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RIGIDITY FOR ASPHERICAL MANIFOLDS WITH m C GL,,(R)*

F.T. FARRELLT AND L.E. JONES*

0. Introduction. Recall that a closed manifold M is topologically rigid if any
homotopy equivalence h : N — M from another manifold N is homotopic to a
homeomorphism. The Poincaré conjecture states that the n-sphere S™ is topologically
rigid; however most simply connected closed manifolds are obstructed from being
topologically rigid by the Pontryagin classes of the manifold. A non-simply connected
manifold M is further obstructed from being topologically rigid by Wall surgery group
invariants and Whitehead torsion invariants for its fundamental group. Considering
all these possible obstructions to rigidity it is remarkable that the following conjecture
of A. Borel is still open.

BOREL’S CONJECTURE. FEvery closed aspherical manifold is topologically rigid.

The authors have previously verified topological rigidity for all closed non-posi-
tively curved Riemannian manifolds of dim # 3,4 in [20], [23], and for every closed
aspherical manifold of dim # 3 whose fundamental group is virtually poly-Z in [19].
This last class is consequently the same up to homeomorphism as the class of all
closed infrasolvmanifolds of dim # 3; cf. [21, Th. 2.12, 2.16 and Def. 2.10, 2.11]. (We
wish here to correct a misprint in [21, p. 18, lines 4 and 5] where the word “solvable”
should be replaced by “poly-Z”.) We verify in this paper topological rigidity for
another class of classical aspherical manifolds; namely we show that all compact
complete affine flat manifolds (of dim # 3, 4) are topologically rigid; cf. Corollary 0.2.
We noted in [19] that this rigidity result would follow directly from the main result
of [19], stated above, provided a conjecture of Milnor was verified; cf. [19], [21,
Conjecture 2.18]. He conjectured in [47] that the fundamental group of every compact
complete affine flat manifold is virtually poly-Z. However, this conjecture is still open.
(Also Margulis constructed a counterexample [46] to Milnor’s conjecture in which the
compactness condition was not required.) The proof of this new rigidity result for
affine flat manifolds is consequently much more complicated.

We say that a compact manifold M with boundary OM is topologically rigid if any
homotopy equivalence h : (N,0N) — (M,0M) where N is another compact manifold
and the restriction h | N is a homeomorphism satisfies the following. There exists
a homotopy hy : (N,ON) — (M,0M) from h to a homeomorphism with h; | ON =
h | ON. (Where OM = ¢, this agrees with the notion of topological rigidity already
defined above.)

Let E be the total space of any closed n-ball bundle over a closed manifold M™.
Then E™*" is a compact manifold with boundary. We previously proved topological
rigidity for all such E provided m+n > 5 and M is a non-positively curved Riemannian
manifold [20], [23] or M is aspherical and w1 M is virtually poly-Z [19]. We moreover
prove in this paper that F is topologically rigid when m+n > 5 and M is a complete
affine flat manifold; cf. Corollary 0.2.
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Compact manifolds with boundary also occur in geometry as manifold compact-
ifications of complete Riemannian manifolds. Recall a manifold compactification of
a manifold M is a compact manifold M whose interior is M; i.e., M = M — OM.
Manifold compactifications for certain classes of non-positively curved Riemannian
manifolds have been constructed by Raghunathan [55], Borel-Serre [4], Gromov [34],
Heintze [36], Margulis, cf. [34], among others. Let M be in particular a complete
(connected) Riemannian manifold with finite volume and pinched sectional curva-
ture, then it has a smooth manifold compactification in the following two situations:

1. M has negative sectional curvature bounded away from 0 (and —oc0);

2. M is a real analytic manifold of non-positive sectional curvature.
(See [3, Th. 10.5, 13.1].) Note that class (2) includes all complete (connected) non-
positively curved locally symmetric spaces with finite volume.

We next formulate the main result of this paper. To do this we must recall the
definition of A-regular; cf. [9, p. 334]. A Riemannian manifold is A-regular if for
some nonnegative sequence A = {4;} we have

| V' Rl < A;

where the indices i vary over the natural numbers and 7% R is the i-th covariant deriv-
ative of the curvature tensor. Note the 0-th condition means the sectional curvatures
are pinched; i.e., bounded away from +oo. For example, every connected locally sym-
metric space is A-regular since these manifolds are defined by the condition 7R = 0.
Also, Shi [62] and Abresch [1] have shown that any complete Riemannian metric g
with pinched sectional curvature can be approximated by a complete A-regular metric
g. Furthermore, if the sectional curvatures of g are contained in the interval [a, b],
then, given € > 0, g can be found so that its sectional curvatures are contained in
[a — €,b+ €]. We are very grateful to Professor Shi for showing us how this is done.
This fact will be used often in Section 7.

THEOREM 0.1. Let M be a compact aspherical manifold with possibly non-empty
boundary. Suppose that dim M # 3,4 and w1 M is isomorphic to the fundamental
group of an A-regular complete non-positively curved Riemannian manifold. Then M
is topologically rigid.

Return now to the definition of a compact manifold M with boundary being
topologically rigid. And drop the conditions that h | N is a homeomorphism and h; |
ON = h | ON. The resulting concept is called absolute topological rigidity. Absolute
topological rigidity is of course the same as topological rigidity when OM = ¢. And
we can deduce absolute topological rigidity from Theorem 0.1 in certain other cases.
For example, let M be a complete pinched negatively curved Riemannian manifold
with finite volume (i.e., a manifold from class (1) above) with dim M > 5, then
every manifold compactification of M is absolutely topologically rigid. This result
and variants of it are proven in Section 7. We, in particular, show there that any
isomorphism between fundamental groups of two manifolds from class (1) with dim
> 5 is induced by a homeomorphism (see Corollary 7.5). On the other hand, absolute
topological rigidity can be obstructed by Pontryagin classes for many manifolds of
class (2). For example, it is shown in [18, §4] that the Borel-Serre compactification of
the double coset space

I \SL,,(R)/SO(m)

where T, is any torsion-free subgroup of finite index in SL,,(Z) is not absolutely
topologically rigid when m > 200. The question of the uniqueness of manifold com-
pactifications of manifolds of classes (1) and (2) is also addressed in Section 7.
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Applications to complete affine flat manifolds. Let A(m) denote the group of
all affine motions of m-dimensional Euclidean space R™. Then A(m) can be identified
with the closed subgroup of GL,,+1(R) consisting of all matrices B such that

0 ifi<m+1
B, =
1 ifi=m++1.

Recall that a complete affine flat manifold M is an orbit space M = I'\R™ where T’
is a subgroup of A(m) which acts fixed point freely and properly discontinuously on
R™. Consequently, T is a discrete torsion-free subgroup of GL,,+1(R) and the double
coset space

\GL;,11(R)/O(m + 1)

is a complete non-positively curved Riemannian locally symmetric space whose fun-
damental group I is isomorphic to m; M. Hence we may apply Theorem 0.1 to obtain
the following corollary mentioned in the second paragraph of this introduction.

COROLLARY 0.2. Let M™ be any compact complete affine flat manifold (where
m = dim M) and let E be the total space of any closed n-ball bundle whose base space
is M™. If m+n > 5, then E is topologically rigid. Consequently, M™ is topologically
rigid when m # 3,4. In particular, if N is any other compact complete affine flat
mamnifold, then any isomorphism m N — m M is induced by a homeomorphism N —
M provided dim M # 3,4.

It is an open problem to determine whether an isomorphism m N — 71 M be-
tween the fundamental groups of compact complete affine flat manifolds can always
be induced by a diffeomorphism.

Application to double coset spaces. Recall that a linear Lie group is a (virtually
connected) Lie group which admits a faithful representation into GL,(R) for some
integer n. There are Lie groups which are not linear; e.g., the universal covering
group of SL,(R) is not linear when n > 2; cf. [66, Chapter 2, exercise 15]. Ado’s
theorem on the other hand states that any Lie group is locally isomorphic to a linear
Lie group; cf. [56, p. 3]. Let G be a linear Lie group and p : G — GL,(R)
be a faithful representation. Although image(p) may not be a closed subgroup of
GL,(R), both [G° G and p([G°, G]) are respectively closed subgroups of G and
GL,(R) where G is the component of G containing the identity element; cf. [66,
chap. 3, exercises 41 and 45]. Let E(m) denote the group of all rigid motions of
Euclidean space R™ and recall that E(m) can be identified with a closed subgroup
of GLy1+1(R). Since G°/[G°, GY] is abelian, one easily constructs a representation
7: G/[G° G°] — E(m), for some integer m, with closed image and compact kernel.
Let 1 denote the composition

G — G/G°,G°] - E(m) C GLpyi1(R).
Then the representation & which is the composition
G 2% GLn(R) X GLimt1(R) C GLysmi1(R)

is both faithful and has closed image. If I is a discrete torsion-free subgroup of G,
then the double coset space

ENGLypmt1(R)/O(n+m +1)
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is a complete non-positively curved locally symmetric space whose fundamental group
is isomorphic to I'. Consequently, any discrete torsion-free subgroup of a linear Lie
group is isomorphic to the fundamental group of an A-regular complete non-positively
curved Riemannian manifold. Hence an application of Theorem 0.1 yields the follow-
ing result.

COROLLARY 0.3. FEwvery compact aspherical manifold M (with possibly non-empty
boundary) such that w1 M is isomorphic to a discrete subgroup of a linear Lie group is
topologically rigid provided dim M # 3,4. In particular, let G be a linear Lie group, K
a mazimal compact subgroup of G, and I a torsion-free discrete subgroup of G. Then
any manifold compactification of the double coset space T\G/K is topologically rigid
provided dim(G/K) # 3,4. Consequently if T is cocompact in G and dim(G/K) #
3,4, then I'\G/K is topologically rigid.

REMARK 0.4. Cousider the situation of two double coset spaces M; = I';\G;/ K,
i = 1,2, where G; is a virtually connected Lie group, K; is a maximal compact
subgroup of G;, and I'; is a discrete torsion-free cocompact subgroup of G;. Then
M; is a smooth closed aspherical manifold with myM; = I';. Let a : I'y — I'y be
an isomorphism. Then Mostow [51], [52] showed that M; and M are differentiably
commensurable; i.e., they have a common smooth finite sheeted covering space. He
also showed that « is induced by a diffeomorphism when either both G; are linear
semi-simple Lie groups [50] or when both G; are solvable analytic groups [49]. Corol-
lary 0.3 augments Mostow’s results a bit. Namely, it shows that « is induced by a
homeomorphism when G is linear and dim M; # 3,4. We believe an interesting
problem is to decide whether « is always induced by a diffeomorphism.

Let M be an arbitrary manifold; i.e., it can be non-compact and can have non-
empty boundary. We say that M is topologically rigid if it has the following property.
Let h : (N,ON) — (M,0M) be any proper homotopy equivalence where N is
another manifold. Suppose there exists a compact subset C' C N such that the
restriction of h to N U (N — C) is a homeomorphism. Then there exists a proper
homotopy h: : (N,0N) — (M,0M) from h to a homeomorphism and a perhaps larger
compact subset K of N such that the restrictions of hy and h to ON U (N — K) agree
for all t € [0,1]. (When M is compact, this is the same concept of topological rigidity
already defined.)

We now formulate the most general version of the main result of this paper.

ADDENDUM 0.5. Let M be an (arbitrary) aspherical manifold with dim M >

5. Suppose m1 M is isomorphic to the fundamental group of an A-reqular complete
non-positively curved Riemannian manifold. (This happens for example when m M
is isomorphic to a torsion free discrete subgroup of a linear Lie group.) Then M
is topologically rigid. In particular, every A-reqular complete mon-positively curved
Riemannian manifold of dim > 5 is topologically rigid.
Further applications. We discuss further applications of Theorem 0.1 and Ad-
dendum 0.5 in Section 7 of this paper. Uniqueness of manifold compactifications is
investigated there as well as the absolute rigidity results mentioned earlier. We also
verify in Section 7 a special case of the following well known conjecture concerning
the class of fundamental groups of closed aspherical manifolds; cf. [10].

CONJECTURE 0.6. Let I' be a torsion-free group which contains a subgroup of
finite index isomorphic to the fundamental group of a closed aspherical manifold.
Then T is the fundamental group of a closed aspherical manifold.

We then apply this partial verification to obtain results on the following Nielsen
type problem; cf. [10]. Let Top(M) denote the group of all homeomorphisms of a
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manifold and denote the group of all outer automorphisms of 73 M by Out(m M).

PRrROBLEM 0.7. Let M be a closed aspherical manifold and F be a finite subgroup
of Out(my M). Does F split back to Top(M); i.e., does there exist a finite subgroup
F of Top(M) which maps isomorphically onto F under the natural homomorphism
Top(M) — Out(m M) ?

In the remainder of this section we give an outline of the proof of Theorem 0.1.
This proof will be carried out in detail in Sections 1-6. Addendum 0.5 can be proven
by a routine modification of the argument given here for Theorem 0.1; hence we omit
its details.

The proof of Theorem 0.1 relies on the following two propositions. Proposi-
tion 0.10 will be proven in Section 2. Proposition 0.8 is a paraphrasing of re-
sults of Kirby-Siebenman [43], Ranicki [58], Sullivan [65], and Wall [67] (cf. Re-
mark 0.9). We let £, denote the surgery spectrum for a point in the propositions;
ie, L, ={L;|i € Z} where the loop space L, is homotopy equivalent to £; and
where the homotopy groups of Ly are just the surgery groups for simply connected
surgery. Let Zo denote the additive group of the ring of integers mod 2. For any
path connected space M equipped with a homomorphism w : 1y M — Zs, there is an
“assembly map”

Ayt Ho(M,L,) — Li(m1 M, w)

from the generalized homology groups for M with (twisted) coefficients in £, into the
surgery groups for the fundamental group data w : 1M — Zs. (The twisting for the
L, over M is also induced by w. If w = 0, then there is no twisting.)

PROPOSITION 0.8. The assembly map A is uniquely determined by the homotopy
type of M and the homomorphism w. Suppose M is a compact (connected) manifold
with dim M > 5 and possibly non-empty boundary, and w is the 1st Stiefel-Whitney
class wi (M) of M. Then M is topologically rigid provided A, is an isomorphism and
Wh(mi M) = 0.

REMARK 0.9. According to Kirby-Siebenmann [43] we have the following when
M is a compact (connected) manifold. There is a (dual) assembly map

A" H*(M,0M,G/TOP,) — Ly—(miM,w(M))

from the generalized cohomology for M with (untwisted) coefficients in the spectrum
G/TOP, which has G/TOP as its zero’th level space. If A* is an isomorphism then
the closed manifold M is topologically rigid provided dim M > 5. The assembly map
A, is gotten by composing A* with the Lefschetz duality map

H,(M,G/TOP,) = H™ *(M,dM,G/TOP,)

and using the canonical identification G/TOP, & L,.

PROPOSITION 0.10. Let X denote an A-regular complete (connected but not
necessarily compact) non-positively curved Riemannian manifold. Then the assembly
map

Ay H (X, L) = Lo(m X, w1 (X))

is an isomorphism; moreover Wh(m (X)) = 0.
REMARK 0.11. The authors have proven 0.10 for compact X [23], [24]. Bizhong
Hu has proven a version of 0.10 for X equal a non-positively curved finite simplicial
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complex [38], [39], [40]. The Novikov conjecture for X of 0.10, which was proven by
Miscenko [48] and Kasparov [41], is equivalent to the statement that A, is rationally
injective. The stronger result, that A, is integrally injective, was proven by Farrell
and Hsiang [17] and by Ferry and Weinberger [32]. Our proof of 0.10 given in Section
2 does not rely on these injectivity results, but does use the ideas from the authors’
proofs for rigidity in [20], [23].

Proof of Theorem 0.1. We may assume that dim M > 5 since the case where
dim M < 2is already known. Let X be an A-regular (connected) complete non-
positively curved Riemannian manifold with 71 X isomorphic to w3 M. We can also
assume the wi(X) = w1 (M) because of Lemma 7.15 of Section 7. Proposition 0.10
states that the assembly map

Ayt H (X, L) — Li(m X, w1 (X))

is an isomorphism. Combining this result with the first sentence of Proposition 0.8
yields that the assembly map

A, H (M, L) = L.(mi M,w;(M))

is also an isomorphism. Hence M is topologically rigid because of the second sentence
of Proposition 0.8 and the fact that Wh(mw; M) = 0 also given in Proposition 0.10.
This completes the proof for Theorem 0.1.

In the remainder of this section we shall indicate all the other major ingredients
of this paper, and describe just how they fit together to prove Proposition 0.10.

In Section 2 we prove the following two Lemmas from which Proposition 0.10
immediately follows.

LEMMA 0.12. Let T’ be the fundamental group of an A-regular complete (con-
nected) non-positively curved Riemannian manifold X. Then Wh(T' x Z") = 0, where
Z™ denotes the free abelian group on n generators. Consequently, K;(ZI') =0 for all
j < —1, Ko(ZI) = 0 and Wh(T') = 0.

REMARK 0.13. The authors have previously proven 0.12 for compact X in [24].
Bizhong Hu has proven a version of 0.12 for X equal a non-positively curved finite
simplicial complex in [38], [39].

LEMMA 0.14. Let X be as in 0.12. Then the assembly map

AL H (X, L) = LT (mX,wi (X))

is an isomorphism.

REMARK 0.15. The L$°(m X, w) are surgery groups in whose definition all pos-
sible Whitehead torsion difficulties are systematically ignored (cf. Ranicki [57]). If
the conclusions of 0.12 hold for X then it is known that

L(mX,w) = Ly(m X, w)

and that the two assembly maps A$° and A, for X are equal (cf. Ranicki [57]). Thus
0.12 and 0.14 together imply 0.10.

We have proven versions of Lemmas 0.12 and 0.14 in [23], [24], for the special
case when X is assumed to be closed. These proofs consist of a “focal transfer” to
gain topological control, and then an application of a topological control theorem. We
use these same arguments, together with the new and improved topological control
results formulated in Section 1, to prove 0.12 and 0.14 in Section 2.
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Topological control theory. We formulate our new topological control results
in Section 1. The space over which “control” is measured is a complete A-regular
Riemannian manifold M equipped with a smooth one-dimensional foliation F. We
assume that the geometry of the foliation F is “bounded” (cf. 1.3), but we do not
assume any lower bound on the radius of injectivity for M or for F. (We have in effect
assumed a lower bound on the radius of injectivity of M and F in all our previous work
on control theory (cf. [25], [26]). (Dropping this assumption is the major technical
achievement of this paper.) We prove control theorems for h-cobordisms (1.1, 1.3) and
for homotopy equivalences (1.2, 1.4). These include both “absolute” control theorems
(e.g. where we have e-control in M) and “foliated” control theorems (e.g. where we
have (a, §)-control in (M, F)).

We have proven the control theorems of Section 1 in our paper [26] for the special
case when M is closed. If M is not closed, but M and F do have lower bounds to
their radii of injectivity, then the “absolute” control results of Section 1 have been
proven in [25], and the foliated control results of Section 1 can be proven by a careful
combining of the arguments in [25] with those in [26].

If there are no lower bounds on the injectivity radii for M and F then a new
geometric concept is needed: the theory of “collapsing Riemannian manifolds” due
to Cheeger-Fukaya-Gromov [9]. Here is how their theory works. For small enough
€ > 0 every subset S C M of diameter less than € is contained in a larger subset
T C M of diameter less than 2¢ which is smoothly stratified with strata {T;}, and
each stratum T; is equipped with a smooth fiber bundle projection p; : T; — B; onto
a ball of radius 3¢/2 which has for fibers closed infranilmanifolds and which multiplies
distances by less than 2. This theory also takes into account how the projections
{p; : T; — B;} fit together, and how (for overlapping subsets T, T") the projections
{p; + T; — B;} and {p} : T/ — Bl} are related. As a first approach to proving the
absolute control theorems of Section 1 we could try applying suitable fibered control
results of Chapman-Ferry-Quinn [7], [8], [59] to that part of our h-cobordism (or
homotopy equivalence) which lies over a suitable collection C of the {T'} which cover all
of M, where control is now measured in the {B;} with respect to the projections {p;}.
(These fibered control results may be applied only when the fiber meets some special
rigidity and Whitehead torsion criteria: that infranilmanifold fibers meet these criteria
follows from work of Farrell and Hsiang [15], [16].) This approach would require an
(downward) induction argument over the dimension of the strata, and the projections
p; : T; — B; would have to be replaced by projections p; : T, — B; where T} is a small
tubular neighborhood for T; in M and where p; denotes the composition of p; with
the orthogonal projection T; — T;. Moreover the collection C of the {T;} would have
to be chosen so as to satisfy the following property: for any T € C there are at most
m’ other T” € C which overlap with T', where m’ depends only on m = dim M. This
last property will assure that we don’t lose control as we apply the fibered control
theorems over each T' € C.

Unfortunately there seems to be no direct way to apply the collapsing theory of
Cheeger-Fukaya-Gromov to the foliated situation. What we must do is to combine the
geometric ideas of Cheeger-Fukaya-Gromov [9] with the geometric ideas of the authors’
[26], to obtain a weaker but more general theory of collapsing Riemannian manifolds,
which can be used (as in the preceding paragraph) to prove both the absolute control
theorems and the foliated control theorems of Section 1. The proofs for the absolute
control results are given in Section 4 using the absolute collapsing results stated in
Section 3; and the proofs of the foliated control results are given in Section 6 using
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the foliated collapsing results stated in Section 5. We remark that in applying the
fibered control results of Chapman-Ferry-Quinn to prove the foliated control results
of Section 1 we are dealing with infrasolvmanifold fibers (instead of infranilmanifold
fibers): that infrasolv fibers meet the necessary rigidity and Whitehead torsion criteria
of fibered control theory follows from the work of Farrell and Hsiang [15] and from
the work of Farrell and Jones [19].

Collapsing theory for Riemannian manifolds. Our main results for this theory
are formulated in Section 3 and Section 5. We formulate both “absolute” collapsing
results (cf. 3.3, 3.4, 3.5) and “foliated” collapsing results (cf. 5.3, 5.4, 5.5). These
results are proven in separate papers [29], [30]. Our “absolute” collapsing results can
be deduced from the much deeper results of Cheeger-Fukaya-Gromov [9]; we then
deduce our foliated collapsing results from these absolute collapsing results by using
arguments similar to those in the authors’ paper [26].

1. Statement of control results. We let M denote a Riemannian manifold
and we let F denote a smooth one-dimensional foliation of M. In this section we
formulate topological control results for h-cobordisms over M and homotopy equiv-
alences over M: two such theorems (1.1, 1.2) when the objects are e-controlled over
M (the absolute control results); and two such theorems (1.3, 1.4) when the objects
are (o, €)-controlled over (M, F) (the foliated control results).

The absolute control results. We let W denote a cobordism of M, i.e., 0_-W = M.
A product structure for W over a subset Y C M consists of a topological embedding
h :Y x [0,1] — W such that h(y,0) =y for ally € Y and h(Y x 1) C o4 W.
We will say that a pair (W, h) is e-controlled over M if there are deformation retracts
ry W x[0,1] — W of W onto 9+ W such that all paths

wx[0,1]CWx[0,1] 5W=Wx1-5M weW,

have diameter less than € in M, and such that r_(h(y,s),t) = h(y,s(1 —t)) and
ry(h(y,s),t) = h(y,s(1 —t)+t) forally €Y, s,t € [0,1].

THEOREM 1.1. Suppose that M is a complete A-reqular Riemannian manifold
with dim M > 5. For any sufficiently small number 6 > 0 there is a number §' > 0
satisfying }13[1) 8" = 0. Let W denote a cobordism over M and let h: Y x [0,1] — W

denote a product structure for W over a subset Y C M. Then if (W, h) is §-controlled
over M there is a product structure g : M x [0,1] — W for W over all of M that
satisfies the following properties.
(a) g| Zx[0,1] = h | Z x[0,1], where Z =Y — (M —Y)?. (For each
subset S C M and any number t > 0 we let S* denote the set {x € M :
dM(l‘,S) < t})
(b) g is §'-controlled over M.
REMARK. Property (b) is equivalent to g being a proper map; i.e., that g is a
homeomorphism onto W.
In the next theorem we let p : E — M denote a fiber bundle over M having a
closed manifold for fiber, and for each n = 1,2,3,... denote by p, : E, — M the
composite map

ExT" ™5 B P, 0
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where T" is the n-dimensional torus. A proper map h: N — FE from the topological
manifold N is split over a subcomplex L C K of a triangulation K for M if, for each
A € L, h is in transverse position to p~*(A, JA) and the restricted map

h:h~Y(p~ (A, 0A)) — p~L(A, OA)

is a homotopy equivalence. When h : N — FE is a proper homotopy equivalence, we
say that it is e-controlled over M if there is a proper map g : £ — N, and proper
homotopies H : N x[0,1] = N and G : Ex[0,1] — E of goh and hog to the identity
maps N — N and F — F, such that each of the paths

ex[0,1]CEx[0,1]-5E -2 M, z€E,

yx[0,1]c Nx[0,1] -5 N-"5E -2 M yeN,

has diameter less than € in M. A homotopy F : N x[0,1] — FE is said to be e-controlled
over M if each of the paths

yx[0,1c Nx[0,1] - E-2 M, yeN,

has diameter less than € in M.
THEOREM 1.2. Suppose that M is a complete A-reqular Riemannian manifold.
For any sufficiently small number § > 0 there is a number 6’ > 0 satisfying %irr(l) § =

0. Suppose that K is a piecewise smooth triangulation of M such that each A €
K has diameter less than §, and suppose that h : N — FE is a proper homotopy
equivalence which is split over a subcomplex L C K and is d-controlled over M. Then
for sufficiently large integers n there is a proper homotopy hy : NxT™ — E,, t € [0,1],
of h X idpn that satisfies the following properties.

(a) Let I’ C L denote the mazimal subcomplex of L such that |L'| C |L| —

(M —|L|)*. Then each hy : N x T™ — E,, is split over L.
(b) hy: N xT" — E, is split over all of K.
(¢) The homotopy hy : N x T™ — E,,, t € [0,1], is §'-controlled over M.
The proofs of Theorems 1.1 and 1.2 will be given in Section 4.

The foliated control results. We shall say that the foliation F of the Riemannian
manifold M is A-regular, for some non-negative sequence A = {A;}, if for each locally
defined unit cross section F' of T'F we have that

|VIF| < A

where the indices i vary over all natural numbers and where V*F is the i-th covariant
derivative of F'.

Let W denote a cobordism over M and let h: Y x [0,1] — W denote a product
structure for W over Y C M. We will say that (W, h) is (v, 0)-controlled over (M, F)
if there are deformation retracts ry : W x [0,1] — W of W onto LW which satisfy
the following properties. Firstly we must have that r_(h(y, s),t) = h(y, s(1 —t)) and
r(h(y,s),t) = h(y,s(1 —t) +¢) for all y € Y and s,t € [0,1]. Next for each w € W
let p : [0,1] — M denote the composite path

0,1]=wx[0,1] CW x[0,1] =W =W x 1 = M.
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Then each such path pf must have foliated diameter less than (v,d) in (M,F). (A
subset A C M is said to have foliated diameter less than (v,0) in (M,F) if for any
two points z,y € A there is a path g; : [0,1] — M with ¢1(0) = = whose image lies in
a segment of a leaf of F having length less than ~, and there is a path g5 : [0,1] — M
having length less than ¢ with g2(0) = ¢1(1) and g2(1) = y.)

THEOREM 1.3. Suppose that M is a complete A-reqular Riemannian manifold
with dim M > 5, and suppose that F is an A-reqular one-dimensional foliation for
M. There is a number A > 1 which depends only on dim M. Given any v > 0 there
is for sufficiently small 6 > 0 a number 6’ > 0 satisfying %ii% 8 = 0. Let W denote

a cobordism over M and let h : Y x [0,1] — W be a product structure for W over
Y ¢ M. If (W,h) is (7,8 )-controlled over (M,F) then there is a product structure
g: M x[0,1] = W for W over all of M that satisfies the following properties.

(a) g | Zx[0,1] = h | Zx[0,1], where Z = M — (M — Y )" (For any
subset S C M and numbers s,t > 0 we denote by S*t all pointsy € M for
which there is a path p : [0,1] — M, contained in a segment of a leaf of
F which has length less than s, and with p(0) € S and dpr(p(1),y) < t).

(b) g is (A\y,d")-controlled over (M,F).

REMARK. Property (b) is equivalent to g being a proper map; i.e., that g is a
homeomorphism onto W.

In the next theorem welet p: E — M and p,, : £, — M and h: N — E be as in
1.2. We say that the proper homotopy equivalence i : N — E is (v, 0)-controlled over
(M, F) if there is a proper map g : F — N, and proper homotopies H : N x[0,1] - N
and G: E x [0,1] = FE of goh and h o g to the identity maps N — N and E — E,
such that each of the paths

ex[0,1]CEx[0,1]-E-2 M, z€E,

yx[0,1]c Nx[0,1]-LNLE-2 M yeN,

has foliated diameter less than (v,d) in (M, F).
A homotopy F : N x [0,1] — E is said to be (v, d)-controlled over (M, F) if each
of the paths

yx[0,1]c Nx[0,1]-F -2 M, yeN,

has diameter less than (v, d) in (M, F).

THEOREM 1.4. Suppose that M is a complete A-regular Riemannian manifold,
and suppose that F is an A-reqular one-dimensional foliation for M. There is a
number A > 1 which depends only on dim M. Given any v > 0 there is for each
sufficiently small § > 0 another number &' satisfying ;iir(l) 8" = 0. Suppose that K is

a piecewise smooth triangulation of M such that each A € K has diameter less than
0, and suppose that h : N — E is a proper homotopy equivalence which is split over a
subcomplexr L C K and is (v, )-controlled over M. Then for sufficiently large integers
n there is a proper homotopy hy : N x T™ — E,,, t € [0,1], of h X idrn~ that satisfies
the following properties.

(a) Let I’ C L denote the mazimal subcomplex of L such that |L'| C M —

(M — |L)*%". Then each hy : N x T" — E,, is split over L.

(b) hi: N xT™— E, is split over all of K.

(¢) The homotopy hy : N x T™ — E,, t € [0,1], is (\y,d")-controlled over
(M, F).

The proofs for Theorems 1.3 and 1.4 will be given in Section 6.
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2. Proof of Lemmas 0.12 and 0.14. In this section we prove Lemmas 0.12
and 0.14. As we have noted in the introduction these lemmas together imply the
truth of Proposition 0.10.

Proof of Lemma 0.12. Our proof follows the pattern set out in [31], with the
following modifications: we substitute for the “asymptotic transfer” used in [31] the
“focal transfer” used in [24]; we use the foliated controlled h-cobordism Theorem 1.3
in place of the control arguments of [31].

Let X denote a complete A-regular Riemannian manifold having non-positive sec-
tional curvature everywhere. Set N = X x R equipped with the product Riemannian
metric. There is a subbundle STN of the unit sphere bundle SN defined as follows.
Every vector v € SN can be written as v = (v1,v20/0t), where v; is tangent to the
first factor of N = X xR, v9 is a real number, and 9/0¢ is the unit vector field tangent
to the second factor of N = X x R and pointing in the positive direction of R. Now
define STN to be the subbundle of all v € SN such that vy > 0. Note that the orbits
of the geodesic flow gt : SN — SN, t € R, are the leaves of a one-dimensional smooth
foliation F for SN; let Ft denote the restriction of F to STN. The Riemannian
metric (, )n canonically induces a Riemannian metric ( , )gn (see Section 3 of [31]).
It is straightforward to deduce that both SN and F are A-regular with respect to the
Riemannian metric {, )sn-.

Now let W denote an h-cobordism over N which represents an arbitrary element
7 € Wh(mX) : W comes equipped with a product structure P : Y x[0,1] — W over
asubset Y C N with N—Y compact; W also comes equipped with proper deformation
retracts - : W — W, t € [0,1], of W onto =W such that r; (P(y,s,)) = P(y, (1 —
t)s+t) and r; (P(y,s)) = P(y,(1 —t)s) for all (y,s) € Y x [0,1] and all t € [0, 1].
Note that 7 is the obstruction to finding a product structure P’ : N x [0,1] — W for
all of W such that P’ |zp1,00= P |zx[0,1) Where Z CY and N — Z is compact.

Let W denote the total space of the pull back along r; : W — N of the bundle

StN P N. Note that W is an h-cobordism over SN , the product structure
P:Y x[0,1] — W pulls back canonically to a product structure P:Y x [0,1] — W

where Y is the preimage of Y under the map STN P N, and 7 is the obstruction
to finding a product structure P’ : STN x [0,1] — W for all of W such that P’ |
Z x[0,1] = P| Z x[0,1] where Z ¢ Y and STN — Z is compact. There are no
canonical pull backs for the deformation retracts rti W — W, t €]0,1], however we
do have the following claim.
CLamM 2.1. Given any € > 0 there are deformation retracts 7 : W — W,
t € [0,1], which satisfy the following properties.
(a) 71 (P(y,s)) = P(y,(1—t)s+t) and #; (P(y, s)) = P(y, (1 —t)s) hold for
all (y,s) € Y x [0,1] and all ¢t € [0, 1].
(b) There is @ > 0 which is independent of ¢, and s > 0 which depends on e.
The h-cobordism W is (e, €)-controlled over (SN, Ft) with respect to
the projection

STN 5 §tN

and with respect to the deformation retracts 7 : W x [0,1] — W,

te0,1].
Before verifying 2.1 we will use it to complete the proof of Lemma 0.12. We
would like to apply the foliated controlled h-cobordism Theorem 1.3, with respect to
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the projection of 2.1(b), to obtain a product structure P StTN x[0,1] — W for
all of W which agrees with P over a subset Z C Y with STN — Z a compact set.
(The phrase “with respect to the projection of 2.1(b)” means that we are applying
1.3 with respect to the foliation g=*(F*) of STN and with respect to the metric
(¢5)*({, Ysn) on STN). It would follow that 7 = 0 for any 7 € Wh(m X), and so
Wh(m1X) = 0. Unfortunately 1.3 does not apply directly here because STN has a
boundary dSTN (whereas the control space in 1.3 has no boundary). To overcome
this minor difficulty we proceed as follows. Let Wy denote total space of the bundle

which is obtained by pulling back the sphere bundle ST N ol N along the map

: W — N; then (W, Wa) is an h-cobordism of the pair (S*N,05TN). We define
another h-cobordism (W, Wp) of (STN,3STN) by setting W = W and letting Wy
denote a “short” product neighborhood for S+ N in Ws. We may extend W to an
h-cobordism W of SN by setting W equal to the product cobordism over SN —.5 TN.
We can construct a product structure P : Y x [0 1] — W and deformation retracts

: W — W, t € [0,1], from the P and rt of 2.1, so that the following hold:
}7 = Y U (SN — STN); W is (2a, 2¢)-controlled over (SN, F) with respect to the
projection ¢° : SN — SN and with respect to the deformation retracts fti. Thus
we may apply the foliated controlled h-cobordism Theorem 1.3, with respect to the
projection g* : SN — SN, to get a product structure P’ : SN x [0,1] — W for all of
W such that P' | Zx[0,1] = P | Zx[0,1], where SN — Z is a very small neighborhood
for SN —Y in SN. It follows that 7 = 0, and thus Wh(m; X) = 0. To verify the more
general claim of 0.12, that Wh(m; X x Z™) = 0, we just replace X by X x T™ in the
preceding argument, where T™ denotes the standard flat n-torus and where X x T"
is equipped with the product Riemannian metric.

Thus to complete the proof of Lemma 0.12 it remains to verify Claim 2.1. Note
that the deformation retracts rt : W — W, t €]0,1], can be reconstructed from the
paths g : [0,1] — W, 2 € W, where g is defined as the composite map

+
[0,1]=2x[0,1]c W x[0,1] == W

where r¥(w,t) = rti( ) for all (w,t) € W x [0,1]. Likewise we can construct the
deformation retracts 7 : W — W, t € [0,1], from a collection of paths g : [0,1] —
W, # € W, which we get as follows. Note that for each # € W there is 2 € W and
vesSt Nj, - (5 such that & = (z,v). Weset g = (g7 ,CE,) where C, 1 [0,1] — STN
is a “lifting” of the composite path r; o gf : [0,1] — N as described in 3.3 of
[24] with C£,(0) = v. We note that it is a consequence of 3.4 in [24] that the
“liftings” {CF,} may be chosen to be continuous in the variables (x,v); thus the Pt
are continuous maps. It is a consequence of 3.5 in [24] that each composite path
o CF, : [0,1] — STN has foliated diameter less than (v, €) in (STN,FT), where
a,€,s are as in 2.1. Thus the r;t satisfy the desired control properties of 2.1. (Note
that part of the hypothesis of 3.5 in [24] is that the paths | o gF which are not
constant paths must be contained in a sufficiently small neighborhood for X x 0 in
N = X x R. This is arranged by requiring that NV — Y be contained in a sufficiently
small neighborhood for X x 0 in N, where ¥ C N is the subset over which W is
equipped with the product structure P : Y x [0,1] — W.) For further details in
verification of 2.1 the reader is referred to 3.3-3.5 of [24] and to §3 in [31].
This completes the proof for Lemma 0.12. O

Proof of Lemma 0.14. Our proof follows the pattern set out in [20], with the
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following modifications: we substitute for the “asymptotic transfer” used in [20] the
“focal transfer” used in [23]; we use the absolute control Theorem 1.2 and the foliated
control Theorem 1.4 in place of the control arguments of [20].

Let X’ — X denote the line bundle over X which has Z, as its structure group
and whose total space X’ is an orientable manifold. (Note if X is orientable then
X' — X is the trivial line bundle.) Equip X’ with the (local) product metric. Set
Y = X’ x R¥, where k is chosen such that dim(Y) is odd. We equip Y with the
product Riemannian metric. For each integer j > 1 let p; : ¥Y; — Y denote the fiber
bundle which has the unit j-sphere in Euclidean space R7t! for fiber, has a subgroup
of order two in the orthogonal group for structure group, and has the same orientation
data (in terms of mY = w1 X) as does the tangent space TX.

We shall say that a proper homotopy equivalence f : Z — Yj has compact support
if f|(Z—C) is an embedding for some compact subset C' C Z. Let f; : Z; — Y,
denote the cartesian product of f with the identity map id : T* — T, where T* denotes
the i-dimensional torus, and let p;; : Y;; — Y denote the composite projection
Yi=Y; xT ek Y; DLy A proper homotopy F' : Z; x [0,1] — Y;,; of f;
is said to have compact support if for some compact subset D C Z; it is true that
F | (Z; — D) x t is an embedding for all ¢ € [0, 1].

In order to prove Lemma 0.14 it will suffice to show that for any integer j > 1,
and any proper homotopy equivalence f : Z — Y; which has compact support, there
is an integer ¢ > 1 and a proper homotopy F : Z; x [0,1] — Y;; having compact
support from f; to another map g : Z; — Y} ; which is split over a triangulation for
Y with respect to the projection p;; : Y;;, — Y (cf. [20, §9]). If there is such a
homotopy F, we will say that f : Z — Y; can be stably split over a triangulation for
Y. Set f': Z" — Y] equal to the product map f xid : Z x St —Y; x S where
id : S' — S! is the identity map, and set pi; Y], — Y’ equal to the product map
pji xid : Y;; x St =Y x S'. Note that the f : Z — Y can be stably split over Y if
and only if the map f': Z’ — Y] can be stably split over Y’. Thus to complete the
proof of Lemma 0.14 it will suffice to show that the map f’: Z' — Y/ can be stably
split over Y.

We must “transfer” the splitting problem of the preceding paragraph to bundles
over Z' and Y] (as in [20; §1]), where we may make use of the geometry of ¥’ and
the control theorems of Section 1 to carry out the splitting.

We begin by reviewing a bundle construction from [20; §4]. Let £ denote a linear
bundle over a manifold M, equipped with a continuous inner product on each of its
fibers, and let £’ denote the Whitney sum £ @® e where ¢ denotes the trivial line bundle
and where we equip the fibers of £ with canonical inner product. Each vector v € £’
can be written as v = (v1,vy) where v1 € £ and vy € R. Let D(£') denote the set of
all unit vectors v € £ with v > 0, and let S(§) denote the unit sphere bundle in &.
For each fiber S,(§), p € M, of S(§) there is a Zy-group action Zy x (S, (&) x Sp(§)) —

Sp(&) x Sp(€) gotten by sending (z,y) to (y,z): set C'(§) = U (Sp(&) x Sp(8))/Zs.
peEM
We note that C'(£) contains both the unit sphere bundle S(£) and the real projective
bundle RP(&) as subbundles: the inclusion S(§) C C(£) is gotten by identifying each
fiber S, (&) with the fixed point set of the action Zy x (Sp(&) x Sp(§)) — Sp(§) x Sp(£);
and the inclusion RP(§) C C(§) is gotten by identifying each fiber RP,(§) with the
orbit space of the restricted action Zs x A,(§) — A,(€), where A,(¢) = {(z,—=x) :
x € Sp(€)}. The total space C(€) is a stratified space having the two strata S(§) and
C (&) — S(§). There are many ways to choose small “tubular neighborhoods” 7, (¢) for
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Sp(€) in Cp(&) in such a way that 7(£) = U 7p(€) is a small “tubular neighborhood”
pEM

for S(§) in C(§). (Here the quotation marks are used because the fibers of each
projection 7,(§) — Sp(§) are equal to a cone over a real projective space, instead of
a ball as is case for tubular neighborhoods in manifolds.) Note that S(§) is also a
subbundle of D(¢’), in fact for each p € M we have that 9D, (&) = Sp(§). These
constructions are functorial: i.e., for any g : N — M we set ¢ = ¢g*(£) and ¢’ = g*(¢');
then there @ maps D(g) : D(¢') — D(£'), C(g) : C(v) — C(&), S(g) : S() — S(§),
w(g) : () — 7(€).

In the rest of this proof we assume that the &, &, 1, ', ¢ in the constructions
of the preceding paragraph are as follows: g : N — M is equal to f' : Z' — YJ;
E=19p ;('y), where ~ is the linear subbundle of all vectors in TY’ which are tangent
to the first factor of Y/ =Y x St ¢ = p/3(TY'); ¢ = f7(§) and ¢ = f"(&).
The Riemannian metrics on these choices for the bundles £, ¢ are induced from the
Riemannian metric on Y’, and the Riemannian metric on Y’/ = Y x S! is just the
product of the given Riemannian metric on Y with the Euclidean metric on S!.

DEFINITION 2.2. We will say that C(f’) : C(¢) — C(§) and D(f') : D(¢') —
D(¢') can be stably split over Y' if there is an integer ¢ > 1 and homotopies F :
C(p) x T x[0,1] — C(&) x T and G : D(¢') x T* x [0,1] — D(&') x T* of C(f') x id
and D(f') x id respectively (where id : T® — T denotes the identity map), such that
the following properties hold.

(a) Both F' and G have compact support.

(b) F(S(W) x T x [0,1]) € S(€) x T,
FCW) - 8()) x T x [0,1]) € (C(€) — S(€)) x T,
F(r() x T  [0,1]) € 7(¢) x ",

G(S() x T x [0, 1)) C S(€) x T".
(©) F1(S@) x T x [0,1]) = G | (S() x T x [0, 1)),
(d) The mapping

F:7() x T x [0,1] — 7(&) x T*

maps each fiber of the bundle 7(¢) x T® x [0,1] — S(¢0) x T% x [0,1]
homeomorphically onto a fiber of the fiber bundle 7(¢) x T? — S(&) x T".

(e) G| D(¥') x T* x 1 is split over a triangulation for Y’ with respect to the
composite projection

D(¢) x T 2% D) "5 Y] = Y.

F | S() x T* x 1 is split over a triangulation for Y’ with respect to the
composite projection

S(E) x TP S(¢) PR Y] Y

F | (C(y)—7%1)) x T?x 1 is split over a triangulation for Y’ with respect
to the composite projection

C(&) x T 2% c(eny ™y Ty

where 7°(3)) denotes the interior of 7(1) in C(1)).
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The rest of this proof is based on the following proposition, which has been verified
in §4 and §9 of [20].

ProposITION 2.3. If C(f") : C(¥) — C(§) and D(f") : D(¥') — D(&') can be
stably split over Y', then f': Z' — Y] can also be stably split over Y.

It follows from 2.3, and from the preceding remarks, that in order to complete
the proof of Lemma 0.14 it will suffice to verify the following claim.

Cramv 2.4. The maps C(f’) and D(f’) can be stably split over Y.

Before proceeding with the verification of Claim 2.4 we need to review (from [20]
and [23]) some geometric details for C(y) and D(v'), where 4/ = TY" and 7 denotes
the linear subbundle of all vectors in TY’ which are tangent to the first factor of
Y =Y x St

2.5. Foliations and flows for D(y'), RP(vy) and S(v). The geodesic flow
gt : 8Y’ — SY' t € R, on the unit sphere bundle SY’ for Y’, leaves the subbundles
D(v"), S(v) of SY’ invariant; we denote these restricted flows by g% : D(y') — D(v')
and g% : S(y) — S(v). The foliations of D(v’) and of S(v) by the orbits of these
flows are denoted by F; and F». Note that F5 is the covering foliation of a one-
dimensional foliation F3 of the real projective bundle RP(vy) (under the two fold
covering projection S(v) — RP(7)).

2.6. The semi-flow on C(v) — S(v). Note that Y’ is a non-positively curved
complete Riemannian manifold and that each hypersurface Y x s CY x S1 =Y is
a totally geodesic submanifold. A point ¢ € C(y) — S(7y) consists of an (unordered)
two-tuple {u, v} where u, v are two distinct unit vectors tangent to some hypersurface
Y x s CY x S! at the same point p € Y x s. For a fixed but arbitrary real number
r > 1 we define a semi-flow

¢r: C(y) = S(v) = C(v) = S(v)

by sending the point ¢ = {u,v} to the point ¢:(q) which is represented by the un-
ordered two-tuple {v;,w;} of vectors indicated in Figure 2.6.1.

Figure 2.6.1 takes place entirely within the hypersurface Y x s, and assumes that
Y is simply connected. (If Y is not simply connected, then to get the desired semi-
flow we first construct a semi-flow on C(¥) — S(¥), where 4 denotes the subbundle
of T(Y x S1) of all unit vectors tangent to the first factor of ¥ x S' and where
Y denotes the universal covering space for Y, and then project this semi-flow into
C(vy) — S(). The projection is a well defined semi-flow on C(v) — S(v) since the
semi-flow on C'(¥) — S(%) is m Y-equivariant.) All the lines and rays indicated in
2.6.1 are geodesics or portions of geodesics. The points u’, v’ lie a distance r from p
along the geodesic rays starting from p in the directions u, v. The line ¢ is the unique
geodesic containing v’ and v/, and w’ is the closest point on £ to p. The point p; lies
a distance ¢ from p along the geodesic connecting p to w, and the points u}, v; lie on
¢ a distance r along the geodesics rays which start at p; and are tangent to u;, v;.
Note that ¢:(g) is defined only for all ¢ € [0,7,] where r, = d(p, w’); note also that
0 <r, <r. (See §1 of [23] for more details.)

2.7. The projections p; : C(7) — RP(y) — S(7), p2 : C(y) — RP(7) — 5(7),
ps + C(y) — S(v) — RP(y), and pg : C(y) — [0,1]. We will need to refer to
figure 2.6.1 when constructing these projections, which assumes that Y is simply
connected. (If Y is not simply connected, then we proceed as in 2.6 to carry out the
following constructions with respect to Y x S in place of Y x S', and then project
all constructions to the relevant 7Y orbit spaces.)

Recall that ¢ € C(y) — (S(y) U RP()) is the point represented by the unordered
two-tuple {u,v} in 2.6.1, r > 1 is the specified distance in 2.6.1 from p to u’ or v’
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and from p, to u} or v}, and r, denotes the distance in 2.6.1 from p to w’; we also let
w denote the unit vector at the point p in 2.6.1 which is tangent to the geodesic ray
connecting p to w’. Now we set

(@ =, po() = g (0), p3(a) = 6, (). pala) = 2.

This defines p1, p2, p3 on C(vy) — (S(y) U RP(y)), and defines p4 on all of C(v). If
g € S(v) then we set

pi(q) =g, pa(q) =g"(w);
and if ¢ € RP(7y) we set

p3(q) = q.

2.8. Focal transfers of paths. In this subsection we discuss a specific method
for “lifting” paths from Y’ to D(v) and to C(v). A lifting of a path o : [0,1] — Y
into C(y) consists of a path 3 : [0,1] — C(v) such that the composition of § with
the projection C(y) — Y is equal to the path «. Similarly we have the notion of a
lifting of o into D("). The specific liftings referred to here are constructed in detail
in §1 of [23] (where they are referred to as “focal transfers”). Our purpose here is to
review the main properties of these “focal transfers”.

Let o : [0,1] — Y denote a continuous path in Y’. For any sufficiently large
r > 1, and for each point ¢ € C(vy) which projects to a(0) under the standard bundle
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projection C'(y) — Y’, there is a special lifting (i.e. the “focal transfer”) of « into
C(v) denoted by a?" : [0,1] — C(v). Likewise for any ¢ € D(y") which projects to
a(0) there is a lifting of a into D(v’) denoted by a?" : [0,1] — D(v'). These liftings
satisfy the following list of topological properties (cf. §1 of [23]).
2.9. (a) a®"(0) = gq. Moreover a%"(t) is continuous in g, r, t.
(b) If g € p; *([0,1 — 1]) then a®"(t) € p;'([0,1 — 1]) for all t. If ¢ € S(v) then
a?t(0) € S(v) for all t.
(c) If g € py *([1 — L, 1]) then the composite map ps o a?" is constant.
(d) Suppose that ¢ € p;'([1 — 2,1]) and set p = pi(g). Then we have that
aP” = p; o a?”. Moreover for each ¢ € [0,1] the map

o ) 0 (1 = -, 10) 2 pr (P () M o[ - 1, 1)

defined by f;(q) = a?7(¢) is a homeomorphism.
() If a:[0,1] = Y’ and 8 :[0,1] — Y’ are path homotopic with end points
fixed, then o™ (1) = 8*>"(1) holds for all w € C(y) U D(v").

The liftings a?" of the path « also satisfy the following important list of control
properties (cf. §1 of [23]).

2.10. There is a number A > 1. Given numbers o,e¢ > 0, there is a number
L > 0. Suppose that « : [0,1] — Y’ is a path with |a|] < o, where |a| denotes the
diameter of any covering path for « in the universal covering space Y’. Then the
following hold provided r > L.

(a) If ¢ € C(7) then the path ps o @?" has diameter less than € in [0, 1].

(b) If ¢ € p;*([1/2,1]) then the path py o %" has foliated diameter less than
(Mal,€) in (S(v),F2). (The unit sphere bundle SY” inherits a canonical Riemannian
metric from Y as in [31, §3]. We restrict this to the submanifold S(y) C SY”’ to get
a Riemannian metric on S(vy), from which the distance function d( , ) and diameters
can be computed.)

(c) If ¢ € p;([0,1/2]) then the path p3 o a%" has foliated diameter less than
(M, €) in (RP(v), F3). (The Riemannian metric on S(y) described in (b) is the pull
back of a unique Riemannian metric on RP(7), with respect to which diameters can
be computed.)

(d) If g € p; *([1/4,3/4]) then the paths py 0 %" and p3oa®" have diameters less
than € in S(v) and RP(7) respectively.

(e) If ¢ € D(4') then the path ¢g" o a?” has foliated diameter less than (A|«], €) in
(D(v"), F1). (Note that the submanifold D(v") C SY’ inherits a Riemannian metric
from SY’, with respect to which distances and diameters can be computed.)

Verification for Claim 2.4. We now make use of 2.6-2.8 and the controlled splitting
theorems of Section 1 to complete the verification of 2.4.

Firstly we specify the bundles 7(¢)) — S(v) and 7(§) — S(&) of 2.2. Let 7(y) —
S(v) denote the restricted projection p; : p; *([I — 2,1]) — S(7). The projection
7(v) — S(v) pulls back along the map p} : Y/ — Y’ to give the projection 7(§) —
S(&); and the projection 7(§) — S(§) pulls back along the map f': Z" — Y/ to give
the projection 7(¢) — S(v).

Next we introduce a map g : Y/ — Z’, and homotopies F': Y] x [0,1] — Y] from
f' o g to the identity and G : Z’ x [0,1] — Z’ from g o f’ to the identity, which are
all compactly supported. It is important to choose these homotopies to satisfy the
following property.
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2.11. Let [ : 2" x [0,1] — Y/ and J : Z' x [0,1] — Y] be defined by

I(z,t) = f o G(x,1),
J(@,t) = F(f'(x),1)

for all (x,t) € Z' x [0,1]. We require that the two maps I, J are homotopic thru
homotopies which are constant on Z’ x 9[0, 1].

We have already described liftings of the map f’ to C(f’) : C(¢») — C(§) and to
D(f") : D@W') — D(&'). The focal transfers now will provide a method for “lifting”
the map g to maps C(g) : C(§) — C(¥) and D(g) : D(&') — D(¢’), for lifting the
homotopy G to homotopies C(G) : C(¢) x [0,1] — C(¥) and D(G) : D(¢') x [0,1] —
D("), and for lifting the homotopy F' to homotopies C(F) : C(£) x [0,1] — C(&) and
D(F):D(¢') x [0,1] — D(&").

For any y € C(§) we write y ~ (z,q), if y projects to  under C(§) — Y, and
y projects to ¢ under C(§) — C(v); and we let o : [0,1] — Y’ denote the composite
path

0,1 2 0,1 =ax0,1] 5 v/ 5y,
where h(t) = 1 —t. Then we set C(F)(y,1 —t) ~ (F(z,1 —t),a?"(t)). Note that
2.9(a) assures us that C(F) is a well defined homotopy with C(F)(y, 1) = y which has
compact support. A similar approach gives D(F'), a homotopy with compact support
which ends at the identity map.
For any y € C(¢) we write y ~ (x,q), where y maps to « under C(¢) — Z’ and

y maps to ¢ under C(%)) o) C(&) — C(v); and we let « : [0,1] — Y’ denote the
composite path

0,1 25 0,1] = x [0,1] % 22 Lo vy 2y,

Now set C(G)(y,1 —t) ~ (G(z,1 —t),a?"(t)). We have that C(G) is a well defined
homotopy with C(G)(y,1) = y which has compact support (cf. 2.9). A similar
approach gives D(G), a homotopy with compact support that ends at the identity
map.

Note that there is a unique map C(g) : C(§) — C(v) satisfying the following
property. For each y € C(€) write y ~ (z,q), and write C(F)(y,0) ~ (f' o g(x),q’),
as in a preceding paragraph: then C(g)(y) ~ (g(x),q’). It is immediate that C(g)
has compact support and that C'(F') is a homotopy from C(f’) o C(g) to the identity
map; an argument based on 2.11 and 2.9(e) shows that C(G) is a homotopy from
C(g) o C(f") to the identity map. There is also a unique map D(g) : D({') — D(¥')
satisfying analogous properties.

The following properties for the C(f’), C(g), C(F), C(G) can be deduced from
2.9.

2.12. (a) C(G) (or D(@)) is a homotopy from C(g)oC(f’) (or from D(g)oD(f"))
to the identity map on C(3) (or on D(¢')). C(F) (or D(F)) is a homotopy from
C(f") o C(g) (or from D(f") o D(g)) to the identity map on C(§) (or on D(¢)).

(b)

C(G) | 5(¢) x [0,1] = D(G) [ S(4) x [0, 1];
C(F) [ 5(8) x [0,1] = D(F) | S(§) x [0,1];
C(g) [ S(§) x [0,1] = D(g) | S(€) x [0,1];
C(f) 1 S@) x[0,1] = D(f') | S(¥) x [0,1]
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(¢) C(G) maps each fiber of 7(¢)) x [0,1] — S(¢)) x [0, 1] homeomorphically onto
a fiber of 7(1) — S(¢); and C(G)((C(¥) —7(¥)) x [0,1]) € C(¥) = 7(¢). C(F) maps
each fiber of 7(£) x [0,1] — S(&) x [0, 1] homeomorphically onto a fiber 7(§) — S(§);
and C(F)((C(€) — 7(€)) x [0, 1]) € C(€) — (¢).
The following control properties for C(f’) and D(f’) are computed with respect
to the homotopy inverses C'(g) and D(g) and with respect to the homotopies C'(F),
C(G), D(F), D(G). They can be derived directly from 2.10.
2.13. There is a number § > 0 independent of r in 2.10. There is a number
€ > 0 which satisfies lim e = 0. All the following control properties hold for C(f")

and D(f").
(a) C(f’) is e-controlled over [0, 1] with respect to the composite projection

C(€) ™% C(v) 25 [0,1].

(For future reference we denote this composite by g4 : C(€) — [0,1].)
(b) The restricted map C(f’) | ;" ([1/2,1]) is (B, €)-controlled over (S(7),Fa)

with respect to the composite projection C'(§) — RP(§) proj; C(y) — RP(vy) £ S(v).
(For future reference we denote this composite by pa : C(§) — RP(£) — S(v).)
(¢) The restricted map C(f') | p; *([0,1/2]) is (B, €)-controlled over (RP(7), F3)

with respect to the composite projection C(€) — S(¢) =25 C(v) — S(y) 2% RP(y).
(For future reference we denote this composite by p3 : C(§) — RP(§) — S(v).)

(d) The restricted map C(f') | p; *([1/4,3/4]) is e-controlled over both S(v) and
RP(v) with respect to the projections py and p3 respectively.

(e) The map D(f') is (8, €)-controlled over (D(v'), F1) with respect to the com-

posite projection D(¢") 225 D(v) 7, D(+"). (For future reference we will denote
this composite projection by g5 : D(¢') — D(v').)

We can complete the verification of Claim 2.4 by applying the controlled splitting
Theorems 1.2 and 1.4 in conjunction with the control data of 2.13.

First we apply 1.4 (as generalized in Remark 2.15 below) to D(f’) in conjunction
with the data of 2.13(e) and with respect to the projection g5 : D(¢') — D(') and
foliation F;. The conclusion is that (after forming the product of D(f’) with the
identity map id : T — T*%) there is a homotopy G of D(f’) x id to a map which
is a split over D(y’). Note that the restricted homotopy G | S(3) x T x [0,1] can
be extended to a homotopy F of all C(f’) x id, so that F' and G satisfy 2.2(a)-(d).
We now replace the old maps D(f’) x id and C(f’) x id by the new maps to which
the homotopies G and F have moved them. We now call these new maps D(f’) and
C(f’) respectively. Note that D(f’) and C(f’) still enjoy control properties similar
to 2.13(a)-(e), and are now stably split over D(v').

Next we apply 1.2 (as generalized in Remark 2.16 below) to C(f’) in conjunction
with the control data of 2.13(a)(b) and with respect to the projections

po X pa: py([59,.71]) — S(v) x [.59,.71]
and
p3 X pa s pyt([29,.41]) — RP(y) x .29, .41].

This is really two independent and simultaneous applications of 1.2. Thus the conclu-
sion of 1.2 (as reformulated in 2.16) is that (after stabilizing the maps C'(f’) and D(f”)
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if need be) we may vary the C(f’) through a suitable homotopy (as in 2.2(a)-(d)),
which is the constant homotopy on 7(1) x T%, to a new map C(f’) which is stably
split over S(v) x [.6,.7] with respect to pa X ps and over RP(7) X [.3,.4] with respect
to ps X pg. The new C(f’) enjoys control properties similar to 2.13 (a)-(c) as well as
the following property (d’) which is weaker than (d).

(d’) The restricted map C(fl)|/321([i%]) is €'-controlled over Y/ with respect to

P6. (See Remark 2.14 for the definition of jg.) And HH(I) € =0.

Now we make three simultaneous and independent applications of control The-
orems 1.2 or 1.4 (as generalized in Remark 2.17 below) in conjunction with control
data 2.13 (b), (c¢) and (d’) and with respect to the projections

pr (T 1~ 1)) = S()

ps = pi([0,.3]) = RP(7)
po < py 't ([4,.6]) = Y.

The conclusion is that we have (after stabilizing C'(f’) and D(f’) if need be) extended
the splittings for C'(f’) to a splitting for C'(f') |ﬁ71([0 11y over Y’ with respect to the
4 ? r

non-standard projection Py : C'(§) — Y’ defined as follows. We set Py ’ 1

sy (3. edual

to the composite projection
1 N .
pr((5.1) 22 500 =% Y

and we set Py P equal to the composite projection

1 (0,3

2 D r0j.
pi' ([0, 3]) == RP(7) =5 Y.
It follows from Remark 2.14 that these two definitions agree on their overlapping
domains. There is also a non-standard projection Py : D(¢') — Y defined by

P, = Projo g" o proj

where proj : D(¢') — D(v') and Proj : D(v') — Y’ denote the standard projections.
At this point we have achieved that C(f’) and D(f') are stably split with respect to
these non-standard projections P, : C(§) — Y and P, : D(¢') — Y.

We leave as an exercise for the reader to show that if C(f") and D(f’) are stably
split with respect to the non-standard projections Py : C(§) — Y' and P, : D(¢') — Y’
(as we have just verified), then they are also stably split with respect to the standard
projections C(§) — Y’ and D(¢') — Y’. (The key to this verification is that the two
pairs of projections in question are connected by a one parameter family of pairs of
projections.)

This completes the verification of Claim 2.4 and also completes the proof for
Lemma 0.14.

REMARK 2.14. The constructions of §1 in [23] allow us to choose the focal
transfers so that the composite projections

pit(11/4,3/4]) = S(y) "R Y
and

pit((1/4,3/4)) £ RP(3) "2 Y
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are equal. We denote this composite projection by pg.

REMARK 2.15. There is a version of Theorem 1.4 where X has a smooth bound-
ary OM and there is a collection of leaves 0F C F which foliates M. This version
can be deduced from 1.4 by “doubling” the given splitting problem over M, to obtain
a splitting problem over the union of two copies of M glued with boundaries identi-
fied. Our hypothesis here is that the “doubling” of M is a complete and A-regular
Riemannian manifold, and that the “doubling” of the foliation is also A-regular.

REMARK 2.16. There is also a version of Theorem 1.4 (and also of Theorem 1.2)
for “pieces” of well controlled proper homotopy equivalences. In this version M is a
product Y x [0, 1], where Y is a complete and A-regular Riemannian manifold; and
the leaves of F have the form L x t for ¢ € [0,1] and L a leaf of a given A-regular
foliation for Y. The map h : N — E of 1.4 is only required to be (v, d)-controlled
“over a subset S C X” in the sense that the mappings g : £ — N, H : N x[0,1] — N,
G : Ex|[0,1] — E introduced in the paragraph preceding 1.4 need only exist “over S”.
The conclusion of this new version of Theorem 1.4 is the same as that of 1.4 provided
K in 1.4 is a triangulation for a subset of S (rather than a triangulation for all of M).
In addition we may assume that the homotopy hy : N x T" — E,,, t € [0,1], of 1.4 is
constant “over” M — S.

Since the proof given for Theorem 1.4 in section 6 is “local” in nature, the same
proof works for the “piece” version of 1.4 just described.

REMARK 2.17. There is also a version of Theorem 1.2 (and of Theorem 1.4)
where the fiber of p : F — M is a compact manifold with non-empty boundary and
h:(N,0N) — (E,0F) is assumed to be also split over JF. The conclusion of this
version contains the additional assertion that ht| oy 1s the constant homotopy. This
version can be proven in the same way as 1.2 and 1.4 are proven in Sections 4 and 6,
respectively.

3. Local infranil structure of the manifold M. In this section M will denote
a complete A-regular Riemannian manifold. We formulate for the manifold M a weak
version of the theory of “collapsing Riemannian manifolds” due to Cheeger-Fukaya-
Gromov [9]. (See Lemmas 3.2-3.4.) These collapsing results will be used in Section 4
in the proofs of our absolute control Theorems 1.1 and 1.2.

3.1. The numbers ¢ and §;, i = 1,2,...,m’. The number m’ is a positive
integer depending only on m = dim M. The ¢, §; are fixed but arbitrarily small posi-
tive numbers such that the quotients d;/ed; 1 are also arbitrarily small. In Lemmas
3.2-3.4 below, for a given ¢, the choice of §; will depend upon €,d;11,d;42,- ., 0.

The following three lemmas can be immediately deduced from [29; Theorems 0.3,
0.5].

3.2. Topological Lemma. For each p € M there is an integer k € {1,2,...,
m'}, where m’ comes from 8.1. There are also smooth submanifolds Cp, , C Ep C M
and smooth mappings rp : Epx — Bpg and tp : Ep i — [0,0] which satisfy the
following properties.

(a) E, 1 is the closed tubular neighborhood of diameter 8y for Cp i in M; and
By, . is the open ball of radius 0y, centered at the origin of some Euclidean space.

(b) The restricted map rpy : Cpr — By is a smooth fiber bundle projection
having for fiber a closed aspherical manifold N with infranil fundamental group; rp 1, :
E, . — By 1 is equal the composite map Ey, L Cp.k L By, 1, where s, 0 By —
Cp,k is orthogonal projection.

(c) For any y € E, 1 we define t,;(y) to be the distance from y to Cp i along a
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geodesic in s;i(spk(y)) which meets Cyp i, perpendicularly. The product map
Tpk X tpk t Epp — Cpp — By x (0, 04]

is a well defined smooth fiber bundle projection having for fiber the total space of a
sphere bundle over N.
3.3. Metric Lemma. (a) For any z,y € E, j, we have that

rp k() = rpk(y)] < 2dn (2, ),

and

[tp.r(®) = tpr(y)| < 2dn(2,y),

where dp (1, ) denotes distance in M.
(b) diameter (Ep i) < 9.
(c) For any p € M for which E, i is well defined we have that p € E, i, and

|7p.1 ()| < €0
|tp.k(P)] < €.

The next lemma will be useful in comparing the bundle projections r,, , ¢,  with
Ty ks tpr i for p’ sufficiently close to p.

3.4. Stability Lemma. If E, ;N Ey , # ¢ then By = By and dim Cp , =
dim Cpr .. Moreover for each x € Ey, 1. N Ey i, we have that

[ty (2) = tpr k()] < €03
and
rp(@) = Lory 1 (2)] < €y
for some isometry I : R™ — R™ independent of v (where n = dim Bp ).

4. Proof of the absolute control theorems. In this section we prove Theo-
rems 1.1 and 1.2. To prove these results we use the local projections of 3.2-3.4. The
fact that these local projections have infranil manifolds for fibers, and that their total
spaces cover M, allows us to apply fibered control results locally to prove 1.1 and 1.2.
For the readers convenience we begin by reviewing the fibered control results which
are used in the proofs of 1.1 and 1.2.

Fibered control results over Euclidean space. In this subsection we formu-
late two well known control results which will be used in the proofs for the absolute
control results of Section 1.

Let p : E — B denote a fiber bundle over the manifold B (with 9B = ¢) having
the compact connected manifold F for fiber. Note that the restricted map p : OF — B
is a subbundle of p : E — B with fiber OF.

In the next lemma we let (W, Wy) denote a cobordism of (E,9F), A C B denotes
an open subset of B, and (U,0U) = p~t(A) N (E,0E). We will say that (W, Wy) is
e-controlled over A if there is an open subpair (V,Vy) C (W, Wy) with 0_(V,Vp) =
(U,0U), and there are deformation retracts ry : (V,Vy) x [0,1] — (W, Wy) of (V, V)
onto d1(V,Vy) and a retraction 7 : (W, Wy) — (F,JF) such that each of the paths

yx[0,1]CVx[0,1]-5W=Wx1-5o.W=E-2B, yev, (1)
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has diameter less than € in B. Furthermore, #~1(U,0U) = (V, Vp) and #(z) = r_(x, 1)
for each z € V. Let f: (X, X NOE) x [0,1] — (V,Vp) denote a product structure for
(W, Wp) over the subset X C U. (See paragraph preceding Theorem 1.1.) We will
say that f is e-controlled over A if each of the paths

ex[01] L vV=vx1 B W=wx1-"2oW=EB, zcX, (2

has diameter less than € in B. The following lemma is a consequence of the calculation
Wh(G x Z™) = 0 for any infrasolv group G derived in Farrell-Hsiang [15], and of the
fibered control results of Chapman-Ferry-Quinn [7], [8], [59].

REMARK 4.1. Recall that an infrasolv group is a torsion free, finitely generated,
virtually poly-Z group.

LEMMA 4.2. Suppose that m F is a infrasolv group, dim E > 5, and that B is an
open subset of Fuclidean space R™. Then there is a number A > 1 which depends only
onn. If X DOU, and if W is e-controlled over A, and if the product structure f is
e-controlled over A, then there is another product structure g : Y x [0,1] =V for W
over the subset Y = p~1(A — (R™ — A)*¢) which satisfies the following properties:

(a) We require that the product structure g : Y x [0,1] — V' be Ae-controlled over
A.

(b) Suppose that for C C A we have that p~*(C) C X. Then we require that

FIX' x[0,1]]=¢g] X x]0,1]

where X' =Y N (p~1(C — (R" — C) ) UIE).

REMARK 4.3. There is also a foliated version of 4.2. Let F denote the foliation
of R" = R x R"~! whose leaves are {R x p | p € R"~!}. Suppose that W is (p, ¢)-
controlled over A, i.e. the paths in (1) have foliated diameter < (p,¢€). (See “foliated
control results” in Section 1.) Then there is a number A > 1 which depends only on
n, and a product structure g : Y x [0,1] — V for W over the subset Y = p~1(A4 —
(R™ — A)*A€) which satisfies the following properties.

(a) g is (Ap, Ae)-controlled over A, i.e. the paths of (2) (when g,Y replace f, X)
have foliated diameter < (Ap, Ae).

(b) If the given product structure f is (p, €)-controlled over A, then we may choose
gsothat f | X’x[0,1] =g | X'x[0,1], where X' = YN (p~1(C—(R"—C)***)UIE).

REMARK 4.4. There is also a foliated version of 4.2 where B is an open subset
of the half-space [0,00) x R*~! and F is the foliation having for leaves {[0,00) x p |
p € R"1}. In this version the mapping p : E — B is a “Seifert fibration with
Zo-singularity along BN (0 x R"71)”. (See 5.2.1 below.)

In the next lemma we let h : (D,0D) — (E,JF) denote a proper map between
manifolds, let A C B denote an open subset, and set (U,0U) = p~'(A) N (E,E).
We will say that h is e-controlled over A if the following properties hold. There
are mappings g : (U,0U) — (D,9D), H : (U,oU) x [0,1] — (E,0F), and G :
h=1(U,0U) x [0,1] — (D,dD) where H is a homotopy from h o g to idy and where
G is a homotopy from g o h to idp | h=1(U), and where each of the paths

ex[0,1]cUx[0,1] 5 E-L2 B, €U, and -
ex[0,1]Ch  U)x[0,1] -5 D E -2 B, e N (U),

has diameter less than € in B. For each integer k > 0 we can form the cross-product
of the k-torus T* (if k = 0 we let T* = pt.) with the spaces U, E, D to obtain Uy, Ej,
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Dy, and we can form the cross-product of all these maps with idyx to obtain the maps
gk - (Uk,aUk) — (Dk,aDk), hy : (Dk,aDk) — (Ek,ﬁEk), Hy, : (Uk,aUk) X [0,1] —
(Ex,0Fy), and Gy, : hy '(Uy,0Uy) x [0,1] — (Dg,0Dy). Let py : Ex — B denote

the composite map E = E x T* 2ok p P, B. We shall say that a homotopy
ri : (Dg,0Dy) % [0,1] — (Ek, OEy) of hy is e-controlled over A if each of the paths

x % [0,1] C Dy x [0,1] ™5 Ex 2% B, € by *(Uy), (4)

has diameter less than € in B. The following lemma is a consequence of work by
Quinn [59]. (See Farrell and Jones [20; §6] for additional details.)

LEMMA 4.5. Suppose that B is an open subset of Euclidean space R™. Then
there is a number X > 1 which depends only on n. Suppose that the proper map
h:(D,0D) — (E,0F) is e-controlled over A and that h : 0D — OFE s split over a
triangulation K of a subset of A such that diameter(A) < e for all A € K. Then
there is an integer k > 0, which depends only on n = dim B, and a homotopy

Tk - (DkﬁDk) X [O, 1] — (Ek,aEk)

of hy, which satisfies the following properties. (For each subcomplex L C K we let L'
denote the mazimal subcomplex of L such that |L'| C |L| — (R™ — |L|)*¢.)

(a) We require that vy, | (Dg,0Dy) x 1 is split over K'.

(b) ri. is Ae-controlled over A.

(c¢) ri, | 0Dy, x [0,1] is the constant homotopy.

(d) Suppose that h : (D,0D) — (E,0F) is already split over a subcomplex L C K.
Then in addition to (a)-(c) we also require that v | hi'(py ' (IL'])) x [0,1] be the
constant homotopy.

REMARK 4.6. There is also a foliated version of 4.5 (compare with 4.3). Suppose
that h : (D,0D) — (E,0F) is (p,€)-controlled over A, i.e. the paths in (3) have
foliated diameter < (p,€). Then the homotopy 7y : (Dg,0Dy) x [0,1] — (E), 0E)) of
hy satisfies the following properties. (For each subcomplex L C K we let L’ denote
the maximal subcomplex of L satisfying |L'| C |L| — (R™ — |L|)**¢.)

(a) rg | (Dy,dDy) x 1 is split over K.

(b) rg is (Ap, Ae)-controlled over A, i.e. the paths in (4) have foliated diameter
< (Ap; Ae).

(¢) i | 0Dy x [0,1] is the constant homotopy.

(d) If h is already split over a subcomplex L C K, then r; may be chosen so that
i | hy Y(pe P(JL'])) x [0,1] is the constant homotopy.

REMARK 4.7. There is also a foliated version of 4.5 where B is an open subset
of the half-space [0,00) x R"~! and F is the foliation having for leaves {[0,00) x p |
p € R*"™1}. In this version the mapping p : E — B is a “Seifert fibration with
Zy-singularity along B N (0 x R"~1)” (cf. 5.2.1 below).

We shall also need the following refinement on the conclusions of 4.5. In this next
lemma we suppose that p : E — B is the composite

E X g2 B
of two smooth fiber bundle projection maps p; : £ — E’ and ps : B/ — B having
compact manifolds Fy and F for fibers. For any integer k > 0 let p1 : By, — E’

and py, : B, — B denote the composite projections Ej, = E x T* POk g PL B and

E,=ExT" ol p P B A special case of the next lemma, when F} is a point,
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follows from the authors’ calculation [19] of the surgery group for any infrasolv group.
A “fibered version” of the arguments used in [19] can be used to prove the following
Lemma.

LEMMA 4.8. Suppose that the fiber Fy is a closed manifold and that the fiber
Fy is the total space of a disc bundle T — N over a closed aspherical manifold N
with m1 N infrasolv. Let K denote a triangulation of a region |K| in B; let K' denote
a triangulation for py ' (|K|) which triangulates each subset py *(A), py ' (A) N OE,
A € K; let L denote a subcomplex of K and let L' denote the subcomplex of K' with
underlying set |L'| = py *(|L|). Suppose that the proper map h : (D,0D) — (E,0E) is
split as in (a) below. Then for some integer k > 0 (which depends only on dim(E"))
there is a homotopy hyy : (Dy,0Dy) — (Ex,0E), t € [0,1], of hy : (D, 0Dy) —
(Ey,OEY), satisfying (b) (c).

(a) h is split over K with respect to the projection p : E — B; h is split over
L' U K}y with respect to the projection p1 : E — E’, where K}, is the subcomplex of K’
which triangulates |K'| N OE".

(b) hyy | Py (IL| UKD, t € [0,1] is the constant homotopy; each hy. 4, t € [0,1],
is split over K with respect to the projection py : Ex, — B.

(c) hi 1 is split over all of K’ with respect to the projection p1j : Ex — E'.

We can now complete the proofs for the absolute control Theorems 1.1 and 1.2
formulated in Section 1.

Proof of Theorem 1.1. For each k € {1,2,...,m’} we choose positive numbers
0k, @ =1,2,3, so that the following properties hold (cf. 3.1).

() Ok,3 = Ok
(b) All the quotients 0y ;/dx i+1are arbitrarily small. (5)
(c) € = €dk /0 1 is arbitrarily small.
For each k € {1,2,...,m'} and any numbers s,t € [0, ], and for any p € M for
which 7, j, exists, we define a subset By, 1(s) C By, Epi(s,t) C Epk, Epr(s) C Ep,
by
By i(s) ={ve By |v| <s},
Epi(s,t) =, 1 (Bpi(9)) [ 1,1(00,0)),
Ep(s) = Ep(s;s).

For each k € {1,2,...,m'} and s € [0, §;] we define a subset Si(s) C M by

Si(s) = |J Epi(s),

pEM

where the union runs over all p € M such that the projection rp 1 : Ep i — Bpk
exists. We define subsets T, C M, k € {0,1,2,...,m'}, by

Ty = U[Si(5i,2) - U S;(ti )], if k>0,

i<k J>i
TO = ¢7

where ¢; ; = ;1 + %j(éﬂ —0;.1). We note that the following properties for the {T}}
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can be deduced from Lemmas 3.2-3.4 and from 3.1 and (5).

(a) TocTyCclyCclIsC...CT, =M.
(b) For any p € Tj,y1 — Ty thereis p’ € M such that
Tp' k+1 - Ep/’k;Jrl — Bp/,k+1 is defined and

D€ By gt1(0k41,2).
(c) For p’ asin (b) we have that

[Ep k41 (0k41) = Epr k1 (k415 0p11,2)] C T
Now the proof for this theorem proceeds by induction over the sequence
TocThCTyCTsC...C Ty

Here is our induction hypothesis.

4.9. (k). Induction hypothesis. Suppose that § > 0 of 1.1 satisfies § < €dy 1.
Then there is a product structure g : (Y UTy) x [0,1] — W for the h-cobordism W
over T}, UY}, satisfying the following properties (see (b) for Yy).

(a) gg is dg-controlled over M.

(b) gk | Y x [0,1] = h | Y x [0,1], where h : Y x [0,1] — W is the product
structure given in the hypothesis of Theorem 1.1 and where Y;, denotes the subset of
all z € Y such that dp(z, M —Y) > 0y.

Note that (6) and 4.9 (kK = m/) imply the conclusions of Theorem 1.1. In fact we
may identify ¢’ of 1.1 with &,,/.

Thus to complete the proof of 1.1 it will suffice to carry out the induction step 4.9
(k) = 4.9 (k+1). Roughly speaking to do this we apply the fibered control Lemma 4.2
to enough of the projections 7p k41 @ Ep k11(0k+1) — Bpr g41(0k+1) with rp g1 as
in (b) and (c) of (6). Note that (c) of (6) assures us that the part of the h-cobordism
W which “lies over” a neighborhood for E, k+1(0k+1) — Epr k+1(0k+41, Ok+1,2) already
has a product structure (as the hypothesis of Lemma 4.2 requires). The only problem
with this approach is that Lemma 4.2 may be applied to all the relevant projections
independently of one another only if all the relevant domains {E, j4+1(0x+1)} happen
to be pairwise disjoint (a rare occurrence). In order to overcome this difficulty we
appeal to the inequalities of Lemmas 3.3 and 3.4, and to (b) and (c) of (6), in choosing
points {p; : ¢ € I} in M for which the following properties are satisfied. (See Remark
4.11 at the end of this proof for the construction of the {p; : i € I'}.)

(@) Tp, kt1: Ep, k+1 — Bp, k41 s defined for all i € I; and
Thy1 =T C U Ep, k+1(30k41,2),
iel
[Ep: k+1(0k41) = Ep, k1 (Okt1, Ok41,2)] C Th-
(b) For each i€ I let (i) denote the number of sets E, ri1 which satisfy
Ep; k4+1(90k11,2) N Ep, k41 (90k41,2) # ¢
(7)
Then we have that (i) < m where m is a positive integer depending only on m =

dim M. Note that (b) assures us that there are subsets Iy C I, s = 1,2,...,/m which
satisfy the following properties.

(a) I= U Iy and I,NI, =¢ if s#t.
1<s<m (8)
(b) If i,j €I then Ep x11(99%112) N Ep, k11(k11,2) = .
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And note that property (b) of (8) assures us that for each fixed s € {1,2,...,m}
we can apply Lemma 4.2 simultaneously to those parts of W which lie over any
Ep, k+1(90k41,2) with ¢ € I,. If we do this first for Iy, and then for 5, and then for I,
etc., we become involved in a secondary induction argument the hypothesis of which
is as follows.

4.10. (k,s). Secondary induction hypothesis. For given s € {1,2,...,m}

set I® = UIt and set T s = TkU U E i1k+1(35k+1_’2)>. Then there is a product
t<s i€ls
structure

Jk,s - (Y]ﬁs UTk,s) X [0, 1] — W

for the h-cobordism W over Y s U T}, s satisfying the following properties. (See (b)
for Yk,s~)

(a) Let ¢ > 0 be as in (5) and let A > 1 be as in 4.2. For each i € I we
have that the part of gj s which lies over E,, 141(90k+1,2) is (4X)°(€/dx41,1)-controlled
over By, r+1 with respect to the projection 7y, x4+1; and is €01 1-controlled over
[As, Ok+1,2] with respect to the projection t,, k41, where Ay = (% + 1= )0kg1,2-

(b) Ik,s | Y]%s X [0, 1] = gk | Y]%s X [0, 1] where

Yis =Y — (UEm,kH(%kH,g,As))
1

and with the union running over all ¢ € I° such that Ep, p+1(90k+1,2, As) is not

contained in Y.

We have already indicated that the proof of the secondary induction step 4.10
(k,s) = 4.10 (k, s+1) consists of applying the fibered control h-cobordism Lemma 4.2
simultaneously on that part of W which lies over each Ep, j4+1(90k+1,2, As+1) With re-
spect to the projection 7, 41 for each i € I,11: this produces a product structure for
that part of W which lies over each Ej, +1(30k+1,2, As+1) which is (4X)5T(€'0p41.1)-
controlled over each B, p+1. Note that the relative nature of Lemma 4.2 allows
us to choose the new product structure to extend the old product structure gi as
indicated in 4.10 (k,s + 1). There is one slight difficulty here: the deformations
ry : Wx[0,1] — W of 1.1 do not lend themselves to this application of 4.2. So before
applying 4.2 we first must equip W with a new deformation 7L : W x [0,1] — W
which can be used in conjunction with 4.2. Set U = W — Image(gx s) and let Vq, V2
denote open subsets of W which are “small” neighborhoods for closure (U), closure
(V1) respectively. Now set

Pr | (W =V2) x[0,1] =7+ | (W = V2) x [0,1]
and
i | VA x[0,1]=ry | V1 x[0,1],
where 71 : Image(gg, s) X [0,1] — W are defined by

Ty (gr,s(@,u), ) = gr,s(z, (1 —u+1)
= (gk,s(l', u),t) = gk,s(mv (1 —t)u).

We define 74 on (Vo — V1) x [0,1] to be a tapering from ry to 7+. We must use
both inequalities in 3.4, and the hypothesis 4.10 (k, s), in order to be assured that the
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tapering between r4 and 7+ does indeed exist, and can be chosen so that the part of
gk,s lying over each Ep, +1(90k+1,2, As+1) is suitably controlled with respect to the
projection 7, r+1 and the new deformations 7.

This completes the proof of Theorem 1.1

REMARK 4.11. We give here some details in the construction of the {p; : i € I'}
of (7). Welet P/ C M denote the subset of all points p’ € M which satisfy properties
(b) and (c) of (6). Choose a maximal subset {p; : i € I} C P’ which satisfies the
following: if

By, k+1(90k11,2) N Ep; k1+1(90k41,2) # ¢,

then the distance in By, r41 from rp, gy1(Ep, £41(0,0)) to rp, rpy1(Ep, k4+1(0,0)) is
greater than dy112. Note that it follows from (b) and (c) of (6) and from 3.4, 3.1,
and (5) that the {p; : ¢ € I} satisfy property (a) of (7). Towards verifying that
the {p; : ¢« € I} satisfy (b) of (7) we denote by J; C I the subset of all j € I
such that Ep, ry1(90k41,2) N Ep; k41(90k41,2) # ¢ for a fixed i € I. It follows from
3.4 and (5) that each 7, k11(Ep; k+1(9%+1,2)), 7 € Ji, is €dpy1,2-close to a ball
B(j,i) in By, x+1 satisfying the following properties: B(j,¢) has radius 9y419; if
j # j' then the centers of B(j,i) and B(j’,i) are at least a distance 30x11,2 apart;
B(j,i) N Bp, k+1(100k41,2) # ¢ for all j € J;. It follows from these last properties,
and the fact that dim(B,, k+1) < dim M, that |J;| < m where /m is a positive integer
which depends only on m = dim M.

Proof of Theorem 1.2. This proof follows the same lines as did the proof for
Theorem 1.1, except we use the fibered splitting Lemma 4.5 in place of the fibered
h-cobordism Lemma 4.2 to carry out the induction steps.

The main induction hypothesis for this argument is as follows.

4.12. (k). Induction hypothesis. Suppose that § > 0 of 1.2 satisfies § <
€’611. There is a proper homotopy hi¢ : Ny, — E,,, t € [0,1], of hy, = h X idgns
(where h : N — F is the proper homotopy equivalence of 1.2) which satisfies the
following properties.

(a) {h, :t €[0,1]} is dx-controlled over M.

(b) Let L, K be as in 1.2, and let Ly denote the maximal subcomplex of L such
that |Lg| C |L| — (M — |L|)°*. Then hgy : N,, — Ey,, t € [0,1], is the constant
homotopy over Ly.

(¢) Let K} denote the minimal subcomplex of K which contains Ty. Then
hgi @« Nx T" — F, is split over Ky.

We note that the truth of 4.12 (m/) would imply the truth of Theorem 1.2. In
fact we may identify ¢’ of 1.2 with §,,/.

Thus to complete the proof of 1.2 it suffices to carry out the induction step 4.12 (k)
= 4.12 (k+1). To carry out this induction step we must (as in the proof for Theorem
1.1) use a secondary induction argument the hypothesis for which is as follows.

4.13. (k,s). Secondary induction hypothesis. There is a proper homotopy
hist : Nny, = En, ., t €[0,1], of hy, , which satisfies the following properties.

(a) For each ¢ € I® we have that the part of {hgs; : t € [0,1]} which lies
over Ep, ;+1(90k+1,2) is (4X)°(€'dg+1,1)-controlled over By, p+1 with respect to the
projection rp, x11 © Pp, .; and is €41 1-controlled over [y, dx41,2] With respect to
the projection p, r41 © pp, ,, where A\; = (% + 15 )0k41,2-

(b) Let Ly s denote the maximal subcomplex of Lj which is contained in the
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complement of

U Epo k1 (901412, M),

where this union runs over all ¢ € I°® such that Ep, p+1(90k+1,2, As) is not contained
in |Lg|. Then each hy s, is equal to hy, over |Ly 4| for all ¢ € [0,1].

(c) Let Ky s denote the minimal subcomplex of K which contains Tj ;. Then
his1: N, . — En, , is split over Ky .

We carry out the secondary induction step 4.13 (k, s) = 4.13 (k, s+1) by applying
the fibered splitting Lemma 4.5 over regions of the {E,, k+1(90k+1,As+1) 14 € Tst1}
Note that this achieves a splitting (with respect to the projections rp, x11 © pn,.,)
over triangulations of regions in the {By,(40k11,2) : ¢ € I,11). This is not the type of
splitting data needed in 4.13 (k,s + 1). However we can convert this splitting data
into splitting data (with respect to the projection py, ., ,) over subcomplexes of K
lying in the various

{Ep, k1 (40k41, Ast1) 11 € Toya}

by applying the splitting Lemma 4.8. This latter type of splitting data is the type
needed in 4.13 (k, s + 1).
This completes the proof of Theorem 1.2.

5. Local infrasolv structure of the foliated manifold (M, F). In this sec-
tion M will denote a complete and A-regular Riemannian manifold and we let F de-
note an A-regular one-dimensional foliation of M. We formulate for the pair (M, F)
a foliated version of the theory of “collapsing Riemannian manifolds” due to Cheeger-
Fukaya-Gromov [9]. (See Lemmas 5.2-5.4.) These foliated collapsing results will be
used together with those of Section 3 to carry out the proofs of our foliated control
Theorems 1.3 and 1.4 in Section 6.

5.1. The numbers «a, j, €, and (a;,6;), j =1,2,...,m'. The number m’ is a
positive integer depending only on m = dim M. The §, €, §; are fixed but arbitrarily
small positive numbers such that each quotient 6;/ed;41 is also arbitrarily small. The
number « may be any positive number, and the a; may be any numbers in (0, «)
satisfying 100a; < ea;y1. In order for Lemmas 5.2-5.4 below to hold for a given
choice of «, 3, € and of {«;} the choice of §; will depend upon all of the numbers
a, ﬂ, €, {Oéj}, 51'_;'_1, 5@_’_2, ceey 5m’-

We shall need the following notation in the next lemma. For each point z € M
we let A, denote the “arc” of length 2« centered at x and contained in a leaf of F.
(If the leaf L containing x has length < «, then A, = L is a circle.) We denote by
M (a, ) the subset of all x € M such that diameter(A4,) > 8. The following lemma
can be deduced from [30; 0.5].

5.2. Topological Lemma. For each p € M(«a,3) there is an integer k €
{1,2,...,m'}, where m' comes from 5.1. There are also smooth submanifolds Cp ) C
E,r C M and smooth mappings rpp : Epr — Bpk and tyx : Ep i — [0,0,]. These
manifolds and mappings satisfy all the following properties.

(a) Ep 1 is the closed tubular neighborhood of diameter &y, for Cpj in M. By
is equal to the product By 11 X Bp 2 where the factors are one of the three following
types.

Type I: By, i1 is a point and By 2 is an open ball of radius 6, centered at the
origin of some Euclidean space.
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Type II: By ;1 = (—ak,ar) and By k.2 is an open ball of radius oy, centered at
the origin of some Fuclidean space.

Type III: B, ;1 = [0, ) and By k2 is an open ball of radius 6, centered at the
origin of some Fuclidean space.

(b) If rp 1 is of type I or type II then the restricted map rpp @ Cpr — Bpk
is a smooth fiber bundle projection having for fiber a closed aspherical manifold with
infrasolv fundamental group. If rp 1 is of type 111 then the restricted map rpy : Cpr —
B, is a “Seifert fibration” with a “Zs-singularity” over 0X By, 2 (cf. Remark below),
having for fibers closed aspherical manifolds with infrasolv fundamental groups. For
all three types we have that v, : Fp — By 1 is equal the composite map Ey L

Cp.i L By, 1, where sy, 1, denotes orthogonal projection.

(c) For any y € E, ) we define t, ;(y) to be the distance from y to spr(y) in
s;i(sp,k(y)). The product map rpp X tpi * Epr — Cpr — Bpr x (0,8x] is a well
defined smooth fiber bundle projection if vy is of type I or II, and is a “Seifert
fibration” with a “Zs-singularity” over 0 X (Bp g2 x (0,0%]) if rp i is of type III.

REMARK. A map f : E — [0,0) x B is called a Seifert fibration with a Za-
singularity over 0 x B if the following properties hold. First we must have that
f:f71(0,8) x B) — (0,3) x B is a smooth fiber bundle projection. Next, for each
point p € 0 x B, there must be an open neighborhood U for p in [0,6) x B of the form
U = [0,€) x V, a two fold covering space p : X — f~}(U), and a smooth fiber
bundle projection g : X — (—¢,€) x B. We further require that g commutes with the
Zo actions ¥y : Zg X X — X and

Yo 1 Zo X ((—€,€) X B) — (—¢,€) X B,

where 1) is the action by the covering transformations for p, and where 15(1, (¢,0)) =
(—=t,b) for all (t,b) € (—¢,€) x B. Finally we require that the restricted map f :
f~YU) — U be equal to the quotient of the bundle projection g : X — (—¢,¢) x B
under the two actions 1, 1.

We will need the following notation in the next lemma. For any z,y € M we will
write

dr(z,y) < («,0),

for some real numbers «,d > 0, if there is a path ¢1 : [0,1] — M with ¢1(0) = =
whose image lies in a segment of a leaf of F having length less than «, and if there is
a second path g5 : [0,1] — M having length less than ¢ such that ¢g2(0) = ¢1(1) and
g2(1) = y. For any subset X C M we will write

Dr(X) < (a,9),

for some real numbers «,d > 0, if for any z,y € X we have that dz(z,y) < (a,9).
Note that Dz( ) is just the “foliated diameter” of X discussed in “the foliated control
results” of Section 1.

5.3. Metric Lemma. The maps rp i and ty,, satisfy all of the following metric
conditions, where w > 1 is a number which depends only on o, B,{ , Y, F.

(a) D]—'(Ep’k) < (Sak,wék).

(b) Suppose that x,y € E, j satisfy

d;(x,y) < (va)
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for some (p,7) € [0,8a] X [0,wdy]. Then we have that

71,1 (2) — 1 (Y)] < p+ €,
17p.k2(T) = 1k 2(Y)] < WT 4wty k(2)p + €dg,
[ty (@) — 1 (Y)] < 7+ wiy i (x)p + €y,

also hold.
(c) For any p € M(«, B) for which E, j is well defined we have that p € E, , and

I7p.k1(P)| < €y
|7p,k,2(P)] < €0k,
ltp. ()| < €0k

The next lemma will be useful in comparing the bundle projections 7, i, tp . With
Tp' ki, tp ) O0 overlapping regions of their domains. It is an immediate consequence of
[30; 0.6].

5.4. Stability Lemma. If £, N E, ; # ¢ then the following properties hold.

(a) rpx and rp . are of the same type; dim Cp p = dim Cyp k; Bpx = By k-

(b) For all x € E, i, N Ey i, we have that

|tp’k($) — tp/,k(l')| < Eék.

(c) There is an affine isomorphism Ay : R™ — R” (where n = dim By, o) which
satisfies

|Ao| <k, |AJY| <k,
and
|Ag 07y k2(T) — Tk 2(7)] < €b

forallz € E, yNE,y i, where k > 0 depends only on o, 8,( , )am,F. Moreover if vp i
is of type II or type III then there is an isometry A; : R — R such that

|[A1 07 g (m) — 1 1 (@)] < e,

forallx € By N Ey i; and if 7 1 s of type III then A, = identity.

6. Proof of the foliated control theorems. In this section we prove the
foliated control Theorems 1.3 and 1.4. Our proofs of these theorems are modeled on
the proofs given in Section 4 of the absolute control Theorems 1.1 and 1.2. We use
the local projections ry, ; and ¢, described in Lemmas 5.2-5.4. The fact that these
local projections have infrasolv manifolds for fibers, and that the interiors of their
total spaces form an open cover for M, allows us to apply the fibered control results
of Section 4 over each of a suitable collection of the {r, s : E, » — B} to prove 1.3
and 1.4.

Proof of Theorem 1.3. For each k € {1,2,...,m'} we choose positive numbers
Ok,i, © = 1,2, 3 which satisfy the following properties (cf. 5.1).

6.1. (a) Ok,3 = 0.
(b) All the quotients dy;/0x ;41 are arbitrarily small.
(c) € = €dy /01 is arbitrarily small.
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In addition we suppose that the numbers {c;} of 5.1 satisfy 6.2(a) below; thus we may
choose for each k € {1,2,...,m'} numbers ay;, ¢ = 1,2,3, which satisfy 6.2(b)-(d)
below.
6.2. (a) Ay << 41 for all ¢ € {1,2,...,m' — 1}, where A > 1 comes from

4.3, and where m is the positive integer depending only on m = dim M which is given
in 6.7 below.

(b) Ck]f’g = k.

(C) )\mak,i << Qg it1-

(d) )\ﬁ‘akfl << A, 1-
We also assume the following relation between 7, > 0 of 1.3, the {a;} and {d;} and
eof 5.1, A > 1 of 4.3, and m of 6.7.

6.3. (a) Ny << aq.

(b) o< 651,1.

Finally we assume that é,,» < 3. Then note that there is a number p > 1 which
satisfies the following two properties.

6.4. (a) p depends only on M, F,{, ), a.

(b) If B, N M(a, p'B) # ¢, for some i,k € {1,2,...,m'} and some p € M («, 3),
then E,  C M(a, p*~13).

For any p € M(«, ) and for any k € {1,2,...,m'} for which r, j is well defined
and of type II or III, and for any numbers s € [0, ay) and ¢, u € [0,d;), we set

B, i(s,t) ={(z,y) € Bpx1 X Bpra:|z|<s and |y| <t},
Ep (s, t,u) =1t (Bpi(s, 1)) ﬂt;i([ow)),

Ep,k(s, t) = Epyk(s, t, t).

If rp 1 is of type I then we set

Bp,k(Sat) = {1‘ S Bp,k : ‘CE| < t},

By (s,t,u) =7 1 (Bpi(s, 1)) [ )£, 1([0,u)),

Ep,k(s, t) = E,i(s,t, t).

We also define subsets Si(s,t),T, C M by
Sk(s,t) = U E, i(s,t)
pEM (e, 8)

where the union runs over all p € M(«, §) such that the projection rp, , : Ep 1 — Bp i
is defined; and by

Ty = | J[Si(i2,6i2) — [ Sj(si s tig)]
i<k §>i
if £ > 0, and
To = ¢,
where

7

10j(5j2 — 1)

i
Sij = @1+ @(%2 —a;i1) and t;; =81 +
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We note that the following properties for the {T;} can be deduced from Lemmas
5.2-5.4 and from 5.1, 6.1, 6.2, 6.4.

6.5. (a) Ty CTh CTo C...C Ty and M(«,3) C Ty

(b) For any p € (Tyy1 — Ti) N M(c, pT13) there is p’ € M(a, 3) such that

T k41 By ky1 — Bpr kg

is defined, Ep k41 C M (a, pF3), and p € Ep p+1(kt1,2, 0k+1,2)-
(c) For p’ as in (b) we have that

[Ep kv 1(@hr1s 0k41) — Ep py1 (Qrr1, Okr1, 0k r1.2)] € T N M (e, p73).

Now the main part of the proof for this theorem proceeds by induction over the
sequence Ty C Ty C 1o CT5 C ... C Ty,. Here is our induction hypothesis.
6.6. (k) Induction hypothesis. There is a product structure

gk Ye U(Tp N M(a, p*B)) x [0,1] = W

for the h-cobordism W over Y3 U (T}, N M (a, p¥3)) satisfying the following properties.
(See (b) for Yy.)

(a) We have that gy is (ag, dx)-controlled over M, F.

(b) gk | Y& x[0,1] = h|Y) %[0, 1], where h : Y x[0,1] — W is the product structure
given in the hypothesis of Theorem 1.3 and where Y;, = X — (M — Y)®% . (See 1.3
for notation.)

To carry out the induction step 6.6 (k) = 6.6 (k+ 1) we apply the fibered control
Lemma 4.2 or Remarks 4.3, 4.4 to enough of the projections

T k1t Bpr g1 (g1, O 1) — Bk (Qeg1, Oxg1)

with 7, k41 as in 6.5(b)(c). Note that 6.5(c) assures us that the part of the h-
cobordism W which “lies over” a neighborhood for Ep k41 (@k41, 0k+1) —Epr k1 (11,
dk+1,2) already has a product structure (as the hypotheses of 4.2-4.4 require). The
only problem with this approach is that 4.2-4.4 may be applied to all the relevant pro-
jections independently of one another only if all the relevant domains {Ep 1 (1,
dk+1,2)} happen to be pairwise disjoint (a rare occurrence). In order to overcome this
difficulty we appeal to the inequalities of Lemmas 5.3 and 5.4, and to 6.5(b)(c), in
choosing points {p; : i € I'} in M for which the following are satisfied. (See Remark
6.10 at the end of this proof for details in the construction of the {p; : i € I}.)
6.7. We require that r,, x+1 : Ep, k+1 — Bp, k+1 is defined for all + € I and

satisfies (a)-(c).

(2) (Thyr — Ti) N M (0, p*18) € | Ep, k1 (@12, Okg1.2)-

iel
(b) [Ep, et 1(ah1, 041) = Epy a1 (@t Srt1, O41,2)] € T VM (e, pF).
(¢) There is an integer m > 0 which depends only on m = dim M. T is a disjoint

union UI“" = [ of subsets I® C I which satisfy: if ¢,j € I° for some s € {1,2,...,m}

s=1
then we have that

Ep k1(20k41,2,20k11,2) N Ep, k11(20841,220k41,2) = ¢.
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Note that 6.7(c) assures us that for each fixed s € {1,2,...,m} we can apply Lemma
4.2 or Remarks 4.3, 4.4 simultaneously to those parts of W which lie over any
Ep, k+1(20k41,220k41,2) with ¢ € I,. If we do this first for I;, and then for I, and then
for I3, etc., we become involved in a secondary induction argument the hypothesis of
which is as follows.

6.8. (k,s). Secondary induction hypothesis. For a given s € {1,2,...,m}

F:UQ

t<s

set

and set

Tis = (Tu N M(, 0" ) (U Epi,k+1(ak+1,275k+1,2)> .

iels

Then there is a product structure g s : (Yi,s UTk s) % [0,1] — W for the h-cobordism
W over Yy s U Ty s satisfying the following properties. (See (c) for Y s.)

(a) Let ¢ > 0 be as in 6.1 and let A > 1 come from 4.2-4.4; and let k > 1
come from 5.4. For each i € I° we have that g s | Ep, k+1(Qk+1,2,0k+1,2) X [0,1]
is ((4N)° k41,1, (4AK)*(€'0k41,1))-controlled over By, k1, Fp, k+1 With respect to the
projection 7p, p+1. Here F,, 141 denotes the foliation of By, x+1 by the {Byp, k41,1 Xy |
y € By, k+1,2}, and By, k1+1.1Bp, k+1,2 denote the first and second factor for B, 1.

(b) Let w > 1 be as in 5.3. We also have, for each i € I°, that gi s | Ep, k+1(k+1,2,
Sk+41,2) x [0,1] is (dw+4)b-controlled over [As, b] with respect to the projection t,, k41,
for any number b € [, 0x112]. Here Ag, s € {1,2,...,m}, is a sequence of numbers
which satisfy €'0g41,1 << As << 41,2 and (100w + 100)Ay << Agy1. (Here for any
small positive numbers a, b the inequality a << b means that a/b is very small.)

(C) Jk,s | Yk,s X [0, 1] = gk ‘ Yk,s X [0, 1], where

Yis =Yy — <UE k1 (2agg1,2, 20641 2, /\s)>

K2

with the union running over all ¢ € I® such that E,, p+1(20k+41,2, 205+1,1, As) is not
contained in Y.

REMARK. If in property (a) of 6.8 (k,s) the projection 7p, x+1 is of type I then
Fpi k1 is simply the foliation of Bp, p41 by its points, and “(a,b)-controlled over
By, k41, Fp; k+1” is the same as “b-controlled over By, r+1”.

We have already indicated that the proof of the secondary induction step

6.8 (k,s) = 6.8 (k,s+1)

consists of applying the fibered control h-cobordism Lemma 4.2 or Remarks 4.3, 4.4 si-
multaneously to those parts of W which lies over each Ep, x4+1(20k+1,2, 20k+1,2, As+1)
with respect to the projection 7, 141 for each ¢ € Isy;: this produces a product
structure for that part of W which lies over each E,, p41(0k+1,2,0k+1,2, Ast1) that
is (4N a1, (4sK)¥T1(¢/8k41,1))-controlled over each By, ki1, Fp; k+1- (See Re-
mark above if 7, ;41 is of type I.) Note that the relative nature of 4.2-4.4 allows us to
choose the new product structure to extend the old product structure g as indicated in
6.8 (k,s+1). There is one slight difficulty here: the deformations ry : W x[0,1] — W
of 1.3 to not lend themselves to this application of 4.2-4.4. So before applying these
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we first must equip W with new deformations 74 : W x [0, 1] — W which can be used
in conjunction with 4.2-4.4. Set U = W —Image(gi,s) and let V4, Vo denote open sub-
sets of W which are “small” neighborhoods for closure (U), closure (V7) respectively.
Now set

fe |(W=Va) x[0,1] =74 | (W =Va) x [0,1]
and
i | VA x[0,1]=ry | V1 x[0,1],

where 71 : Image(gy s) X [0,1] — W are defined by

We define 7y on (Vo — V1) x [0, 1] to be a tapering from ry to 71. We must use all
the inequalities in 5.4, and the control properties of 6.8 (k,s), in order to be assured
that the tapering between r+ and 7+ does indeed exist, and can be chosen so that the
part of gi s lying over each Ep. kt1(20041,2, 20k+1,2, As+1) is suitably controlled with
respect to the projection r,, y4+1 and the new deformations 7.

This completes the induction step 6.8 (k,s) = 6.8 (k,s+ 1). Now 6.7(a) assures
us that 6.8 (k,m) = 6.6 (k + 1); which completes the induction step 6.6 (k) = 6.6
(k4 1). Thus in the remainder of this proof we may assume that 6.6 (m’) holds.

We note that 6.6 (m') does not directly imply the conclusions of Theorem 1.3
because T, does not in general equal all of M (cf. 6.5(a)). However one may use the
controlled product structure gn: : Yo U (T 0 M (cr, p™ ) % [0,1] — W of 6.6 (m/)
to construct another pair of deformation retracts 7y : W x [0,1] — W for W which
satisfies the following properties.

6.9. (a) Py | W x[0,1] =7+ | W x [0,1], where W’ = r=Y(M — M(a, p™ f3))
and where r4 : W x [0,1] — W are the original deformation retracts for W (cf. 1.3).
; (ll)) - (QM’(m> 3)7t) = gm’(x> (1 - t)s) and 72+(gm’ (.’L’, S)7t) = gm’ (.’L’, (1 - t)S + t)v
or al

(@, 5) € 1M (M(a, p™ T1B)) x [0,1]

and all t € [0,1]. Thus g, is O-controlled over M («, pm/“ﬁ) with respect to the new
deformation retracts 74.

(¢) The cobordism W is #’-controlled over M with respect to the new deformation
retracts 74, where éir% B =0.

The control properties in 6.9(b)(c) allow us to apply the absolute control Theorem
1.1 to extend the product structure g, | M(a, pm/“ﬂ) x [0, 1] to a product structure
g : M x [0,1 — W for all of W which satisfies the conclusions of Theorem 1.3
(provided 3 is chosen small enough).

This completes the proof of Theorem 1.3.

REMARK 6.10. In this remark we will construct the points {p; : i € I} C M
which satisfy properties 6.7(a)-(c).

It will be convenient to assume the existence of another family of infrasolv struc-
tures for M, denoted by

{Pprt1: Ep,k+1 — Bp,k-i—l |pe M(a,),0<k<m'—1}
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with associated numbers é and {dy41, 5k+1 | 0 <k <m’—1} which are related to the
numbers € and {ag11,0k+1 |0 <k <m’ — 1} and to the family

{rpk+1: Epkr1 — Bpryr | p € M(a,3),0 <k <m' —1}

as follows. (Note it follows from [30; 0.3-0.6, 2.4.1, 3.1.1] that there is no loss of
generality in making this assumption.)

(a)

€0py1 << €0p41,
Qg << At1,1 and g1 << dk+1,

gk << 5k+1,1 and 5k+1 << 5k+1-

(b) For each p € M(«,3) and each k € {0,1,...,m' — 1} for which r}, ;41 is well
defined, there is another point in p € M(a, 5) with 75 11 well defined and such that

. 1. 1.
pE Epki1 (zak+1; 25k+17€5k+1>

Epkr1 =1 () [ hsr (10, 5511)), (1)
By k1 =8 = pr+1(p),
Tpk+1(q) = T k41(q) — Ppp+1(p) forall g € Ep pq1,

where

S ={(z,y) € Byrr1.1 X Bprr12: |7 — Fpr1.1(0)] < apr and
ly = Ppk+1,2(P)| < k41t

and S — a denotes {z —a | x € S}.

(c) Given any p € M(«, ) for which 75 k41 exists, an infrasolv structure rp x41
is well defined by the equations of (b) for any p € E ’k+1(%dk+17 %Sk;Jr], €0k41)-

If EA’p,;H_l N EAqyk_H # ¢, then it follows from 5.4 that Bp,k;_l,_l = Bq7k+1, and that
there is an affine isomorphism Apyq :R™ — R”™ (where n = dim Bp7k+1) which satisfies
the following properties.

(a) There is £ > 1 which depends only on «,{ , ), F. We have that

1 o
—<|A < K.
- |Ap.q

(b) For all z € Ep,k+1 N Eq7k+1 we have that

|Apq 0 Pp a1 (2) — Fgpp1(n)] < 28051. (2)

(c) If 7, k41 is of type IT or III, then there is an isometry Ap,q)l :R — R and an
affine isomorphism A, ;5 : R"~* — R"~! such that

Apg=Apg1 X Apgo.

Moreover if 7}, ;11 is of type III then

A, 4.1 = identity.
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Now apply the constructions described in [31, §7] and [25:1, §3]. (We take this

opportunity to correct errata in [31, p. 564]. Change “m 7 to “U 7 on line 11;
(s,5) 557

“I” to “J” on line 20, and change the phrase “there is ... (04Y; X €;)” on lines 26, 27
to “(04+Y; x e)”.) By these constructions applied in conjunctlon with (2) to “long and
thin” triangulations for the foliations fp k+1 of the Bp k41 by their first factor, we
can construct long and thin cell structures Cp, ;41 for the Bp k+1,]—"p k+1 which satisfy
the following properties.

(a) Bpk+1 (édkﬂa §5k+1) C |Cpr+1| C Bp i1 (i@kﬂ’ i5k+1>- (3)

(b) C’p k+1 is a subcomplex of a larger “long thin” cell structure Cj 41 for
Bp k+1,.7-"p k1. 1f Ep k+1( Qgt1, 25k+1)ﬁEq k+1( Qgi1, 25k+1) = ¢, then for any cell
e € Cp k41 there is a (umque) cell ¢’ € Cy 41 and a homeomorphism & : Ap, ,(e) — €
such that

\h(z) — x| < Tebp41

for all = € e. Here 7 > 1 depends on & of (2).

NoOTE: In the case that 7, y1+1 is of type I, then 7, 11 is also of type I (cf. 5.4);
and there is no “long” factor for the cell structures Cp,k+1 and Cq,k+1~

If the cell ¢’ € Cy k11 in property (b) of (3) is actually contained in the smaller
cell complex Cy k11, then we shall say that e € C)p 41 is equivalent to ¢’ € Cy k41
and we will write e ~ €’. Let e, es,e3,... denote a list of representatives of each
such equivalence class of all the cells in all the {Cp 11 | p € M(e, 3)}; and denote by
Cy; k+1 that cell structure which contains e;. Choose a “long and thin” neighborhood
N(e;) in By, j11 for a large compact subset of e; — de; (cf. [31; §8] and [25:T; §3]).
(When ¢, k41 is of type I, then there is no “long” factor of N(e;). See Note above.)
We may deduce the following properties for the N(e;) from (1), (2) and from the
constructions of [31; §8] and [25:; §3].

(a) If dim(e;) = dim(e;), then we have that

Pk (N (ed) ﬂ Aq_jk+1 ej)) = ¢.
(b) Set
N'(e;) = By, k1 — (Bg, hp1 — N(eg)) @081
if 7, k41 is of type II or III (cf. 1.3 for A9 notation); and set

N'(e;) = {y € By, k1 | d(y, By, i1 — N(ei)) > 0}

if 74, k+1 is of type I. Then we have that

(T = TF) (Y M (e, 41 8) € (7 0 (N (e0))- (4)

(¢) For each point x € (T*+1 — T*) " M (a, p**13) (cf. 6.7 for notation) there is
a point p € M(a, 3), an infrasolv structure rp, y+1 and a representative cell e; such
that

z € Eppyi1(ars1,2, 0641,2)s
Eprs1 C ft;i,lk+1(N(ei))'
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(d) Moreover 7, 41 is constructed from 7y, x+1 as in property (b) of (1) (with
b= q)

By using an argument similar to that contained in Remark 4.8 above, in conjunc-
tion with properties (b)-(d) of (4), we can choose for each cell e; a finite collection
{rp, k41 | 7 € I} of infrasolv structures referred to in (c), (d) of (4) so that the
following properties hold.

(a) Bach set ;I is a disjoint union 1 = J”"
which depends only on m = dim M.

(b) If j, 5" € I, for some s, then we have that

<—1 ils, where m is a positive integer

Ep; k41(20k41,2,20841,2) ﬂ Eyp k41200 41,2, 205 41,2) = ¢. (5)

(¢) For any point z € 7  (N'(e;)) (T — TF) N M (e, p*3) there is an
index j € ;I such that

T € By, pr1(0hi1,2,0041,2)-
Now we complete the verification of 6.7 as follows. Define m of 6.7 by
i = (m + D

and define I and I® of 6.7 (where s = (d,t)) by

I:U ;I and IS:U I,

where the first union runs over all ;I and the second over all ;I; such that dim(e;) = d.
Now properties 6.7(a)-(c) follow from (4) and (5).

Proof of the foliated control Theorem 1.4. The proof of 1.4 is a slight modification
of the proof of 1.3 wherein the use of 4.5-4.8 are substituted for the use of 4.2-4.4.
The details are left as an exercise for the reader. (Before carrying out this exercise the
reader should review how the proof of the absolute control Theorem 1.2 is a simple
modification of the proof of the absolute control Theorem 1.1.)

7. Further applications. We begin this section with a discussion of the conse-
quences of the uniqueness question for manifold compactifications. Let us define some
terms. Recall a manifold compactification of a manifold M was defined in Section 0
to be a compact manifold M with boundary dM such that M — M = M. It is
a smooth manifold compactification if both M and M are smooth. Two (smooth)
compactifications M and M of M are (smoothly) equivalent if there is a (diffeomor-
phism) homeomorphism f : M — M such that f is the identity function outside some
collar neighborhood of OM. And they are strongly equivalent if f | M = idys. It sel-
dom happens that all manifold compactifications of a given manifold M are strongly
equivalent, as can be seen by considering the following example where M = R2. Let
[—00, 0] be the endpoints compactification of R; set M = [—00,00] X [—00,c0]. And
let M denote the Eberlein-ONeill visibility sphere compactification [13] of R2. Recall
that the points in M — M are the asymptoty classes of half lines in R2. Therefore,
a pair of parallel but non-intersecting vertical half lines in R? converge to the same
point in M but to distinct points in M. Consequently, M and M are not strongly
equivalent.

The situation is considerably different when we consider equivalence instead of
strong equivalence.
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PROPOSITION 7.1. Let M be a (smooth) manifold compactification of M. If dim
M > 6 and Wh(m,C) = 0 for each component C of OM, then any other (smooth)
manifold compactification M of M is (smoothly) equivalent to M.

Proof of 7.1. This result follows immediately from the s-cobordism theorem and
the following elementary fact. There are arbitrarily short collar neighborhoods

OM x (0,€] C OM x (0, 6]
such that
AOM x (0,8] — M x (0,¢€) (1)

is an h-cobordism.

We mentioned in Section 0 two classes of Riemannian manifolds which have
smooth manifold compactifications. The first class consisted of the complete (con-
nected) pinched negatively curved manifolds with finite volume. Such a manifold M
has a smooth compactification M constructed independently by Gromov, Heintze,
and Margulis; cf. [34], [36].

COROLLARY 7.2. Let M be a complete pinched negatively curved Riemannian
manifold with finite volume. Then any (smooth) manifold compactification of M is
(smoothly) equivalent to the Gromov-Heintze-Margulis compactification M provided
dim M #4,5. When dim M = 5, it is also equivalent to M.

Proof of 7.2. Let C be a connected component of M, then Wh(m;C) = 0 by the
main result of [15] since 71 C is a finitely generated, torsion-free, virtually nilpotent
group. Hence, Corollary 7.2 now follows from Proposition 7.1 when dim M > 5. And
in the other posited dimensions, it will follow from the proof of Proposition 7.1 if we
can show that the h-cobordism (1) is trivial. It is obviously trivial when dim M = 2.
When dim M = 3, the cobordism (1) is an irreducible 3-manifold because the universal
cover of M is homeomorphic to R?; hence the 3-dimensional h-cobordism theorem of
Stallings [64] shows that (1) is trivial. Finally, Freedman and Quinn [33] showed that
the 5-dimensional s-cobordism theorem is topologically true for s-cobordisms with
virtually nilpotent fundamental groups. The last sentence of Corollary 7.2 follows
from this additional fact.

A second class of Riemannian manifolds which have smooth manifold compact-
ifications was mentioned in Section 0. This class contains, in particular, the double
coset spaces K\Ggr/T" where G is a semi-simple algebraic subgroup of GL,, defined
over Q, K is a maximal compact subgroup of its real points Gg, and I is a torsion-free
arithmetic subgroup of its rational points Gg. We dub such manifolds (semi-simple)
arithmetic. When M is (semi-simple) arithmetic, Raghunathan [55] constructed a
smooth manifold compactification M of it. Borel and Serre [4] later constructed in
the (semi-simple) arithmetic case a topological compactification M of M and proved
an important homotopy fact about M. They showed that OM is homotopically
equivalent to a countably infinite wedge of spheres of dimensions r — 1 where M — M
is the universal cover of M and r = Q-rank of G. (When r = 0, OM = ¢; i.e. M
is compact.) Of course, OM and OM are homotopically equivalent; but it is not
clear from their constructions whether or not they are homeomorphic. We have the
following partial result.

COROLLARY 7.3. Let M be a (semi-simple) arithmetic manifold, then any two
(smooth) manifold compactifications of M are (smoothly) equivalent provided we as-
sume in addition that

(1) dim M > 6;
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(2) Q-rank of G # 2.
In particular, under these extra assumptions M and M are equivalent manifold com-
pactifications of M ; hence, DM is homeomorphic to M.

Proof of 7.3. We first consider the case when the Q-rank of G > 2. Then OM
is simply connected. Hence, M is connected and mj(0M) ~ 7;(M). Lemma 0.12
therefore yields that Wh(m10M) = 0 since M is a complete non-positively curved
locally symmetric space. Hence, Corollary 7.3 follows from Proposition 7.1 in this
case.

When the Q-rank of G = 1, m;C' maps monomorphically onto a subgroup of
w1 M for each component C of OM. Let Mg — M be the connected covering space
corresponding to this subgroup. Note that Mo is also a complete non-positively
curved locally symmetric space. Hence, Lemma 0.12 also yields that Wh(m M¢) = 0.
But m (M¢) ~ 71 (C); therefore Corollary 7.3 also follows from Proposition 7.1 in this
alternate case.

REMARK. More generally, let M be a complete non-positively curved locally
symmetric space with finite volume. We conjecture that any two (smooth) manifold
compactifications of M are (smoothly) equivalent provided dim M # 4, 5.

Return now to the definition of topological rigidity for an arbitrary manifold M
made in Section 0. (See the paragraph preceding Addendum 0.5.) And drop the
conditions that A restricted to ON U (N — C') is a homeomorphism and that h; and h
agree on ON U (N — K). The resulting concept is called absolute topological rigidity.
(When M is compact, this agrees with our earlier definition made in the paragraph
following the statement of Theorem 0.1.)

THEOREM 7.4. Let M be a complete Riemannian manifold whose sectional cur-
vatures all lie in the closed interval [—b?, —a®] where 0 < a < b < 400 and assume
dim M > 5. Then M 1is topologically rigid. And when M has finite volume and
dim M > 6, both M and M are absolutely topologically rigid where M is the Gromov-
Heintze-Margulis compactification of M. (M is also absolutely topologically rigid when
dim M =5.)

Proof of 7.4. Recall that the results of Shi [62] and of Abresch [1] show that there
exists an A-regular complete non-positively curved Riemannian manifold My with
m1(Mp) ~ m (M). (See the paragraph preceding Theorem 0.1.) Hence Addendum 0.5
shows that both M and, when M has finite volume, also M are topologically rigid.

We now assume that M has finite volume and let f : (N,0N) — (M,0M) be a
homotopy equivalence where NN is a compact manifold and dim M > 5. Recall that
each component of M is an aspherical manifold whose fundamental group is virtually
nilpotent. Hence dM is topologically rigid by [16]. (When dim M = 5, [33] is also
used to show this.) We may therefore assume, after homotoping f, that f | IN is a
homeomorphism. But since M is topologically rigid, we can now further homotope f
to a homeomorphism from N to M. This shows that M is absolutely topologically
rigid.

Finally, let f : M — M be a proper homotopy equivalence where M is a manifold
with M = ¢, M has finite volume, and dim M > 6. Because of [15], Ko(mC) = 0
for each component C of M. Consequently, Siebenmann’s thesis [63] implies that M
has a manifold compactification M. It is easy to construct a homotopy equivalence
f:(M,OM) — (M,0M) such that f | (M — M) is properly homotopic to f.
Using the fact that M is absolutely topologically rigid, one now easily shows that f is
properly homotopic to a homeomorphism. Hence, M is also absolutely topologically
rigid.
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COROLLARY 7.5. Let M and N be complete (connected) Riemannian mani-
folds with finite volume and whose sectional curvatures all lie in some closed interval
[—b% —a?] where 0 < a < b < + o0, and assume that dim M > 5. If there is an
isomorphism o : 1M — w N, then a is induced by a homeomorphism f : M — N.
Furthermore, this homeomorphism f can be constructed to be a diffeomorphism off
some compact subset of M, i.e., there exists a compact subset K of M such that the
restriction

f:(M = K)— (N - f(K))

is a diffeomorphism

REMARK 7.6. When both M and N are locally symmetric spaces, « is induced
by a diffeomorphism provided dim M > 3. This is a consequence of Mostow’s Strong
Rigidity Theorem [50] as extended to the finite volume case by Prasad [54]. On the
other hand, we constructed in [27] non-compact examples of homeomorphic but non-
diffeomorphic manifolds M and N satisfying the hypotheses of Corollary 7.5. Hence
the homeomorphism f of Corollary 7.5 cannot in general be a diffeomorphism.

REMARK 7.7. The assertion of Corollary 7.5 is false when dim M = 2; e.g., let
M be a Riemann surface of genus 1 with 3 cusps and let N be a Riemann surface of
genus 2 with 1 cusp. Then myM ~ m N but M and N are not homeomorphic.

Proof of 7.5. Suppose that M is not compact and let M be the Gromov-Heintze-
Margulis compactification of M. Let C be a connected component of M and recall
that 71 C is a virtually nilpotent subgroup of m; M. Note that

cd(mM) =cd(mC)=dim M —1>4 (2)

where ¢d(I") denotes the cohomological dimension of a group I'. Therefore w1 N con-
tains a non-trivial nilpotent subgroup which is not infinite cyclic. Consequently, N
is also not compact because of Preissman’s theorem; cf. [3, pg. 100, exercise (ii)].
When both M and N are compact, Corollary 7.5 was announced in [69] and proven
in [23]. Hence we may now assume that both M and N are non-compact and let N
denote the Gromov-Heintze-Margulis manifold compactification of N. Therefore an
equation analogous to (2) holds for N; consequently, dim M = dim N.

We also have that every element in 7m;C is a cuspidal element of M; i.e., is
represented by a curve in its free homotopy class of arbitrarily short length. Let N
be a normal nilpotent subgroup in 7 C of finite index and pick a non-trivial element
g from the center of A/. Note that A/ is not infinite cyclic since cd(N) = cd(mC) > 4.
Let M and N be the total spaces of the universal covers of M and N. Identify my M and
71 N with the groups of deck transformations of M and N, respectively. Either a(g)
stabilizes a unique geodesic in N or is parabolic. If the first situation were true, then all
elements in «(N') would stabilize this same geodesic since «(g) is in the center of a(N).
Therefore, a(N) would be an infinite cyclic group contradicting the fact that A/ is not
infinite cyclic. We conclude that «a(g) is parabolic and stabilizes a unique point P on
the visibility sphere N(co) of N. One then easily argues that each non-trivial element
in a(m1C) is parabolic and stabilizes the same point P. There consequently exists a
connected component C,, of N such that a(m1C) C 71 C,. Reasoning as above shows
that a(m C) = m1C, and that the correspondence C — C,, is a bijection between the
components of M and those of ON. Since M and N as well as each component of 9M
and ON are aspherical, one can use the above information to construct a homotopy
equivalence of pairs of topological spaces ¢ : (M,0M) — (N,0N) inducing a.
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For each component C' of M, the restricted homotopy equivalence 1 : C — Cy
is homotopic to a diffeomorphism because of [28, Lemmas 3 and 4] which is merely
a concatenation of the earlier results from [6], [11], [34], [35], [37], [44]. Lemma 4
states that C' and C\, are both infranilmanifolds and Lemma 3 is a generalization of
the Bieberbach-Malcev rigidity theorems to infranilmanifolds due to K.B. Lee and
F. Raymond [44]. Using this fact, we can construct from v a proper homotopy
equivalence p : M — N inducing a and such that p is a diffeomorphism off some
compact subset of M. Corollary 7.5 now follows from the fact that M is topologically
rigid; cf. Theorem 7.4.

Let Top(M) denote the group of all self homeomorphisms of M and let Out(m; M)
be the group of all outer automorphisms of m; M. There is a natural homomorphism

Top(M) — Out(m M).

We proved in [23] that this homomorphism is an epimorphism when M is a compact
(connected) negatively curved Riemannian manifold with dim M # 3,4. (This result
had been announced in [69].) Setting M = N in Corollary 7.5 yields the following
extension of that result.

COROLLARY 7.8. Let M be a complete (connected) Riemannian manifold with
finite volume and whose sectional curvatures all lie in some closed interval [—b?, —a?]
where 0 < a < b < +o00. If dim M > 5, then the natural group homomorphism
Top(M) — Out(m M) is an epimorphism.

REMARK 7.9. Let Iso(M) and Diff(M) denote respectively the groups of all (self)
isometries and (self) diffeomorphisms of M. Then there are natural homomorphisms

Iso(M) — Diff(M) — Top(M) — Out(m M). (3)

When the manifold of Corollary 7.8 is a locally symmetric space, the Mostow-Prasad
rigidity theorem yields the much stronger conclusion that the natural homomorphism
Iso(M) — Out(m M) is an isomorphism. But we showed in [22] that the natural
homomorphism Diff(M) — Out(m M) is, in general, not an epimorphism when M is
a manifold satisfying the hypothesis of Corollary 7.8.

We next formulate our partial result on Conjecture 0.6. Let M be a (connected)
non-positively curved Riemannian manifold and I" be a torsion-free group which con-
tains m M as a subgroup with finite index. Let M denote the universal covering space
of M.

THEOREM 7.10. If M is closed and dim M # 3,4, then the deck transformation
action of myM on M extends to a topological action of T' on M. Consequently, there
exists a closed aspherical manifold N with 1N = T'; namely, N = M/F.

REMARK 7.11. When M is a symmetric space without 1 or 2 dimensional factors,
I’ embeds in Iso(M) extending 7 M C Iso(M); this is a consequence of Mostow’s
Strong Rigidity Theorem [50]. When dim M = 2, Theorem 7.10 is a consequence of a
result due to Eckmann and Muller [14]; our proof only applies to the situation where
dim M > 5.

REMARK 7.12. It follows from Theorem 7.10 that Conjecture 0.6 is true whenever
T" contains a subgroup 7 of finite index where 7 is isomorphic to the fundamental group
of a closed (connected) non-positively curved Riemannian manifold of dim # 3, 4.

QUESTION 7.13. Does the manifold N constructed in Theorem 7.10 support
a smooth structure? If so, then does some smooth structure on N support a non-
positively curved Riemannian metric?
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Define a class C of (discrete) groups as follows. A group I' € C if and only if there
exists an A-regular complete (connected) non-positively curved Riemannian manifold
M withT' ~m M.

LEMMA 7.14. Let m and T’ be two groups such that w € C. If ' is a subgroup of
w, then I' € C. Also, if I is torsion-free and 7 is a finite index subgroup of T', then
T € C. That is, the class C is closed with respect to subgroups and torsion-free finite
index supergroups.

Proof of 7.14. Let M be an A-regular complete (connected) non-positively curved
Riemannian manifold with m ~ 7y M. Identify © with the group of deck transforma-
tions of the universal cover M of M. Consider first the case where I is a subgroup
of m and let N = M /T. Then N is also an A-regular complete non-positively curved
Riemannian manifold and 71 N = T"; consequently, I" € C.

Consider next the situation where 7 is a finite index subgroup of I". (Because
we’ve verified the first case, we may now assume that 7 is a normal subgroup of T'.)
Let s denote this index. Let X denote the s-fold metric Cartesian product of M with
itself. It is easy to see that X is also an A-regular complete non-positively curved
Riemannian manifold. There is a fundamental construction due to Serre [61, Theorem
1] which gives an embedding of T in Iso(X) extending the diagonal action of 7 on
X. Hence, N = X/T' is an A-regular complete non-positively curved Riemannian
manifold and I' = m; /. This shows that I'" € C also in this case.

Let Zy denote the additive group of the ring of integers mod 2. Recall that the
first Stiefel-Whitney class of a (connected) manifold M is a homomorphism w; (M) :
w1 M — Zo which determines the orientation line bundle over M.

LEMMA 7.15. LetT' € C and w : I' — Zs be a homomorphism. Then there exists
an A-regular complete (connected) non-positively curved Riemannian manifold N with
mN =T and w1 (N) = w.

Proof of 7.15. Since I' € C, there exists an A-regular complete non-positively
curved Riemannian manifold M with myM = T'. Consider the homomorphism « :
I’ — Zs given by o = w1 (M) + w. Identify Zs with the subgroup Iso(R) generated by
the reflection = — —z. Let I' act diagonally on the Riemannian Cartesian product
M xR and set N = M x R/T.

Proof of 7.10. Recall that a (discrete) group 7 is an n-dimensional Poincare
duality group if there is an Eilenberg-MacLane space K (7, 1) which is an n-dimensional
geometric Poincare complex in the sense of Wall [68]. In particular, w1 M is an m-
dimensional Poincare duality group with m = dim M. Since 71 M has finite index in
the torsion-free group T', it is easily argued using [5; Thm. 7.1, pg. 205; Prop. 10.2,
pg. 224] that I is also an m-dimensional Poincare duality group. We note that Serre’s
construction [61, Thm. 1] is also crucially used in proving [5; Prop. 10.2, pg. 224].

Observe next that Lemma 7.14 yields that I" € C since 1M € C. Let w: ' — Zy
be the homomorphism representing the first Stiefel-Whitney class of the Poincare
duality group I'. (Wu’s formula gives w.) And let N™ be the A-regular complete
(connected) non-positively curved Riemannian manifold with m; N =T and w(N) =
w gotten by applying Lemma 7.15. Proposition 0.10 now shows that the surgery
assembly map

Ayt HU(N; L) — L,(T,w)

is an isomorphism. And, although n = dim N may be larger than m, Proposition
0.8 says that the surgery assembly map for IV depends only on m;N = I' and on
w1(N) = w. We have thus verified that I" is an m-dimensional Novikov group in the
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sense of Ranicki [58, Def. 13.2]. We can hence apply Ranicki’s result [58, Prop. 13.5
and Remark 13.7] to conclude that there exists a closed m-dimensional (topological)
manifold A" homotopically equivalent to N. Let M — A be the finite sheeted covering
space corresponding to the subgroup m; M of I' = m . Note that M is a closed
aspherical manifold and m M =~ 7 M. Consequently, our topological rigidity theorem
[23, Thm. 0.1] yields that M and M are homeomorphic. Theorem 7.10 now follows
directly from the preceding 3 sentences.

We now apply Theorem 7.10 to Problem 0.7 by specializing to the situation
where M is a non-positively curved Riemannian manifold such that 71 M has trivial
center. This condition on 71 M always occurs when M has strictly negative sectional
curvatures. Eberlein [12] shows more generally that 71 M has trivial center provided
M has no one-dimensional metric factor. Let F be a finite subgroup of Out(miM).
Then there exists a unique extension I'p of F' by w1 M realizing the embedding F' C
Out(m M) since w1 M has trivial center; cf. [5, pg. 106, Cor. 6.8]. (Recall m M is a
normal subgroup of I'p with quotient F'.)

COROLLARY 7.16. If T'p is torsion-free, then F splits back to Top(M); i.e.,
Problem 0.7 has a positive solution in this case.

Proof of 7.16. We obtain a representation I'r — Top(]\Zf ) extending the deck
transformation representation 3 M — Top(M) by setting I' = I'r in Theorem 7.10.
This naturally induces a representation F' — Top(M) which is the posited splitting
back of F' to Top(M).

REMARK 7.17. It is interesting to investigate how far back F splits in sequence
(3). When M is a symmetric space without 1 or 2 dimensional metric factors, Mostow
[50] shows that F" splits all the way back to Iso(M). But F' does not always split back
to Iso(M) when M = H?; however, Kerckhoff [42] shows (in this case) that F “always
splits back to Iso(Mp) Where M # ~ H? and M is diffeomorphic to M. When M is not
a symmetric space, we gave examples in [22] where F does not split back to Diff(M).
But it is still possible that F' splits back to Diff(Mp) where Mp is homeomorphic
to M; and even that Mg supports a non-positively curved Riemannian metric with
F C Iso(MFp).

We next proceed to extend Theorem 7.10 to the finite volume, pinched negatively
curved situation. Fix the following notation. Let M be a complete (connected)
Riemannian manifold with finite volume and whose sectional curvatures all lie in
some closed interval [—b2, —a?] where 0 < a < b < +oo. Also assume that dim
M >5.

THEOREM 7.18. Let I' be a torsion-free group which contains miM as a finite
index subgroup. Then the deck transformation action of mi M on the universal cover
M of M extends to a topological action of T on M. Moreover, there exists a com-
pact aspherical manifold N with myN = T' whose covering space corresponding to
the subgroup mi M of T is homeomorphic to the Gromov-Heintze-Margulis manifold
compactification M of M.

REMARK 7.19. When M is a locally symmetric space, Theorem 7.18 is a conse-
quence of Prasad’s generalization [54] of Mostow’s Strong Rigidity Theorem [50]; in
this case, ' C Iso(M).

We deduce from Theorem 7.18 the following consequence in exactly the same way
that Corollary 7.16 was deduced from Theorem 7.10. Let F' be a finite subgroup of
Out(m M) and let I'p be the unique extension of F' by 7w M realizing the embedding
F C Out(m; M). Recall that w1 M has a trivial center.

COROLLARY 7.20. IfT'g is torsion-free, then F splits back to Top(M).
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Proof of 7.18. Recall that m1 M € C because of [62] and [1]. Consequently, Lemma
7.14 shows that I € C. We can hence apply Lemma 0.12 to obtain that

Ko(ZT) = Wh(T) = 0.

Using this vanishing result together with [5, Prop. 6.6 and Thm. 7.1], we obtain a
finite aspherical CW complex K with m K =T.

We now make the extra assumption that w1 M is a normal subgroup of I'" and
let F' denote the quotient group. At the end of our proof, we will show how this
assumption is removed.

It was shown during the proof of Corollary 7.5 that Out(m M) acts on mo(9M);
hence, F' acts on mo(OM). Let the connected components C,Cs,Cs3,...,C, be a
complete set of orbit representatives for this action and let F; denote the isotropy
subgroup of F' stabilizing C;. Let T'; denote the normalizer of 71(C;) in T'. Since
m1(C;) is its own normalizer in m M, cf. [3, pgs. 110-113], we have that I'; is an
extension of F; by 71(C;). Let us now state this more precisely. If we use v; to denote
the restriction to I'; of the canonical epimorphism I' — F'| then image(v;) = F; and
ker(z/)i) = 7T1(Ci).

Recall that each C; is a closed aspherical manifold and 71 (C;) is virtually nilpo-
tent. Hence each I'; is a finitely generated, torsion-free, virtually nilpotent group.
It is now a consequence of Malcev’s work [45] that there exists a closed smooth as-

n
pherical manifold B; with m B; = I';. Let B denote the disjoint union UBi and let
i=1
f: B — K be a cellular map (with respect to some triangulation of B) such that
f# + mB; — m K identifies each m B; with the subgroup I'; of I' = m; K. Let M
denote the mapping cylinder of f and let p : M — M be its covering space corre-
sponding to 7w M considered as a subgroup of m; M = T'. Setting B = p~Y(B), there
is a homotopy equivalence of pairs of topological spaces

¢ (M,0M) — (M, B).

Using the main result of [16] which extends to the case where dim B = 4 because of
[33], we can assume that the restriction

1/1:8M—>B

is a homeomorphism. In particular, (M, B ) is an m~dimensional Poincare pair in the
sense of Wall [68]; consequently, (M, B) is also an m-dimensional Poincare pair since
(M, B) is a finite sheeted cover of (M, B); cf. [5; Prop. 10.2, pg. 224].

Recall I' € C. Hence Lemma, 7.15 together with Propositions 0.8 and 0.10 imply
that the assembly map

A* : H*(M,E*) — L*('ﬂ'l./\/l,LU)

is an isomorphism, where w is determined by the orientation data for the Poincare pair
(M, B). We can therefore apply surgery theory to produce a compact m-dimensional
manifold N and a homotopy equivalence

¢:(N,ON) — (M,B)

such that the restricted map ¢ : 9N — B is a homeomorphism. This is done using
Ranicki’s work [58; §§12 and 13]; in particular, the analogue of his Remark 13.7 for
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Poincare pairs with manifold boundary is true. This is applicable to our situation
since the finite sheeted cover (M, B) of (M, B) has a manifold structure extending
the manifold structure B; namely, ¢ : (M,0M) — (M, B).

Identify m N with 7y M =TI via (4 and consider a lift ¢ : (N,dN) — (M, B) of
¢ where N — N is the covering space of N corresponding to the subgroup m; M of
I. Let 7 : (M,B) — (M,dM) be a homotopy inverse to t such that 7 | B is the
inverse of the homeomorphism v | M. Recall that 7, M = 7 M € C. Hence M is
topologically rigid because of Theorem 0.1. Therefore the composite

T70(: (N,ON) — (M,0M)

is homotopic rel boundary to a homeomorphism. This verifies the last sentence of
Theorem 7.18.

Let N — Int(N) be the universal cover of the interior of N, and identify I" with
its group of deck transformations. Identify N with M by lifting the homeomorphism

Int(N) — M constructed above. This gives the action of I on M posited in Theorem
7.18.

We now drop our assumption that m M is a normal subgroup of I'. Define a
smaller subgroup m C 7 M by 7 = ﬂw(mM)'y_l, and let M, — M be the cov-

yel’

ering space corresponding to @ C m M. Since m(M;) = 7 is a normal subgroup
with finite index in I', the already proven case of Theorem 7.18 gives a compact
aspherical manifold N with m{N = I' and whose covering corresponding to = C T’
is homeomorphic to the Gromov-Heintze-Margulis manifold compactification M, of
M. Let N — N be the covering space corresponding to w1 M C I". We can construct
a bijection between the components of OM and ON with corresponding components
having isomorphic fundamental groups by using the action of 71 M /7w C Out (71 (M, ))
on mo(OM,) constructed in the proof of Corollary 7.5. Therefore the manifold pairs
(M,0M) and (N LON ) are homotopically equivalent and hence homeomorphic since
M is absolutely topologically rigid by Theorem 7.4. The posited action of T' on M is
then constructed as in the previous paragraph.
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