TRANSACTIONS OF THE
AMERICAN MATHEMATICAL SOCIETY
Volume 326, Number 1, July 1991

ALGEBRAIC HULLS AND SMOOTH ORBIT EQUIVALENCE

ALESSANDRA 10ZZ]

ABSTRACT. For i =1, 2, let & be foliations on smooth manifolds M, de-
termined by the actions of connected Lie groups H,; we describe here some
results which provide an obstruction, in terms of a geometric invariant of the
actions, to the existence of a diffeomorphism between the #s.

1. INTRODUCTION

Let (M, n,), i = 1,2, be two manifolds with quasi-invariant measures,
and let H; C Diff(M,) be connected Lie groups. If there is a measure class
preserving diffeomorphism 6: M, — M, which is a bijection of H,-orbits
and H,-orbits then we say that the actions are smoothly orbit equivalent. If
the H-actions determine foliations % on the manifolds Af;, then the map
0 is just a difftomorphism between the foliations. These phenomena, and the
corresponding phenomena arising in situations in which the (M;, u;) are just
Borel (or topological) H;-spaces and the map 6 is a measure class preserving
Borel isomorphism (or homeomorphism), have been studied, using a variety of
techniques, independently by several authors [B, CFW, DI, D2, K, PnZ, W1,
W2, Z2, Z4]. Most of the results obtained require some strengthening of the
hypotheses, such as finiteness and invariance of the measures and amenability
or semisimplicity (in higher rank) of the groups acting.

One of the results that we want to describe in this paper fits in this geometric
setting and provides an obstruction, in terms of a geometric invariant of the
actions, to the foliations being diffeomorphic. Recall that, if H acts ergodically
and by diffeomorphisms on the n-dimensional manifold A , the algebraic hull
of the H-action is the unique (up to conjugacy) smallest algebraic subgroup
L c GL(n, R) such that there exists a measurable H-invariant reduction to
L of the frame bundle on M, on which H acts by automorphisms. (For an
analytic definition see §2 and for the general context see [Z5, 9.2].) Then the
normal algebraic hull of the H-action on M will be the projection of L in the
direction normal to the orbits.

Theorem 4.1. Let H , H, be connected Lie groups, H, C Diff(M,), where M,
are smooth manifolds with a quasi-invariant measure u;. Suppose that the
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actions are locally free, essentially free (i.e., free on a conull set) and ergodic,
and let F; be the corresponding foliations. If the &, are diffeomorphic, then the
normal algebraic hulls are conjugate.

Notice that there are no assumptions on the finiteness or the invariance of
the measures; moreover local freeness is necessary only to be able to state the
theorem in terms of foliations (instead of orbits), and we require ergodicity
only to state the result in terms of algebraic hulls globally and not restricting
the attention to each ergodic component.

Many interesting examples arise as particular cases of homogeneous spaces
G/, where G is a connected, semisimple Lie group with no compact factors
and I' is a lattice in G; the action of H will hence be via an embedding
H — G, and the foliation determined by the H-action will be identified with
the double cosets H\G/I". (Notice that, in this context, essential freeness of
the H-action on M = G/T" follows automatically, at least in the case in which
H is algebraic, as it is shown in Proposition 4.4.) This situation has been ex-
tensively studied, not only in the case in which G is semisimple, [B, M, Pr, Rt,
W1, W2]. One of the most recent and complete results is due to Dave Witte
[W2]; generalizing an idea of D. Benardete [B], he proved that any (continu-
ous) orbit equivalence between two foliations H,\G,/T’; (where the G,’s are
semisimple groups to which the Mostow Rigidity theorem applies or suitable
solvable groups or simply connected nilpotent groups) is the composition of
an affine map and a homeomorphism that preserves each leaf, provided that
the H.’s are unimodular. (An affine map between G,/I'| and G,/T, is the
composition of a homomorphism ¢: G, — G,, such that ¢(I';) Cc I',, and
a translation.) Our approach to the problem is completely different and, for
this kind of action, the next theorem provides an explicit way to compute the
algebraic hulls.

Theorem 3.1. Let G be a connected semisimple Lie group with no compact
factors and finite center, I’ C G an irreducible lattice and H C G a noncompact
closed subgroup. Then the algebraic hull of the H-action on G/T is the algebraic
hull of Ad;(H).

It is worth observing here that, building on Theorems 4.1 and 3.1, our meth-
ods give results for the group H = ax + b ~ R™ x R of affine motions of the
line which do not seem to be accessible so far by other techniques (see §4 for
details). Moreover, besides being of independent interest, this theorem also
gives results in terms of smoothly conjugate actions. In fact we have

Corollary 3.2'. Let G, T be as above, and let H be a noncompact Lie group
acting on G|T" via two different embeddings n,, n,: H — G with closed images
H,, H,. If the actions of H on G/T given by m,’s are conjugate, then ad,(h,)
and ad o(h,) are conjugate as subalgebras of gl(g) .

It needs to be recalled here that a much stronger result (even though with
a narrower range of application in the semisimple case) has been proven by
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D. Witte [W1]; he showed, in fact, that any measurable isomorphism of ergodic
unipotent translations on G/I" (where G is a connected Lie group and I is
any closed subgroup of G such that G/I" has finite volume) is an affine map,
or, in other words, that H, and H, are conjugate in G. (A weaker conclusion
holds in the case in which the H;’s have zero-entropy.) In §3 we shall illustrate
how to deal with some examples which can be approached both using our result
and Witte’s theorem.

The proof of these results are essentially based on two ingredients: the first
is a correspondence in cohomology between the cocycle of the H-action and
a cocycle of a suitable I'-action, ([Z3] and Lemma 3.1); the second ingredient
is the correspondence (under the necessary hypotheses) between the algebraic
hull of a G-action and the algebraic hull of the restriction of the action to I
(Theorem 2.1). It should be noticed here that the necessity of restricting our
attention to semisimple groups is due to the fact that Theorem 2.1 is known, so
far, only in this case.

For completeness, although in a different spirit, we study also the case in
which G is a compact Lie group, and the following theorem is proven in §3.

Theorem 3.4. Let H, G be Lie groups with G compact, and let n;: H — G,
i =1,2, be two embeddings with dense image n,(H) = H,. If the actions of
H/'son G are measurably conjugate, then there exists an automorphism A of
G such that A(H|) = H, .

I want to thank my advisor, R. Zimmer, for many useful conversations we
had during the preparation of this paper, which was part of my Ph.D. thesis at
the University of Chicago.

2. PRELIMINARIES ON COCYCLES

Let (S, u) bea G-space with a quasi-invariant measure 4, and let o, §: Sx
G — H be measurable cocycles. Recall that we say that « is equivalent to S
(and we write a ~ ) if there exists a measurable map ¢: S — H such that,
for every g € G, B(s, g) = ¢(gs)a(s, g)q)(s)_l for almost every s € S. If
G is ergodic on S and H is algebraic there exists a unique (up to conjugacy)
smallest algebraic subgroup L C H such that « is equivalent to a cocycle taking
values in L but is not equivalent to a cocycle taking value in a proper algebraic
subgroup of L. It follows that if a ~ f, B(S x G) C J and J is algebraic,
then J contains a conjugate of L. The conjugacy class of L is called the
algebraic hull of o [Z35, 9.2]. Given any group G acting by difftcomorphisms
on a smooth manifold M , we define the algebraic hull of the G-action on M
to be the algebraic hull of the derivative cocycle a: M x G — GL(n, R) defined
as a(m, g) = (dg),, , after a measurable trivialization of the tangent bundle.

Let ap: § xI' = H denote the restriction of a cocycle a to I'. The next
result will be crucial in proving Theorems 3.1 and 4.1.

Theorem 2.1 [I]. Let G be a connected semisimple Lie group with finite center
and no compact factors, and let T C G be an irreducible lattice. Let a.: S x G —
H be a cocycle of an ergodic G-action into an algebraic group, and assume that
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the G-action of G on S is not essentially transitive with compact stabilizers.
Then the algebraic hulls of a and o are the same.

Recall that, under the above hypotheses on G, I" and S, the restriction to
I' of the G-action is still ergodic [Mo, Z1]; this implies in turn that the product
action of G on S x G/I' is ergodic as well [Z3, Proposition 2.2.2].

Let Z(S x G; H) be the set of cocycles from S x G into H, and let
H' (S x G; H) be the set of the corresponding equivalence classes of cocycles.

Proposition 2.2. Let G,I", H and S be as above. Then there is a bijection
in cohomology ¥: HI(S xI'; H) - HI(S x G/T" x G; H) which preserves the
algebraic hulls.

Remark. The existence of the bijection holds in much greater generality [Z3] for
any closed subgroup I' of a locally compact topological group G, any locally
compact topological group H and any G-space S. However, besides the fact
that the above situation is the one in which we shall use this result, the corre-
spondence between algebraic hulls makes sense only under suitable hypotheses
which insure ergodicity of all the actions.

Proof. Since we shall use it in the sequel, we give here the explicit form of this
correspondence, leaving out the details. For a complete proof see [I, Z3]. Let
n: G/T — G be a Borel section of the canonical projection p: G — G/I" such
that n(p(g))g € T, for every g € G. Then, if [a] € H'(SxT; H) and o €
Z(SxT'; H) with a € [a], we define ¥(a)(s, x, g) = a(n(x), n(gx)gr](x)_l);
the equivalence class of ¥(a) will be independent of the choice of a € [a],
and hence ¥ will be a map in cohomology. Conversely, given

[Ble H' (S x G/T x G; H)

and B € [B], we want to define ® = ¢! choose x € gle] € G/T and
define ®(B) e Z(SxT'; H) as ®(B)(s, y) = B(gs, x, gyg_l). Then W(f) is
independent in cohomology of the choice of x € G/I', ® and ¥ are inverses
in cohomology and both maps preserve the algebraic hulls. O

Let (S;, u;) be H-spaces, i = 1,2; we say that the actions of H, and
H, are orbit equivalent if there exists a measure class preserving Borel iso-
morphism (possibly after discarding a set of measure zero) 6:§, — §, that
takes any H-orbit onto an H,-orbit. If the H,-action is essentially free then
the map 6 defines a cocycle A: S, x H — H, which satisfies the relation
6(h,s,) = A(s;, h;)0(h,). If the cocycle 4 is equivalent to a cocycle indepen-
dent of 5, € S|, namely, if 4 ~ Ap where /Ip(sl , h)) = p(h)) with p: H — H,
a homomorphism, then we say that the actions are conjugate (or isomorphic). If
S, and S, are manifolds and the map 6 is a diffeomorphism then we say that
the actions are respectively smoothly orbit equivalent and smoothly conjugate
(or smoothly isomorphic); moreover, in the essentially free case, the cocycle 4
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will be smooth along a.e. orbit. The correspondence in cohomology described
in the next proposition is well known [Rm] and we shall use this result several
times.

Proposition 2.3. IF 6: S, — S, is an orbit equivalence between essentially free
spaces, then there is a bijection Y: Z(S, x H,; L) — Z(S, x H,; L) which is a
bijection in cohomology and preserves the algebraic hulls.

Proof. If B e Z(S,x H,; L), let us define f € Z(S, x H;; L) as B(s,, h)) =
Y(B)(s,, h;) = B(O(s,), A(s,, h,)), where A: S| x H — H, is the cocycle as-
sociated to 6. Conversely, if a € Z(S, x H,; L), let us define E(a) = q, €
Z(S,x Hy; L) as ay(s,, h,) = a(07'(s,), n(s,, h,)), where n: S, x H, — H,
is the cocycle associated to 6~'; namely, if A(s,, k) = 4, and 6(s,) = s,,
then 7(s,, hy) = n(6(s,), A(s,, h,)) = h, . It is straightforward to verify that
the maps Z and Y are inverses and that equivalence classes of cocycles, as well
as algebraic hulls, are preserved. O

3. SMOOTHLY CONJUGATE ACTIONS

Let G be a connected semisimple Lie group with no compact factors, finite
center and Lie algebra g, and let I' be an irreducible lattice in G. Let H be
a noncompact Lie group and let n,, n,: H — G be two different embeddings
of H with closed images H, = n;(H), i=1, 2.

The first result we want to prove will be a very easy consequence of the next
theorem which illustrates how to compute the algebraic hull of the H-action
on G/T" by diffecomorphisms, where, for simplicity of notation, we identify H
with its embedded image in G.

Recall that, since I' is discrete, the tangent bundle T(G/I') can be smoothly
identified with G/I" x g. Then the action of H C G C Diff(G/T") on T(G/TI)
is given, via this identification, by the derivative cocycle a: G/I'x H — GL(g),
a(x, h) = (dh) = Adg(h), for x € G/T and he H.

Theorem 3.1. Let G be a semisimple noncompact Lie group with no compact
factors and finite center, I C G an irreducible lattice and H C G a noncompact
closed subgroup. Then the algebraic hull of the H-action on G|T is the algebraic
hull of Ad;(H).

Before proving this theorem note the following consequence.

Corollary 3.2. Let G,T', H,, i = 1,2, be as above. If the H,-action and the
H,-action on G/T" are smoothly isomorphic, then the algebraic hulls of Ad;(H,)
and Ad;(H,) are conjugate as subgroups of GL(g).

Remarks. (1) If H is a noncompact connected simple Lie group, the result of
Theorem 3.1 is in [Z6, Corollary 5.3] and is a consequence of the Borel density
theorem.

(2) A natural question is to ask whether or not Theorem 3.1 is true for sub-
groups I which are only Zariski dense. In our theorem, we need the hypothesis
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of I' being a lattice, because this was the case in which, so far, we have been
able to prove Theorem 2.1 (cf. §1).

(3) If the H’s are real algebraic, as in the case in which H is real algebraic
and the n;’s are rational homomorphisms, then Ad;(H,) is of finite index in
a real algebraic group, so that the conclusion of the corollary is that (modulo a
finite group) Ad,(H,) and Ad;(H,) are conjugate in GL(g).

The following is just a local reformulation of the previous corollary.

Corollary 3.2. Let G, T, H,, i =1,2, be as above. If the H, -action and
the H,-action on G/I' are smoothly isomorphic, then ad (,) and ad (h,) are
conjugate in gl(g) .

Proof of Corollary 3.2. Let o;: G/T x H;, — GL(g) be the derivative cocy-
cles a,(x, h;) = (dh,),, for x € G/T and h, € H,. Because of the isomor-
phism 6 between the H,- and the H,-action, we have that, for a.e. x € G/T",
6(h,x) = h,0(x), where h, = p(h,). Differentiation of this equality yields
the relation (d0)hlx(dhl)x(dtﬁ?);1 = (dhy)gy, orelse p(h X)a,(x, h)p(x)"" =
o,(6(x), h,), where ¢: G/T — GL(g) is defined as ¢(x) = (d6),: hence
a, = T_'(al) (as defined in Proposition 2.3), so that the algebraic hulls of a,
and a, are the same. O

Proof of Theorem 3.1. As it is shown in Proposition 2.2, and with the same
notation, we have the bijection

H'(G/T x H; GL(n, R)) = H'(G/T x G/H x G; GL(n, R))

and
H'(G/H x GJT x G; GL(n, R)) & H'(G/H xT; GL(n, R)),

which, together with the obvious identification H ! (GITxG/HxG; GL(n, R))
~ H' (G/HxG|T'xG; GL(n, R)), imply that there is a bijection in cohomology
between cocycles for the H-action on G/I" and cocycles for the I'-action on
G/H , and this bijection preserves the algebraic hulls. However, for our purpose,
we need to study the correspondence more closely; in particular, we need to see
that the cocycle f.: G/H xI" — GL(n, R) corresponding to o: G/T' x H —
GL(n, R), where a(x, h) = (dh), = Ad,(h) is the adjoint cocycle, is still the
restriction to I" of the adjoint representation of G. If we can prove this we
are done, because then, by Theorem 2.1, the algebraic hull of f.: G/H xI' —
GL(n, R) is the same as the algebraic hull of f: G/H x G — GL(n, R) and,
by transitivity of G on G/H , this is the same as the algebraic hull of Ad;(H)
[Z5, Proposition 4.2.13]. Hence to complete the proof we need to show

Lemma 3.3. Let H, T be closed subgroups of G, and let o: G/T x H — L be
the cocycle a(x, h) = n(h) where n: G — L is a given homomorphism. Let
[B] € H'(G/H x T'; L) be defined as [B] = Q([a]), where Q is the bijection
Q: H'(G/F xH;L)— H'(G/H x I'; L). Then there exists a cocycle B € [B]
such that By, 7)=n(y).
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Proof. We shall use the same notation as in Proposition 2.2, writing, however,
H(G/T x H) and H(G/H xT) for H(G/T x H; L) and H(G/H xT"; L),
respectively. Let p: G — G/H be the canonical projection, and let ¢: G/H —
G be a Borel section such that o(p(g))g € H for every g € G. Then we have
the map

¥: H(G/TxH) — H'(G/T xG/H x G)

¢4 — (¢4

defined by o’(x, y, ) = a(o(y)x, 0(gy)ga(y)™") = n(a(gy)ga(»)™"), and
the map | |
®: H(G/HxG/I'xG) — H (G/HxT)
B - B,
defined by B, (v, 7) = B(gy, x, gyg'l) , where x = g[e]. € G/T". Notice that
® is independent in cohomology of the choice of x. Moreover, if

2 H(G/TxG/HxG) — H'(G/Hx G/T xG)

a — a

is the identification X(a)(x,y, g) = a(x,y, &) = a(y, x, g), where x €
G/T', y € G/H, looking at the composition Q =¥ oXo® of these maps
H'GITxH) X H' GIxGHxG 3 H'(G/HxGTxG 2 H(G/HxI)

~ -0
Qa land «a — a land ax

we claim that [6°] = [a,]. In fact if x = g[e]. € G/T, fora.e. y € G/H and
yel,

.0 -0
a(y,y)=a(gy,x,grg )=a °(x, ey, gve

a(xa(gy), o(gyy)ere 'a(gy)™)
(o(gvy)gv8 a(gy) h
(
(

-1 -1

)

n\o
(o (gyy)g)n(»)n(g 'o(g )‘)

= n(o(gyy)g)n(y)n(o(gy)g)”"

=0 (e, 0",

where ¢ : G/H — L defined by ¢ (y) = n(a(gy)g) is the map which imple-
ments the equivalence. O

Example. We want to point out that Corollary 3.2 allows us to obtain, by
completely different methods, results which were already available via other
techniques. For example, if G = SL(3,R) and I C G is any lattice, let us
consider the actions on G/I" of the two unipotent one-parameter subgroups
H; = {exp(t4,): t € R}, where

00 1 010
={0 00| and 4,={00 1].
000 00 0

Since adg(bl) and adg(bz) have different rank (as linear transformations of
g), they cannot be conjugate in gl(g), thus implying that the actions of R by
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the identification with the H;’s cannot be isomorphic. The same result is a
consequence of Witte’s theorem [W1] since H, and H, are not conjugate in
G as well. (If they were, then 4, and A4, would be conjugate matrices in g,
which is impossible, since they have different rank.)

Before studying actions which are just smoothly equivalent, let us examine, in
contrast with what was done before, the case in which the group G is compact.
Since for compact groups ergodicity is equivalent to (essential) transitivity [Z5,
2.1], then the restriction of the action to a subgroup H is still ergodic if and
only if H is densein G.

Theorem 3.4. Let H, G be Lie groups with G compact, and let n;: H - G,
i =1,2, be two different embeddings with dense image n,(H) = H,. Suppose
there exists a measurable bijection 6: G — G which conjugates the H,-actions,
i =1, 2. Then there exists an automorphism A of G such that A(H,) = H,.

Remark. The same result holds also in the case in which H; acts on G/G,
where G, is not normal in G.

Proof. Since the H,-action and the H,-action on G are conjugate, we have
that, for ae. x € G, h,0(x) = 6(h,x), where h, = m,(h), i ="1,2. If we
define a right action of G x G on Map(G, G) = {f: G — G|f is measurable}
by (f- (g, &))(x) = gz_lf(glx), 6 turns out to be a fixed point for the H-
action, where H acts on Map(G, G) via (n,, n,)(H) = H xH, C GxG.
By continuity of the action, 6 is left fixed also by the closure H, x H, = L of
H xH,in GxG.If p: GxG— G, i=1,2, is the projection onto the ith
coordinate, since H, C p,(L) C H, = G, we have that p(L) =G, i =1, 2,
that is, L projects onto G on both coordinates. So, for (g,, g,) € L, we
have that (g,, g,)0 = 6, that is, g,0(x) = 6(g,x) for every x € G. Notice
that, since the action is free, g, is uniquely determined by g, : in other words
there exists a unique g, = A(g,) such that (g,, A(g,)) € L. Moreover, since
2(8,8,)6(x) = 6(2,8,%) = A(8,)0(8,%) = A(g,)A(8,)6(x) , then % € Aut(G). O

4. SMOOTH ORBIT EQUIVALENCE

If H is a connected Lie group acting by difftomorphisms on a smooth man-
ifold M with discrete stabilizers, then the H-orbits determine a foliation %
on M and smoothly orbit equivalent actions correspond to diffeomorphic foli-
ations.

Theorem 4.1. Let H , H, be connected Lie groups acting by diffeomorphisms
on smooth n-dimensional manifolds M,, M, . Suppose that the H-actions are
essentially free, locally free and ergodic, and let #,, #, be the corresponding
foliations on M|, M, . If the foliations are diffeomorphic then the algebraic hulls
of the derivative cocycles in the direction normal to the leaves of the foliations are
conjugate.
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Proof. Since &, #, are smoothly equivalent, then there is a diffeomorphism
6: M, — M, such that, for every m € M,, h, € H, 6(h;m) = h,6(m), with
hy=A(m, hy) = 4, (m), where : M, x H, — H, is a cocycle a.e. smooth along
the orbits. If we write the previous equation as 6 o th (m) = L}.(m, h) © O(m),
where L,(m) = hm denotes the action on m by the diffeomorphism defined
by &, and we let p, : H, — M; denote the orbit map p, (h;) = h;m,; for
m; € M;, then differentiation of the above expression at m for h, € H, fixed
gives
(de)hlm(dth)m =d(fo th)m = d(L/l(m,hl) o),
= (@Ly 1)) @) + (AP s 1) (@A ) »

which shows that the diagram
@L,)

m

Tli
(de)ml l(da)hlm

T, M
6(m)="2 Ly 1 Do

’ Th,li

Thze(m)MZ = Te(hlm)MZ

does not necessarily commute. However, the maps th , L,l(m h) and 6 pre-
My
serve the foliations and their derivatives dLh, , dLA(m B> d@ preserve the tan-
. . . (|
gent space to the foliations, that is,

@L, ), ()
Tmz R Thlm‘grl TB(hlm)'?Z
and
(d6),, (AL 1))ogm)
Tm'gl- - Te(m)'%- — Thze(m)‘%'
Hence we have the induced diagram
@L ),
Tli/Tm'Z 4 Th,mMI/Thlm'gl_

o), | @

TB(m)M2/T0(m)‘72' (dL 6 ThZO(m)MZ/ThZG(m)‘% = Tf)(h,m)Mz/TH(hlm)‘gZ_

Alm  hypy/ Y om)

which, if we denote, by N, % =T, M,/T, %, the normal space to the foliation
&, at the point m , becomes

(dth)m
Nm‘gl- " Nhlm‘ql
(*) (de)ml l(do)”l"'
NO(m)‘% Nhﬁ(m)% = N()(hlm)gl.

Alm by l)ﬂlml
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Now we need the following
Lemma 4.2. (a'&hl My 5= 0 and the diagram (x) commutes.

Assuming this lemma, whose proof we postpone for a while, we have that
@)y, 7@Ly)lx,5 = @Ly 1)y, 7 (@ly 5 = @Ly )y, (d0)lx 5.

that is,
-1
@0)ly, 7(dLy )y, 7(@0) " Iy 5 = @Ly)ly, 5

B(m)

Using again Proposition 2.3 we can easily deduce that the algebraic hulls of
(dLh.)|Nm?. anfl (dLh2)|N0(m)% ére the same. In .fact, if k an.d n (k < n)
are the dimensions of the foliations and the manifolds respectively, let o, €
Z(M; x H;; GL(n — k, R)) be defined as a,(m;, h;) = (dL, )|y g i=1,2.
Since, by Proposition 2.3 (and using the same notation), we have that the al-
gebraic hulls of T(a,) and o, are the same, it will be enough to show that
T(a,) = o, in cohomology. In fact

Y(ay)(m, hy) = ay(8(m), A(m, hy))) = (dL, )|y &

e(m)

(d0)|N ydL |N9’d0 |N,,,9]
= (a'e)|Nhlmy,al(m, h)AO) |y o =ai(m, hy),

where a;, ~ a'l via the map ¢: M; — GL(n — k, R) defined as ¢(m) =
(d0)|y 5 Hence [Y(a,)] = [@,] and this completes the proof. O

Proof of Lemma 4.2. We want to differentiate the equation 6(h,m) = h,8(m)
in local coordinates. Observe first of all that we can choose coordinate charts
{w,,, (pm)}meM] s AWV s qz/m/)}m/@w2 on M, and M, such that the map 6: M,
— M, is locally just the identity map. In fact let {(U,, ¢,,)},.c M, be charts
which realize the foliation .| , namely, ¢, ((H,-orbit)nU, ) = {Rk x@,, (U, )}x
{pt}, and assume for simplicity that ¢, (m) = (0, 0). We can choose charts
{(Vrs w,)} on M, defined by (V1 , ¥,)) = (Vyny> Woimy) = (6(Uy,), 0, ©
0"), and it is straightforward to check that these charts realize the folia-
tion &, y/m,(m') = (¢, ° 0"1)(0(m)) = (0, 0) and that, locally, the map
0t 0m(Up) = W) Voimy) = P(U,,) defined by 6, =y, 0000, is
just the identity. Fix m, € M,; if m € Umo,hl € H,, we have hym €
Uhlmo so that (omo(m) = (x,y) and (phlmo(hlm) = (‘thl(x,y), &(y)), where
T R xR - R is just the map which describes in local coordinates the
translation of m along the fiber by 4, € H, (ie, T, = th in local coordi-

nates) and &: R" % . R"¥ indicates in local coordinates the fiber of the point

h,m (notice that if h € H, is close enough to the identity so that 4, m € Um0 ,

then &(y) = y). Moreover, because of our choice of charts on M, , since
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6(m) € 6(U,, ) = Vo) and hy0(m) = 6(hym) € 6(U,, . ) = Vg(j ) » We can
write Yy (6(m)) = (x, ) and Wy, ) (10(m)) = (3, (x, ), n(7)). where
Ty s M describe in local coordinates (as observed above for T, and ¢) the ac-
tion of 4, on 6(m) and, here, h, = A(m, h,) is a function of m . Then these
equations together give us that

(Thz(x> y), n(y)) = '//o(hlmo)(hzo(m)) = Wo(h,mo)(e(hlm))

= Vo my) O @p (T4 (%, ), ED)))
= ehlmo(Thl (x s y) s é(y)) = (Thl(x’ y) ) é(y)) .

From these equalities it follows that ¢ = n and

(74, (%5 ¥), €)= (1, (%, ), €(¥)).
Differentiation of this equality, using the notation
61,,/(11l ) Uy)

7 (X, ¥) = —

and Thz(-x 5 y) = C(x,y)(hz)

d (x,)

(ie., C(X, 0 = Pm in local coordinates), gives

2 df, ¢, ,
(T'lll(x ’ y) Thl(gx{’ y)) = (Tfllz(x ’ y) + 375; % TZZ(X, y)3+ jﬁz 3_;)
0 ay | 0 ) 53‘:).
_ () m ) A (% %)
0 & dh, \0 0)°

which is nothing but the expression in local coordinates of the equation
(d0)hlm(dth)m = (dLA(m,h,))B(m)(dG)m + (dpe(m))i(m,h,)(d’lh,)m'
But this shows that (dA)] Ng = 0 which implies the commutativity of the
diagram (x). O
In order to apply Theorem 4.1 we need the following

Proposition 4.3. Let

GL(k, R) «
0 GL(n -k, R)

and consider the surjective homomorphism p: G(k,n — k) - GL(n — k,R).
Suppose a: G xS — Gk,n — k) is a cocycle with algebraic hull H C
G(k, n—k). Then the algebraic hull of p o o is the Zariski closure of p(H) in
which p(H) is of finite index.

G(k,n—k)=< >CGL(n,R),

Proof. Since p is surjective, the algebraic hull of poa cannot be strictly con-
tained in p(H). Let H. be a complex algebraic group defined over R such that
H = (H)g consists of its real points. Since p is R-regular, we have that p(H)
is an R-algebraic group, but p(H) is not necessarily Zariski closed. However,
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if we denote by p(H )Z the Zariski closure of p(H) in GL(n -k, R), we have
the inclusions p(H) C p(H)Z C (p(Hg))g: since p(H) = p((H)g) is of finite

index in (p(H())g , it follows that p(H) is of finite index in p(H)Z aswell. O

The main application for the theorem about smooth orbit equivalence that
we present here is to the Hj-action on G/T", and we shall illustrate with an
example at the end of this section how to obtain results which did not seem to
be accessible by other methods. However, before doing this we want to show
how, in this case, essential freeness follows almost automatically.

Proposition 4.4. Let G be a noncompact connected simple Lie group, T C G
a lattice and H C G an almost connected real algebraic group. Then H acts
essentially freely on G/T .

Remark. For simplicity we stated the result only for simple groups; however,
exactly the same proof works in the case in which G is semisimple and I'C G
is irreducible, as long as we assume that I" does not intersect a subgroup N C H
normal in G. Moreover, small modifications of the proof show that the result
holds also in the case in which H is not algebraic.

We start the proof with the following lemma.

Lemma 4.5. Essential freeness of H acting on G/T" is equivalent to essential
freeness of T acting on G/H .

Proof. This is just a straightforward exercise on double cosets. If u is the
Haar measure on G, let up and u, be the measures respectively on G/’
and G/H. Notice that, since G is connected and H is a proper subgroup
of smaller dimension, if X C G is a measurable subset then up(p(X)) =0
if and only if u(X) = 0 if and only if uy,(p,(X)) = 0, where we denote
with p.: G — G/T and p,: G — G/H the canonical projections. Let W =
{xI": Stab,(xI") # e} € G/T and V = {xH: Stab(xH) # e} C G/H. We
want to show that u, (V) = 0 if and only if u (W) = 0. An easy compu-
tation shows that, for x € G, xI' € W if and only if x'H € V', so that
pH((ar(W))") C V, where o.: G/T — G is a section of the p.. Hence
1P ((er(W)™Y) < uy(V). I py(V) = 0 then py(py (6 (W)™h) = 0
so that 0 = u(a(W))™' = u(op(W)) = up(W) which is what we wanted: the
other direction (which actually we shall not use), follows by symmetry. O

Proof of 4.4. Because of the lemma, it is enough to show that I is essentially
free on G/H . With the notation used in 4.5 we need to show that u,(V)=0.
For each y e I, let Vv, = {xH € G/H: yxH = xH}; it is clear that V/ is a
subvariety and that V' =J, .V, , where the union is countable. Then it will be
enough to show that, for every y € I, 4 is a subvariety of smaller dimension,
so that pu, (V) = 0. Since G is connected, G/H is an irreducible variety, so
that if V does not have smaller dimension it must be V, = G/H . But if, for
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some y, € I', y, # e, we have V},0 = G/H, then, since G/H = Vy0 = gVyO =

Ve, o1 forany g € G, this would imply the existence of a connected normal
0

subgroup N = GyOG_l which is proper (since it fixes the whole space, hence
N C H) and this is impossible since G is simple. O

Example. Let H = R* x R be the group of the affine motions of the line. If
I' c SL(3, R) is any lattice let us consider the H-action on SL(3, R)/T" by
n,, my: H— SL(3, R) = G, defined by

A0 ¢ A0 ¢
2,4, 0=0 2" 0] and n,(A,)=|0 2 0
0 0 1 00 A~

We claim that these two actions cannot be smoothly orbit equivalent, and we
shall prove it by showing that Ad;(H,)| o/h, and Ad;(H,)| oy, aT€ not conjugate
in GL(g). In fact, because of Theorem 3.1, we have that the algebraic hull of
the H-action on G/T" is the Zariski closure of Ad;(H,), and Proposition 4.3
implies that the algebraic hull of the H-action in the direction normal to the
orbits is the Zariski closure of Ad;(H,)| o/, ° Let C , (h;) be the centralizer of

a/b;
h, € H; in g/b and V, ={X €g/b,;: Adg(h,)|,,, X = X}. Then we have that
C,,/,,i(h[) , for &, e H,, so that
g/h ﬂ g/b ﬂ V = V
h€H, h€H,

An easy computation shows that C o/h, (H,) (and hence VH,) is zero-dimensional

and C . /hz(H2) (and hence VHz) consists of matrices of the form

0 a O
0 0 0)J:aeR
0 0O

Since Adg(H)|, is of finite index in its Zariski closure and since the dimen-

sion of the subspace of fixed vectors would be an invariant of conjugacy, it
follows that the algebraic hulls of Ad(H,)| o/b, and Ad;(H,)|, sy, Cannot be

conjugate in GL(g).

REFERENCES

[Be] D. Benardete, Topological equivalence of flows on homogeneous spaces and divergence of
one-parameter subgroups of Lie groups, Trans. Amer. Math. Soc. 306 (1988), 499-528.

[CFW] A. Connes, J. Feldman, and B. Weiss, An amenable equivalence relation is generated by a
single transformation, Ergodic Theory Dynamical Systems 1 (1981), 431-450.

[D1]  H. A. Dye, On groups of measure preserving transformations. 1, Amer. J. Math. 81 (1959),

119-159.

[D2] ., On groups of measure preserving transformations. 11, Amer. J. Math. 85 (1963), 551~
576.

[n A. lozzi, Invariant geometric structures. a non-linear extension of the Borel density theorem,

Amer. J. Math. (to appear).




384

K]
M]
[PnZ]
[Pr]
[Rm]
[Rt]
(W1]
[(W2]
[Z1]

(22]

(23]
[Z4]

[Z5]
[Z6]

ALESSANDRA 10ZZ1

W. Krieger, On ergodic flows and the isomorphism of factors, Math. Ann. 223 (1976), 19-70.
B. Marcus, Topological conjugacy of horocycle flows, Amer. J. Math. 88 (1966), 154-178.

P. Pansu and R. J. Zimmer, Rigidity of locally homogeneous metrics of negative curvature
on the leaves of a foliation, Israel J. Math. 68 (1989), 56-62.

W. Parry, Metric classification of ergodic nilflows, Amer. J. Math. 88 (1966), 819-829.

A. Ramsay, Virtual groups and group actions, Adv. in Math. 6 (1971), 253-322.

M. Ratner, Ergodic theory in hyperbolic space, Conference on Modern Analysis and Prob-
ability (New Haven, Conn., 1982), R. Beals, A. Beck, A. Bellow and A. Hajian, eds., Con-
temp. Math., vol. 26, Amer. Math. Soc., Providence, R.I., 1984.

D. Witte, Zero-entropy affine maps on homogeneous spaces, Amer. J. Math. 109 (1987),
927-961.

—, Topological equivalence of foliations of homogeneous spaces, Trans. Amer. Math. Soc.
317 (1990), 143-166.

R. J. Zimmer, Orbit spaces of unitary representations, ergodic theory and simple Lie groups,
Ann. of Math. 106 (1977), 573-588.

—_, Strong rigidity for ergodic actions of semisimple Lie groups, Ann. of Math. 112 (1980),
511-529.

—, On the cohomology of ergodic group actions, Israel J. Math. 35 (1980), 289-300.
—, Orbit equivalence and rigidity of ergodic actions of Lie groups, Ergodic Theory Dy-
namical Systems 1 (1981), 237-253.

—, Ergodic theory and semisimple groups, Birkhiuser, Boston, Mass., 1984.

——, Ergodic theory and the automorphism group of a G-structure, Group Representations,
Ergodic Theory, Operator Algebras, and Mathematical Physics, Ed., C. C. Moore, Springer-
Verlag, New York, 1987.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CHICAGO, CHICAGO, ILLINOIS 60637

Current address: Department of Mathematics, University of Pennsylvania, David Rittenhouse
Laboratory, 209 South 33rd Street, Philadelphia, Pennsylvania 19104-6395
E-mail address: 10ZZI@NEXT.SAS.UPENN.EDU




