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Abstract. Consider a closed, smooth manifold M of non-positive curvature. Write
p : UM — M for the unit tangent bundle over M and let R.. denote the subset consisting
of all vectors of higher rank. This subset is closed and invariant under the geodesic flow
¢ on UM. We will define the structured dimension s-dim R. which, essentially, is the
dimension of the set p(R-) of base points of R .

The main result of this paper holds for manifolds with s-dim R. < dim M/2: for
every € > 0, there is an e-dense, flow invariant, closed subset E. C UM\'R- such that
P(Ee) = M.

1. Introduction

The aim of this paper is to generalize a result{ of Burns and Pollicott for manifolds of
constant negative curvature to the case of non-positively curved manifolds of rank one.
They showed that, on a compact surface M of constant negative curvature, it is possible
to construct a closed proper subset E of the unit tangent bundle UM which is invariant
under the geodesic flow and full in the sense that its image under the base-point projection
p(E) is the whole surface M. This means that there is an open subset YV of UM such that,
for every point p in M, we can find a geodesic passing through p such that the velocity
field of the geodesic avoids that subset W. By the construction, VW was always some
neighbourhood of a non-recurrent vector.

For dimension bigger than three, Schroeder improved this result to manifolds with
curvature K < —1 in [7]. He even proved that a neighbourhood like WV can be found
for every vector, no matter whether it is recurrent or not.

The next generalization took place in [3]. Buyalo and Schroeder considered a compact
manifold of rank one and proved the existence of a neighbourhood like W for every vector
of rank one.

The result of this paper is that even for vectors of higher rank a neighbourhood W
can be avoided, provided that the set of vectors of higher rank satisfies some dimensional
condition. The main result is the following.

+ The proof is unpublished but the result is stated in [4].
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1982 B. Reinold

THEOREM 1.1. Let M be a compact manifold of non-positive curvature. Suppose the
s-dimension of the set of vectors of higher rank R~ is bounded by

dim M
s-dimR. < m .

Then, for every € > 0, there is a closed, flow invariant, full, e-dense subset E¢ of the
unit tangent bundle UM consisting only of vectors of rank one.

This result was obtained as part of the author’s thesis [6]. The proof as presented in
this paper has been considerably shortened to explain the main ideas. For further details,
please refer to the original thesis.

2. Notation

Throughout this text, M will denote a complete, compact, Riemannian manifold of non-
positive curvature. The unit tangent bundle with the base-point projection is denoted by
p : UM — M. The Riemannian metric on M induces a Riemannian metric (the Sasaki
metric) on the unit tangent bundle UM. Both metrics induce distances, denoted by d(, ).
With respect to the metric on UM, we will write W, (v) for an e-neighbourhood of a vector
v e UM.

For an element v € UM, 1y, denotes the unique geodesic with initial condition
1 (0) = v. The geodesic flow ¢; is defined by ¢;(v) = p,(t). We will say that a
geodesic y avoids an n-neighbourhood of the vector v € UM, if d(y,v) > n, i.e. the
distance of v to the velocity field y is bounded below by 7.

For a geodesic y, the set of all parallel Jacobi fields along that geodesic is a vector
space. By rank(y), we denote the dimension of this vector space. For a unit vector v,
define rank(v) := rank(y,). The rank of a manifold is defined to be the minimal rank of
its tangent vectors. From a result by Ballmann [2, Appendix 1], closed manifolds of rank
greater than one are quotients of either products or locally symmetric spaces. We will,
therefore, always suppose that M is of rank one, i.e. there is a geodesic y such that the
only parallel Jacobi fields along y are multiples of its velocity field y. The set of all
vectors of rank one is denoted by R, and the set of all vectors of higher rank by R..
Both these sets are flow invariant; R is open, R~ closed. If M is a real analytic manifold,
then both sets are subanalytic (see [5] for a definition). This motivates the definition of the
structured dimension.

For any subset R C UM, a support of R is a finite union Z = |JZ; of closed
submanifolds Z; C M (called the strata of Z) such that R C UZ := |JUZ, i.e. all
elements of R are tangent to some stratum in Z. The dimension of a supportis defined to be
the maximal dimension of one of its strata. By s-dim R we denote the minimal dimension
of a support of R and call this the structured dimension of R. A support Z of R is called
an s-support of R if dim Z = s-dim R, i.e. if Z realizes the structured dimension of R.
Note that 0 < s-dimR < dim M for any subset of UM. For example, for a submanifold
Y C M, the unit tangent bundle UY has structured dimension s-dimUY = dimY.
From now on, Z will always denote an s-support of R-..

7 : X — M is the universal covering of M by the Hadamard manifold X. The covering
maps 7 : X — M and dw : UX — UM induce Riemannian metrics on X and UX.
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Flow invariant subsets 1983

With respect to these metrics, geodesics are mapped to geodesics and the rank does not
change. Therefore, we will use the same notation in X as in M. Throughout this paper, we
will mostly work with X but the fact that X has the compact quotient M will be essential.

We will be concerned with some structures in the unit tangent spaces which we will call
spheres and denote by S, (p). If S, (p) is the sphere of radius r around the point p in X,
then the set of outward normal vectors to this sphere will be denoted by S, (p). Another
way to describe this set is via the identity S, (p) = ¢,(UpX). For fixed r > 0, the unit
tangent bundle is foliated into these spheres. For r — o0, the spheres S, (y,, (—r)) converge
to the strong unstable leaf of v, i.e. to the outward pointing normal field to the horosphere
at y, (—o0) through p(v). If we only consider e-neighbourhoods of v inside these spheres,
then the convergence is uniform.

3. Construction

We want to construct a closed, flow invariant, e-dense, subset E. of UM which consists
only of vectors of rank one and is full in the sense that p(E,) = M. For fixed 7, define a
flow invariant, closed set of rank one vectors by

@,, := {u € UM | y, avoids an n-neighbourhood of R }.

We will see that, for n = n(e) small enough, the set E, := én is e-dense and full in the
previous sense. For the moment, we will not focus on the fact that E, is e-dense. To prove
that E, is full, we construct, for every point 0 € M, a geodesic y through o which avoids
the n-neighbourhood of R~. Then y (0) € E¢ and, hence, 0 € p(E¢).

For the construction, we work in UX. Given a starting point 0 € X, begin by
constructing a sequence v; of vectors in U,X such that the geodesic segments yy,|[0,1]
avoid a neighbourhood of R~ and ¢t; — oo. By the hyperbolicity{ of the vectors of
rank one, the limit vy := limv; will exist and the geodesic ray yy,|g, will avoid a
neighbourhood of R...

Now instead of just considering one vector vy, consider a compact, low-dimensional
manifold Y together with a smooth map Vy : ¥ — U, X and define 7_; := 0. Recursively,
we define a sequence of smooth maps V; : ¥ — U, X and times #; — 00, such that the V;
converge to a continuous map V., sufficiently close to our original map Vj.

Suppose V; and t;_1 are given. We define

tic=min{t > i1+ B [ d(¢; o Vi(Y), UZ) < 11¢}

and deform V; into V;4 as follows, where C and t are constants provided by Lemma 4.1.
Deform the smooth map ¢, o V; : ¥ — &, (o) slightly, as explained in Proposition 4.1, to
a C-close map into Sy, (o) whose image is t-far away from UZ. Composing the resulting
map with ¢_,, givesamap V11 : ¥ — U,X. If t; = oo for some i, then define V; :=V;
andt; :=t;_1 + (j —i + 1)B for all j > i. By this construction, we have the following
immediate properties.

(1)  The image of ¢, o V. is T-far from UZ (and, hence, from R.). We say that V;;

is T-far from UZ at time t;.

F Compare this with §5.

CAMBRIDGE JOURMNALS

http://journals.cambridge.org Downloaded: 08 Feb 2011 IP address: 130.60.206.74




1984 B. Reinold

(2) The maps ¢;; o V; and ¢;; o V| are C-close. We say that V; and V. are C-close
at time t;.

(3) Two times ¢; and tj41 of deformations are separated by at least time B, i.e. the
deformations happen at discrete, distant times.

In §5, we will see that, by (3), the widening property of the vectors of rank one will
guarantee that the deformation at time ¢; will not displace the image of ¢, o V; much for
earlier times 0 < ¢ < ;. Therefore, the geodesic rays yy, will avoid R.. for longer and
longer times and the smooth maps V; : ¥ — U,X will converge to a continuous map
Vo : Y = UyX for j — o0.

4.  Perturbations on the Spheres S,

Given the s-support Z, we want to describe a deformation W, of UX that respects
the r-sphere foliation (i.e. ¥, (S, (0)) C S,(o0) for all r > rp and 0 € X) and such that
the displacement by W, is small but moves every vector away from UZ effectively. For the
moment, suppose that Z consists of only one stratum, hence Z is a closed submanifold of
UM. By the remark at the end of this section, we will see that this restriction has no effect
on Proposition 4.1.

For every time r > ro and small €, we define a perturbation W, . of UX\ p_lz that
respects the foliation of UX into spheres of radius r and such that the distance of the image
of W, . to UZ is at least €. The idea is illustrated in Figure 1 and works as follows. For any
vector v € UX\p~!Z with d(v, UZ) < 4e, let y denote the shortest geodesict from Z to
p = p(v). Use parallel transport along y to move v away from Z to a point ¢ which is
at distance 2¢ — d(v, UZ)/2 and write v for this vector. Find the vector w in U, X such
that y,, (R_) goes through o := y,(—r) (hence, o is the centre of the sphere containing v).
Pull back w by the geodesic flow to a vector on S, (0) and call this image W, ¢ (v).

For v far away from UZ, the vector is only slightly displaced and, hence, stays away
from UZ. For v close to UZ, the parallel transport moves the vector very effectively away
from UZ. The readjustment afterwards is comparatively small and, hence, the resulting
vector is far away from UZ. This is summed up in the following lemma.

LEMMA 4.1. Given rg > 0, we can find constants C, t, € such that for all ). € 10, 1] the
maps V. e have the following properties for all r > ro:
(1) W, ;c: UX\p~'Z — UX is continuous and respects the r-sphere foliation of UX.
(2) The image of W, ¢ has no intersection with the At-neighbourhood of UZ:
d(W5c(v), UZ) = At forallv e UX\p~' Z.
(3) The displacement by \V, )¢ is bounded by the global constant LC':
d(W, (), v) <AC forallve UX\p~'Z.

Remark. If Z is a manifold with boundary, some problems might arise at the boundary,
since the parallel transport could point in the same direction as the geodesic flow and,
hence, will be undone in the last step of the construction. However, these problems can
be overcome if we use a slightly bigger submanifold Z’ © Z for the construction of W, ..
Hence, Lemma 4.1 holds in this case, too.

f If € is small enough, y is unique.
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q = p(v)

W, (v) € S (0)
q’ = p(¥re(v))

d(o.q") =r

0= yy(—r)

FIGURE 1. Construction of Wy .

As a result we can deform submanifolds of spheres away from a stratum Z.

PROPOSITION 4.1. For ryp > 0 given, there are constants C,t > 0 such that for any
X €10,1], r > ro, 0 € X and manifold Y with

dimY <dimX —dimZ

we can deform any smooth map ¢ : Y — S,(0) into a smooth map ¢, : Y — S,(0) such
that
° ¢y is A\C-close to c, i.e.

d(c(x),cp(x)) <AC forallx €Y.
° ¢y avoids a At-neighbourhood of UZ, i.e.
d(cy(x),UZ) = At forallx €Y.

Proof. Choose C, € and 7 as provided by Lemma 4.1 for ro/2. Without loss of generality,
we can assume that T < rg/2 since the constants are scalable. Fix these constants and
considerany r > rgand A € ]0, 1]. Choose t/ > 0 such that on big spheres (radius > rg/2)
vectors are 7). /6-close if their base points are 7’-close. Now fix 0 € X and consider the
differentiable map
o:Z\{o} — R
p > d(o, p),
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1986 B. Reinold

which measures the radius in polar coordinates around o. By Sard’s theorem, the
set of regular values of p is dense in R. Hence, we can choose a regular value
r' € lr — TA/6,r 4+ TA/6[. The inverse image Z, := p~'(+’) is the intersection of
Z with the sphere S,/(0) in X. Since r’ is regular, this intersection Z,s is a smooth
submanifold of dimension at most dim Z — dimR = dim Z — 1 in the sphere S, (0) by
the Preimage Theorem. Next note that the geodesic flow ¢, _, identifies the two spheres
S, (0) — S,/(0), moving every vector by exactly |r' — r| < T/6A. Furthermore, we have
natural identifications of spheres with centre 0 in X and in UX, given by the gradient of p:
grad pls, o) : Sr(0) = Sy(0) and grad pls , (o) : Sy (0) = Sy (0).

Now y := po¢_,o0c: Y — S.(0) is a smooth map of Y into the sphere S, (0).
By Thom’s Transversality Theorem, we can find a t’-close smooth map y’ : ¥ — S,/(0)
which avoids Z,,. Write « for the homotopy of S,/ (0) with ag = ids,/ @andajoy =y.
Consider the map

Cni=¢—p oV cogradpoajopog_,oc:Y — 5(0).

This looks quite monstrous at first glance but we will explain it step by step.

° ¢, _, ocis TA/6-close to c, since r’ —r < TA/6.

° The base-point distance between ¢,_, o ¢ and grad p o a1 o p o ¢,/_, o c is just the
distance between y and y’, which is smaller than 7’ by definition of @. But t’-close
base points imply TA/6-close radial vectors and, hence, grad poajopo ¢, _, oc =
grad p o y" is TA/6-close to ¢,/_, o ¢ and TA/3-close to c.

° y’ avoids Z and, hence, gradp o y’ maps Y into UX\p~'Z and, hence, the map
W, 3¢ o grad p o y' is well defined. By Lemma 4.1, it is C-close to grad p o y" and,
hence, (C + TA/3)-close to our original map c. Again by Proposition 4.1, it avoids
a TA-neighbourhood of UZ.

o Projecting this map back to S,(0) by the geodesic flow ¢,_,» gives a further
displacement of |r — r’/| < TA/6 which leaves us with the properties that ¢; is
(Cr+ TA/3 4+ TX1/6)-close to ¢ and avoids a (TA — TA/6)-neighbourhood of UZ.

This ends the proof if we set C := C+7%/2and 1 :=7/2. O

Remark. Proposition 4.1 stays true if Z is not a submanifold of M but a finite union Z =
| Z; of closed submanifolds of M and dimY < dim X — maxdim Z;. To see this, pick
C;, t; for each of the submanifolds and then choose A;41 so small that A;11Ciy+1 < 7;/8
and A;j41741 < 1;/4. Now, after a finite number of displacements, we avoid all Z; since
the (i + 1)st displacement will not undo the previous ones.

5. Hyperbolicity

It is a well-known fact that, in hyperbolic space, geodesics originating in the same point
diverge qualitatively faster than in Euclidean space. Ballmann [1] introduced the term
hyperbolic geodesic for geodesic segments where the distance between close geodesic
segments is less than p times the Hausdorff distance for some p € ]0, 1[. Buyalo and
Schroeder [3] use a similar definition to define a hyperbolic vector and show that every
vector of rank one is, indeed, hyperbolic. As a result, a compact set of rank-one vectors
has a widening property explained in the following lemma and illustrated in Figure 2.
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Yw

S AW, )

d(yv(A),yw)
N

dy(A), vw) <A = d,y) <

FIGURE 2. Widening property of K.

LEMMA 5.1. Consider a compact set K C UM consisting of vectors of rank one and
K :=dn~'K. Given N € N and A, rg > 0, there is a distance A > 0 such that for any
point o € X and vectors v € K and w € UX with Yo(=r1) = 0 = yu(—r2) (r1 > ro,
ry > 0), the inequality d(yy(A), yw) < A implies d(v, yy) < d(yy(A), Yw)/N.

The important point here is that A = A(K, N, A, rg) does not depend on the time 7.
To illustrate the widening property, suppose K, N, A, rp are given and A is the constant
provided by the lemma. Consider two close geodesics y and o starting in 0 € X. Suppose
that outside the ball of radius rg around o there is a point y (¢) (¢ > rp), where the tangent
vector v := yp(t) to y lies in K. Now if o meets the ball of radius A around the point
y (t + A), then the velocity field 6 is A /N-close to v.

Roughly speaking, we can say that A is the time span after which the distance between
close geodesics widens by a factor of N. Note that, in Euclidean space, it is impossible to
find such A which works for all times ¢ > rg, since the distance between geodesics grows
linearly.

6. Choosing the right constants
Suppose that s-dimR~. < dimM — 1 and Z is an s-support of R... Fix rop > 2 and find
constants 7, C by Proposition 4.1 for Z. Define new constants
€= =z and § := 109,
10 T
fix N e Nsuchthat N > 1 + %B,ﬁx

<A <2N-9$§

N -1
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1988 B. Reinold

yUk+l ! - VUH_]

Vit+1,i+1

/Uk+1,k+1

Vk+1,k

Vit1,k = Pty Wit1)

FIGURE 3. Construction of v; 1 ; and #; 11 .

and choose A > (§ + A)e. Since Proposition 4.1 holds for At and AC if A € ]0, 1], we
can use the same constants §, N, A and A when working with ¢’ < ¢. Fix A as provided
by Lemma 5.1 for the compact set K. := UM\W,(UZ) and B > A + 8¢. Note that, for all
t € R, the compact set K, consists only of vectors of rank one while the compact set R~.
consists of vectors of higher rank. Hence, these sets are disjoint and we can define

B = ;e[riligrfg]d("j’(&)’ R->)/e.

Given a smooth map Vy : ¥ — U,X, we construct the sequences ; € R4 and
Vi © Y - U,X as explained in §3. We consider one point x € Y and its images
vi =Vilx) e Uy X.

As illustrated in Figure 3, define #; ; and v; x for 0 < k < i — 1 by the equation

d(¢li,k (Ui)7 ¢lk (Uk+l)) = d()'/v,- s ¢lk (vk-‘rl))a

i.e. vk = ¢y, (v;) is the vector, tangent to the geodesic yy,; which is closest to the vector
U,k = ¢g (Vg11). Now we know that

Be <d(vii, R>)
d(Viy1,i, Vi) < 8¢
10€ < d(vit1.i, R>)
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Flow invariant subsets 1989

and, step by step, we can prove that v;11; = v; € Ko,

Be <d(¢:(vi),R>) forti-1—B=<t=<ti1+8B
1le <d(¢s(vj),UZ) forti_1+B <t <t

and, for0 <k < i,

d ik, vk k) < (6 + A)e
d(Vik, Vkt1,k) < 2€

and v; x € K.. Furthermore,

tij =1t =tij—1 and | —tix| < 4e
and, finally,
Be <d(¢p:(vi),R>) forO=<r=<5G=1) (1
) 8

dVit1,i—ks Vo) < NEE 2
By (2), the v; converge to some vo, With

d(vo, < —

(v0, Voo) < NN — 1)6

and by (1) for v, we have
166 S d()}voo(R+)s 7Q/>)

Since none of the estimations depended on vy, the convergence is uniform on Y and, hence,
the maps V; : Y — U,X converge to a continuous map V, : ¥ — U,X. Now we can
prove the following proposition.

PROPOSITION 6.1. There are constants € and c¢ such that, for any n < €, there is an
n' < n such that, for any compact manifold Y with

dimY < dimX — s-dim R,

foranyo € X and any continuousmap Vo : Y — U,X, we canfindamap Voo : Y — Uy X
which is cn-close to Viy and defines a family of geodesic rays avoiding an n'-neighbourhood
of R~, i.e.

diyveory®Ry), Rs) > 7'

Proof. Take all the constants we had before. Note that, by definition, § and N are
independent of €. So we can define the global constant ¢ := §/N(N — 1). Choose g,
B, A and A replacing € by n < €. Write ' := 7 to get the desired result. O

For the special case where dim Y = 0 we get the following corollary.

COROLLARY 6.1. Let M denote a compact manifold of non-positive curvature with
s-dimR. < dimM. Then there is an ' > 0 such that, for every point o € M, we
can find a geodesic ray y, starting in o whose tangent field avoids an n'-neighbourhood of
the set R~ of all vectors of higher rank.
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7. From rays to geodesics

In Proposition 6.1, choose n < €/c. To find a complete geodesic, consider two
complementary submanifolds N1 and N; of U, X which intersect in exactly two antipodal
points. Deform the inclusion N1 < U, X of one of them so that it avoids R~ forallr > 0
and the inclusion Ny < U, X of the other one so that it avoids R~ for all r < 0. If € is
smaller than 7, then the images of the deformed maps still intersect in at least two points.
Pick one of these points of intersection. It defines a complete geodesic y, which avoids R~
at all times. The deformation of the N; works if dim N; < dim X —s-dim R~. We need two
complementary submanifolds, i.e. dim N1 +dim Ny = dim U, X = dim M — 1. Combining
these two inequalities we see that the construction works if s-dimR. < dim M/2.
Since the choice of constants is independent of o, we can find such y, for all 0 € X.
The preimage under dr of the union of the velocity fields of all such geodesics

o (Un)

oeX

is full and contained in énx. Hence, énx is full. To see that énx is e-dense, note that for
any v € U, X we can choose N1 and N; such that they intersect in v and —v. Then e-close

to v and —v the images of the deformed maps will intersect and we can suppose that
d(y,(0), v) < €. Theorem 1.1 follows.

Acknowledgement. Most ideas in this paper originated in stimulating discussions with
my supervisor Viktor Schroeder. I am deeply indebted to him for raising my interest in this
subject and for many helpful remarks. The definition of the structured dimension is due to
him and without this notion the result of this paper would have been hardly communicable.

REFERENCES

[1]1 W. Ballmann. Lectures on Spaces of Non-positive Curvature. Birkhiduser, Basel, 1995. With an appendix
by Misha Brin.

[2] W. Ballmann, M. Gromov and V. Schroeder. Manifolds of Non-positive Curvature (Progress in
Mathematics, 61). Birkhduser, Boston, MA, 1985.

[3] S. Buyalo and V. Schroeder. Invariant subsets of rank 1 manifolds. Manuscripta Math. 107(1) (2002),
73-88.

[4] S. Buyalo, V. Schroeder and M. Walz. Geodesics avoiding open subsets in surfaces of negative curvature.
Ergod. Th. & Dynam. Sys. 20(4) (2000), 991-1006.

[S]1 H. Hironaka. Subanalytic sets. Number Theory, Algebraic Geometry and Commutative Algebra, in Honor
of Yasuo Akizuki. Kinokuniya, Tokyo, 1973, pp. 453-493.

[6] B. Reinold. Vectors of higher rank on a Hadamard manifold with compact quotient. Dissertation,
Universitit Ziirich, 2003. arXiv:math.DG/0311025.

[71 V. Schroeder. Bounded geodesics in manifolds of negative curvature. Math. Z. 235(4) (2000), 817-828.

CAMBRIDGE JOURMNALS

http://journals.cambridge.org Downloaded: 08 Feb 2011 IP address: 130.60.206.74






