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Abstract. We show that if (u,) is a one-parameter subgroup of SL (n, R) consisting
of unipotent matrices, then for any £>0 there exists a compact subset K of
SL (n,R)/SL (n,Z) such that the following holds: for any geSL(n,R) either
m({te[0, T]|ug SL(n,Z)e K})>(1—¢)T for all large T (m being the Lebesgue
measure) or there exists a non-trivial (g~ u,g)-invariant subspace defined by rational
equations.

Similar results are deduced for orbits of unipotent flows on other homogeneous
spaces. We also conclude that if G is a connected semisimple Lie group and T is
a lattice in G then there exists a compact subset D of G such that for any closed
connected unipotent subgroup U, which is not contained in any proper closed
subgroup of G, we have G = DI'U. The decomposition is applied to get results on
Diophantine approximation.

0. Introduction
Let (u,) be a one-parameter subgroup in SL (n, R) consisting of unipotent matrices.
In [3], strengthening a result of G. A. Margulis [10], it was proved that for any
x€SL (n,R)/SL (n, Z) there exists a compact set K such that the set {t=0]|ux e K}
has positive lower density. Recently while studying density of orbits of horospherical
flows (cf. [7]) the author found that in certain contexts it is necessary to know
whether the compact set K can be chosen so that the above assertion holds
(simultaneously) for all x such that the (u,)-orbit of x is not contained in a proper
closed subset of the form HxI'/T', where I'=SL (n, Z) and H is a closed subgroup.

On the other hand in [6] it was proved that if G is a simple Lie group of R-rank
1 and T is a lattice in G then given £ >0 and a unipotent one-parameter subgroup
(u,) there exists a compact subset K of G/I" such that for any xe€ G/I' whose
(u,)-orbit is unbounded the lower density of {t=0|ux e K} exceeds (1—¢). This
raises the question of whether a similar stronger assertion about the lower density
is possible in the above-mentioned case (and more generally for all arithmetic
lattices).

The answers to both the questions turn out to be in the affirmative; namely, we
have the following.

(3.1) TuEOREM. Let neN and £ >0 be given. Then there exists a compact subset K
of SL (n,R)/SL (n, Z) such that for any unipotent one-parameter subgroup (u,) and
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g€ SL (n, R) either

m({te[0, T]|ug SL(n,Z)e K})>(1—¢€)T,
for all large T (m being the Lebesgue measure), or there exists a (g~ 'u,g)-invariant
proper subspace W of R" defined over Q (by linear equations with rational coefficients).

It is easy to see that in the latter case there exists a proper closed subgroup H such
that Hgr is closed and contains the (u,)-orbit of gI.

The result readily generalizes to arithmetic lattices in algebraic R-groups and
then, in the light of the results in [6], to all lattices in semisimple Lie groups (cf.
theorem 3.5). A particular consequence of theorem 3.1 is that any (u,)-orbit which
does not intersect K is contained in a closed orbit of a proper closed subgroup H.
We generalize this qualitative aspect to any connected unipotent subgroup, of any
connected semisimple group G, acting on G/T, where I' is any lattice in G (cf.
theorem 3.7). That yields the following decomposition theorem.

(3.9) THEOREM. Let G be a connected semisimple Lie group and I be a (not necessarily
cocompact) lattice in G. Then there exists a compact subset D of G such that the
Jollowing holds: if U is a closed connected unipotent subgroup which is not contained
in any proper closed subgroup H such that HT is closed and H AT is a lattice in H
then G=DI'U=UTD™".

In terms of G this means that for any ‘generic’ U as above all the elements of G
are within a fixed maximum distance from the set UT (with respect to a left invariant
metric); the set UT is actually expected to be dense (cf. conjecture II in [5]). In
[7] we obtain a complete description of the closures of orbits of ‘horospherical
flows’ verifying, in particular (the analogue of) conjecture II of [5] for that case;
the proof makes crucial use of theorem 3.9 (cf. § 3 for some details). On the other
hand, even in the general case the theorem enables us to make asymptotic comparison
of G-orbits and I'-orbits in certain linear actions yielding a result which has the
flavour of a result on Diophantine approximation with matrix argument (cf. theorem
4.1). In particular the result enables us to obtain an abstract proof of proposition
3.2 in [8] which was obtained using classical results on Diophantine approximation
together with certain special constructions (cf. corollary 4.2). We also give an
application to conjugacy classes of unipotent elements in semisimple Lie groups
(cf. corollary 4.3).

In view of the Mahler criterion theorem 3.1 is equivalent to theorem 2.1 whose
proof is the subject of § 2. The proof of theorem 2.1 is in spirit very much similar
to that of theorem 2.1 in [3]). However, unfortunately, it seems hard to explain to,
and more so to convince, the reader the places where the latter is to be modified.
I have therefore included a complete proof of theorem 2.1. An effort is also made
to improve the exposition over that of the latter.

1. Preliminaries
Let R" be the n-dimensional Euclidean space equipped with the usual inner product
(, ). For any non-zero discrete subgroup A of R" we denote by Ar the vector
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subspace spanned by A, and by d(A) the volume of the torus Ag/A (or equivalently,
that of a fundamental domain for A in A,) with respect to the inner product obtained
by restriction of { , ) to Ag. As a convention we set d({0}) = 0. We note the following
(cf. [3, lemmas 1.1 and 1.5]).

(1.1) LeMMA. Let (u,),.r be a one-parameter group of unipotent matrices in SL (n, R).
For any discrete subgroup A, d*(u,A) is a polynomial in t of degree at most 2n’.
Further, the function v defined for all te R by

v(t)=sup {d(A)'d(u,A)|A any discrete subgroup of R}

is continuous.

Let A be a lattice in R™. A subgroup A of A is said to be complete (in A) if An Ag=A.
The set of all complete non-zero subgroups of A is denoted by $(A). We equip
F(A) with the partial order given by the inclusion relation. For any totally ordered
subset (possibly empty) S put

B(S)={Ac P(A)|Ag S and SU{A}is a
totally ordered subset of F(A)}.

Let || - || be the norm corresponding to the inner product ( , ). The following lemma
gives a lower bound for the norms of the non-zero elements of a lattice A in terms
of the values of d on its subgroups.

(1.2) LEMMA. Let a, B and 0 be given positive real numbers. Let A be a lattice in R"
and S be a totally ordered subset of $(A). Suppose that

(i) a=d(A)=B forall AcS; and

(ii) d(A)=6 for all Ae B(S).
Then |z =min {e, 6, 8@, B7'6} for all ze A—(0).
Proof. Let ze A—(0) and let (z) denote the subspace spanned by z. If z is contained
in every element of S (which includes the case when S is empty) then A=An(z)e
B(S)uU S and hence ||z|| = d(A)=min {a, 8}. Now suppose that z is not contained
in some element of S and let A be the largest such element. Then A'= AN (Ag+(2))
is contained in B(S)u S so that d(A’) = min{e, 6}. It is easy to see by an explicit
construction of fundamental domains that d(A')=<|z|d(A). Hence |z||=
B min {a, 8}, which proves the lemma.

As in [10] and [3] we also need the following lemmas on values of non-negative
real-valued polynomials (cf. [3] for proofs). We denote by P, the space of non-
negative polynomials on R of degree at most |,

(1.3) LeMMA. For any k>1 and leN there exist constants &,(k, 1) and e,(k, 1) such
that the following holds: Let ¢>0 and 0<t,<t, If Pe P, is such that P(t)=< c for
all te[t,,t,] and P(t)=c then there exists J, 0=j=1 such that P(t)e
[cei(k, 1), cex(k, )] for all te[t,+ k¥ ' (t,— 1)), t, + k¥ 2 (t,— 1,)].

(1.4) LEMMA. For any k> 1 and le N there exists a constant £(k, 1) such that the
Jollowing holds: Let ¢>0 and 0<t,<t,. If Pe P, is such that P(t)=c for some
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te[n, t,] and P(t,) < cé(k, 1) then there exists t€[t,, t,+ k(t,—t,)] such that P(t)=
ce(k, ).

2. Orbits of lattices

This section is devoted to the proof of the following theorem.

(2.1) THEOREM. Let neN and € >0 be given. Then there exists § >0 such that for
any unipotent one-parameter subgroup (u,) in SL (n, R) and any lattice A in R" with
d(A) =1 the following holds: either

m({te[0, TI|uAnB;=(0O)>(1-¢)T,
Jor all large T or there exists a (u,)-invariant proper non-zero subspace W of R" such

that Wn A is a lattice in W.

It is evident that the two possibilities in the conclusion are not mutually exclusive.
In fact, we shall also prove the following:

(2.2) THEOREM. Let neN, £>0 and a lattice A in R" be given. Then there exists

8 >0 such that for any unipotent one-parameter subgroup (u,) in SL (n, R)
m({te[0, T]|uAn Bs=(0)})>(1-¢)T

for all large T.

For convenience, the proof is divided into several steps. Let neN and ¢ >0, as in
the theorems be fixed. We also fix two constants h and k such that 1 <h <k and

(2.3) A=kDHR T =k )" > (1-¢).

Let

(2.4) ky=1+(h—1)k~ @2

and

(2.5) o =sup {t|v(s) <2 for all se[—1t, 1]},

where v is the function given in lemma 1.1; observe that o> 0. Also in the sequel
for brevity we shall write £,(k), £,(k) and £(k;,) for the constants ,(k, 2n?), &,(k, 2n>)
and £(k,, 2n?) respectively, the latter being given by lemmas 1.3 and 1.4; (though
we have also fixed k and k, it would be convenient, in understanding the proof,
not to suppress them from the notation).

(2.6) PropPosITION. Let A be a lattice in R" and (u,) be a unipotent one-parameter
subgroup in SL (n,R). Let S be a totally ordered subset of ¥(A). Let a, seR and
0> 0 be such that for any Ae B(S) there exists t€[a, s} such that d*(u,A)= 6. Then
at least one of the following holds: either
(i) there exists s'> s such that d*(u,A) > (3)0z(k,) forall Ac B(S) andte[s,s"); or
(ii) there exist a’, s'e[s+ o, a+ h(s—a)] such that (s'—s)=k(a’—s) and the
following conditions are satisfied:
(a) for any Ae B(S) there exists t€[s, a'] such that d*(u,A) = (3)0&(k,); and
(b) there exists Aye B(S) such that
02 (ki) e (k)= d*(u,Do) =< 0(k,)e5(k)

foralltela',s']=[a’,s+k(a —s)]
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Proof. Put
% ={Ae B(S)|d*(u,A) = (3)0&(ky)}.

First suppose that € is empty. Consider the set

E ={te[s, a+ho(s—a)]|d*(u,A)> (3)8z(k,) for all Ae B(S)}.
If E=[s,at+h(s—a)] then we are through. Otherwise let s'=
inf{te[s,a+h(s—a)]|t€ E}. Then there exists Ae B(S) such that d*(u, A)=
(3)0:(k,) (cf. [3, lemma 1.6]). Hence s’ > s and [s, s') is contained in E, which shows
that condition (i) holds.

Next suppose that € is non-empty. It is easy to see that € is a finite set (cf. [3,
lemma 1.2]). Since for any Ae € < B(S) there exists t&[a, s] such that d*(u,A)= 0
and d*(u,A) = (3)0&(k,) < 68(k,), by lemma 1.4 the set H(A) defined by

H(A)={te[s, a+k,(s—a)l|d*(u,A) = 0:(k,)}
is non-empty. For Ae € let t(A) =inf {t€ H(A)} and put
y=sup {t(A)|Ae €}.
Since ¥ is finite there exists Age € such that y = ¢(A,). Observe that y is the smallest
number such that for any A€ € there exists te[s, y] for which d*(u,A)= 0&(k;,).
We also note that since d*(u,Ao) < (3)0€(k;) and d*(u,A,) = 0&(k,), y=s+o0.

Since d*(u,A,) < 0&(k,) for all te[s, y] and dz(uon) = 0£(k,), by lemma 1.3 there
exists j, 0<j=2n® such that d*(u,A,)e[0&(k,)e (k), 0c(k,)e,(k)] for all te
[s+Kk¥ Y (y—s), s+ k¥ *(y—s)]. Put

a=s+k¥y—-s5) and s'=s+k¥?(y—js).
Then s+o=sy<a'<s'=s+ k“"2+2(k1 —1)(s—a)=a+h(s—a). Also evidently
(s'~s)=k(a'—s).

Observe that condition (ii(b)) holds automatically because of our choice of a’
and s'. Condition (ii(a)) follows from the fact that while for Aec € there exists
tels,yl<[s, a'] such that d’(u,A)= 0&(k,) because of the choice of y, for Ae
B(S)— % we have d*(u,A)>(3)0&(k,) by the definition of €. This proves the
proposition.

Let R =(0,0)x (0, 00)x (1,0) and let y: R—> R be the map defined by
¥(6, a, B) = ((3)6(k,), min {a, 6(k,)e,(k)}, max {B, 65(k,)ex(k)})

for all # and « in (0,0) and B> 1. We next prove the following.

(2.7) ProposITION. Let A be a lattice in R" and let (u,) be a unipotent one-parameter
subgroup of SL (n,R). Let S be a totally ordered subset of ¥(A) of cardinality p. Let
(6,0, B)eRand fori=0,1,...,nlet (6, a; B;)='((8, a, B)) (in particular, 6,= 6,
ao=a and Bo=pB). Let
8,= 0 min min {Bi_lan (%)ﬂi_loig(kl)}‘
=i=n—p

Let a, beR be such that the following conditions are satisfied:

(a) for any Ae B(S) there exists te[a, b] such that d*(u,A)= 0; and

(b) for any A€ S, a =d*(u,A)=p for all te[b, a+k(b—a)].
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Then
m({te[b, a+k(b—a)]l|luz|| =8, for all ze A—(0)})

=(k—1)(h'—k™)""P(b—a).

Proof. We proceed by induction on (n—p): If p=n then by condition (b) and
lemma 1.2 |uz||=B '@ =4, for all te[b, a+k(b—a)] and hence our contention
evidently holds. Now suppose that the proposition holds for all totally ordered
subsets of cardinality p+1 (for all possible values of 6, a, 8, a and b) and let S be
a totally ordered subset of #(A) of cardinality p satisfying the hypothesis of the
proposition (for certain values of 6, a, B, a and b). Put
X ={te[b,a+k(b-a)l||uz|=8, forall ze A—(0)}.
We shall first show that for any se[b, a+kh™'(b—a)] there exists s’ in [b,a+
k(b—a)] such that either s'> s and [s, s')< X or s'=s+ 0 and
(2.8) mXnls,sDN=z(0~-k YA =) P (s —5).
Let 5 as above be given. Then the conditions of proposition 2.6 are satisfied for the
above values of a, s and 6. Hence one of the conclusions in that proposition must
hold. Suppose that (i) holds for some s’ > s; in that case, in view of condition (b)
in the hypothesis and lemma 1.2 we get that for all t€[s, s'Jn[b, a+k(b~a)],
uzl|=min {8, G)B'05(k:)} = 5,
for all ze A —(0) so that t € X, thus proving the claim. Next suppose that conclusion
(ii) holds: Let a’, s’ and A, be as in that conclusion. Note that we have
sto=s'=a+h(s—a)sa+k(b-a).
Now let S'=S U {A.}. Since Aje B(S), S’ is a totally ordered subset of cardinality
p +1. We observe that the conditions of the proposition under discussion are satisfied
for S’ for 8,, a,, B;, s and a’ in the place of 6, a, B, a and b respectively: condition
(a) follows from conclusion (ii(a)) of proposition 2.6 and condition (b) follows
from conclusion (ii(b)) of that proposition together with condition (b) as in the
hypothesis which is satisfied by S. Since S’ has cardinality p+ 1, by our induction
hypothesis the contention of the proposition holds for S’ for the appropriate values
of the constants. Since for any i =0,

‘l/i(eh a;, B1) = ¢i+1(0’ a, B) =(0is1, Qis1, Bisr),

the conclusion may be stated as follows: if 6,=min;<;<,_, min {B:'a,
(%)ﬂi_laie—(kl)} and

X'={te[a’,s+k(a —s)]||uz| =8, forall ze A—(0)}
then
2.9) m(XY=(h' =k P Y k-1)(a'—5s).
Clearly X’ is contained in X n[s, s']. Hence (2.9) together with the fact (from
proposition 2.6) that (s'—s) = k(a’'—s) implies (2.8).

We define a finite sequence s, sy,... 5, in [b, a+k(b—a)] as follows: Let so=1»5
and suppose that for some i=0, sy, 5y,...,5; have been chosen. If s;&
[b,a+kh™'(b~a)] then we choose r=i, thus terminating the sequence. If s;€
[b, a+ kh™'(b—a)] then by the above argument there exists s;.,€[b, a+k(b—a)]
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such that
m(X N [s, s )=(1-k") BT =k P (51— 5:)
and either ;.= s,+0 or [s;, s;41) <= X and [s, s') is not contained in X for any
5> 5;41. Observe that for any i, s;,, — 5; = o so that the sequence necessarily termin-
ates; that is, there exists reN such that s, ¢ [b, a+kh™'(b—a)].
Now we have

m(X)=T m(X A5 sier))

=2(1=k"Y(hT = k7)) (s, — 50)

z(k=1)(h7'=k)"P(b~a),
since s,=a+kh '(b—a) and s,= b.
Proof of theorem 2.1. We choose and fix positive numbers 6, a and B satisfying the
conditions a <8, B>1 and #=<1. For i=0,1,...,n let (8, a, B;)=¥'((6, a, B))
and let

8= om.in min {87 a;, (%)Bi_leig(kl)}'

We note that § > 0. Let A be a lattice in R” such that d(A) =1 and (u,) be a unipotent
one-parameter subgroup in SL (n, R). First suppose that there exists b, =0 such that
for all Ae P(A) there exists 1 € [0, bo] such that d*(u,A) = 6. Then the conditions of
proposition 2.7 are satisfied if we choose S as the empty subset, a=0 and b= b,.
Choosing b= Tk~' we conclude from the proposition that for all T = kb,

m({tel0, T]||uz||= 6 forall ze A—(O)})=(k—-1)(h' =k )k'T.

In view of (2.3}, namely by our choice of h and k, the above inequality proves that
the first possibility as in the conclusion of the theorem holds.

Next suppose that there does not exist any by =0 for which the above mentioned
condition is satisfied. It is easy to see that the set #={Ae F(A)|d*(A) < 6} is finite.
If the condition is not to be satisfied for any b, then there must exist A€ ¢ such
that d*(u,A) < 0 for all t=0. Since d*(u,A) is a polynomial in ¢ the last condition
implies that d*(u,A) is constant. We note that since d*(A) < 8 =<1=d?*(A), in par-
ticular, A is a proper subgroup of A; further since A is complete in A it is of rank
g<n. Let x,, x,,...,x, be a free set of generators of A. There exists a norm |- ||
on A?R" such that

d(uh) = ”(/,,\ u,)(x, AXa A AX,)

for all ¢t (cf. [3, lemma 1.4]). Since d*(u,A) is constant this means that the
(A u,)-orbit of x, A x, A -+ - A X, is bounded. Since (u,) is a unipotent one-parameter
subgroup, so is (A? u,) and therefore every bounded orbit of (A? u,) consists of a
fixed point; that is, we have (A7 u,)(x,A- -+ A Xq) =X, A+ - A x, for all £ This implies
that the subspace W of R” spanned by x, ..., x, is invariant under (u,). Also clearly
Wn A=A is a lattice in W, This proves the theorem.

Proof of theorem 2.2. In this case we choose 6 so that for the given lattice A we
have d*(A)= 6 for all Ae #(A). Existence of such a 8 follows from lemma 1.4 in
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[3]. The theorem then follows from the same argument as in the first part of the
above proof of theorem 2.1.

3. Orbits of unipotent flows
Using the well-known Mabhler criterion (cf. [12, corollary 10.9]) theorem 2.1 can be
reinterpreted as follows.

(3.1) THEOREM. Let neN and € >0 be given. Then there exists a compact subset K
of SL (n,R)/SL (n,Z) such that for any unipotent one-parameter subgroup (u,) in
SL (n,R) and any g € SL (n, R) the following holds: either for the point x =g SL (n, Z)
we have
m({te[0, T)uxec K})>(1-¢)T,

Jor all large T or there exists a proper non-zero subspace W of R" defined over Q
(defined by linear equations with rational coefficients) which is invariant under g™ u,g
for all teR.
Proof. SL (n,R)/SL (n, Z) can be identified canonically with the space of lattices A
in R" for which d(A)=1 via the (well-defined) map g SL (n, Z) < g(Z") for all
g€ SL(n,R). Let §>0 be as in theorem 2.1 for the given values of n and ¢. By the
Mahler criterion, under the above correspondence the set of lattices A with d(A) =1,
which do not contain any non-zero element from B; correspond to a compact subset,
say K, of SL (n,R)/SL (n,Z). Hence by theorem 2.1 for any given unipotent one-
parameter subgroup (u4,) and any element g € SL (n, R) either

m({te[0, T]|ug SL(n,Z)e K})>(1-¢)T,
for all large T or there exists a proper non-zero (u,)-invariant subspace W such
that W g(Z") is a lattice in W. In the latter case g~ (W) is a (g 'u,g)-invariant
subspace in which g7'( W) Z" is a lattice; but any subspace of R” intersecting Z"
in a lattice is defined by linear equations with rational coefficients.

Similarly theorem 2.2 implies the following.

(3.2) THEOREM. Let neN, £>0 and xeSL (n,R)/SL (n, Z) be given. Then there
exists a compact subset K of SL (n,R)/SL (n,Z) such that for any unipotent one-
parameter subgroup (u,) in SL (n,R)

m({te[0, T uxe K})>(1-¢)T
for all large T.

These theorems can easily be generalized to arithmetic lattices in algebraic groups.

(3.3) THEOREM. Let G be the group of R-elements of a Zariski-connected semisimple
algebraic group G defined over Q and I be an arithmetic lattice in G. Then given
& > 0 there exists a compact subset C of G/TI" such that for any unipotent one-parameter
subgroup (u,) and g € G the following holds: either

m({te[0, T)|ugle C}H)>(1—¢)T
Jor all large T or there exists a proper algebraic subgroup H defined over Q such that
g 'ugeHg for all teR.
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Proof. Without loss of generality we may assume that G is simple over Q; that is,
there exists no normal algebraic subgroup defined over Q. Further clearly we may
also assume I'= G3. Let p: G—> GL(V) be a non-trivial irreducible representation of
G defined over Q. Then p induces a natural map p:G/Gz~>SL (n,R)/SL (n, Z),
where n is the dimension of V. It is well known that 5 is a proper map. Let K be
a compact subset of SL (n,R)/SL (n, Z) such that the contention of theorem 3.2
holds for the given £>0 and n as above. Put C =5"'(K). Since p is proper C is
a compact subset. Then, since (p(u,}) is a unipotent one-parameter subgroup of
SL (n,R), for any g € G theorem 3.2 implies that either m({te[0, T]|ugle C})>
(1—¢)T for all large T or there exists a proper non-zero subspace W of V defined
over @ which is invariant under p(g 'u,g) for all teR. Suppose the latter holds.
Let H={he G|p(h)(W)=W}. Then H is a subgroup of G defined over @ and
g 'u,g e Hg for all teR. Since W is proper and non-zero and j is irreducible we
conclude that H is a proper subgroup, thus proving the theorem.

We would like to generalize theorem 3.3 to all (not necessarily arithmetic) lattices
in semisimple Lie groups. For this purpose we first formulate a Lie group theoretic
variant of the second possibility in that theorem.

(3.4) ProposITION. Let G be the connected component of the identity in the group of
R-elements of a semisimple algebraic group G defined over Q. Let T be an arithmetic
lattice in G and let U be a subgroup of G consisting of unipotent elements. Then the
Sollowing conditions are equivalent:

(a) There exists a proper algebraic subgroup H of G defined over Q such that U
is contained in Hg.

(b) There exists a proper closed connected subgroup H of G such that U is contained
in H, HT is closed and H N T is a lattice in H.

Proof. (a)=(b) Let H' be the intersection of the kernels of characters of H into
GL(1) which are defined over Q. Since U consists of unipotent elements U is
contained in Hg. Since H' does not admit any non-trivial character defined over Q,
by a theorem of Borel and Harish-Chandra (cf. [1, theorem 13.1]} Ha~ T is a lattice
in Hg. Also by a well-known result (cf. [5, lemma 2.2], for instance) HgI is closed.
Now if H is the connected component of the identity in Hg then it has finite index
in the latter and hence in view of the above, HT is closed and H nT is a lattice in
H. Further, H contains U as it contains all the unipotent elements in Hg.

(b)=>(a) Let H be the Zariski closure of HNT. Since [’ is arithmetic H is an
algebraic subgroup defined over Q. Since H NI is a lattice in H, by a version of
Borel’s density theorem all unipotent elements in H are contained in the Zariski
closure of HT (cf. [4, corollary 4.2], for instance). In particular, U< Hg. We
claim that H is proper. Suppose otherwise; then in particular H itself must be
Zariski-dense in G. Therefore the (solvable) radical of H is a normal subgroup of
Gg. Since G is semisimple the radical must hence be trivial. Therefore H must be
semisimple. But any semisimple Lie subalgebra is algebraic (cf. [2, Ch. II, theorem
15]) and this implies that H must be open in Gg. But this contradicts the hypothesis
that H is a proper subgroup of G. Hence (b)=>(a).
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We note that in the proposition if U is connected then in (b) we may drop the
connectedness condition for H, as the connected component of the identity in H
has the desired properties.

Now let G be any connected semisimple Lie group. An element u € G is said to
be unipotent if Ad u is unipotent and a subgroup U is said to be unipotent if it
consists only of unipotent elements. If G is the connected component of the identity
in Gg, where G is an algebraic group defined over R then the above notion of a
unipotent subgroup U coincides with the usual notion in algebraic groups if either
G has trivial centre or U is connected.

(3.5) THEOREM. Let G be a connected semisimple Lie group and T be a lattice in G.
Then given £ > 0 there exists a compact subset C of G/I' such that for any unipotent
one-parameter subgroup (u,) and g € G the following holds: either

(3.6) m({te[0, THugle CH>(1—-¢)T

Jor all large T or there exists a proper closed subgroup H of G such that HT is closed,
H T is a lattice in H and g 'u,g € H for all teR.

Further, there exists a countable family F of proper closed subgroups of G depending
only on T" (and not on (u,) or g or ) such that if there exists a subgroup H satisfying
the above conditions (for some (u,) and g as above) then we can choose one such
from the family %.

Proof. If Z is the centre of G then ZT is closed and ZT'/T is finite (cf. [12, corollary
5.17]). In view of this, replacing G by G/Z if necessary, we may assume that G
has trivial centre. Similarly we may also assume that G has no non-trivial compact
normal subgroup.

There exist closed connected normal subgroups G,, G,, ..., G,, r=1, of G such
that G=G, - G, - - -+ - G, (direct product) and fori=1,2,...,r,;=I'nG;is an
irreducible lattice in G; (cf. [12, theorem 5.22]). Thus G/I" is a quotient in a natural
way of I1G;/T';. In view of this it is enough to prove the theorem for irreducible
lattices I'; in the connected semisimple groups G.. In other words, we may assume
I’ to be irreducible. Then by Margulis’s arithmeticity theorem (cf. [11]) one of the
following (not mutually exclusive) conditions holds: either (a) G/T is compact or
(b) G is of R-rank 1 or (c) G has the structure of the connected component of the
identity in the group of R-elements of an algebraic group defined over Q and I is
an arithmetic lattice. The contention of the theorem is obvious if condition (a) holds
and follows from theorem 3.3 and proposition 3.4 if condition (c) holds; we also
note that the class of algebraic subgroup H defined over Q is countable.

A proof of the theorem in the remaining case, namely when G is a simple Lie
group of R-rank 1, is essentially contained in [6]. Theorem 0.2 in [6] differs from
the present theorem only in the following two ways: (i) The statement of the former
does not emphasize that the compact set may be chosen independently of the
unipotent one-parameter subgroup. A scrutiny of the proof will however show that
the choice of the compact set is indeed independent of the unipotent one-parameter
subgroup. (ii) The former gives boundedness of the (u,)-orbit of gI as the alternative
to validity of (3.6). The proof actually shows that (3.6) holds unless for some aeR
and o€ X, ugle X(o,s) for all 1> a; (notation as in [6] and s as chosen in § 3 of
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that paper). Suppose the latter condition holds. Then by lemma 2.4 in [6] there
exists yeT such that {p(u,gy)v|t>a} is a bounded subset. Since (p(u,)) is a
unipotent one-parameter subgroup any bounded orbit consists only of a fixed point;
thus p(u,) must fix p(gy)ov. This implies that (g~ 'u,g) is contained in the isotropy
subgroup of p(v)v, which is yo (K n Z) - Noy™!; we note that K is a compact
subgroup. Since (g 'u,g) consists of unipotent elements it must actually be contained
in yo ' Noy™'. But, by choice, N is such that I'n o ™'No is a cocompact lattice in
o' No. Therefore H = vyo~ ' Noy~™' has the desired properties. It is also clear that
H comes from a fixed countable family (depending only on I') since in the above
expression for H, N is fixed, o varies in a finite set X, and y varies in I’ which is
countable.

(3.7) Remark. Let the notation be as in theorem 3.5. If the R-rank of G is 1 then
the subgroup H as in the second possible conclusion can also be chosen to be a
maximal horospherical subgroup intersecting I' in a lattice; this is obvious from the
above proof.

Theorem 3.5 has a purely qualitative aspect: if ge G is such that {ugl'|teR} is
totally outside C then the latter condition must hold. Though this seems rather
special it has certain interesting consequences. We first generalize the assertion to
all connected unipotent subgroups.

(3.8) THEOREM. Let G be a connected semisimple Lie group and T be a lattice in G.
Then there exists a compact subset C of G/T such that for any closed connected
unipotent subgroup U of G and any g € G either C ~ Ugl'/T is non-empty or g~' Ug
is contained in a proper closed subgroup H such that HT is closed and HnT is a
lattice in H.

Proof. Let 8€(0,1) be arbitrary and let C and & be the compact subset of G/T’
and the family of closed subgroups given by theorem 3.5. Let U be a closed connected
unipotent subgroup and g € G be such that C n Ugl'/T is empty. Then by theorem
3.5 for any (unipotent) one-parameter subgroup X = (u,) in U there exists a closed
subgroup H(X)e ¥ such that g~'Xg is contained in H(X), H(X)T is closed and
H(X)NT is a lattice in H(X). Since U is a connected nilpotent Lie group every
element of U is contained in a one-parameter subgroup of U (since the exponential
map is surjective). Hence the last observation implies that g~' Ug is contained in
U H(X), where the union is over all one-parameter subgroups. Since a connected
Lie group cannot be expressed as a union of countably many proper closed subgroups
and since each H(X) belongs to &%, which is a countable family, it follows that
there exists a one-parameter subgroup X of U such that g~'Ug is contained in
H(X). Since H(X)TI is closed and H(X) T is a lattice in H(X) this proves the
theorem.

(3.9) THEOREM. Let G be a connected semisimple Lie group and T be a lattice in G.
Then there exists a compact subset D of G such that the following holds: if U is a
closed connected unipotent subgroup which is not contained in any closed subgroup H
such that HT is closed and H T is a lattice in H then G=DI'U =UTD™.
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Proof. Let C be a compact subset of G/I as in the conclusion in theorem 3.8. Let
D be a compact subset of G such that DI'/T"= C. Let U be as in the statement of
the theorem and let g € G be arbitrary. Since g~'(gUg ')g = U is not contained in
any closed subgroup as in theorem 3.8 we deduce that C ngUT/I" is nonempty.
Since C = DI'/T this implies that there exists ue U and yeT such that guye D.
Hence ge Dy 'u"'e DT U. Since g € G is arbitrary, it follows that G= DI'U. Also
G=G'=UTrD™.

(3.10) Remark. Let G be the connected component of the identity in Gg where G
is a semisimple algebraic group defined over @ and let I" be an arithmetic lattice in
G. Let P=Pn G, where P is a proper parabolic subgroup defined over Q. Then
for any unipotent subgroup U of P and any compact subset D, of G, D\T'U is a
proper subset of G. This may be proved by observing that the conclusion of theorem
4.1 below does not hold for a Q-representation of G on a vector space V defined
over Q, if we choose v to be a rational vector such that the one-dimensional subspace
spanned by v is P-invariant (cf. [1, proposition 7.8]). In view of proposition 3.4
this shows that the condition on U in theorem 3.9 is not redundant.

Let G and I be as above. For g,€ G the subgroup U ={u € G|gjug;’~ e as j» 0},
where e is the identity in G, is called the (contracting) horospherical subgroup
corresponding to g,. It is well-known that horospherical subgroups are closed
connected unipotent subgroups. In {7] we prove that if goe G is a semisimple
element in G (that is, Ad g, is semisimple) acting ergodically on G/I" (with respect
to the G-invariant probability measure) and U is the corresponding horospherical
subgroup then for ge G, UgI'/T is dense in G/I" whenever there exists a sequence
{4} in g7'Ug such that the sequence g{u,I’ has a convergent subsequence. By
theorem 3.9 the latter is indeed the case whenever g~'Ug is not contained in a
closed subgroup H such that HT is closed, which, in fact, is also a necessary
condition for Ugl'/T to be dense. Thus every non-dense orbit of U is contained in
a closed orbit of a proper closed subgroup, with some further work we are then
able to show that the closure of any orbit of U is actually the orbit of a closed
connected subgroup containing U - in particular, a homogeneous space — thus
verifying (analogue of) conjecture II in [5] for horospherical subgroups. The result
generalizes the well-known theorem on minimality of ergodic horospherical flows
on compact homogeneous spaces G/T.

Earlier in [8] we had proved the homogeneity of the closure of orbits in a very
special case, viz. G=SL (n,R), [=SL (n, Z) and U the subgroup consisting of all
elements fixing (under the natural action) e,,..., e,_,, where {e,,...,e,} is the
standard basis of R". In that case the role of theorem 3.9 was played by a result
involving Diophantine approximation. Indeed, theorem 3.9 can also be interpreted
as a result on Diophantine approximation. We shall do this in the next section. We
conclude the present section with the following remarks.

(3.11) Remark. Let G and I' be as in theorem 3.7 and let U be a not necessarily
connected unipotent subgroup. Then still one can assert the existence of a compact
set C depending on U such that for any g€ G either G UgI'/T is non-empty or
g 'Ug is contained in a proper closed connected subgroup H such that HT is
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closed. This may be deduced from theorem 3.8 using the fact that if Z is the centre
of G then UZ is a cocompact subgroup of U’Z for a suitable closed connected
unipotent subgroup U’ (we could choose U’ to be the unique subgroup such that
U’Z/Z is the Zariski closure of UZ/Z in G/Z (which is the adjoint group of G).
However, it is not clear whether C can be chosen independent of U.

(3.12) Remark. The quantitative aspect of theorem 3.5 can also be generalized along
the lines of [3] to all unipotent subgroups. In particular it can be proved that given
€>0 there exists a compact subset K such that if U is a connected unipotent
subgroup and 7 is an ergodic U-invariant measure then either 7(K)>1— ¢ or there
exists a closed subgroup H as in theorem 3.5 and such that # is supported on
HT/T. As in remark 3.11 this also implies an analogous result for all not necessarily
connected, unipotent subgroups if we allow K to depend on the subgroup. We
shall, however, not go into the details of proofs of these assertions.

4. Diophantine approximation

Let G be a connected Lie group acting as a group of linear transformations of a
real vector space V of dimension n. Let ' be a lattice in G. Given ve V—(0) we
ask whether there exists a sequence {v} in I' such that y;v >0, or equivalently
whether || yv|| <e, where || || is a certain norm on V, admits a solution yeT for an
arbitrary € > 0. If G = Gg where G is an algebraic group defined over @ and I'=G,
then solving the above inequality is equivalent to finding for any £ >0 solutions
Xy, ..., X, of the Diophantine inequality ||x- v|| < e with the additional condition
that x,, ..., x, form the rows of an element of Gz. More generally, the above question
may be viewed as a question of Diophantine approximation with the argument in
a discrete group of matrices (rather than integers).

Propositions 3.2 and 3.3 in [8] provide satisfactory answers to the question in the
particular cases of p-fold product action of SL (n, Z) on (R")? for 1=p=n—1 and
Sp (2n,Z) on (R*")” for 1=<p=n. For instance, the former implies that given &,,
&, ..., & R, p=1, there exists a sequence {y;} in SL (n, Z) such that v, - 0 for
alli=1,2,..., p if and only if the subspace spanned by £, ..., & does not contain
any non-zero rational vector. The proofs of the theorems are based on classical
results on Diophantine approximation of values of linear forms. Here we use theorem
3.9 to obtain a sufficient condition for affirmative answer for the general question
and deduce the above-mentioned particular case. We also give an application to
conjugacy classes of unipotent elements.

(4.1) TueoreM. Let G, I and V be as above. Let ve V —(0) be such that:

(i) there exists a sequence {g;} in G such that g > 0; and

(ii) the isotropy subgroup of v, namely the subgroup {ge G|gv ="}, contains a
connected unipotent subgroup U which is not contained in any closed subgroup H such
that HT is closed and H ~T is a lattice in H.
Then there exists a sequence {v;} in I' such that yjv - 0.

Proof. By theorem 3.9 there exists a sequence {d;} in a compact set D, {v;} in T and
{u;} in U such that g; = djy;u;. Let || || be a norm on V (making it a normed vector
space). Then in view of the boundedness of {d;} there exists a constant M >0 such
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that ||d;'w| < M||w| for all we V and jeN. Hence
ol =yl = lld; goll = Mligwl > 0,
as j— oo, since by hypothesis gv 0. Thus y;v 0.

(4.2) CorOLLARY. Let p=1 and &, ..., & €R". Then there exists a sequence {v;}
in SL (n, Z) such that yi¢; >0 asj—> foralli=1,2, ..., p if and only if the subspace
spanned by ¢,, . . ., & does not contain any non-zero rational vector.

Proof. If x=Y"_ A£ is a non-zero rational vector then {y(x)|yeSL(n,Z)} is a
discrete set not containing zero, so that the simultaneous convergence cannot hold.
Now suppose that the subspace spanned by £,, . . ., £, does not contain any non-zero
rational vector. There is no loss of generality in assuming that &,, ..., &, are linearly
independent and (by including more vectors if necessary) that p=n—1. Let G=
SL (n,R) and U be the isotropy subgroup of (£, ..., &,_,) under the (n—1)-fold
product action. U is a connected unipotent subgroup conjugate to the subgroup
Uy,={geG|g(e)=¢ foralli=1,2,...,n—1}, e,,..., e, being the standard basis
of R". Since SL (n,Z) is a lattice in SL (n, R) (cf. [12, corollary 10.5]) and the
SL (n, R)-orbit of (&, ..., &_,) contains zero in its closure, by theorem 4.1 there
exists a sequence {;}in SL (n, Z) such that y;(&,, ..., &-1) > Ounless U is contained
in a proper closed subgroup H such that H SL'(n, Z) is closed. Suppose the latter
condition holds. From the way we found the subgroup H, in the particular case of
the lattice SL(n,Z) in SL (n,R) it is clear that there exists a proper non-zero
H-invariant subspace W of R" which is defined by linear equations with rational
coefficients (cf. theorem 3.1 and the proof of theorem 3.8); actually even if we
choose to forget how we arrived at H, it is possible to conclude the existence of
such an invariant subspace W from the above data using certain results in algebraic
groups. We shall however not go into the details of this. The subspace W is in
particular invariant under U. However, it is easy to see that any proper U-invariant
subspace consists of fixed points; this need only be proved for U, which is a
conjugate of U. Hence, in particular, U must fix a non-zero rational point. However,
evidently the space spanned by &, &, ..., &, is precisely the set of points fixed
by U. Hence the latter must contain a non-zero rational vector — this contradicts
the hypothesis; hence the corollary.

Proposition 3.2 in [8] actually shows that if &,...,¢,_,€R" span a (n—1)-
dimensional subspace not containing a non-zero rational vector then there exist
sequences v; in SL (n,Z) and A; in R” such that for all i=1,2,...,n—1, %£-0
and A;y;¢, > n; where 7y, ..., n._, are linearly independent vectors in R". The latter
kind of condition can be incorporated in theorem 4.1 if we can choose the sequence
{g} in G as in the hypothesis of the theorem to be contained in the normalizer of
the unipotent subgroup U, this is indeed true in the special case.

One can also deduce an analogue of corollary 4.2 in the case of Sp(2n,Z) as in
[8]. This, however, seems to involve considerably more work. We shall not go into
the details since in any case this (as also corollary 4.2) follows from the stronger
results in [7]. In either case the isotropy subgroups contain horospherical subgroups

https://doi.org/10.1017/50143385700003382 Published online by Cambridge University Press


https://doi.org/10.1017/S0143385700003382

Unipotent flows on homogeneous spaces 181

to which results of [7] are applicable. We shall next give an application in which
the isotropy subgroup in question does not in general, contain a horospherical
subgroup.

(4.3) CoroLLARY. Let G be a connected semisimple Lie group with trivial centre and
T be a lattice in G. Let u be a unipotent element in G. Suppose that u is not contained
in a closed subgroup H such that HT is closed. Then the closure of the conjugacy class
{yuy™'|yeT} contains the identity element.

Proof. Let ¢ be the Lie algebra of G and consider the adjoint action of G on 4.
The unipotent element u can be expressed as exp X for some nilpotent element
X eg4. Since G is semisimple, by the Jacobson-Morosov lemma (cf. [9, Ch. III,
theorem 17]) there exists Y € g such that Ad (expjY)(X)- 0. The unipotent one-
parameter subgroup (exp tX) fixes X under the adjoint action and it is not contained
in any closed subgroup H such that HT is closed. Hence by theorem 4.1 there exists
a sequence {v;} in T such that Ad y;(X) - 0; in other words, yjuyj‘l - the identity.

(4.4) Remark. Let G and I be as above. If G/TI" is compact, condition (ii) in theorem
4.1 is not needed in the proof; in that case the above argument then implies that
for any unipotent element u the conjugacy class {yuy~'|y €T} has the identity in
its closure. If G/T is non-compact, however, one cannot expect such an assertion
since in that case T itself contains (non-trivial) unipotent elements; the conjugacy
class of such an element would be discrete. Similarly if u is any unipotent element
such that the one-parameter subgroup containing u intersects I' non-trivially then
{yuy~'|y €T} is discrete. The author is unable at this stage to characterize the set
of unipotent elements u for which the closure of the {yuy™'|yel} contains the
identity and whether this is true whenever the set is non-discrete. Note that since
all the unipotent elements contained in proper closed subgroups H such that HT
is closed are contained in a fixed countable family of proper closed subgroups
(defined by algebraic subgroups defined over Q if I is arithmetic), corollary 4.3
answers the question for a generic unipotent element. This is in contrast with the
fact that for a non-unipotent element of G the conjugacy class is always bounded
away from the identity since the set of its eigenvalues is invariant under conjugation.
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