z))— 0 as t— co. Then, by Minkowski’s theorem
(cf. [8], for instance), given any neighbourhood € of 0 there exists #, such that for 1> 1,
g,(2) N 2+ (0). Hence by Proposition 2. 2, {g,(A4)|t=0} is a divergent trajectory. Observe
that when X2 is the cyclic subgroup generated by an element of W({g,}) this coincides
with the examples as before. However, it is not difficult to construct, for various one-
parameter subgroups {g,}, examples of lattices A4 which contain subgroups X of rank =2
such that d(g,(2)) — 0, but 4 n W({g,}) =(0); e.g. if g, =diag(e™’, e*', e»") e SL(3, R),
where o, <O0<oa,<a; and a, +a,+ o3 =0, then this happens for any lattice 4 in R?
which intersects the plane of e, and e, in a lattice but does not contain any non-zero
multiple of e,, {e,, e,, e;} being the standard basis of R>.

2. 8. Definition. Let {g,} be a one-parameter subgroup of SL(n, R) and let A € &,
be such that {g,(A)|#=0} is a divergent trajectory. If there exists a non-zero subgroup X
of A such that d(g,(X)) — 0 as t — oo we say that {g,(A4)|t=0} is a degenerate divergent
trajectory; otherwise it is said to be a non-degenerate divergent trajectory.

2. 9. Proposition. Let {g,} be a one-parameter subgroup in SL(n,R). Let A€ %,.
Then {g,(A)|t =0} is a degenerate divergent trajectory if and only if there exist ge SL(nR)
and 1=p=n—1 such that gA,=A and NP(g,g) (e, Aey A - ne,) — 0 as t — o0, where
ey, €,,. .., e, is the standard basis of R". (/\ stands for exterior products.)

Proof. The “if” part follows from the fact that if we put Z=g(Z,), where Z, is
the subgroup generated by ey, e,,...,e,, then the condition as in Definition 2.8 is
satisfied; indeed d(g,(2))=/A?(g,8) (e, A--- Ae,)|| for a suitable norm on the space of
exteriors (cf. [11], Lemma 1. 4). Conversely, suppose that there exists X < A such that
d(g,(2)) — 0. By replacing it by the largest subgroup of /\ generating the same subspace,
we can assume that there exists a basis {v;,...,v,} of A such that {v,v,,...,v,} isa
basis of Z. Adjusting v, suitably (up to sign) we may assume that there exists g € SL(n, R)
such that g(e;) =v; for all j=1, 2,.. ., n. Then evidently g has the required properties.

In § 5 we extend the notion of degenerate divergent trajectories to homogeneous
spaces of arbitrary Lie groups and show that if the homogeneous space is of “rank 1”
all divergent trajectories are degenerate, while in the general case there exist non-
degenerate divergent trajectories. In the rest of the present section we restrict to a special
class of one-parameter subgroups of SL(n, R) and relate their orbit behaviour to certain
number theoretic notions.

(2. 10). For concreteness we view R" as the space of n-rowed column vectors with

real entries. Let e;, i=1,2,...,n be the column vector with 1 in the ith row and 0
elsewhere. Let p be an index between 1 and n—1 and let D () be the diagonal matrix
such that D,(t) e,;=e”'e; if 1S i<p and D,(t) e,;=e*e; if p+1=i=<n, where 1=(npp)'

Then {D,(#)} is a one-parameter subgroup of SL(n, R).
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(2.11) Any matrix g€ SL(n, R) can be expressed in the form

(0 )2 7)°

where A, B, D and L are matrices of sizes p xp, p X (n—p), (n—p) x(n—p) and (n—p) xp
respectively, I and O stand for identity and zero matrices of appropriate sizes and
o€ SL(n, R) is such that a(¢;) € {£e;|1=j=n}; that is, ¢ is a “permutation matrix”

A B
except for signs. Note that for a matrix h of the form ( 0 D>’ {D,(t) hD,(—1)|t 20}

is bounded. Therefore in view of Proposition 1. 1 and the fact that ¢ € SL(n, Z), we get
the following.

2. 12. Proposition. Let ge SL(n,R) be expressed as in (2.11). Then
{D, (1) g(4o) |1 20}

I 0
is a divergent (or respectively bounded) trajectory if and only if {Dp(t) (L I) (A4p) |t§0}
is a divergent (resp. bounded) trajectory.

In view of the proposition in studying divergence or boundedness of a trajectory of
. . I 0 . .
{D,(#)} we may restrict to orbits of A of the form < I I) (A4p). We relate this to certain
number theoretic properties of L, or more precisely of the set (or system) of linear
forms corresponding to L. Here and in the sequel by the set (or system) of linear forms
corresponding to L we mean the n—p linear forms ¥ /;x;, i=1,2,...,n—p, where
L=().

In the rest of § 2 we use the following notation: For any ¢ € R let
p()=min{|t—n| | n integer} and v(¢)=min{n | |t—n|=p(")}.

Observe that for any ¢, t—v(f)= +p(¢). For any x="'(x,,...,x,) € R" (* stands for
“transpose of”) we denote max {|x;]| | 1=i=n} by |x|. A vector x="(x,,..., x,) is said
to be integral if x,, x,,..., x, are integers.

2. 13. Definition. Let L,, L,,..., L, be a system of k linear forms in / variables.
It is said to be singular if for every ¢> 0 there exists N, such that for all N= N, the set
of inequalities

P

p(Li(x))<eN *, i=1,2,...,k
and
|x| <N

have a (common) non-zero integral solution x. The system is said to be regular if it is
not singular. The system is said to be badly approximable if there exists ¢ >0 such that

max (p(L;(x))> clx]| 3

15isk
for all non-zero integral vectors x € R'.
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The reader may refer to [7] and [26] for discussions pertaining to these notions.

2.14. Theorem. Let L be a (n—p)xp matrix, where 1=p=n—1, and let
L, L,,...,L,_, be the corresponding system of linear forms. Let A= (i I) (Ap). Then
{D,(t) (A) | t=0} is a divergent trajectory if and only if {L,, L,,..., L,_,} is singular.
Proof. Suppose that {L,, L,,..., L,_,} is singular. For i=1,2,...,n let

10
fi:(L 1)e"'

By={X ¢e||El<o forall i=1,2,...,n}

In view of Proposition 2. 2 it is enough to show that for any § >0 there exists T such
that for all t=> T, Dp(t) (A) N B;+(0). Let 1>5>0 be given and choose & such that
0<e<d" Since {L,,..., L,_,} is singular there exists N, such that for N> N, the
inequalities

For any 6 >0 let

P
p(Li(x))<eN @D =12 .. (n—p)
and
|x] <N

have a common non-zero integral solution. Fix N> N, and let x="(x,, x,,. . ., x,) be

such a solution. For j=1,2,...,(n—p) put x,,;=v(—L;(x)) so that
Li(x)+x,,;=+p(L;(x)).

Then

y= fo er+2 (L(x)+xp+1) p+j

i=1

is an element of A and D,(¢) (y) € B, whenever

e 'N<é and ceeMN *<$

A

N ON
where as before A= . Let I, be the open interval (log;, A 'log ——), which
&

n—p)
is non-empty since ¢ <4". Then we have D,(¢) (4) N B;+(0) for all ¢ € Iy, which is true
for all N=N,. Again since ¢ <9", for all sufficiently large N, Iy and I, overlap and
consequently () Iy contains an. interval of the form [7, o). Hence D,(¢) (4) N B;+(0)
for all 1= T as required.

Conversely, suppose that {D,(¢) (4) | t=0} is not divergent. Then there exists 6 >0
and a sequence {f,} such that #, — o0 and D,(t,) (A) n B;=(0) for all k=1,2,.... Let
N,=v(0e™)=de™ tp(de™). Let x="(x,, x,,..., x,) be an integral vector such that

(2.15) |x|<N, and p(L;(x))<27*SN;* forall i=1,2,...,(n—p)
and put x,, ;=v(—L;(x)) (= —L;j(x) £ p(L;(x)) for all j=1,..., (n—p). Let

fo er+Z p(Lj(x)) ey ;€

i=1 i=
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Then by (2.15) we have D,(t,) (») € B;. Since D,(t,) (4) n B;=(0) we conclude that
y=0 or equivalently x=0. Thus the inequalities (2. 15) have no non-zero integral
solution for any N,. Since Ny — oo this means that {L,, L,,..., L,_,} is not singular.

2. 16. Remark. ' It is straightforward to verify that for the one-parameter subgroup
D,_, () a divergent trajectory {D,_,(¢) (A) | t=0} is a degenerate divergent trajectory
if and only if A N W({D,_,()})=*(0) (notation as in (2. 7)); (if every non-zero element

of A is of the form ¥ &e; with &,+0, then for any k<n—1 and x', x?,...,x* e A,
i=1

x' Ax*A--- Ax* is not contained in W(A*D,_,(r)}), unless it is zero). For A as in the
theorem (with p=rn—1) this happens if and only if the subgroup generated by the
coefficients of the corresponding (single) linear form L, does not contain any rational
element; in other words, if and only if /,,/,,...,1,_, and 1 are linearly independent
over Q, I, 1,,...,1,_, being the coefficients of L, (or entries of L). Thus in this case
Theorem 14 of [7] implies the following.

2. 17. Theorem. For n=2, the degenerate divergent trajectories are the only divergent
trajectories for the flow on ¥, induced by {D,(t)}. However, for n=3 there always exists
Ae L, such that {D,_,(t) (A) | t=0} is a non-degenerate divergent trajectory.

In SL(2, R), up to conjugacy and scaling (linear change in ¢) {D,(#)} is the only
one-parameter subgroup for which not all eigenvalues under the adjoint action are of
absolute value 1. Thus Proposition 2. 6 together with the first part of Theorem 2. 17
constitute a complete description of divergent trajectories of actions of one-parameter
subgroups of SL(2, R) on .#,. We shall achieve a similar description for all flows on
homogeneous spaces of “rank 1” (cf. Corollary 6. 2).

The discussion on p. 94 of [7] does not seem to imply the second part of Theorem
2.17 for {D,(t)}, p<n—1 (in the place of n—1) since in that case analogue of Remark
2. 16 is not valid. However, interpreting the ideas in the proof of Theorem 14 in [7]
geometrically, we shall uphold existence of non-degenerate divergent trajectories on all
homogeneous spaces of rank =2 (cf. Theorem 7. 3).

Combining Theorem 1. 6 and Proposition 2. 12 we get the following.

2. 18. Corollary. Let G=SL(n, R), I'=SL(n, Z) and

I
U={< X)’X apx(n—p)matrix}
and 0 1
(4 B\(I 0O
£=\o p)\r 1)%

the latter being a decomposition as in (2. 11). Suppose that the system {L,,..., L,_,}
of linear forms corresponding to L is regular. Then UgI'|T is dense in G/I.

Proof. U as above is indeed the horospherical subgroup corresponding to D,(¢)
for any t>0. Hence the result follows from Theorem 1. 6 and Proposition 2. 12.
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2. 19. Remark. Let the notation be as in Corollary 2. 18. It is easy to see that if

I 0) . . . .
h=( L I) is such that {D,(¢r)hl'| 120} is a degenerate divergent trajectory then

UhI|T is not dense in G/I'. Since by Theorem 2. 17 for n=2 all divergent trajectories
of {D,(#)} are degenerate, Theorems 1. 6 and 2. 17 constitute a necessary and sufficient
condition for density of the U-orbit. (See Corollary 6. 3 for a more general result.)

2.20. Theorem. Let L be a (n—p)xp matrix, where 1<p<n—1, and let

I 0
L,L,,...,Lg,_, be the corresponding system of linear forms. Let A =<L )(A). Then
the trajectory {D,(t) (A) | t20} is bounded if and only if {L,, L,,..., L_,} is badly
approximable.
Proof. Suppose that the system {L,,...,L,_,} is badly approximable. Let

1
0<c<§ be such that

max (p(L;(x)))>c|x|~*

15isn—p

for all non-zero integral x, where as before 4=

pp) . Choose 6 >0 so that 6" <.

n —

Let ye A and suppose that D, (') (y) € B, for some #'20. Then y can be expressed as
n— p

y=y,+y, where y, = 2 x;e;and y,= 3 (L (x)+x]) p+j» With x;, x,,. .., x, integers.
i=1 j=1
Observe that |D,(t) (¥,)I* 1D, (t) (¥,)l =1y,1* |y,| for all t20. As D,(t') () € B; we see
that D,(¢") (»,) and D,(¢') (y,) belong to B; and consequently
1911* 1221 = 1Dy (¢) (p)I* ID,(t) (y2)| <64 *2.
Also since D,(t') (¥,) € B;, |Lj(x)+x; | <e™*'6=6 and consequently |L,(x)+x;| =p(L;(x)).
Hence |y,|* | v, =|x|* , Jnax (0 (L (%)) <6+ < ¢ which contradxcts the choice of ¢
=Jj=sn—p

unless x=0; in the latter case y=0. Hence D,(¢) (4) n B;=(0) for all 1=0. By Propo-
sition 2. 2 this implies that {D,(¢) (4) | 20} is bounded.

Conversely, suppose that the trajectory {D,(t) (4) | t=0} is bounded. By Proposi-
tion 2.2 there exists 6>0 such that D,(¢) (4) n B;=(0) for all r=0. Now let
x="'x,,...,X,) be an integral p-tuple, x,,;=v(—L;(x))=—L;(x)tp(L;(x)) for all

I 0
j=1,2,...,(n—p) and y=3 x;f,e A wheref,-=<L I>e,.. Then D,(¢) (y) ¢ B; for any

0
t=0. Choose ¢ to be such that e“|x|=§. Since D,(¢) (y) ¢ B, we must have

e*p(L;(x))2 6 for some i=1,2,..., (n—p). In other words,

5 1+4
max p (L;(x))>2 <§> |x]"*>c|x| ™%

for a suitable ¢>0. Thus {L,,... )} is badly approximable.
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In view of Corollary 2. 5 and Proposition 2. 12, the theorem implies the well-known
fact that the set of badly approximable systems of (n—p) linear forms in p variables
is of zero measure in the p(n — p) dimensional vector space of all systems of (n — p) linear
forms in p variables. More interestingly, arguing the other way and using a theorem of
W. Schmidt (cf. [26]) together with Proposition 2. 12 we conclude the following.

2. 21. Corollary. The Hausdorff dimension of the set
{Ae %, | {D,(t)(A) | t=0} is a bounded trajectory}
is n2—1 (viz. the dimension of %£,).

2.22. Remark. For n=2 the result involved in the above corollary is classical
(cf. [26] for details). Also, in that case the flow is the geodésic flow associated to the
surface K\SL(2, R)/SL(2, Z) with respect to the Poincaré metric, where K is the subgroup
of SL(2, R) consisting of all rotations. Thus the set of points whose (forward) trajectories
under the geodesic flow (as above) is of Hausdorff dimension 3. One may ask whether a
similar assertion holds for the geodesic flow associated to any surface of constant
negative curvature and finite area. We note however that for the horocycle flows
associated to these surfaces, by a theorem of Hedlund (cf. [16] for reference and a
stronger result), the set of points on bounded trajectories is a two dimensional sub-
manifold.

§ 3. Orbits of Euclidean frames

A p-tuple ({,¢&,,...,¢,), where 1=p=n—1, and ¢, &,,...,{,eR" is called a
p-frame if ¢, &,,. .., £, are linearly independent. A p-frame (¢}, &,,. . ., §,) is said to be
irrational if the subspace spanned by {{,¢,,...,¢,} does not contain any integral
vector. We shall view a p-frame ¢ = (¢, &,,.. ., £,) also as an n x p matrix in the obvious
way (with &; as the ith column). For any matrix 6 we denote by ||0|| the maximum of the
absolute values of its entries.

The classical Kronecker theorem implies that if ¢ is an irrational p-frame and
e¢>0 there exists an integral row matrix x=(x,,..., x,) such that ||x¢|| <e. In [15] we
proved a matrix analogue of the theorem: for ¢ as above and &>0 there exists
y€ SL(n, Z) such that ||y¢| <e. In fact it is shown that there exist sequences {y;} in
SL(n, Z) and A,e€ R* such that y,£ — 0 and A,y,¢ — n where n is a p-frame (the latter
condition means that the sequence {y;} does not totally suppress the “shape of £”). This
was applied to deduce the inhomogeneous form of the above assertion; viz. if ¢ is a
p-frame then the SL(n, Z)-orbit of ¢ (componentwise action) is dense in the space of
p-frames, viewed as a subspace of R"xR"x --- xR" (p copies). Thus any p-frame can be
approximated by p-frames of the form y¢ with y e SL(n, Z). (A similar result is also
proved for Sp(2n, Z).)

Motivated by the recent quantitative versions of the usual Kronecker theorem
(cf. [29]) one may ask how fast the sequences {y;} in the above discussions have to
grow (in terms of the approximation achieved). We shall not directly concern ourselves
with this question; but rather, relate the rates of growth of optimally chosen sequences
to the behaviour of certain trajectories of {D,(¢)} as defined in the last section: The
question itself has been studied in a recent preprint [24] by S. Raghavan. Our results
overlap with those of [24] for a class of p-frames (specifically, when the index as defined
in [24] is zero, which incidentally is the case when the results are optimal).
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In the sequel we consider p fixed. We denote by ¢, the frame (e, e,,...,¢,),
where as before {e,, e,,.. ., e,} is the standard basis of R". Observe that any p-frame ¢
can be expressed as g&,. Also, as before, through the rest of this section we put

p
A= .
(n—p)

3. 1. Proposition. Let £ =g, be a p-frame, where g € SL(n, R). Let K be a compact
subset of #,. Then there exists a constant C >0 such that the following holds: if {t;} is a
sequence in R* such that t;— oo and D,(t) g 1 (Ay) €K for all i, then there exists a
sequence {y;} in SL(n,Z) such that for all large i, |y,|< Ce* and |y;é|| <Ce™" and
further, there exists a subsequence of {e"y;£} which converges to a p-frame 1.

0 D/\L I

A B\[(I O
Proof. Let g7! =< )( >a be the decomposition as in § 2. 11 for g~! in
‘ 1
the place of g. Then for >0, D,(¢) g ' (4,) € K only if D,(1) (L I) (A4,) € K’ where

A B -t
K= {Dp(t) ( )Dp(——t) | t;O} -K is a compact set. On the other hand if for some

0 D
10
?(_L I)éo
[ I 0\/4 B\
vene 1(-1, 1)(0 D) o

I 0
Y (—L I) éoA_l

<n|lA7Y| Ce .

y€ SL(n, Z) and t>0 we have < Ce™! then we have

lyelll =

=nllA7Y|

I 0
7<_L I)fo

In view of these observations it is evident that it is enough to prove the Proposition

I
only for g of the form < 0> where L is an (n—p) x p matrix; hence we shall suppose

L I
(T 0
8=\ 1)

Recall that &, can be identified with SL(n, R)/SL(n, Z). Thus there exists a compact
subset K, of SL(n, R) such that K=K, SL(n, Z)/SL(n, Z). Put

C=3n|L| sup{llll | he Ki'}

which is finite in view of compactness of K,. Now let ¢, — co be a sequence such that
D,(t) g 1 (A,) € K for all i. In view of the above, this means that there exists a sequence
{7:} in SL(n, Z) such that D,(z) g"'y; ' € K, for all i. In view of the compactness of K
it is enough to show that the conclusion of the Proposition holds for the subsequences
of {y,} for which D,(t,) g~'y;* converges. In other words, we may assume D, (;) g~ '7;"!
to be convergent; say D,(t,) g~ 'y; ' — h e K;. Then y,gD,(—t) — h™' € K; '. Comparing
the first p columns of this convergence (or, equivalently, operating the sequence and
the limit on the frame £;) we conclude that ey, — n where 7 is the p-frame formed
by the first p columns of A~1. Since ||7||< ||A~*|| < C the convergence also implies that
for all large i, ||y;£|| <Ce™". Comparing the last (n—p) columns we conclude that for
all large i, [ly,E% <2||h~"|| e**, where £° is the (n—p)-frame (e, .y, €,42- - -» €,)-
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. I 0 I
Since g =< ) and consequently §=<

= . . 0 ]
LI L) we see that p,&=y,&,+7,E° L for all i.

Hence
19 &oll = 1 €O LI+ &N = (n—p) LN Nyi8Oll+ lyiCll = 2n LI A1 e+ lly; &)l < Ce?s
for all large i, since y;&€ — 0. Hence ||y,|| =max {||y;&ll, lly;E°lI} = Ce.
A proof of the second part is evidently contained in the above.

Before considering applications of the above to special trajectories we shall prove a
(stronger) converse. As before, for any 6 >0 let B;= {3 a,e; | |a;| <6 |foralli=1, 2,. .., n}.
Recall also that A,=27".

3. 2. Lemma. There exists a constant 8 depending only on n such that the following
holds: if he SL(n, R) and 6>0 are such that hB;~ Ay+ (0) then 'h™'B,..; does not
contain n linearly independent elements of A,.

Proof. The set hB; is a parallelopiped and 'A~!B,-, is its reciprocal (polar)
body. Hence the result follows from Theorem 4 A of [28].

3. 3. Proposition. Let {=g¢&, be a p-frame, where ge SL(n, R). Let {t;} be a
sequence in R*, such that t,— oo. Suppose that there exists a constant C=1 and a
sequence {y;} in SL(n, Z) such that ||y;£|< e™" and |ly;|< Ce* . Then {D,(t,) g (Ay)} is
contained in a compact subset of &,.

Proof. As in the proof of Proposition 3.1, without loss of generality we may

L I
proposition is not true. By passing to a subsequence we may assume that {D,(t;) g (4}

1 0 . . ..
assume g=( ), where L is a (n—p) X p matrix. Suppose that the conclusion in the

has no limit point. Put =% where f is as in Lemma 3. 2. In view of Proposition 2. 2

our assumption implies that for all large i, say i2i,, D,(t;) 8" (4,) N B,=+(0), hence
gD,(—1) B; n Ay #(0). Using Lemma 3. 2 and substituting for  we conclude that for
i2 iy, '(gD,(—1))"" B,c does not contain # linearly independent elements of A,. But

observe that
! I 0
t(gDp(_—ti)) V= {Vi (L I) Dp(—ti)}

— t(e""}’,-é, e—lt,-,yiéO)

so that |(gD,(—1,) "v:|= C. Consequently ‘(gD,(—1,) “;(e,) € By for all k=1,2,...,n.
Hence ‘y;(e,) €'(gD,(—1))™' B, for all k=1,...,n. But since for any i, “y;(e,),
k=1,...,n are n linearly independent elements of A,, this contradicts our earlier
observation, for all i i, Hence D,(t,) g~ "(4,) must have a limit point in &,.

We now apply the propositions to divergent and bounded trajectories.

3. 4. Theorem. Let (=g, be a p-frame. Then the following conditions are equiva-
lent:

i) {D,(t)g ' (Ay) | 120} is not a divergent trajectory.

il) There exists a constant C'>0 and a sequence {y;} in SL(n,Z) such that
Iyl = C'llyigll=* and y;— 0.
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(i) There exist a constant C'>0 and sequences {y;} in SL(n,Z) and {1} in R*
such that ||y||= C'|ly;€| =% for all i, A,— oo and A;y;E —n, where n is a p-frame.

Proof. 1) = iii) Since the trajectory is not divergent there exists a compact subset
K of #, and a sequence {¢;} such that D,(z,) g '(A,) € K for all i. Let C be the constant
and {y;} be the sequence in SL(n, Z) given by Proposition 3.1 corresponding to the
above data. Then for all large i we have |y;|| < Ce* < C?|y,£|| =% This, together with
the last part of the conclusion of Proposition 3.1, implies that iii) holds when we
replace {y,} as above by a suitable subsequence.

iil) = ii) is trivial.

ii) =1i) Let#;= —log]|y;&| then t;— oo and we have ||y,£||< e " and ||y;| = C’e™.
Hence by Proposition 3. 3, {D,(;) g "' (4,)} is contained in a compact subset; in other
words {D,(?) g 1(4,) | t=0} is not a divergent trajectory.

3. 5. Theorem. Let ¢=g&, be a p-frame where g e SL(n, R). Then the following
conditions are equivalent:
i) {D,(t)g~'(Ay) | t=0} is a bounded trajectory in <,

i1) There exists a constant C such that for any € >0 there exists y€ SL(n, Z) such
that |y <Ce™* and ||yé| <e.

iii) There exists a constant C' such that given a sequence {c;}, where ¢, 0, there
exists a sequence {y;} in SL(n,Z) such that |y||< C’¢e; %, |y;&ll <e; and for a suitable
sequence {1} of positive real numbers A;y;£ — n, a p-frame.

Proof. i) = iii) Let K be the closure of the bounded trajectory {D,(¢) g (A, | t20}
and let C>0 be the constant given by Proposition 3. 1 for the compact set K. Choose

C .
t;=log <?) Then the condition of Proposition 3.1 holds. Let {y,} be a sequence in

SL(n, Z) for which the conclusion of that proposition holds. Then ||y,[| S Ce*i=C!*%¢
and ||y;¢|| < Ce " =g¢;. The last part follows from the corresponding assertion in Proposi-
tion 3. 1.

iil) = ii) is trivial.
il) = 1) If the trajectory is not bounded there exists a sequence f; such that
t;— o and the sequence {D,(t,) g 1(4,)} has no limit point in Z,. But since by ii)

there exists y; € SL(n, Z) such that ||y;&|S e % and |y;|| = Ce*, Proposition 3. 3 implies
that the sequence must have a limit point. Hence i) must hold.

Combining Theorems 3. 4 and 3. 5 with Theorems 2. 14 and 2. 20 of the last section,
in particular, we get the following.

3. 6. Theorem. Let L be an (n—p)x p matrix and let {L,, L,,..., L,_,} be the

I
corresponding system of linear forms. Let &= L where I is the p X p identity matrix.

Recall that 3=—2
(n—p

41 Journal fiir Mathematik. Band 359

) Then we have the following.
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i) There exist a constant C>0 and a sequence {y;} in SL(n,Z) such that
17:¢Il — 0 and v\ = Clly,EI~* for all i if and only if {Ly, L,,. .., L,_ )} is regular.

il) There exists a constant C>0 such that for any ¢>0 the inequalities ||y&|| <e
and ||y|< Ce™* have a solution y e SL(n, Z) if and only if {L,, L,,..., L_p} is badly
approximable.

One of the implications in ii), viz. badly approximable => existence of the solution y
for the inequalities, overlaps with a recent result of S. Raghavan (cf. [24], Theorem 4).
There the author allows a weaker condition than badly approximable and concludes the
existence of a constant C such that for all ¢>0 there exists y e SL(n, Z) for which
ly¢ll <e and |y]l <Ce™*7% where 6=0 is the “proper index” of the system. We note
however that like badly approximable systems the systems satisfying the weaker condi-
tion involved in the above also form a set of measure zero in the p(n—p)-dimensional
vector space of all systems of all (n—p) linear forms in p variables. It would be inter-
esting to know whether the weaker condition or solvability of the above (weaker) system
of inequalities signifies something about the trajectory {D,(t) g”'(4,) | 120}, where
ge SL(n, R) is such that {=g¢,.

Since, for n=3 there exist singular systems of linear forms (cf. Theorem 2. 17),
there exist p-frames & for which there exists no constant C such that y;£ — 0 and
Iyl < Clly;&ll~* for a suitable sequence {y;} in SL(n, Z). It was shown to the author by
E. Bombieri that, in fact, given any monotonically increasing function w(f) on R* there
exists an (n—1)-frame ¢ such that there is no sequence {y;} in SL(n,Z) satisfying
9,6 —0 and |yl <w(||y;€|"!) for all i; the proof is based on Theorem 14 from [7]
and Theorem 4 A from [28]. As in the previous paragraph it would be interesting to
know if this phenomenon signifies something about the dynamics of the trajectories
involved.

§ 4. Divergent trajectories on homogeneous spaces

Let G be a connected Lie group and I be a lattice in G. Let {g,} be a (continuous)
one-parameter subgroup of G. In the remaining sections we shall discuss the divergent
trajectories of the flow induced by {g,} on G/I.

As G is a connected Lie group, the class of closed (not necessarily connected)
normal subgroups of G which do not contain any non-compact semisimple subgroup has a
unique maximal element M. G/M is a semisimple Lie group with trivial center and no
non-trivial compact factors; (in fact, G/M is the maximal among such quotients). Further,
for any lattice I', MTI is a closed subgroup of G and the natural quotient map
n:G/I' - G/MT is proper (cf. [25]). We conclude from this the following.

4. 1. Proposition. For g e G the trajectory {g,gI' | t=0} in G/I' is divergent if and
only if the trajectory {g,gM1I | t=0} in G/MT is divergent.

Since G/MT is the quotient of G/M by the lattice MI'/M, the proposition signifies
that in studying divergence of trajectories of flows there is no loss of generality if we
restrict to (connected) semisimple Lie groups G with trivial center and non-trivial compact
factors. Such a group is linear (that is, a subgroup of GL(n, R) for some n). In the
following sections we shall, in general, only assume G to be a connected linear semi-
simple Lie group. We next motivate further restrictions on I'.
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A lattice I in a semisimple Lie group G is said to be irreducible if for any normal
subgroup F of positive dimension, FI" is dense in G. We recall the following result on
“decomposition” of lattices into irreducible components.

4. 2. Proposition. If G is a semisimple Lie group with trivial center and no non-trivial
compact factors and I’ is a lattice in G then there exist normal (closed) subgroups
G, G,,..., G, of G such that

i) G=G,-G, - G, (direct product);
i) for each i=1,2,...,k, L n G;=1I;, say, is an irreducible lattice in G;;

i) I'y-T,--- T, is of finite index in I.

(4.3) Thus the homogeneous space []G;/I; is canonically isomorphic to
G/I'\T, --- T;,. It is evident that a trajectory {g,gI' | =0} is divergent if and only if
{g.gI'\ I, --- T} | t20} is divergent and that holds if and only if the projection on any
one of G;/I;, 1=i=k is divergent. We thus find that in studying divergence as above
we may (further) restrict to irreducible lattices.

(4.4) Now let G be a semisimple Lie group with trivial center and no non-
trivial compact factors and let I' be an irreducible lattice in G. Then by Margulis’
arithmeticity theorem (cf. [22]) there are only the following three (not mutually exclusive)
possibilities: i) G/I' is compact; ii) I' is an arithmetic lattice in the sense that G is the
connected component of the identity in the group of R-elements of an algebraic group G
defined over Q and I' is commensurable with G, (that is, I' n G, has finite index in I
and G;); or iii) G is of R-rank 1.

The rank of an irreducible lattice I' (or equivalently of the homogeneous space
G/I') as above is defined to be 0 if i) holds, 1 if iii) holds and i) does not and to be the
Q-rank of the algebraic group G if ii) holds. It is well-known that this is consistent;
(it follows for instance from Theorem 13.1 and Corollary 15. 3 of [2]). If G has non-
trivial center C (but other conditions are as before) then the rank of an irreducible
lattice I in G is defined to be the rank of the (irreducible) lattice CI'/C in G/C.

In analogy to Propositions 2.4 and 2. 6 in general we have the following.

4. 5. Proposition. Let G be a connected semisimple Lie group with finite center.
Let I' be an irreducible lattice in G. Let {g,} be a one-parameter subgroup of G which is
not contained in any compact subgroup of G. If {t;} is a sequence in R such that t;— oo
then for almost all gI' € GIT', {g, gI'} is dense in G/I'. If all eigenvalues of Adg, are
of absolute value 1 then no trajectory of {g,} on G/I' is divergent. If I' is non-uniform and
Adg, is diagonalisable over C and has an eigenvalue A with |A| 1 then {g,} has a divergent
trajectory on G/I.

Proof. As before the first part follows from the results of C. C. Moore (cf. [23],
Theorem 1). For an arithmetic lattice I' and a one-parameter subgroup {g,} consisting
of unipotent elements (that is, Adg, is unipotent) the non-existence of divergent
trajectories can be conclude using Margulis’ result as involved in Proposition 2.6,
using Proposition 9. 3 of [25] (cf. [11] for an idea of the proof). For a non-arithmetic
lattice this (and even a stronger assertion) is proved in [14]. (Actually, a simpler proof
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is also possible if we only need non-divergence.) As in the proof of Proposition 2. 6,
non-existence of divergent trajectories when all eigenvalues of Adg, are of unit absolute
value can be concluded from the above special case, using the Jordan decomposition.

For a large class of homogeneous spaces we shall actually find divergent trajectories
for {g,} when Adg, has an eigenvalue A with |A|%1 (cf. Theorem 7.3 and Proposi-
tion 5. 6). However, to prove the converse assertion sought after, we follow an indirect
argument. If Adg, is diagonalisable over C and has an eigenvalue A with |A| %1, then
the corresponding horospherical subgroup U is non-trivial and consequently not contained
in any compact subgroup of G. Since I' is an irreducible lattice, this implies that the
action of U on G/I' is ergodic. Hence if {g,} has no divergent trajectories, then by
Theorem 1. 6 this implies that all U-orbits on G/I" are dense. But when G/I" is non-
compact, this is false even for a maximal horospherical subgroup (cf. [12], Corollary
2.4 and Remark 2.5 in the arithmetic case and condition d) of Theorem 5. 2 of the
present paper for the case of lattices in simple Lie groups of R-rank 1).

It seems to the author that the converse assertion would be true without the
assumption that Adg, is diagonalisable over C.

As suggested by Theorem 2. 17 it will turn out that while for lattices of rank 1 all
divergent trajectories are “degenerate”, when the rank is =2 there always exist “non-
degenerate” divergent trajectories. This will be taken up in §§ 6 and 7 respectively. We
conclude this section by proving an abstract characterization of degenerate divergent
trajectories in SL(n, R)/SL(n, 2).

4. 6. Definition. Let G be a connected semisimple Lie group and let I' be a
lattice in G. A parabolic subgroup Q of G is said to be I'-rational if the unipotent radical N
of Q intersects I" in a lattice; that is, N n I" is a lattice in N.

Let Q,, where 1=i=n—1, be the subgroup of SL(n, R) consisting of all the
elements which under the ith exterior action (natural if i=1) leaves invariant the
subspace spanned by e, Ae,A--- Ae;, where as before {e,e,,...,e,} is the standard
basis of R". It is well-known that any maximal parabolic subgroup Q of SL(n, R) is
conjugate to (a unique) Q,, i=n—1; Q is I'-rational if it is conjugate to Q, by an element
of SL(n, Q); that is, Q=¢Q;q~ ! for some ge SL(n, Q) and 1=iSn—1.

4.7. Theorem. Let G=SL(n,R) and I'=SL(n, Z). Let {g,} be a one-parameter
subgroup and let g € G. The trajectory {g,gI' | t=0} is a degenerate divergent trajectory
if and only if the following holds: there exist a representation p: G — GL(V) over a finite
dimensional vector space and a v € V —(0) such that the following conditions are satisfied:

i) The subgroup Q={xeG|p(x)v=x(x)v for some x(x)eR*} is a maximal
I'-rational parabolic subgroup of G, and

i) there exists 6 € C(I')=SL(n, Q) such that p(g,g0) — 0 as t — oo (note that 0 is
understood to be independent of t).
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Proof. Suppose that {g,gI" | =0} is a degenerate divergent trajectory (in the sense
of §1). Then by Proposition 2.9 there exists i, 1<i=n—1 such that if p= /' the ith
exterior representation (natural, if i=1) then p(g,87) (e; Ae, A--- Ae;) — O for a suitable
y € I'. This together with the remark preceding the statement of the theorem implies that
conditions i) and ii) are satisfied for p= A, v=€, Ae,A---Ae; and O=1.

Now let p be a representation of G over a finite dimensional vector space V and
let ve V be such that conditions i) and ii) are satisfied. By the remark preceding the
theorem, the subgroup Q as in condition i) is of the form ¢Q,q~! for some g e SL(n, Q)
and 1=i=n—1 (with Q as defined there). Then p(Q,) leaves invariant the subspace
spanned by w=p(g~ ") (v). Also p(g,g09) (W)=p(g,g0) (v) >0 as t— oco. Since

0ge SL(n, Q)=C(I),

this means that by replacing v by w in the hypothesis we may assume Q as in condition i)
to be Q,; for some i, 1=i=n—1.

Since any representation of SL(n, R) is completely reducible, by passing to one of
the components we may assume p to be the irreducible one; note that since Q, is a maximal
parabolic subgroup the subspace spanned by at least one of the components of v is
invariant only under the action of elements of Q,.

Recall that an irreducible representation is determined completely by its heighest
weight. Also since Q; is a maximal parabolic subgroup, all the possible highest weights
of irreducible representations for which there is a Q;-invariant 1-dimensional subspace
in the representation space are multiples of each other (note that one-zero vectors in
the Qinvariant one-dimensional subspace have to be highest weight vectors). Using the
fact that the highest weight has to be “integral” (cf. [20]) and that the highest weight
corresponding to the ith exterior representation is a fundamental weight we conclude that
the highest weight of p as above must be a positive integral multiple, say k times, of the
highest weight corresponding to the ith exterior representation.

Consider the kth symmetric power p¥ of the ith exterior representation. Let
w=(e, e, A+ Ae), the kth symmetric power, and let W be the smallest p¥(SL(n, R))-
invariant subspace containing w. In view of the choice of £ and the uniqueness of an
irreducible representation with a given highest weight, it follows that W can be expressed
as a direct sum of p¥-invariant subspaces W,, W,,..., W, such that the restriction of
p¥ to each of the subspaces is isomorphic to the representation p. Further if w;, w,,..., w,
be the components of w in W,, W,,..., W, respectively they are highest weight vectors
and hence under this isomorphism they correspond to a scalar multiple of v e V. Hence
by our hypothesis p*(g,g6) (w;)—0as t— oo forall j=1,2,...,L Hence p*(g,g0) (w)—0
as t— oo; that is, the kth symmetric power (/A\'(g,g0) (e, A+~ Ae))—0 as t— 0. It
is straightforward to verify by looking at the components that this implies that
N(g.8) (e, A+ Ane)— 0. It is well-known, and easy to see, that SL(n, Q)= SL(n, Z)- P,
where P is the subgroup consisting of all upper triangular matrices. In particular, 6 can
be expressed as 0=y -p, where ye SL(n, Z) and p € P< Q,. Then in view of the above,
evidently A'(g,g7y) (e, A--- Ae;) — 0. By Proposition 2.9 this implies that {g,gI" | =0}
is a degenerate divergent trajectory.
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§ 5. Fundamental domains and degeneracy

In this section we recall the results on fundamental domains of lattices (to be used
in the sequel following the same notation) and motivate the notion of degeneracy in the
general context.

(5.1) Let G be a connected linear semisimple Lie group and I' be an irreducible
non-uniform lattice in G; in particular this means that G can have no compact factors.
We shall assume that there exists, and consider fixed, an algebraic group G defined
over k, where k=Q or R, such that G=G; (notation as in [3]) and at least one of the
following conditions is satisfied:

a) k=0Q and I is commensurable with G, or
b) k=R and R-rank of G is 1.

Recall that in view of the reductions in § 4, the above assumptions do not involve
any loss of generality in the study of divergent trajectories on homogeneous spaces of
Lie groups by lattices.

Let S be a maximal k-split torus in G and let S=S;. Let ® be the (algebraic or
equivalently, complex) Lie algebra of G. Relative to the adjoint action of S on & we
have the decomposition

6=310)+ ¥ G*
Aed
where 3(S) is the Lie algebra corresponding to the centralizer Z(S) of S in G, @ is the
system of k-roots relative to S and for each 1€ @

Gr={tec® | (Ads)E=A(s) ¢ forall seS}.

Let P be a minimal k-parabolic subgroup of G and let U be the unipotent radical
of P. There exists a unique order on & such that U is the subgroup generated by
{exp®* | e d*}, " being the set of positive roots relative to the order. We denote by 4
the set of simple roots with respect to the order. For any 7> 0 put

S, ={seS|a(s)<t forall aed}.

We note also that P can be expressed as P=S-M- U, where M is a reductive algebraic
subgroup of Z(S) which is defined and anisotropic over k. Put P=P, n G, M =M, and
U=U,. Then we get the decomposition P°=SMU. Finally, let r denote the rank
of I' (cf. § 4. 4).

5. 2. Theorem. Let the notations be as above. Further let K be a maximal compact
subgroup of G. Then there exists a compact subset C of MU, a finite subset J of G, N G
and ©>0 such that the following conditions are satisfied:

a) G=KS,CJI.

b) Let J,=J if k=R and any finite subset of G, if k=Q); then for any compact
subset D of MU and o>0 the set {yeI' | (KS,DJ,)y n(KS,DJ,)+ @} is finite.

¢) If r=1 then for any compact subset D of MU there exists >0 such that the
Sollowing holds: if j,j,€J and ye I are such that (KS,Djy) n (KS,Dj,) is non-empty
then j,=j and jyj~' € P.

d) Foralljel,j-*Ujn T is a lattice in j~* Uj.
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e) If Q is a parabolic subgroup such that the unipotent radical N of Q intersects I'
in a lattice (that is, N N I is a lattice in N) then there exists je J and ye I' such that Q
contains y~1j"1 Pjy.

For arithmetic lattices conditions a), b) and c) as above follow from Theorem 13.1,
Corollary 15. 3 and Proposition 17. 9 respectively of [2]. Condition d) follows from the
fact that J< G, and U is a unipotent algebraic group defined over Q. Condition €) follows
from conjugacy of minimal Q-parabolic subgroups and the fact that if the unipotent
radical of a parabolic subgroup Q of G intersects I' in a lattice then Q=Q, N G for
an appropriate Q-parabolic subgroup of G. (The unipotent radical must be defined
over Q and hence so is Q, being its normalizer.)

For lattices in simple Lie groups of R-rank 1 conditions a), b), ¢) and d) follow
from Theorem 0. 6 of [17]. To uphold condition e) we proceed as follows. Observe that
in view of condition d) as in the theorem, for any x € PJI', the orbit of UxI'/T" under
the U-action is compact. It turns out that PJI'/T" is precisely the set of all the points
with this property; this may be deduced from Theorem 3.4 in [12]. A simpler proof
can also be obtained using Theorem 1. 6 and the “only if part” of Theorem 6. 1 of the
present paper (cf. Corollary 6. 3). We note that the latter does not involve condition e)
(or any of its consequences). Now let Q be a proper parabolic subgroup. Since G is of
R-rank 1, Q must be conjugate to P, say Q =gPg~! for some ge G. Then gUg™! is the
unipotent radical of Q. If, as in the condition, gUg ' N I' is a (necessarily uniform)
lattice in gUg ™!, then U n g 'I'g is a uniform lattice in U and consequently Ug'I'/l"
is a compact U-orbit. Hence by the above remark, g~ e PJI'; let g~'=pjy, where
peP, jeJand yeTl. Then Q=gPg '=y"1j 1p~t Ppjy=y~1j 1 Pjy.

A set J for which the conditions of Theorem 5. 2 are satisfied is called a sufficient
set of cusp elements.

(5.3) Let the notation be as in (5. 1). For any subset 2 of 4 let (X be the set
of all elements of @ which are contained in the subgroup of the character group generated
by 2. For £ <4 let P, be the subgroup generated by Z(S) u {exp®* | Ae (2> U &},
where Z(S) is the centralizer of S. Note that P,=P-P;, ¥ <4 are all the k-parabolic
subgroups containing P (cf. [3]). They are called standard parabolic k-subgroups with
respect to the order. Any parabolic k-subgroup is conjugate to a standard parabolic
k-subgroup, by an element of G,. For each a € 4, P;_, is a maximal standard parabolic
subgroup.

Let X< 4. The standard parabolic subgroup P; can be (Levi) decomposed as
P;=Z,-N; where N; is the unipotent radical of Py and Z, is the reductive Q-subgroup
generated by Z(S) and {exp ®* | 1€ (Z)}. Z; can be further decomposed as Z;=T;-H;
where T; is a k-split torus in the center of Z; and Hj is a reductive algebraic group defined
over k on which there is no character defined over k. This, in particular, implies that if
H=(Hjy); then HN I is a lattice in H (cf. [2], Corollary 13. 2 for the arithmetic case;
in the other case it is obvious since either H is compact or H=G). If X =¢ then H=M.
In this case M N I' is a uniform lattice in H. We note for later use that since J< G, if
k=Q and M is compact if k=R, for all je J, j"!Mj n I is a uniform lattice in j~* M.

(5.4) Let Q be a parabolic subgroup of G and let N be the unipotent radical of Q.
Recall that Q is said to be I'-rational if N n I' is a lattice in N. If I" is an arithmetic
lattice then a parabolic subgroup Q of G is I'-rational if and only if Q=Q, n G for
a suitable (unique) parabolic Q-subgroup Q of G.
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Recall that in (5. 1) while choosing the order on @ we started with a minimal
parabolic k-subgroup P; that is, P is Q-parabolic if I is arithmetic, but only R-parabolic
otherwise. We shall henceforth assume the choice to be such that in the latter case
(also) P is I'-rational. By condition e) this implies that there exists ye I’ and j,eJ
(the corresponding set of cusp elements) such that j,y normalizes P. Since a parabolic
subgroup is its own normalizer we get that j,y € P. P can be decomposed as M'SU
where S and U are as above and M'={ke K| ks=sk for all se S}. Hence the last
conclusion implies that the assertions as in the theorem remain valid, for a suitably
modified C and 1, if j, is replaced by e, the identity. In other words we may assume
without loss of generality, as we do in the sequel, that e € J.

5. 5. Definition. Let p: G— GL(V) be a representation of G over a finite dimen-
sional vector space V and let v e ¥—(0). The triple (p, ¥, v) is said to be an admissible
chart at © for G/I if the following conditions are satisfied:

i) The subgroup Q={ge G| p(g) (v) e R*v} is a I'-rational parabolic subgroup
of G.

il) The subgroup Q,={g € G | p(g) (v) =v} intersects I" in a lattice; thatis, Q, N I
is a lattice in Q,.

If (p, V, v) is an admissible chart at oo then the subgroup Q as in condition i) is
called the corresponding projective isotropy subgroup.

5. 6. Proposition. Let {x,},,, be a curve in G. Let (p, V, v) be an admissible chart
at oo for G/I" such that p(x,) (v) — 0 as t — co. Then the following conditions hold:

a) There exists an admissible chart at o for G/I', say (p’, V', v") such that the
corresponding projective isotropy subgroup is a maximal I'-rational parabolic subgroup and
p'(x)@®)—0as t— oo.

b) x,I'— o0 as t— oo.
c) Let {g,} be a one-parameter subgroup of G and
E={xeG|p(gx)(v)—0 as t— oo}

Then given an x € E and a compact set F of G|I', there exists a neighbourhood Q of x
in E and a T=0, such that g,gI" ¢ F whenever t>T and g € Q.

Proof. Let Q be the projective isotropy subgroup corresponding to (p, V, v).
Since Q is I'-rational, without loss of generality (by modifying the given representation
suitably) we may assume that Q contains the subgroup P involved in Theorem 5. 2
and (5.4). Let Q be the parabolic subgroup of G such that Q=Q, N G. Then Q is a
standard parabolic k-subgroup (k as in (5. 1)); Z <4 be such that Q=P;. Let H; and
N; be as in §5.3. Let H=H;),, T=(Ty), and N=(Ny),. Recall that Hn T is a
lattice in H. Also by I'-rationality of Q, N n I' is a lattice in N.

Let Qo={q€ Q| p(q) (v)=v}. We claim that HN < Q,. Recall that since (p, V, v)
is an admissible chart Q, N I' is a lattice in Q. Since Q/Q, is one-dimensional and
Q N I cannot be a lattice in Q (as Q is not unimodular) it follows that Q " I'/Q, N I
is finite. Hence there exist subgroups of finite index in H NI and N n I" which are
contained in Q,. By Zariski-density of N N I" in N (cf. [13], § 4) this implies that N < Q,,
Also Hn I’ is Zariski-dense in a co-compact normal subgroup of H (cf. [13], §4).
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Hence p(H) (v) is compact. But since the 1-dimensional subspace spanned by v is
p(H)-invariant and H is connected, this is impossible unless p(H) fixes v; that is, H is
contained in Q.

Now let || | be a p(K)-invariant norm on V such that |jv]|=1. We have
G=KQ°=KTHN and if x=ksy, where ke K, se T and y € HN then

o) @I = llp(ksy) @) =llp(s) I = x(s)

where y: S— R™* is the character defined by p(s) (v)=yx(s) v. Let {x,}:0 be a curve
in G as in the hypothesis. Writing x, =k, s, y,, where k, € K, s,€ T< S and y,e HN for all ¢,
we see that y(s)=lp(x,) v)]| =0 as t— o0.

Observe that v is a highest weight vector (when we consider the complexified rep-
resentation) with respect to any Borel subgroup contained in Q. Since the corresponding
weight has to be dominant integral it follows in particular that the character y can be
expressed as

x(s)= I_L o (s)™

where m, 20 for all a € 4. Since Hc Q, we get that m,=0 for all a€ 2. On the other
hand since y(s) — O there exists fe 4 such that f(s,) — 0. Evidently fe 4—2% and
mp>0. Let Q"=P,_ . and Q"'=Q N G. Let N’ be the unipotent radical of Q' and let /
be the dimension of N'. Let V'= A ®, the /th exterior power of ® as a vector space.
Let p’ be the /th exterior power of the adjoint representation of G over ® and let v’ be
a non-zero element of the one-dimensional subspace of V' corresponding to the Lie
subalgebra of N'. It is straightforward to verify that (p’, V’, v) is an admissible chart
at oo for G/I'. Now let | | be a p’'(K)-invariant norm on V' such that ||v'||=1. Let
H'=MH,_p)s and N'=(N,_)e. Then it is easy to see that Hc H' and NcH'- N’
and that p'(H'N’) fixes v’. The argument applied to p above now shows that if x=ksy
where k€ K, s€ S and y e H' N’ then |p’'(x) (v")|| = B(s)™ for some m>0. Let k,, s, and
y, where ¢ 20 be as chosen above. Since y,€ HN <« H' N’ we get that || p’(x,) (V")||=p(s,)" — O
as t — oo since by choice of 8, f(s,) — 0. This proves assertion a) of the Proposition.

To prove assertion b) we may revert to the initial notation and assume Q to be a
maximal [-rational parabolic k-subgroup. Then T is one-dimensional and the character y
has the form y(s)=f(s)" for some fe 4 and m>0.

First consider the case of (non-uniform) lattices in simple Lie group of R-rank 1.
Then HN=MU and HN N I is a uniform lattice in HAN. Hence there exists a compact
subset D of MU such that HN< DI'. Using the decomposition x,=k,s,y, as before
we see that x, € Ks,DI', where B(s,) — 0 (8 now being the unique element of A4). Since
e J (cf. § 5. 4) by condition b) of Theorem 5. 2 this implies that x,I" — oo as ¢t — 0.

Next consider the case of arithmetic lattices; that is, k=Q. Put S'=S " H,_,,
S’=(S,)° and U'=U N H. Let K’ be a maximal compact subgroup of H and let K be
a maximal compact subgroup of G containing K’. By Theorem 13.1 of [2] (actually
condition a) in Theorem 5.2, except that H may have compact factors) there exist a
compact subset D; of MU', a finite subset J, of H n G, and ¢ >0 such that

H=K'(S' n S,)D,J,(HAT).
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Since N N I' is a uniform lattice in N there exists a compact subset D, of N such that
N=D,(NnT). Hence

HN=K'(S' nS,)D,J,(HAT)-N=K'(S' nS,) D,J,N(HAT)
cK'(S'nS,)D,J,D,[<K'(S'nS,)DJ,T,

where D=D, () jD,j~!). We note also that {s,} =T and hence centralizes K'. Thus
jelJ

in this case we havé x,=ks,y,€Ks,K'(S nS,)DJ,I'=Ks,(S" nS,) DJ, T and B(s,) — 0.

Since J; is a finite subset of G,, by condition b) of Theorem 5.2 this implies that

x,I' — o0.

Finally, to prove assertion c) we proceed as follows. Let the notation be as in
the proof of a). By assertion b) given the compact subset F of G/I' there exists ¢>0
such that for x € G, the condition |p(x) (v)|| <& implies that xI" ¢ F. We note also that
since p(g,) is a one-parameter subgroup of matrices if W= {w|p(g,) (W) — 0 as t — 0}
then p(g,) (W) — O uniformly on compact subsets of W. Now let x € E. Then p(x) (v) e W
and hence there exists 77> 0 such that ||p(g,) (w)|| <¢ for all =T and w in a neighbour-
hood, say ', of p(x) (v). Now assertion c) evidently holds for Q={ge G | p(g) (v)e Q'}.

Proposition 5. 6 and Theorem 4. 7 motivate the following definition.

5. 7. Definition. Let G and I" be as before. Let {g,} be a one-parameter subgroup
of G and let g € G. If there exists an admissible chart (p, V, v) at oo for G/I" such that
p(g,8) (v)— 0 as t — oo then {g,gI' | t=0} is said to be a degenerate divergent trajectory
of {g,} on G/I.

Proposition 5. 6 shows that such trajectories are indeed divergent. Further it also
shows that for checking degeneracy we may restrict to those charts at co for which
the corresponding projective isotropy subgroup is a maximal I'-rational parabolic subgroup.
If I' is a lattice such that the rank of I' equals the R-rank of G (that is, Q-rank =/R-rank
if I' is arithmetic) then condition i) as in Definition 5.5 automatically implies condi-
tion ii) (to see this follow the proof of HN n I' is a lattice in HN, as before). Since the
condition on rank holds for SL(n,Z) as a lattice in SL(n, R), this explains why
Theorem 4. 7 does not involve condition ii) as in Definition 5. 5. More generally thi
shows the following. ‘

5. 8. Proposition. Let the notation be as before and suppose that the rank of
I’ = the R-rank of G. Let {g,} be a one parameter subgroup of G and g € G. Then {g,gI' |t = 0}
is a degenerate divergent trajectory if and only if there exists a representation p of G on
a finite dimensional vector space V and a vector v e V — (0) such that {ge G | p(q) (v) e R*v}
is a maximal I'-rational parabolic subgroup and p(g,g) (v) — 0 as t — oo.

However, in general (that is, if Q-rank of G <R-rank of G), there exist maximal
Q-parabolic subgroups which are not maximal as R-parabolic subgroups. In that case
existence of p, ¥V and v as in Proposition 5. 8 may not imply divergence of {g,gI" | t=0}.
We will not go into the proof of this; it suffices to note that at the other extreme, that is,
Q-rank =0, there are uniform lattices for which no trajectory is divergent. The inter-
mediary cases are a combination of the two extremes.
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5. 9. Proposition. Let G and I' be as before. Let {g,} be a one-parameter subgroup
of G. Let P be a I'-rational parabolic subgroup of G. Let N be the horospherical subgroup
corresponding to g, and let R be the normalizer of N in G. Then there exist finitely many
elements w,, w,,..., w, such that for ge G, {g,gl' | t=0} is a degenerate divergent
trajectory if and only if g€ Rw;PJI for some i=1,2,...,m, where J is the set of cusp
elements as in Theorem 5.2. For each i=1,2,..., m there exists an admissible chart
(p;, Vi, v;) at © for G/I' such that the corresponding projective isotropy subgroup is a
maximal I-rational parabolic subgroup and p,(g,g) (v;) — 0 for all g in the closure of

Rw;P. The set X=|) Rw;P is a proper closed subset of G. Further given an x, € X and

i=1
a compact set F of G|I" there exists a neighbourhood Q of x, in X and a T=0 such that
gxI'¢ F for any xe Q and t=T.

Proof. Let (p, V,v) be an admissible chart at oo for G/I'" and let Q be the cor-
responding projective isotropy subgroup. Suppose that Q contains P. Let

Y=1{gcG|p(g8 (1) —0 as - o).

Since P< Q, Y is invariant under the right action of P on G; that is, YP=Y. We now
show that it is also invariant under the left action of R on G, that is, RY=Y. Let
E={ueV|p(g)wm)—0 as t— o}. Let g,=0-v be the Jordan decomposition of g,;
that is, 4, v e G are two commuting elements such that Ad d is semisimple (diagonalizable
over C), Adv is unipotent ((Adv—1d)'=0 for some /). Then p(g,)=p(8) p(v) is the
Jordan decomposition of p(g,). Evidently E is the largest p(g,)-invariant subspace of V'
such that all eigenvalues of p(g,) on E are of absolute value <1. Every p(g,)-invariant
subspace is p(d)-invariant and the sets of eigenvalues on the subspace are the same for
p(g,) and p(8). We conclude that E={ue V | p(6') (u) — 0 as i — oo0}. The normalizer R
of N is a parabolic subgroup and in view of the semisimplicity of Adé for each xe R
{6!x67"]i=1,2,...} is bounded. The above characterization of E in terms of & now
implies that the set E is p(R)-invariant. Hence RY =Y. Thus Y is a union of double cosets
of the form Rw P, w € G. Since P and R are parabolic subgroups, by Bruhat decomposi-
tion (cf. [3], Theorem 5. 15), there are only finitely many distinct double cosets of this
form.

We conclude from this that there exist w,, w,,..., ®,, m=0 such that for ge G,
p(g,8) (v) > 0 for some admissible chart (p, ¥, v) in which p(P) leaves invariant the
subspace spanned by v if and only if ge Rw,P for some i=1,2,..., m. Since any
I'rational parabolic subgroup contains y~!j~! Pjy for some je J and y € I" (cf. condition €)
of Theorem 5. 2) it follows that {g,gI" | =0} is a degenerate divergent trajectory if and
only if g€ Rw,PJI for some i=1,..., m. By assertion a) in Proposition 5.6 we can
find for each i an admissible chart (p;, V;, v;) satisfying the contention of the proposition.

Since for each i=1,2,..., m the corresponding set Y;={ge G | p;(g,8) (v,) — 0},

which is a union of cosets of the form Rw P, is closed it follows that X= () Rw,P={) Y,
i=1 i*1

is closed. Assertion c) of Proposition 5. 6 implies that for any x, € ; the last assertion

of the present proposition holds; since each Y, is closed it follows for all x, € X. The

assertion that X is proper can be deduced either by observing that each Y, as above is

lower dimensional (as all eigenvalues of p(g,) on p(G)-invariant space cannot be of

absolute value <1) or directly from Poincaré recurrence lemma.
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5. 10. Remark. Let the notation be as in Proposition 5.9. Let C(I') be the
commensurator of I' (cf. § 1). If (p, ¥V, v) is an admissible chart at oo for G/I" and 8 € C(I)
then clearly (p, ¥, p(f) (v)) is an admissible chart at oo. It follows that for ge G
{g.gI' | t=0} is a degenerate divergent trajectory if and only if {g,g0I' | t=0} is a
degenerate divergent trajectory for all € C(I'). Thus by Proposition 5. 9, XJI'=XJC(I).
If I is an arithmetic lattice then C(I") =G, (cf. [2], Lemma 15. 11). Since J is contained
in Gy, XJI' =XG,.

5. 11. Remark. A part of the proof of Proposition 5.9 also implies the following
assertion. Let {x,} and {y,} be two one-parameter subgroups such that x,, € R and y,,
t € R commute with each other and let g, = x,y,. Suppose that all eigenvalues of Ady, are
of absolute value 1. Then for ge G, {g,gI' | t=0} is a degenerate divergent trajectory if
and only if {x,gI' | t=0} is a degenerate divergent trajectory.

§ 6. Homogeneous spaces of rank 1

Let G be a connected linear semisimple Lie group and let I' be an irreducible
lattice of rank 1. We shall show that in this case all the divergent trajectories of flows
are degenerate.

We follow the notations introduced in § 5.1 as involved in the statement of
Theorem 5. 2. Let ® be the Lie algebra of G and U the subalgebra associated to U. Let
V= A, the /th exterior power of & as a vector space, where / is the dimension of U.
Let p: G— GL(V) be the Ith exterior power of the adjoint representation of G on ®.
Let v € V be a non-zero element of the line A\'W in V. Observe that in view of condition d)
of Theorem 5.2 and the fact that j~'Mj A I is a uniform lattice in j~'Mj (cf. §5. 3)
for all jeJ and yeT, (p, V, p(y~'j") v) is an admissible chart at co for G/I.

6. 1. Theorem. Let {g,} be a one-parameter subgroup of G and let g€ G. Then
8,8’ — oo if and only if g€ XJI', where

X={geG|p(ggv—0 as t— o}

In particular, all the divergent trajectories are degenerate.

Proof. If ge XJI', say g=xjy, where xe X, jeJ and yeI then

p(g.8) p(y~1j™Y) (v)=p(g,x) (v) — 0.

Since (p, ¥, p(y~*j ') (v)) is an admissible chart at co, by Proposition 5.6 it follows
that g,gI" — oo as ¢t — oo.

Conversely suppose that g,gI' — co as t — c. We shall show that ge XJI'. Let
P, be the subgroup {x € P|p(x) (v) = +v}. Then P, contains MU as a subgroup of finite
index. In view of condition d) in Theorem 5.2 and the remark about M at the end of
§5.3,forall je J, j~' Pyj 0 T is a uniform lattice in j~! P,j. Clearly P, is a normal sub-
group of P and P/P, is isomorphic to R*. Since P does not admit any lattice (it is not
unimodular) and since for any jeJ, P, njIj~! is a lattice in P, the last assertion
implies that jI'j~' n P, is contained in P,,.
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Now for any je J, ye I' and ¢ >0 put
Q,(J, ) =KS,Pyjy.

Also for jeJ let I';= J'PyjnT. Since I’ , is a uniform lattice in j~! P, j there exists a
compact subset D of P, such that for all jeJ, j~' Pojc=j ' DjI;. Thus

Pojy=j(i~" Poj) y=DjIyy.

Let 6>0 be small enough so that condition c¢) of Theorem 5.2 holds for the set D as
above. Now suppose that Q_ (j,7) N 2,(j’,y") is non-empty for some j,j'eJ and
v, v'€I. Then KS,Djy, n KS,Dj'y, is non-empty for some y, € I';y and y, e I';y". By
condition c) of Theorem 5.2 we get that j=j' and jy,y;'j '€ P. Since jTj~ ' n P is
contained in P,, this means that jy'y~'j~! € P,. Thus j'y'=jy’=pjy for some pe P,
and consequently Q_(j’, y)=2,(j, 7). Thus the sets Q_(j,y), jeJ, yeI are disjoint
whenever they are distinct.

It is easy to see that for all 6>0, G—J{R,(j,y):je€J, ye '} is contained in a
set of the form FI' where F— G is compact. Since g,gI" — oo it follows that for any
o >0 there exists 7=0 such that for all 1= 7, g,ge U {RQ,(J,7); jeJ and y e I'}. Since
{g.8|t=T} is connected while for all sufficiently small ¢ the sets from the union are
disjoint open sets, we conclude that there exists je J and y e I' such that for all =7,
g8.8€,(J,y). It is also obvious that j and y can be chosen to be the same for all
sufficiently small o. Therefore there exist jeJ and y e I' such that for all sufficiently
small ¢>0 there exists 720 such that g,gy~'j~' € KS, P,.

Now let | -] be a p(K)-invariant norm on ¥ such that ||v|| =1. Recall that now S
is a one-parameter subgroup and 4 (notation as before) consists of a unique element,
say B. As in the proof of Proposition 5.6 we see that if y: S — R* is the character
defined by the relation p(s) (v)=x(s) v for all se .S then there exists m >0 such that
x(8)=B(s)™. Recall also that p(y) (v) = +v for all y € P,. Hence if x € KS, P, say x=ksy,
where k € K, se€ S, and y € P, then ‘

o (x) @1 = llp(k) p(s) p(») @I = llp(s) I
=x(E)=p(s)" <™

Thus we have ||p(g,gy ‘i Y v|<o™ for all t2T with T as above. In other words,
p(g,gy ' H)v—0. Thus gy~'j ' € X and hence ge XJT.

6. 2. Corollary. Let G be a connected simple Lie group of R-rank 1 and I' be a
non-uniform lattice in G. Let P be a parabolic subgroup of G and K be a maximal compact
subgroup of G. Let J be a sufficient set of cusp elements relative to (K, P). Let {g,} be a
one-parameter subgroup such that the horospherical subgroup corresponding to g, is non-
trivial and contained in P. Then

{xeGl'|gx—> 0 as t— o}=PJI|I.

Proof. Since the R-rank of G is 1, under the above hypothesis the unipotent
radical of P is the horospherical subgroup corresponding to g,. In the notation as above
this implies that p(g,) (v) — 0 as t — oo or equivalently that Pc X. Since P is the nor-
malizer of the horospherical subgroup corresponding to g,, as in the proof of Proposi-
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tion 5.9 we see that X is a union of double cosets of the form Pw P with w € G. Since
R-rank of G is 1, by Bruhat decomposition (cf. [3], Theorem 5. 15) apart from P itself
there is only one other double coset of that form. Since X is proper the latter cannot
be contained in X. Hence X' =P and hence by Theorem 6.1, PJI'/I is precisely the set
of points with divergent trajectories under {g,}.

6. 3. Corollary. Let G be a connected simple Lie group of R-rank 1 and I' be a
non-uniform lattice in G. Let U be a (non-trivial) horospherical subgroup of G and P be the
normalizer of U. Let J be a sufficient set of cusp elements (relative to (K, P) where K is a
maximal compact subgroup). Then

i) if ge PJI then the U-orbit Ugl|I" is compact;
i) if g¢ PJI then Ugl|I is dense in G/I.

Proof. Assertion i) follows from condition d) of Theorem S5.2. Assertion 11)
follows from Theorem 1.6 and Corollary 6. 2.

It may be observed that the classical result of G. A. Hedlund asserting that for
the horocycle flow associated to a non-compact surface of constant negative curvature
and finite area, every orbit is either dense or periodic (cf. [16] for a stronger result)
follows as a particular case of Corollary 6. 3 when we choose G=SL(2, R).

§ 7. Non-degenerate divergent trajectories

As before let G be a connected linear semisimple Lie group and let I' be an
irreducible lattice in G. In this section we shall show that when the rank of I' is =2
then there exist non-degenerate divergent trajectories on G/I" (cf. Theorem 7.3 and
Corollary 7. 4 below).

Let {g,} be a one-parameter subgroup of G. Let X be a subset of G such that for
all x e X, g, xI" — oo. We say that the divergence is locally uniform over X (or, g, xI' — o0
locally uniformly for x € X) if for any compact subset D of G/I" and x, € X there exist
a neighbourhood Q of x, in X and 7=0 such that g.xI"e G/'—D for all t=T and
x € Q.

Recall that, by Proposition 5. 9, the set of points on degenerate divergent trajectories
can be expressed as XJI' (where X is the finite union of the cosets Rw,P, i=1,2,...,m)
such that X is closed and the divergence is locally uniform over X. To conclude the
existence of non-degenerate trajectories we first prove the following result. The proof is
motivated by the proof of Theorem 14 of [7].

Two closed‘subsets A and B of G are said to be transversal to each other if
A N B is a nowhere dense subset of both 4 and B in their respective subspace topologies.

7.1. Theorem. Let G and I be as above. Let C(I') be the commensurator of I
(cf. §1). Let {g,} be a one-parameter subgroup of G. Let Y be a closed subset of G such
that g xI'— oo locally uniformly for x e Y. Suppose that there exist closed subsets
E\,E,,...,E, of Y, where 121, such that the following conditions are satisfied:
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a) Y=E VE,u--UE.

b) For any p and q between 1 and | and 0 C(I'), E, and E_ 0 are transversal to
each other unless E,=E,0.

©) For any p, 1=p=/|, the subset {x e E, | x € E 0 for some 0 such that E 0+ E,}
is dense in E,.

Then there exists z€ G— YC(I') such that g,zI' — o0 as t — 0.

Proof. Let N, N,,... be open subsets of G/I' such that G/I'— N, is compact,
N,., <N, for all i and () N;=@; in other words, {N,} is a fundamental system of neigh-
bourhoods of co. We note that C(I') is a countable group. We well-order C(I') such
that each element has only finitely many predecessors and the identity is the least
element (this is equivalent to fixing an enumeration starting with the identity). We shall
find a sequence {Q;} of bounded open subsets of G/I', a sequence {6,} in C(I') and a
monotonically increasing divergent sequence {7;} in R* such that the following condi-
tions are satisfied for all i=1:

i) QcQ,_,.

i) gxI'eN,;_, for all xe @, and ¢ such that 7;_, = t=T; (N, =G/I" by conven-
tion).

iii) There exists (for each i) a unique p, 1=p=/ such that Q, n E, 0, is non-
empty and for this p, g xI'e N, for all xe Q, " E,0; and t2T,.

iv) QN Y0=9 if 0<0,

We first observe that finding this would imply the theorem. Let z n Q;, which is
indeed non-empty in view of condition i). Since N,,, = N, for all i, condition ii) implies
that g,zI' e N; for all t=7;, which means that g,zI' — oo. In view of conditions iii)

and iv), {0,} is an infinite sequence of distinct elements. Hence by condition iv),
z¢ YC(I).

For each p, 1=p=/ we put E,=E,— ) E,. In view of condition b) in the
q*p
hypothesis E, is a (non-empty) open dense subset of E,.

Let p, 1= p=1 be arbitrary and let y € E,. There exists a bounded neighbourhood
Q; of y such that Q] n Y< E,. Also since g, xI" — oo locally uniformly for x € Y we can
find a 7,20 and a neighbourhood @, of y such that Q <@ and g,xI'e N, for all
xeQ NnE, and t2T,. Choosing 2, to be any bounded open set such that Q, = Q,,
0, =identity and T, =0 we see that conditions i) through iv) are satisfied for i=1.

We now proceed by induction. Suppose that open sets Q,,..., Q2,, elements
0,,...,0,eC(I')and 0= T, = T, = --- = T, have been chosen so that conditions i) through
iv) are satisfied for i=1,..., k. We now find Q,,,, 0,,, and T,,, 2T, such that the

conditions are satisfied for i=k+1.

By condition iii) for i=k there exists a unique p, 1= p=/ such that Q, N E 6, +0
and g,xI'e N, for all xe Q, n E,6, and t=T,. By condition c) of the theorem there
exists 0 € C(I') such that for some j, Q, N E 0, N E;0 is non-empty but E 0, + E;0. Let
0,., be the least possible 6 for which the last condition is satisfied and let ¢, 1=¢=1/
be such that , N E, 0, N E, 0, + 0. This also implies that Q, N E, 0, N E 0, ,, +0; let y
be an element of this set. It is easy to see that since g, xI' — oo locally uniformly for
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xe Yand 6,,, € C(I'), g, xI' — oo locally uniformly for xe Y@, , (cf. proof of Proposi-
tion 1. 5 for an idea of the proof). Therefore we can find a T, ., = 7, and a neighbourhood
Qi of y such that gxI'e N, for all xeQ,, nE6 ., and t=T,,,. Since
y € £, n E,6, by condition iii) for i=k we have g, yI" € N, for all 1= T, and in particular
in the interval 7, < t= T, ,,. By continuity there exists a neighbourhood ©;,, of y, which
we choose to be such that Q),, =@, N Q,, such that the following holds: g,xI" € N,
for all xe Q/,, and ¢ such that ,=¢t= T, ,,. Now put

(7.2 Q=% —-( U Y9)-U Ef,,.
0<6i+1 j¥q

Having chosen @, ,, 6,.,, and 7, as above, let us verify conditions i) through iv) for
i=k+1. Condition i) is evident since Q,,, = Q/,, =Q,. Condition ii) holds in view of
the choice of €., and the fact that Q,,, = Q/,,. Next we show that Q,,, N E 0,,, is
non-empty. In view of (7.2) it is enough to show that /,, n E;0 n E 6,,,, where
1=j=! and 0=6,,,, is a nowhere dense subset of ,, N E 0,,, whenever either
0 <0y, or 6=0,,, but j+gq. In view of condition b) in the hypothesis E;,0 N E, 0, ., is
nowhere dense in E 6,,, unless E;0=E6,,,. The choice 0,,, shows that the latter
holds only if 6 = 6, ., which then implies that E; = E,. Hence &, ., n E, 6, is non-empty.
It is evident that g is the only element between 1 and / for which this holds. Further,
since €, =, we see that g, xI'e N, for all xe Q,,, n E 6,,, and t=T,,,. Thus
we have verified condition iii) for i=k + 1. Condition iv) is evident from (7. 2).

7. 3. Theorem. Let G be a connected linear semisimple Lie group and I be an
irreducible lattice in G such that rank of I' =R-rank of G=2. Let {g,} be any one-
parameter subgroup of G such that Adg, has an eigenvalue of absolute value other than 1.
Then {g,} has non-degenerate divergent trajectories on G|I'; that is, there exists g€ G
such that {g,gI' | t=0} is a non-degenerate divergent trajectory.

Proof. Recall that a lattice as above is arithmetic: there exists an algebraic
group G such that G=G; and I' is commensurable with G,. Further in view of the
hypothesis Q-rank of G=/R-rank of G=2. Let S be a maximal Q-split torus; then S
is also a maximal R-split torus in view of the condition on the rank. Let S=S;. We
first show that for any (non-trivial) one-parameter subgroup {s,} of S there exist non-
degenerate divergent trajectories. Let @ be the root system for the adjoint action of S
(cf. §5.1). There exists an order @ such that, denoting by &* the corresponding set of
positive roots, we have A(s,)< 1 for all Le " and t>0 (cf. [5], VI). Let A={a,,..., 2}
be the set of simple roots corresponding to the order. Then any A€ @* is of the form

A(s) =TT a;(s)™ for some integers m,,...,m,=0. Since I' is an irreducible lattice in G
i=1

it follows that G is almost simple as a Q-group. Consequently, the root system is

irreducible: thus 4 cannot be expressed as 4, U 4,, where 4, and 4, are two disjoint

non-empty subsets such that @+ = (4,) U (4,). (Recall that {(X) for Z < 4 denotes the

set of elements of @ contained in the subgroup, of the character group, generated by X.)

Let P%, a € 4 denote the maximal standard parabolic subgroup P,_, corresponding
to the order as above (cf. § 5). Let P*=P* n G. Let Q be the normalizer of the horo-
spherical subgroup corresponding to s,. Then Q=Q, N G where Q is the standard
parabolic subgroup corresponding to the set X ={xe 4| a(s;)=1}. Let X be the set
as in Propositioni 5. 9. For each a € 4 let / be the dimension of U*, the unipotent radical
of P Let ¥V,= A*® and p, be the /,th exterior power of the adjoint representation
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of G. Let v, be a non-zero vector in the one-dimensional subspace corresponding .to
the Lie subalgebra of U*. It is easy to see that for s€ S, p,(s) (v,) = x,(5) v, and that the
subspace spanned by v, is p,(P*)-invariant. If a € 4 is such that y,(s) <1 for all >0,
then x,(s,) = 0 as t— oo and consequently P* is contained in X. We show that there
are at least two simple roots in 4 for which the condition holds. Since {s,} is nontrivial,
there exists o € 4 such that a(s,) <1 for all £>0. Since the root system is irreducible
there exists fe 4—{o} and O e ®* such that 6¢<4—{a}) U {4—{B})> (that is, the
expression for 6 involves both a and f). Since A(s,)<1 for all Ale &* and >0, we get
that y,(s,)= 60(s,)< a(s,) <1 for all £>0. Thus X contains both P* and P’. Since P*
and P*? generated G, this implies that y is not contained in any proper subgroup of G.

Recall that X can be expressed as a finite disjoint union of double cosets of the
form Qw,;P, where w,, w,,..., w, € G. For each i=1,2,...,m let E, be the closure of
Qw;P. Consider the class of subsets I of {1,2,...,m} with the property that X is
contained in (| E;) G,. By reindexing if necessary, we may assume {1, 2,...,/} to be a

iel
minimal element of this class (under inclusion relation).

Let E, E,,..., E, be as above and let Y=E, U E, U --- U E;. We claim that the
conditions of Theorem 7.1 are satisfied. Condition a) is obvious. Since each E, is the
closure of Qw,P, the Zariski closure E, of E, in G is an irreducible algebraic variety
defined over R and E,=E, n G (cf. [4], § 3). Therefore for any g€ G, and 1=p, q=/,
E, N E g is either E, or a lower dimensional subset of E,. Hence E, N E, g has no interior
point in E, unless E,c E g. Recall that C(I')=G, (cf. [2], §15). Since by choice of
E,, E,,..., E, E, cannot be contained in E g for any g€ G, unless p=g, we conclude
that for p+¢, E, n E, g is nowhere dense in E,. By symmetry we get that E, is transversal
to E,g. This proves condition b) of Theorem 7. 1.

To verify condition c) we proceed as follows. Since Q-rank of G =R-rank of G
and since Q and P are parabolic subgroups defined over Q each of the double cosets
QwP, we G has a rational representative (cf. [3], § 5) and consequently QwP N G, is
dense in Qw P for all w € G. Since each E, is a union of such double cosets E, N G is
dense in E, for all p=1, 2,..., L. Now suppose first that /=2 and let 1= p=/ be given.
Let g, 1=g=1, be other than p. Let 6, € E, N G,. Then for any 0 € E, n G, we have
0=0,-(05"'0) € E,(0;"0). Since E,(65'0) is proved to be transversal to E, this shows
that the set defined in the statement of condition c) contains E, N G, and is therefore
dense in E, by our earlier observation. Now suppose that /=1. Let H be the closed
subgroup {he G| E;h=E;}. Recall that as the closure of a double coset Qw, P,
E, contains the identity (cf. [4], Corollary 3. 15). Hence Hc E,. Suppose that H is
properly contained in E,. Clearly H contains P and is therefore itself a finite union of
double cosets of the form PwP. An argument as before therefore implies that H is
nowhere dense in E;. Hence (E, — H) N G, is dense in E,. For any 0 € (E,— H) N G,
E, 0 is transversal to E, and € E, 0 n E;. Thus the set as in condition c) contains
(E,— H) n G, and is therefore dense in E;. ‘

Finally, suppose (if possible) that /=1 and E, = H; in particular, E; is a closed
subgroup. Recall that X< E; Gy =HG,. Since HG, is a countable disjoint union of
cosets of H, this is impossible unless X' = H. But recall that X is a proper subset not
contained in any proper subgroup of G. Hence X = H. The contradiction shows that the
last case does not arise. Thus condition c) is completely verified.
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Having verified the conditions we now conclude from Theorem 7.1 that there
exists ze G—YC(I')=G— YG, =G — XGg, such that 5,zI' — co. On the other hand by
Proposition 5. 9 all the points on degenerate divergent trajectories belong to XJI' < XG,.
(Recall that J= G, for the case at hand.) Hence {s,zI' |20} is a non-degenerate
divergent trajectory.

Now let {g,} be any one-parameter subgroup of G. Let g,=b,u, be the Jordan
decomposition of g,, where b,, t >0 are semisimple elements and u,, >0 are unipotent
elements commuting with b,. Let T be a torus defined over R containing {b,} and
contained in the centralizer of {u,}. Using the decomposition of T into split and an-
isotropic components (cf. [1], p. 219) we can write b, as c,d,, where {d,} is contained
in a split torus, {c,} is contained in a compact subgroup of G and the elements d,, c,
and u,, t=0 commute with each other. We note that since Adg, has an eigenvalue of
absolute value other than 1, {d,} is non-trivial. Since S as above is also a maximal R-split
torus there exists g € G such that gd,g~' € S for all . Replacing {g,} by {gg,g '} if
necessary, we may assume that {d,} is contained in S. We write s, for d, and use the
earlier notation. Recall that by Remark 5. 11, for xe G, {g,xI' | t=0} is a degenerate
divergent trajectory if and only if {s,xI' | r=0} is a degenerate divergent trajectory;
viz. if and only if xe XG, in the notation as above. Since the set X together with
E,E,,..., E, as above satisfy the conditions of Theorem 7. 1, applying the theorem to
the one-parameter subgroup {g,} we conclude there exists ze G—XG, such that
g,zI' > oo. Thus {g,zI' | t=0} is a non-degenerate divergent trajectory of {g,}.

7. 4. Corollary. Let {g,} be a one-parameter subgroup of SL(n, R), n=3 such that
8, has an eigenvalue of absolute value other than 1. Then there exists x € SL(n, R)/SL(n, Z)
such that {g,x | t=0} is a non-degenerate divergent trajectory.

Proof. Rank of SL(n, Z)=R-rank of SL(n, R)=n—12=2. Further Adg, has an
eigenvalue of absolute value other than 1 since g, has. Hence the corollary follows from
Theorem 7. 3.

Appendix. Orbits of horospherical flows

We now give a proof of Theorem 1. 6. As stated earlier it is motivated by certain
ideas of D. S. Ornstein and M. Ratner. We begin by recalling the statement of the
theorem.

1. 6. Theorem. Let G be a connected Lie group and I' be a lattice in G. Let {g,} be
a one-parameter subgroup of G such that Adg,, t € R are diagonalizable over C. Let U be
the horospherical subgroup corresponding to g, (or any g, t=20). Suppose that the
U-action on G|I' is ergodic. Let ge G be such that {ggI' | t=0} is not a divergent
trajectory. Then UgI'|I" is dense in G/I.

Proof. Let ® be the Lie algebra of G. Let ®*, 6° and &~ respectively be the
largest Adg,-invariant subspace on which all eigenvalues of Adg, are of absolute value
<1, =1 and >1 respectively. It is well-known that *, ° and &~ are Lie subalgebras
of ® and that ™" is precisely the Lie subalgebra corresponding to the horospherical
subgroup U (cf. [9], § 1, for instance). We denote Z and U~ the analytic (connected Lie)
subgroups corresponding to ®° and &~ respectively.
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Since Adg,, t € R are diagonalizable over C and all eigenvalues of Adg, on ®° are
of absolute value 1 it follows (cf. [9] for some details) that there exists a norm | ||
on ®° which is Adg,-invariant; that is

A.1) l(Adg,) Ol =& forall (e ®° and teR.

Similarly the conditions on eigenvalues on &* and &~ imply that there exist norms,
which also we denote by | ||, on &* and G~ such that

(A.2) (Adg) (Ol <Ce ™[]l

if either £€ ®* and =0 or £ € ®~ and t=0, where C and p>0 are suitable constants.
We equip &*, ° and &~ with the norms as above.

The subgroups U and U~ are simply connected nilpotent subgroups and the
exponential maps exp:®* — U and exp:®~ — U~ are analytic isomorphisms. Also
there exists a neighbourhood X, of 0 in ®° such that the restriction of the exponential
map to X, is an analytic isomorphism onto a neighbourhood of the identity in Z. For
T>0, we denote by U, and U; the images under the respective exponential map of the
sets {£e®" | € <T} and {£€® | ||€|| < T} respectively. Similarly if the set

{Ee®°| &l <e},

where ¢>0, is contained in X, then we denote its image under the exponential map
by Z,. Since for any (e ® g,(exp¢&) g_,=exp(Adg,) ({) conditions (A.1) and (A.2)
imply the following:

A. 3. Lemma. For all t>0 we have

1) 82.8_,=Z, whenever Z, is defined.
i) gUrg_,=Uy;p where T'=CTe ™.
i) g_,Urg,cU; where T'=CTe ™.

In the sequel we also need the following.

A.4.Lemma. Let >0 and ye G/I' be given. Then there exist an ¢>0 and a
neighbourhood X of y such that the following holds: for any y,,y, € 2 and u, € U, there
exist uye U and pe Uy Z; such that u,y,=pu,y,.

Proof. Since T is a discrete subgroup and since ® is the direct sum of G&*, G°
and G~ it follows that for a sufficiently small p>0 the map y: U, xZ,xU,— G/I’
defined by Yy (u™, z,u)=u"zuy for all u” e U,;, ze Z, and u € U, is a diffeomorphism.
It is straightforward to deduce the Lemma from this. We omit the details.

We are now ready to prove the theorem. Let g€ G be such that the trajectory
{g,g' | t=0} is not divergent. Then there exists a compact subset K of G/I' such that
{t=0| g,gl' e K} is not bounded. Let Q be any non-empty open subset of G/I'. We
shall show that Q n UgI'/T is non-empty. Let 6 >0 be such that Z;U; (G/I'— Q) is not
dense in Q and let C, be an open subset of the complement of Z,U; (G/I' - Q) in G/T.
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Since K is compact using Lemma A.4 we can find finitely many open subsets
2, 2,...,2,0f G/T" and an ¢>0 such that K is covered by X,,. .., 2, and the condition
of Lemma A. 4 is satisfied for each Z; (together with &) for the choice of & as above.
Let oc=1n<1iir<1’m(2,.), where m is the G-invariant probability measure on G/I'. Let T=0

be such that m(U;C,;)>1—a. We note that since m(C,;)>0 and the action of U is
ergodic, such a T exists.

Because of our choice of K, there exists 1= u~' log CT/e such that g,gI' € K. Let
1=i=! be such that g gleZX, Thus gl'eg_,%,. Since m(g_,Z)=m(Z)=a and
mU;Cy)>1—a,g_,2; n UpCyis non-empty. Let ye g_, 2, n U, C;. Since y € Uy C, there
exists u’ € Uy such that u’y € C;. Put u, =g,u'g_,. Then by Lemma A. 3 and the relation
t2p ' logCT/e we get u, € U,. Since g,gI" and g,y belong to X, by Lemma A. 4 (and
the choice of ZX;) there exist u, € U and p € U; Z; such that

u,g,8l'=pu,g,y=pg,u'yepg,Cs.

Hence by Lemma A.3 (g_,u,8,) (g') € (g_,p8) Cs=8_,(U; Z,) §,C;= Uy Z,C;. Our
choice of C; ensures that U; Z,C; < Q. Hence (g_,u,g,) (gI') € Q. Since g_,u,g, € U this
implies that Q n UgI'/T" is non-empty, thus proving the theorem.

We would like to record here that in a recent preprint entitled “Orbits of horo-
spherical flows”, by a different method the author is able to conclude the density of
orbits of horospherical flows under a weaker condition than in Theorem 1. 6. The result
is used, together with certain other ideas, to deduce that the closure of any orbit of a
horospherical subgroup U coincides with an orbit of a closed subgroup H of G containing
U and admits a finite measure invariant under the action of H; this generalizes Corol-
lary 6.3 to the case of groups of R-rank =2.
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