Pacific Journal of
Mathematics

CONCORDANCES OF NONCOMPACT HILBERT CUBE

MANIFOLDS

THOMAS ASHLAND CHAPMAN




PACIFIC JOURNAL OF MATHEMATICS
Vol. 63, No. 1, 1976

CONCORDANCES OF NONCOMPACT HILBERT
CUBE MANIFOLDS

T. A. CHAPMAN

In this paper two exact sequences are established which
are useful in computing =, € (M), the group of isotopy classes
of concordances for a noncompact Hilbert cube manifold M.
Roughly speaking, this enables one to study the noncompact
case in terms of the compact case. The situation is analogous
to Siebenmann’s description of groups of infinite simple
homotopy types in terms of two exact seguences.

1. Introduction. For any space X we will use &°(X) to denote
the space of all concordances of X. It is the function space, with
the compact-open topology, of all homeomorphisms of I x X onto
itself (I = [0, 1]) which are the identity on {0} x X. We use 7,2 (X)
to denote the group of all isotopy classes in & (X), where the group
operation is composition. A @Q-manifold is a separable metric manifold
modeled on the Hilbert cube @, the countable infinite product of
closed intervals. In [3] and [4] the author investigated the group
7w, % (M) for M a compact @Q-manifold. The main result established
there was the following: Let M be a compact Q-manifold which is
written as B X Q, where R is a PL n-manifold. (It follows from
[1] that this can always be done.) Then n,Z (M) is isomorphic to
the direct limit of the sequence

(X id)«

Ccid)e — 1,5 (B X IY) — -+

s7, 2 (R x I)

,% (R)

Fortunately this direct limit has been studied in [8], and as a result
we get the following consequences for Q-manifolds.

A. If M is a compact Q-manifold, then w, & (M) depends only
on the 3-type of M.

From this we get.

B. If M and N are homotopy equivalent compact Q-manifolds,
then & (M) is isomorphic to 7,2 (N). (See §2 for a proof which
uses only infinite-dimensional techniques.)

C. If M is a compact Q-manifold, then 7,z (M) is trivial if
each component of M is l-conmected. (This holds in spite of the
recently discovered gap in [9].)
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D. If M is a compact Q-manifold, then w,Z (M) is abelian.
(See §2 for an elementary proof which was suggested to the author
by the referee.)

The purpose of this paper is to investigate the group #,& (M),
for M a noncompact @-manifold. Our main results are Theorems 2
and 3, where we establish two exact sequences for 7,2 (M) which
relate the noncompact case to the compact case. They are remarkably
similar to the exact sequences of [10] used to compute the group
of all infinite simple types on a given locally compact polyhedron.
Below we will give precise descriptions of these exact sequences and
related results.

Recall that a map between spaces (always locally compact, separ-
able and metric) is proper provided that preimages of compacta are
compact. In analogy with the ordinary homotopy category we obtain
the proper homotopy category, where all maps and homotopies are
proper. In §2 we show how a proper map f:M-— N between Q-
manifolds induces a homomorphism fy: 7, (M) — 7,2 (N) and then
prove the following result.

THEOREM 1. 7,% is a covariant proper homotopy functor from
the category of Q-mamnifolds and proper maps to the category of
groups and homomorphisms.

By a proper homotopy functor we mean that proper homotopic
maps f, g: M— N induce the same homomorphisms from =, & (M)-—
7, % (N). This implies the following result.

COROLLARY 1. If M, N are Q-manifolds which have the same
proper homotopy type, then w,& (M) is isomorphic to w,& (N).

For any Q-manifold M we define lim Whz (M) to be the inverse
limit of the inverse system
{Whr(M — C)|CC M compact},

where Wh is the Whitehead group functor and the homomorphisms
are inclusion induced. It is easily seen that lim Whz, (M) depends

only on the proper homotopy type of M. The following exact se-
quence is established in §3.

THEOREM 2. For any Q-manifold M there is an exact sequence

7. & (M) —5 im Whr (M) — Wha(M) .
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This result easily gives us examples for which 7,2 (M) is non-
trivial. For example let K <@ be a compact polyhedron with
nontrivial Whitehead group and let M = (@ x [0, 1]) — (K x {0}).
Then Whr (M) = 0 and it is not hard to show that lim Whr, (M) ~
Whr(K). Thus Theorem 2 gives a homomorphism ofjro%/(M) onto
Whr(K) = 0.

For any @-manifold M we define lim 7, (M) to be the direct

limit of the direct system

{m&(M)| M, c M is a compact Q-manifold},
where the homomorphisms are inclusion induced. Observe that
lim 7, & (M) is just =, % (M), where & (M) denotes concordances with

compact support. In §4 we show that lim 7,&” quite naturally gives

us a covariant homotopy functor from the category of @-manifolds
and maps to the category of groups and homomorphisms. Consider
the inverse system

(*) {lim n,&(M — C)|Cc M compact} ,

where the homomorphisms are inclusion induced. We define limz, %" (M)
to be the inverse limit of (x) and we define lim 'z, & (M) to be the first
derived limit of (). These are both group? which depend only on
the proper homotopy type of M. We refer the reader to §4 for
further details of these constructions. The following exact sequence
is established in §5.

THEOREM 3. For any Q-manifold M there is an exact sequence
lim 7,2 (M) — lim 7,2 (M) — Ker (¢..) —— lim 'z, & (M) — 0 .

There is an important class of @-manifolds for which lim! 7,2 (M)

is trivial. We say that a space X ¢s movable at «~ provided that
for each compactum A C X there exists a larger compactum Bc X
such that X — B can be homotoped into any neighborhood of oo,
with the homotopy taking place in X — A. It is easy to see that
if (K, L) is a finite simplicial pair, then the noncompact polyhedron
K — L is movable at . The following result is established in §86.

THEOREM 4. If M is a Q-manifold which is movable at o, then
lim' 7, 2(M) is trivial.

A closed subset A of a space X is said to be a Z-set in X provided
that there exist arbitrarily small maps of X into X — 4. In §6 we
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use Theorems 2, 3 and 4 to prove the following result.

THEOREM 5. If (M, N) is a pair of compact Q-manifolds such
that N s a Z-set in M, then there is an exact sequence

7,8 (N) — 1,8 (M) — 7,5 (M — N) — Whr(N) — Wha (M) .

As an immediate consequence of Theorem 5 we get the following
result.

COROLLARY 2. If MCQ is a compact Q-manifold which is «
Z-set in Q, then w,& (Q — M) is tsomorphic to Whr(M).

2. The functor 7,%2. We first prove the assertion made in D
of §1.

THEOREM 2.0. If M is any Q-manifold, then n, (M) is abelian.

Proof. Write M = N x [0, 1], where N is a Q-manifold. Then
& (M) is naturally homeomorphic to &, (M), the subset of & (M)
consisting of all k€ (M) which are point-wise fixed on (I x N x {0}) U
(I x N x{1}). Let G be the subset of & (M) consisting of all & € (M)
which are point-wise fixed on I X N X [0, 1/2] and let H be the subset
of (M) consisting of all he& (M) which are point-wise fixed on "’
Ix N x[1/2,1]. Clearly G and H are deformation retracts of & (M).
Now elements of G and H commute, so (M) is homotopy-commuta-
tive. Hence 7, &,(M) is abelian.

We will now describe the functor z,%" and prove Theorem 1.
Our first step will be to show how a proper map f: M— N between
@-manifolds induces a homomorphism f.:7,&M)— 7,5 (N). Ele-
ments of 7, (M) will be denoted by [k], where he & (M); that is,
[k] denotes the isotopy class of h.

Description of f.. We are given a proper map f: M->N of
@-manifolds. We will need an open embedding : M x [0, 2)—> N
such that (M x [0, 1]) is closed and such that the map M ——» M x
[0, 2)——1—>N is proper homotopic to f, where X0(m) = (m, 0). One
constructs ¢ as follows. First find an embedding f,: M — N which is
proper homotopic to f and such that fi(M) is a Z-set in N, and then
use the fact that f,(M) is collared in N. The existence of f, and
the collaring of f,(M) follow from [2]. Let ¢: Ix [0, 1]—1I x [0, 1] be
a homeomorphism such that ¢ takes ({0} x [0, 1D U x {1}) onto {0} x
[0,1] and let ¢ x #d: T x M x [0, 1]—1I x M x [0, 1] be defined so
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that it is the identity on the M-factor and on I x [0, 1] it is defined
by ¢. For any he & (M) we define h,ecZ(N) as follows: h, = id
on I x (N— M x [0,1))) and on I x #(M x [0, 1]) we define h, by
the commuting diagram

I Mx[0,1] <225 15 b x 0, 1] &2 1M x [0, 1))

h X idl lh*

Ix Mx [0, 11825587 1o s 0, 11 <250 1 M x [0, 1]) -

Then define f,([k]) = [h«]. It is clear that f,:#n,&(M)— 7,& (N) is
a homomorphism. The proof of Theorem 1 below contains a proof
that f, is well-defined.

Proof of Theorem 1. We aim to prove that mz,% is a covariant

proper homotopy functor. We have divided the proof into several
steps.

I. We will first show that the definition of f, given above
depends only on the proper homotopy class of f. Let ¢: M x [0, 2)— N
be as above and let ¢: M x [0, 2) — N be an alternate choice for 4.
Choose any h e & (M) and let ), € (N) be defined in analogy with
the definition of h, e Z°(N) by replacing 7 with <. We must prove
that [h.] = [hi]. Since the embeddings

M=% Mo, 2)—— N
2% w0, 2 -5 N

are proper homotopic we can find an isotopy F,: N— N,0=¢ <1,
such that F, = id and F,v = ¢ on M x {0}. This follows from Z-set
unknotting [2]. Then Fi(M x [0, 2)) and ¢'(M % [0, 2)) are collars
on the same base and it is easy to get an isotopy G,: N— N such
that G, = id and G.Fi =14 on M x [0,1]. The construction of G,

is elementary and uses no @Q-manifold theory. Define an isotopy
H.: N— N by

Iy, 0=s¢t=<12

H =
G F 125t <1,

The effect of H, is to move 4|M x [0,1] to ¢'|M x [0,1]. Now

define h,e Z(N) by setting h, =1id on I x (N — HuM x [0, 1]))

and on I X Ha(M x [0,1]) we define h, by the commuting dia-

gram
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Ix Mx[0,1] <225 1o mx o, 1] &EEZET 1o man % [0, 1))
thdJ ih:
Ix Mx[0,1] X9 1o mxq0, 1] —22 55 1o HiM % [0, 1]) .

Then h, is an isotopy from h, to hl rel {0} X N, hence [h:] = [hL].

II. Now let fi: M— N and f,: N— P be proper maps of Q-
manifolds. We will prove that (£.f)« = (f2)«(f)«. To simplify nota-
tion let M be a Z-set in N, with f, the inclusion M =— N, and let
N be a Z-set in P, with f, the inclusion N=— P. By abuse of
notation we may assume that Mx[0, 2) =— N is a collaring of M =
M x {0} such that M x [0,1] is closed and similarly let N X
[0, 2) = P be a collaring of N = N x {0} such that N x [0, 1] is
closed. Choose any [h]erm,&(M). We will prove that (fof)«([k]) =
(f2)«(f)«[R].

We first examine (f,)«(f)«([2]). It is just [g], where g may be
chosen so that it is supported on I x (M x [0, 1]) x [0, 1], and on this
set it is given by the commutative diagram
X id

Ix Mx[0,1F <2 1% Mx [0, 1

e I

Ix Mx [0, 18255 1w Mx |0, 1F,

where ¢,: I X [0, 1]*— I x [0, 1] is the composition, ¢4, of homeo-
morphisms ¢, and ¢, defined as follows: ¢,: I x [0, 1P— I x [0, 1]* is
given by ¢,(¢, u, v) = (8(¢, u), v) and ¢,: I x [0, 1]*— I x [0, 1]* is given
by ¢.(t, u, v) = (¢, w, v') where (¢, v') = (¢, v).

In order to examine (f,f.)«([]) we will need to choose a collaring
of M in P. Let ¢: M x [0, 2)*)— M x [0, 2) be a homeomorphism such
that

WM X ([0, ] x {Eh U (e} x [0, eD]) = M x {¢},

for each ¢ € [0, 2). The existence of 4 follows routinely from the
techniques used to prove the Stability Theorem [2]. Then

M x[0,2)— M x [0, 2 = P
gives a collaring of M in P. Using this collaring we compute

(fof)«([R]) = [9'], where ¢’ may be chosen so that it is supported on
M x [0, 1]%, and on this set it is given by the commutative diagram
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I Mx[0,1] <222 1w Mx[o0, 1] %% T x Mx[0,1]

h X idl Jg’

, - g1 . -1
Ix Mx[0,1] 250 1o mrwqo, 11920 1o o, 1.

So it suffices to prove that g|I x M x [0, 1]? is isotopic to ¢'|I x M x
[0, 1] rel

{0} x M x[0,1HUI X M x[0,1] x I1Hh U I x M x {1} x [0, 1]) .
This is equivalent to proving that the composition
(*) (¢« x d)(id X 7)) (g X id) "k X 1d)($ X 1d)(id X )Py X 1d)™*

is isotopic to h x id rel {0} x M x [0, 1]~

Note that ¢ x d and ¢, X id are clearly isotopic to their respec-
tive identities. Thus to prove that (,) is isotopic to & X id it suffices
to prove that (id x 4)"(h X id)(id X 1) is isotopic to h X id rel {0} x
M x [0, 1], and for this it suffices to prove that (¢d x #)(h X id)(id x 7)™*
is isotopic to h x id rel {0} x M x [0, 1]. It follows from [2] that 4
can be chosen so that the M-coordinate is moved as little as we
please. In fact there exists an isotopy <,: M x [0, 1]*— M x [0, 1],
0 <t <1, such that 4, = ¢| M x [0, 1],

w(M 3 [([0, u] > {u}) U ({u} > [0, uD)]) = M x {u},
for each u €[0, 1], and 4, extends to a proper homotopy
1. M % [0, 1P — M x [0, 1],
0<¢t<1, by defining
v,({m} > [([0, w] > {u}) U ({u} > [0, u])]) = {m} x {u},
for all me M and % <€{0,1]. Then
(1d % T)h % id)(@d x T,)7"

provides an isotopy of (id x 7)(h X wd)(id X )™ to h X id.

III. For the last part of the proof we establish (id), = id.
Choose any @-manifold M and consider id: M x [0, 2] — M x [0, 2].
We will prove that (id).([k]) = [h], for all [k] € =, & (M X< [0, 2]). Choose
a2 homeomorphism

M x[0,2]— M= Mx {0} M x [0, 2]

which is homotopic to the identity on M x {0, 2] and let [k] € 7, & (M X
[0, 2]) be given. Then (id).([k]) = [g], Wwhere g may be chosen so
that it is supported on I x M x [0, 1], and on this set it is given
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by the commutative diagram

(zd ><'¢ Xgd)™?

Ix Mx[0, 2] x]0, 1] ——I><M><[0 2] %[0, 1] —— IxMx[0, 1]

hxidl 19

Ix M0, 2]x[0, 1] C<% 1 [0, 2] %[0, 1] 22222, 1 Mx[0,1] .

(Recall that ¢ operates on I x [0, 1].) Define ¢ by the commutative
diagram

Ix Mx [0, op X7 by o, 2]
hxid‘[ ly
Ix Mx[0,2F —2X7X8 1o mxo2].

We will prove that [g] = [¢] and [g¢] = [r]. This will fulfill our
requirements.

To see that [g] = [#] let 6,: [0, 2] — [0, ¢], 1 = ¢ < 2, be the unique
linear homeomorphism such that 6,0) =0 and let g,1 <t =<2, be
the isotopy from I x M x [0, 2] to itself defined by

= (id x 6,)7'g(td X 6,) .

Then [g] = [g.] = [9.}- Similarly we get [¢] = [£t.], where ft, is the
composition

= (1d x 0,)7'p(id x 6,) .

Then to get [g.] = [.] we just use the fact that ¢ x id is isotopic
to the identity. Thus [g] = [#].

Finally we prove that [¢] = [k]. For this we will need to know
that 7 can be chosen so that there exists a proper homotopy %,: M X
[0,2]— M, 0=t <1, such that ¢ =4, 7, is a homeomorphism for
0=t<1, and 4: M x [0, 2] — M is the projection map. For 4, we
again appeal to [2]. Let a: Mx]|0, 2]*— M x [0, 2]* be the homeo-
morphism defined by a(m, t, u) = (m, w, t). Then let B, 0 ¢t <1,
be defined by the commutative diagram
td X a (id X 4, X 4d)7t

I X Mx][0 2F—— Ix Mx][0, 2] «— Ix M x |0, 2]

h X idl lﬁz

Ix Mx[0,2F 2252, 1y Mx [0, 2 =22 1o M0, 2].

This gives [B,] = [k]. To show that [8,] = [¢] we just use the fact
that «a is isotopic to the identity. For this we use the fact that M
is homeomorphic to M X @ and any homeomorphism on @ is isotopic
to the identity [14].
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We now establish Theorem 2.1, a result which will be needed in
the sequel. First it will be convenient to establish two lemmas.

LEMMA 2.1. If M is o Q-manifold, h € (M), and xO: M— M X
[0, 2] ©s given by XO(m) = (m, 0), then (X0)y([h]) = [h X id,2]-

Proof. Using the definition we have (xO),([r]) = [g], Where ¢
is supported on I X M x [0, 1] and on this set it is given by g =
(¢ x id)"'(h X id)(¢ X id). We must prove that [g] = [k X id]. As in
the proof of Theorem 1 let 4,:[0, 2] — [0, t], 1 = ¢ < 2, be the unique
linear homeomorphism such that 6,(0) = 0. Using 6, it follows that
[g] = [gll’ where

9, = (td X 0) (¢ x id)(h X id)(¢ X id)(id x 6,) .
Using the fact that ¢ x id is isotopic to the identity we get
[9.] = [(Zd x 6,)Y(h x wd)(id x 0)] = [h X id] .

LEMMA 2.2. Let M, N be Q-manifolds and assume that M X
[0, 2] ©s @ closed subset of N such that Bd (M x [0, 2]) = M x {2}.
Choose he Z (M x [0, 2]) such that h = id on I x M x {2} and define
h € &(N) which extends h by the identity. Then the inclusion-induced
homomorphism m, & (M x [0, 2]) — 7, Z(N) sends [h] to [h].

Proof. It is clear that we may additionally assume that b = id
on I x M x|[1,2]. Define r: I x M x [0,1]—Ix M x [0,1] by ¢ =
(¢ x id)h(¢ x id)™*. Then p = id on {0} x M x [0, 1]. Using Lemma
2.1 and the fact that x0: M— M x [0, 1] is a proper homotopy equi-
valence we can find an fe& (M) such that [f x id] = [¢]. Thus
(¢ X 1d)™(f X 1d)(¢ x id) is isotopic to h|I x M x [0, 1] rel ({0} x M x
[0, 1DU x M x {1}). This implies that 7.([f]) = [h], where ¢ is the
map X0: M— M x [0,2]. It j is the inclusion M x [0, 2] =— N, then
we also have (ji).([f]) = [k]. Therefore 7, ([k]) = [].

THEOREM 2.1. Let M, N be Q-manifolds such that M is closed
m N and such that Bd (M) is a bicollared Q-manifold. Choose
[Rlem, & (M) such that h = id on I x Bd (M) and define ge E(N)
which extends h by the identity. Then the inclusion-induced homo-
morphism w,& (M) — 7, (N) sends [h] to [g].

Proof. We first note that M and N can be replaced by M x
[0, 1] and N x [0, 1], where we now have he & (M x [0,1]) and g€
& (N x [0, 1]). This easily follows from Lemma 2.1 and the following
commutative diagram:
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M x[0,1]] = N x [0, 1]

xo] [ xo

M =— N

Define h'e (M x [0, 1]) by setting A’ = (¢ X id) k(¢ X id). Then
R =4d on I x M x {1} and clearly [h'] = [r]. We also define ¢’'¢
& (N x [0, 1]) which extends k' by the identity and note that [¢g'] =
[9). It is easy to see that [R'] = [R”] and [¢’] = [¢"'], where A" = id
on (I x BA(M) x[0,1D U x M x [0, 1]) and g” extends h"” by the
identity. Let e & (M x [0, 1/2]) be defined by ¢ = h”|I x M x [0, 1/2].
Let ¢ be the inclusion M x [0,1/2] =—— M x [0, 1] and let 7 be the
inclusion M x [0, 1] =— N x [0, 1]. Then Lemma 2.2 implies that
ix([7]) = [R"] and similarly (j9).([]) = [9”]. Therefore j.([2"]) = [9"].

3. The first exact sequence. The purpose of this section is
to establish the exact sequence of Theorem 2, and the first step will
be to construct the homomorphism z..: 7,%" (M)~ lim Whr (M). Before

doing this it will be convenient to prove Lemma 3.1 below. The
following notation will be useful: (1) If M is a Q-manifold, then
M, c M is said to be clean provided that M, is a compact Q-manifold
and Bd (M,) is a bicollared @Q-manifold; (2) If M, and M, are clean
in M, then M, < < M, means that M, lies in the interior of M,.

Lemma 3.1. If M is a Q-manifold, he & (M) and M,C M s
clean, then there exists a clean M, such that W(IXM)c cC I x M, and
such that the inclusion

{0} X (M, — Int (M,)) =— I x M, — k(I x Int (M)))

s & homotopy equivalence.

Proof. Choose clean M', M" and M, such that
MIXx My)ccIx Mcch(Ix MYcclIx M,.

We will prove that M, fulfills our requirements. By pushing down
in the I-direction we can get a homotopy 7, of I X M, — h(I X Int (M,))
into itself such that r, = id, r, takes I X M, — h(I X Int (M,)) onto

() [ x M — h(I x Int (M))] U [{0} X (M, — Int (M)))],

and r, = id on (4) for each £. Similarly let s, be a homotopy of
() R(I x (M" — Int (M,))) U [{0} X (M; — Int (M))]

into itself such that s, = id, s, takes (i) onto {0} x (M, — Int (M),
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and s, = id on {0} x (M, — Int (M), for each t. Define a homotopy
fiof I X M, — k(I x Int (M) into itself by

P 0<t<1/2
T s, 12=t=1.

Then £, gives a strong deformation retraction of I x M, — k(I X Int(M)))
onto {0} x (M, — Int (M)).

Below we define a preliminary version of 7., but first it will be
convenient to recall the connection between homeomorphisms on @-
manifolds and simple homotopy theory. It follows from [1] that to
each homotopy equivalence f: M-— N between compact @-manifolds
there is a torsion (f)e Whm,(N) (the Whitehead torsion of f) which
vanishes iff f is homotopic to a homeomorphism. This enables one
to do most of the standard results of simple homotopy theory for
compact @-manifolds. This gives us such tools as the Sum Theorem,
the formula for the torsion of a composition, ete. We refer the
reader to [5] and [6] for further details.

The function z.(h, M)). Choose a @-manifold M and M,C M
clean. Then to each he & (M) we are going to define an element
T.(h, M)) € Whr (M — Int (M,)). This will be used later on to define
the homomorphism 7. Choose a clean M, as in Lemma 3.1 and let
i be the inclusion

{0} x (M, — Int (M))) =— I x M, — h(I x Int (M),

which is a homotopy equivalence. Then we have a torsion t(s) lying
in Whr,(I x M, — h(I x Int (M,))). Let a be the composition

Whr(I x M, — k(I x Int(M,))) — Whz,(I X M — h(I x Int (M)
—> Whr (M — Int (M),
where the first homomorphism is inclusion induced and the second

is induced by the map from I x M — h(I x Int (M,)) to M — Int (M,)
which sends A(f, 2) to 2. Then we define

7.k, M) = a(z(4)) € Wha (M — Tnt (M) .

The following result establishes some basic properties of z_(h, M,).

LemmA 3.2. (1) 7. (h, M) is well-defined.

(2) If M, M] are clean and M,C C M, then t.(h, M, is the
wmage of t.(h, M]) under the inclusion-induced homomorphism
Whz, (M — Int (M])) — Whr,(M — Int (M,)).
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(3) For any h, W e (M) we have t.(W'h, M) = t.(i', M,) +
To(h, M,).
(4) If [h] = [B), then T.(h, M) = t.(K', M).

Proof. (1) Choose M,, 1 and « as in the definition of 7 (%, M,)
and let M; < M be clean such that M,cc M,. Then

' {0) x (M! — Int (M) = I x M, — h(I x Int (JM))

is also a homotopy equivalence and in analogy with the definition of
To(h, M) = a(z(?)) we could also define z.(k, M,) = &'(z(7)), where «’
is the composition
Whr (I x M; — h(I X Int (M,)) — Whr,(I x M — (I X Int (M)))
— Whr (M — Int (M))) .

We must prove that a(z(s)) = &'(z(¢')). For this it will suffice to
prove that 7(¢') is the inclusion-induced image of 7(3) in Whr (I x M, —
h(I x Int (M,))). But this is an easy consequence of the Sum Theorem
for torsion.

(2) Again choose M,, ¢ and « as in the definition of z.(h, M,)
and note that (1) implies that we may also select M, so that

72 {0} % (M, — Int (M0)) = I x M, — k(I % Int (M}))
is a homotopy equivalence. Thus z.(h, M) = &'(z(¢’)), where

&' Wha(I x M, — (I x Int (M) — WhaiI x M — k(I x Int (M)
s Wha M — Int (M))) .

It will suffice to prove that z(¢) is the inclusion-induced image of (")
in Whr (I x M, — h(I x Int (}))). Again this is an easy consequence
of the Sum Theorem.

(8) With M, ¢ and a as above we can choose a clean M, in
M such that A'(I x My)c I X M, and such that the inclusion

{0} X (M; — Int (M,)) =— I X M, — h'(I X Int (M,))
is a homotopy equivalence. Let j be the inclusion
J:{0} X (M; — Int (M))) =— I X M; — h'R(I X Int (M))) ,

which is also a homotopy equivalence. Using the Sum Theoreim we
see that 7(j) is the sum of the inclusion-induced images of z(z) and
(@) in Whr(I X M, — h'h(I x Int (8,))), where

12 {0} % (M, — Int (M,)) = h'(I x M) — h'h(I x Int (M) .

Note that the image of z(j) under the composition
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ri WhaI X M, — Wh(I x Int (M) —— Whz(M, — Int (M)
—— Wha(M — Int (M)

is 7. (h'h, M,), where the first homomorphism is induced by a homotopy
inverse of x0: M, — Int(M,) — I X M,— h'h(I x Int(M,))and the second
is induced by inclusion. It follows from the Sum Theorem that

B () = s(z(?)) + t(z(3)), where

s Wha(h'(I % M) — (I % Int (M) —2 Wha, (M, — Int (M)
S Wha (M, — Int (M),

£ Whr (I X M, — W'(I % Int (M) 2> Whr (M, — Int (M)
—— Whz(M; — Int (M)

are defined in analogy with ». Let

Whr, (I % M, — h(I % Int (M) == Whz(M, — Int (M)

be defined in analogy with 8,. To conclude that z.(2'h, M))=7.(h', M,)+
t.(h, M) all we need to do is prove that B.(c(7)) = By(c(3)). This is
an easy consequence of the formula for the torsion of a composition
and the fact that the torsion of

W T s M, — W(I % Int (M) — W(I % BL) — W'h(I > Int (31,))

is zero.
(4) Choose M,, 1 and «a so that z.(h, M) = a(c(t)). We can
choose M, so large such that W'(I x M))cc I x M, and

i':{0} x (M, — Int (M,)) =— I x M, — I/(I x Int (M)

is a homotopy equivalence. Then 7z (k', M,) = «'(z(¢')), with a choice
of ' which is analogous to the choice of . Let I X M— I x M
be an isotopy such that h,=h, h, = h' and £, {0} x M =1id. We
may assume that A,(I x M)c I x M, for each ¢. At this point
we have to apply the Isotopy Extension Theorem for @-manifolds.
Since it is also needed at several other places in the paper we state
it below. The lsotopy Extension Theorem implies that there exists
a homeomorphism f:I X M,— I x M, such fh=191" on I x M, and
f =1don ({0} X M) U(I x Bd(M,)). Then f|I x M, — h(I x Int(M,))
induces an isomorphism & of Whx, (I X M, — h(I x Int (]M,))) onto
Whr (I x M, — h'(I x Int (M,))) which takes z(¢) to z(¢’). This easily
follows because z(f) = 0. We have a commutative diagram
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Whr (I x My,—h(I x Int (M,))) — Whr,(I X M
0lz —h(I x Int (M)

Wha(Ix M,—k'(Ix Int (M))) — Whr(I x M Whm(M—Int (M)
— /(I x Int (M)

where the top composition is a and the bottom is a’. Since 8 (z(7)) =
7(¢") we have t.(h, M) = 7. (h/, M).

We now state the Isotopy Extension Theorem used in the proof
above. It follows from [7] or it can be deduced from [4].

IsoTory EXTENSION THEOREM. Let M be a Q-manifold, UC M
be open, and let C U be compact. If g: I X U— I x M is an isotopy
of open embeddings such that g9,/{0} XU = id, then there exists an
ambient 1sotopy h,: I X M— I X M such that hy, = id, h,|{0} X M = d,
and h,g, = g, on I X C, for each t.

Description of T.,. We now define the homomorphism

Tt T, & (M) —— lim Whr (M)

of Theorem 2. Write M = Uz, M;, where the M,’s are clean and
M,cc M,.,. Thiscan be done because all @-manifolds are triangulable
[11]. In a natural way we may represent lim Whr (M) by

lim {Wha (M — Int (M,))=, ,

which is the subgroup of 1[x, Whr (M — Int (M,)) which consists of
all (¢, 7, --+) such that z,,, is sent to 7, by the inclusion-induced
homomorphism. This representation of lim Whz,(M) is independent of
the choice of the M,’s. For any [h] e 7w, & (M) we note that Lemma
3.2(2) implies that (z(h, M,), T(h, M), - - ) € im{ Whz, (M —Int (M,))}..
Then we define 7.([%]) to be the element of lim Whx (M) represented
by (z.(h, M), z..(h, M,), ---). It follows from Lemma 8.2(4) that this
definition depends only on [k] and it follows from Lemma 38.2(3) that
7. 1S a homeomorphism, i.e. 7 ([2'][2]) = 7.([F']) + 7.([k]). Finally it
follows from Lemma 3.2(2) that z.([k]) is independent of the choice
of the M,’s.

Proof of Theorem 2. Recall that we want to establish an exact
sequence

2, (M) =2 lim What (M) 2 Whr (M) ,
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where ¢ is yet to be defined. For this proof we will assume that
M= Uz, M, is given as above and lim Whz (M) will be represented by

lim { Wha (M — Int (M), .

We define ¢ by &é(z, 7, --+) = T, the inclusion-induced image of z,
in Whr(M). To see that ¢z, = 0 choose any h ¢ (M) and consider
To(h, M) e Whr (M — Int (M))). We must show that the inclusion-
induced homomorphism

( * ) Whn-l(M — Int (Ml))

s Wha (M)

sends t.(h, M) to 0. Assume that M, and 7 are as in the definition
of 7. (h, M) and let j be the inclusion {0} X M,=— I x M, which
has zero torsion. By the Sum Theorem we have z(j) equal to the
inclusion-induced image of <(7) in Whxn (I X M,), which suffices to
prove that (.) sends z.(h, M,) to O.

For the other half of the proof we must show that Ker (¢) =
Im (z.). This is a little harder to do since we are trying to realize
the elements of Ker (¢) geometrically. Choose

(T, T ++-) elim {Whr (M — Int (lwz))}io:l

such that ¢(z, 7, +++) = 0. We must construct an element h e & (M)
such that z.([h]) = (¢, 75, -~ ).

Our first step will be to show that we can write M = U, N,,
where the N,’s are clean and N,C c N,,,, and choose elements p, ¢
Wh,(Bd (N,)) such that

(1) the inclusion-induced homomorphisms, Whx, (Bd (N,)) —
Whr (N;,, — Int (N,)) and Whz (Bd (N, ,)) — Whz(N,,, — Int (N,)), send
M, and g, to the same element,

(2) the inclusion-induced homomorphism, Whz, (Bd (N,) —
Whr(N,), sends 2, to 0,

(3) if p denotes the inclusion-induced image of x, in Whr (M —
Int (IV;)), then (g, ¢, -++) and (¢, 7, ---) represent the same element
of lim Whx (M).

The construction of {N,}2, and {¢}2, will follow from successive
modifications of {M;}2, and {z,}.

To begin we may assume that there are elements 7, ¢ Whz,(M,,, —
Int (M;)) such that

(1) 7, is sent to z; by the inclusion-induced homomorphism
Whr(M,., — Int (M,)) — Whr (M — Int (M),

(2) the inclusion-induced homomorphisms,

Whr (M., — Int (M, ,)) — Whr(M,., — Int (M,))
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and Whrn(M,., — Int (M,)) > Whrn(M,,, — Int (M,)), send z},, and 7/
to the same element,
(8) 7 is sent to 0 by Whr (M, — Int (M) — Whr,(M,).

If the elements {7}, do not exist, we can find them by passing
to a subsequence of {M;}2,. This follows from the fact that Whx, (M —
Int (M,)) is naturally the direct limit of

{(Whz(M; — Int (M) = @ + 1} .

Next we show how to modify {M;} and {zri} to get our required
{N;} and {z}. For each 7 we will show how to construct N, and g,
but we will leave it as an exercise for the reader to check details.
Let a: M— M x [0, 1] be a homeomorphism such that a(M;) = M, X
[0, 1] and a(M,;,) = M,,, x [0, 1]. Choose a clean N, c M X [0, 1] so
that N/ is the union of M; x [0, 1] and a subset of (M,,, — Int (M,)) x
[0, 1] which consists of the union of all {a} X [0, @,], for xe€ M, —
Int (M;), such that a, =1 for xeBd (M) and a, = 0 iff e Bd (M,,).
Thus Bd (N/) =— I X (M,;, — Int (M,)) is a homotopy equivalence. Put
N, = a”(N;) and note that Bd (N,) =—— M,,, — Int (M,) is 2 homotopy
equivalence. Thus there exists an element g, € Whx,(Bd (NV;)) which
is sent to 7; by the inclusion-induced homomorphism Whr (Bd (N;)) —
Whr(M,., — Int (M;)). Then the reader can easily check that {IN;}
and {g;} fulfill our requirements.

Now that we have {N,} and {¢,} we must show how to use them
to construct our required k€& (M). For notation we say that a
clean Ac I x M intersects {0} X M cleanly provided that

(1) AN {0} x M) is clean in {0} x M,

(2) Bd(ANn({0} x M))=Bd(4)n ({0} x M),

(8) there is a collaring of AN ({0} X M) in A which restricts
to give a collaring of Bd (4) N ({0} x M) in Bd (A4).

In Lemma 3.3 below we will show that for each ¢ there exists a
clean A, in I x (N; — Int (N,_,)) (where N, = ¢) such that

(1) A, intersects {0} x M cleanly and A, N ({0} X M) is a collar
on {0} x Bd (N,),

(2) I x Bd(N;)<Int(A4,) (Interior computed in I X N,),

(8) Ix Bd(N,)=— A, is a homotopy equivalence,

(4) A,N{0} x M)=— A, is a homotopy equivalence,

(5) Bd(4.)N({0} x M)=——Bd(A,) is a simple equivalence (Bd (4,)
is computed in I X N,),

(6) Bd(A)=— A4, is a homotopy equivalence,

(7)) z(4A;,N({0} x M)=— A,) is equal to the image of x, under
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the composition

Whr(Bd (V) 28 Wha (4, 0 ({0} x M) — Wha(4)

where the second homomorphism is inclusion-induced.

Let A? denote the projection of A; N ({0} x M) into M, for each
3. We will construct an element h € (M) such that for each i, h
takes

Cl(I x [((N: — Int (N,_,)) U 4_)) — Al))
to
Cl(I x (N, —Int(N._))UA,_) — 4),

where 4, = ¢, A) = ¢ and Cl denotes closure. Let us see how z.([%])
is represented by the element (x,, t&, --+). Write M = |J, P,, where
P, =Cl(N, — A). Then the P/ s are clean and P,C C P,,,. Note
that the torsion of the homotopy equivalence

{0} X (Piyy — Int(P))=—— 1 X P, — k(I x Int (P))
equals the image of p, under the composition

wha, Bd (V) 2% W (A, 0 (0} x M)) — Wha(A))

——Wha(I x P,,, — MI x Int(P))) .

Thus z.(h, P;) equals the inclusion-induced image of ¢, in Wha (M —
Int (P;)). This implies that z.([k]) is represented by (g, ft, «-+).

Finally we show how to construct 2. Repeatedly using the Sum
Theorem the reader can easily check that the following inclusions
are simple equivalences:

0} x L= Cl(Ix N, — 4),
{0} x (P, — Int (P;_))) =— CI( X (N: —Int (N;_))) U 4,_)) — 4) .

Then we can easily construct our required 7 by (1) using the fact
that simple equivalences between compact @Q-manifolds are homotopic
to homeomorphisms and (2) Z-set unknotting, which enables us to
fit various compact pieces together.

LEMMA 3.3. Let M be a compact Q-manifold and choose 7€
Whr(M). Then we can find a clean AcCI x M x [0, 1) such that

(1) A intersects {0} x M x [0, 1) cleanly and AN ({0} x M x [0, 1))
18 a collar on {0} X M x {0},

(2) Ix M x {0}cInt(4),

(8) I X Mx{0}= A is a homotopy equivalence,
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(4) AN{0} x M x [0,1))=— A is a homotopy equivalence,

(5) Bd(A)N{0} x M x [0, 1)) =— Bd (4) is a simple equivalence,

(6) Bd(A)=— A is a homotopy equivalence,

(7)) (AN {0} x M x [0, 1)) = A) equals the image of T under
the composition

Wha (M) C2 Wha (A 0 (0} x M x [0, 1)) — Whi,(A) .

Proof. Our first step will be to prove that there exists a clean
Nc M x [0, 1) such that

(1) M x {0} c Int (N),

(2) M x {0} = N is a homotopy equivalence,

(3) Bd(N)=— N is a homotopy equivalence,

(4) 7(BA(N)=— N) + (M x {0} =— N) =0,

(5) 7(M x {0} = N) equals [the image of v under the com-
position

(X 0)x
Whr (M) — Whr (M x {0}) — Whz,(N) .

To begin let f: M— M, be a homotopy equivalence such that z(f) =
f«(z) and M, is a compact @-manifold. (Here f.:Whr (M)— Whr(M,)
is induced by f.) By taking the mapping cylinder of f and thickening
it we get a compact @Q-manifold P, containing M, M, as Z-sets such
that M, =—— P, is a simple equivalence and such that (M =— P)) =
(M = P)).(zr). The thickening that is required is provided by West’s
Mapping Cylinder Theorem [13]. Next let g: M, — M, be a homotopy
equivalence such that 7(g) = fu«(—7) and M, is a compact @-manifold.
Again we thicken the mapping cylinder of ¢ and obtain a compact
@-manifold P, containing M, and M, as Z-sets such that M, —— P,
is a simple equivalence and (M, —— P,) = (M, = P,),f«(—7). Define
N’ = P, Uy, P,y the @-manifold formed by sewing P, to P, along M..
Then we see that t(M=—— N') + t(M,=— N')=0 and t(M=— N') =
(M =— N'),(zr). By the above comments it is now clear that we can
find a compact @Q-manifold P, containing M, as a Z-set such that
M,=— P, is a homotopy equivalence and if N” = N’U,, P:; then
(M =— N") = 0. Thus there exists a homeomorphism u: N"'—
M x [0, 1] such that w(M) = M x {0} and w(N')c M x [0,1]. Then
N = w(N') fulfills our requirements. (Note that in order to get
w(M) =M x {0} and w(N')c M x [0,1] we have to use Z-set un-
knotting.)

Finally we show how to get our required A from N. Choose
€>0 so that M x [0, e]c Int(N) and let A be a clean set carved
out of I X N which is the union of all {x} X [a,, b,], Where
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(1) la., b.] = 1[0, 1] if e M x [0, €],
(2) la, b]c(0,1) if ze N — M x [0, ¢].

In the picture below the shaded region represents A. It is obtained
from I x N by “poking in” in the I-direction.

/ T

o 4—

Mx0 Mxe Bd(N) Mx[0,1]

The reader can easily check that A fulfills out requirements.

4. The functors hm TE, hm n,% and hm 7, %. In §2 we

introduced 7,2, a covanant proper homotopy functor from the cate-
gory of @Q-manifolds and proper maps to the category of groups
and homomorphisms. In this section we will use the restriction of
7T,% to the category of compact @-manifolds and (ordinary) maps
to define functors hm T E, hm 7,% and hm 7, %. There are used

in the exact sequence of Theorem 3.

1. The functor limr,e. We will first describe lim7,&, a

covariant homotopy functor from the category of Q-manﬁolds and
maps to the category of abelian groups. It is defined as follows.
For any @-manifold M let lim 7,2°(M) denote the direct limit of the

direct system
{me&(M,)| M, M is a compact @Q-manifold},

where the homomorphisms are inclusion-induced. It follows from D
of §1 that lim 7, 2°(M) is abelian and we write it multiplicatively.
If f:M——»N_)is a map of @-manifolds and M,C M is a compact
®-manifold, then we can choose a compact @-manifold N, N such
that f(M,)c N,. This induces a homomorphism

z (M) LM%, o (N — lim 7,2 (V) ,

where the last arrow follows from the direct limit construction.
This homomorphism is independent of the choice of N,. If M, is a
larger compact @Q-manifold in M, then we get a similarly-defined
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homomorphism 7,%”(M,) — lim 7,2”(N) such that the following diagram
commutes:
7, & (M) AN
I N
i lim 7, (N) .
| // -
7, & (M)

Here the vertical arrow is inclusion-induced. In this manner
there is induced a homomorphism f,: lim 7, (M) — lim 7,Z2°(N). The
following result is easy.

THEOREM 4.1. lim 7, % s a covariant homotopy functor from

the category of all Q_-_)manifold and (ordinary) maps to the category
of abelian groups.

II. The functor lim 7,%". We now describe lim 7,%” a covariant

proper homotopy functor from the category of @-manifolds and
proper maps to the category of abelian groups. For any Q-manifold
M let lim 7,2 (M) denote the inverse limit of the inverse system

{lim 7,z (M — C)|CC M compact} ,

where the homomorphisms are inclusion-induced. If f: M— N is a
proper map of Q-manifolds and CcC N is compact, then we get a
homomorphism

lim 7, (M) — lim 7,2 (M — F(C)) L% limz,&(N — C),

where the first arrow follows from the inverse limit construction.
If Cc N is a larger compactum, then we get a similarly-defined
homomorphism lim 7,2°(M) — lim 7,2”°(N — C’) such that the follow-

ing diagram commutes:
lim 7, (N — C’)
= i
lim ,&" (M) 4
— AN
Nlim 5,2 (N — C)

In this manner there is induced a homomorphism f,:lim 7,&"(M)—
lim 7, 2°(N). Again we have an easy result.

THEOREM 4.2. lim 7y & s a covariant proper homotopy functor
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from the category of all-Q-manifolds and proper maps to the category
of abeltan groups.

III. The functor lim'z,". We now describe lim'7,%, a covar-

iant proper homotopy f1<1_n—ctor from the category of @-manifolds and
proper maps to the category of abelian groups. For any @-manifold
M we let lim' 7,2 (M) denote the first derived limit of the inverse

system
{im 7,&"(M — C)|Cc M compact} .

To calculate lim 'z, Z°(M) we proceed as follows. Write M =

—
=, C,, where the C;’s are compact and C,cCC,,,, and consider the
sequence

lim 7,2 (M — C,) < 1lim 7,27 (M — Cy) «2— -,

where the p,’s are inclusion-induced. Define a homomorphism 4 from
e, lim 7, Z2(M — C,) to itself by

Mgy 9oy ) = (9.00957), 9:0A957), -+ +)
Ther we define lim' (lim 7,2 (M — C,)}=, to be the cokernel

11 lim 7,2 (M — C,)/Im (4) .

It is called the first derived limit of the inverse sequence

{hm Tfog(M - Cl)};o:l .

If (g9, 0, --+) is an element of [ Iim & (M — C,), then we use
{g,, s, -y for its image in hm {hm EO%(M Chle,

Just as hm T, E (M) is represented by hm {hm ﬂO%(M Che,,
we will represent hm T,Z (M) by hm {hmﬂo%”(M CHe.. We
must prove that this is 1ndependent of the choice of the C.’s.
Thus let M = U=, C; be given, where the C]’s are compact and
Cicc Cl,. We will describe a canonical procedure for constructing an
isomorphism from 11m {hm w,% (M—C,)}:2, onto hm {hmﬂo%’(M Cre,
Write M = Uz DL, where the D;’s are compact and D.ccD,, and
(1) some subsequence of {D,]J2>, equals a subsequence of {C)2, and
(2) some subsequence of {D,}2, equals a subsequence of {C},. Let
{C. )r-. be a subsequence of {C.z, where i, <4,---. It will suf-
fice to construct an isomorphism of lim' {lim 7, & (M — C,)}>, onto
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lim' {lim 7=, &(M — C; )}n-i.
Define

¢: 11 lim 7, &(M — C,) — 11 lim 7,2 (M — C.,)
=1 —> n=1 —>

by ¢(gly Gz - ') = (hily h/izy °° ')! where

hi, = 95,9041 *** Giger s
hiz = 04,9041 °* Jiz—1 5

For convenience we have omitted writing down the appropriate
compositions of the p,/s. Specifically this means that in the term
94,9i,41 * * + Gi,—r, the multiplication all takes place in lim 7, & (M — C)),

—_

and g, actually represents p,.,9;+s -+ 9;_.(g;). The reader can easily
check that ¢ induces an isomorphism

$: lim'* {lim 7,2 (M — Cy)}z, — lim' {lim 7,2°(M — C; )}i-s -

Now let f: M— N be a proper map of @-manifolds and write
N = Uz, C,, where the C,’s are compact and C,ccC,,,. Then M=
2, fC,), where the f~Y(C,)’s are compact and f7(C,) c < f(C,;.).
Define
o 11 lim @ (M — £7(C)) — Il lim 7, & (N — C))

by (g, gy ---) = (@(g.), algy), ---), where a, represents the homo-
morphism
(fIM — f(Cs: limm & (M — f7(C)) — limn,F(N — C)) .

It is easy to see that the following diagram commutes:

ﬁ lim 7,2 (M — fC,)) —— ﬁ lim 7, & (N — C,)
=1 —> AJ i=1 e—> JA
11 lim 7, & (M — f~(C,)) —— ﬁ lim 7, & (N — C,) .

1=1
Thus a induces a homomorphism f,: lim' 7,.2°(M) — lim' 7,2 (N). We
leave it to the reader to check that f, is independent of the choice of
the C;’s. In analogy with Theorems 4.1 and 4.2 we get the following
result.

THEOREM 4.3. lim'7n, % is a covariant proper homotopy functor

from the category of Q-manifolds and proper maps to the category
of abelian groups.
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There is an important case in which the first derived limit cons-
truction vanishes. An inverse sequence of groups, {G;, ;). satisfies
the Mittag-Leffler condition provided that for each ¢ there exists a
j > 4 such that the compositions

Dj- Dj-2 D

G.’i o Gj—i : e G1 ’
Pr-1 Dr-2 i

Gy Giy e G,

have identical images, for all k= j. We will need the following
result. For a proof see [12].

THEOREM 4.4. If {G,, p.J2. is an inverse sequence of abelian
groups which satisfies the Mittag-Leffler condition, then lim'{G,, p,}2,
s trivial.

5. The second exact sequence. The purpose of this section is
to establish the exact sequence of Theorem 3, and the first step will
be to construct the homomorphism #: Ker (z,,) — lim' 7,&"(M). The
following result will be useful in the construection of 4. Throughout
this section we will assume that M is a given Q-manifold and

Tt W& (M) — lim Wha (M)
is the homomorphism of Theorem 2.

LemMmA 5.1. If [h]eKer(z,), then we can write M = Uz, M,
such that

(1) the M.s are clean,

(2) IXMcch(Ix My)yccIx Mycch(Ix M)cc---,

(3) {0} x (M4, — Int (M) =— R(I X M;y,) — (I X Int (M) is @
stmple equivalence, for i odd,

(4) {0} X (M,y, — Int(M)))=— I x M,,, — h(I X Int(M))) is @&
simple equivalence, for 1 even.

Proof. It follows from the definition of Ker (z.) that for each
clean M,c M there exists a larger clean M,c M such that A(I %
M)ycclx M, and

{0} X (M, — Int (M,)) = I X M, — h(I x Int (M,))

is a simple equivalence. It will suffice to prove that M, can be chosen
large enough so that I x M, c c k(I x Int (M,)) and so that

31 {0} x (M, — Int (M,)) = h(I X M,) — (I x Int (D))

is a simple equivalence. Once this is done we will have an inductive
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procedure for constructing our desired sequence {M,}:..
To see that we can make such a choice of M, all we have to
do is choose M, so that there exist clean M|, M; such that

Ix McchIx M)cclx M!cch(Ix M,
and such that
{0} x (M} — Int (M/)) == I x M{" — h(I x Int (M}))

is a simple equivalence. We will prove that ¢ is a simple equivalence.

First it is easy to see that ¢ is a homotopy equivalence. This
is just like the proof of Lemma 8.1. Using the Sum Theorem we
see that the torsion of ¢ is equal to the inclusion-induced image of
the torsion of

7:{0} X (M, — Int (M")) =— h(I x Int (M)

in Whr(h(I x M,) — (I x Int (M,))). Again using the Sum Theorem
it is easy to see that the inclusion-induced image of the torsion of
g in Whr(h(I x (M, — Int (M))))) is 0. This is all we need.

Description of 8. Choose any [h] € Ker (z.,) and write M = Uz, M,
as in Lemma 5.1. Then we can choose homeomorphisms

St I X (My; — Int (M) — (I X M) — (I X Int (M),
For T % (Myys, — Int (M) —— I X Mo,y — (I % Int (M)

such that

(1) fauo, =1d on [{0} X (M, — Int (M;;_,))] U (I X Bd (M;;_,)),
(2) far = h on I x Bd (M),

(8) fu=1d on [{0} X (My,, — Int (M))] U (I x Bd (M,,+,)),
(4) fu=h on I x Bd(M,).

We will use the symbol . to indicate the amalgamation of homeo-
morphisms on sets for which there is agreement on the common
parts. For example we define fi;_ /e € T (Myy, — Int (M,;_,)) by

Soy, on I X (M, — Int (M,;_,))
fu, on I X (M., — Int (M,;)) .

Similarly we define (fisfeir) b € & (Myy, — Int (M,,)) to be the com-
position

f2i—1>kf2i =

I X (M,,,, — Int (M,,)) —————)h h(I x (M,., — Int (JM,))) (fm*f_z_iu)_l I
X (Mzi+z — Int (Mm)) ’
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where fy«fus, is defined in analogy with f,,_,«f». Note that
(fZi*f2i+l)_1h =1id
on I x (Bd (M,) U Bd (M,.,)).
Let &y, = {foi_15 S} € lim 7,8 (M — Int (M,,_,)) denote the inclusion-
induced image of [fi_,«ful € T & (Myi, — Int (M,,_,) in lim 7, & (M —

Int (M,,_,)) and similarly let a,; = {(fsxfeir:) 'k} denote the inclusion-
induced image of [(fusSfeir) '] in lim 7, & (M — Int (M,,)). Then we

get an element (a, a,, --+) of T2, lim 7,27 (M — Int (M;)) and we let
O([h]) denote the element of lim'm,Z2”(M) which is represented by the
element {a,, a,, --.> of

lim' {lim 7,2 (M — Int (M)}2, = ff[ lim 7,27 (M — Int (M.)/Im (4) .

There are several things which need to be checked in order to
conclude that ¢ is well-defined.

LEMMA 5.2. 6([h]) is independent of the choice of the f’s.

Proof. Let {f!}Z, be an alternate choice for {f.}=,, thus giving
us an alternate («f, a;, ---) € [, lim 7, & (M — Int (M), where

a;i—l = {fZ’i—-l *fz’z} )
Qy = {(lel*fz’wx)_lh} .

We will prove that {«a, a, ---> = {a!, a;, ---), and for this we must
prove that

()™, ax(ar)™, -++)elm (4) .
Consider the element (B, B, ---) € [[2, lim 7,2 (M — Int (M,))
defined by B, = {(fiiz)) fus} and By = {f5i'fr). We will show that
ABy By = ++) = (a(a))™, ()™, «-+) .

It follows from Theorem 2.1 that the inclusion-induced image of 3,
in lim 7,& (M — Int (M,;_,)) is given by {id.(fs'fs)} and similarly the
inclusion-induced image of B, in lim 7,&" (M — Int (M,,;)) is given by
{idu( fos) furd Thus (8, B +++) = (v, ¥, +++), Where

Vorr = {(formd) Su-d o (Ff20}
Yy = {fi folidu( foind ) s
Clearly Voiy = {(lei—l *fzii)_l(fzi-l*fzi)}: and since Tcog(MziH — Int (Mzi—l))
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is abelian this equals a,;_,(a;;_,)"'. Similar reasoning gives v, =
a,(as,)

LeMMA 5.3. 6([h]) ts independent of the choice of the M,’s.

Proof. Using the notation of the definition of §([h]) let {M; }7_,
be a subsequence of {M,}2,, where %, , is odd, %,, is even and %, <
iy < +++. We call {M, )7, an odd-even subsequence of {M}z.. By
amalgamating the f;’s together we can use the M, ’s to define 6([%])
as follows. Let

o = {fixfiprx =0 x i1} € Ein 7, % (M — Int (M) ,

1

a;z = {(f@z* igt1x T % 54—1)f1h} € lim ﬁog(M — Int (Mlz)) ?

and thus get (ai, ai, ---) eIl lim 7, & (M — Int (M,,)). This means

g9

that we are replacing the sequence f,, f, +-- by the sequence

fil*fiﬁ—l:k T xJig—1

fiz* fi2+1* t xkJig—1 e

Then we get an element (&}, @, - - -) €lim* {lim 7,2"(M — Int (M, ))}:-.-
Recall from §4 that lim'z, & (M) can(ﬁbe ?épresented in a natural
way by lim' {limn‘o%(MfInt (M)}, and lim* {lim 7,2 (M —Int (M, )}
The isom(_o‘rp}_ﬁ)sm - =

é: lim* {lim 7, & (M — Int (M)},
~— lim* {limz, & (M — Int (M, ))}7-,

of §4 takes {a,, @, «-+) to{@; @4 " Uy, Ay o Ay, »++), Where
we have omitted obvious inclusion-induced homomorphisms. So we
have to prove that ¢({a,, @, ---)) = {ai, a;, --->.

Again omitting obvious inclusion-induced homomorphisms we have

’ ’

(aily Wiy =+ ) = (ailai1+2 trt gy Qg Ry g v s By gy v ') .
So we must prove that

(A, Qypy =+ + @ Ay Aygpy =0 Byggy *° )

ig—1y i99

= <ai1ai1+2 Cet Wy O g 0t Ky gy o0 '> .

Multiplying one by the inverse of the other we must therefore prove
that
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—1

— —_ — 1 —
(aii+1ail+3' . aizvzaizgrlai;%.%' . 'ai31—z, (£ FHRT2 SN AR ¢ SIS SIBT4 SR 'ai41~27 o)
lies in Im (4). But it is clearly equal to
A(ai1+1ai1+3 cee Hyygy Qg (ypyg vt By gy o ‘).

We have just shown that the definition of §({2]) is independent
of the choice of the M,’s up to passage to an odd-even subsequence.
As in §4 this clearly suffices to do the general case.

LEMMA 5.4. 0([h]) depends only on the isotopy class of h.

Proof. We must show that if h'e[h] is used to define 6(Jh]),
just as 6([k]) was defined by using %, then we get the same definition.
Let {M,}, and {f,}=, be chosen as in the definition of 4([h]) given
above. It is easy to see that the M,’s can be chosen so that I x
M, cch'(I x My)cc and so that

{0} X (M, — Int (M) = h'(I X M) — (I X Int (M),
{0} X (Me.y, — Int (M,;)) =— (I X M,i1) — B'(I X Int (M)

are simple equivalences. For this all we have to do is observe that if
{0} X (M, — Int (M,)) = (I X M,) — (I x Int (M)

is a simple equivalence, then so is
{0} x (M; — Int (M,)) = (I x M) — (I x Int (M),

for any clean M, > M, A similar statement holds for the other
inclusion, {0} x (M, — Int (M,)) =— (I X M) — h(I X Int (M,)). Thus
{M;}=, can be chosen as indicated above. We will continue to use
#([n]) for the definition above which involved h and {M,}z,, and we
will use 6([#]) for the similarly-worded definition which uses 2’ and
{M)z,. The next step is to make a choice of homeomorphisms f/
needed to define 6([R]).

Since A’ e[h] we have an isotopy h, Il X M— I x Mrel{0} x M
such that 7, =% and h, = h’. Then we may assume that the M,’s
have been selected so that for each ¢ and <,

(1) h(I X (M, — Int (M,,))) C I x (Int (Mys2) — M, ),

(2) Ix Bd (M2i+1)c ht(I X (Int M2i+2 - Mzi))’

(3) ht(I x Bd (Mm)) cIx (Int (M2i+1) - Mziﬂ)»

(4) h(I x Bd (My.0)) I X (Int (Myiys) — Miis).

For each 7 the Isotopy Extension Theorem gives us an isotopy
a, of I X (M., — Int (M,_,)) onto itself rel

[{0} X (Mairs — Int (Mo )] U [T X (Bd (M;,-)) U Bd (M)
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such that «, = id and a,h = h, on I X (M,;,, — Int (M,;)). Define f;,_, =
a, fo, and fi, = @, fu.. and note that fj, .k fs., iS isotopic to
Joioixh % friss TEL

[{0} X (Miies — Int (M- )] U [ x (Bd (M) U Bd (Mri14))]

Again using the Isotopy Extension Theorem we can extend the isotopy
®yfoiy | I X (M, — Int (M,;,_,)) and construct an isotopy B, of I X
(M., — Int (M,;,_,)) onto itself rel

[{0} X (Myey — Int (My;_))] U [I X (Bd (M) U Bd (Myi11))]

such that B, = id and B, fo_, = &, fo_, on I X (M,; — Int (M,,_,)). Then
define fy; = B, f, and note that fj,_,.fs is isotopic to fh_.«fe rel

[{0} X (My, — Int (M,_,))] U [1 X (Bd (M,—,) U Bd (My11))] -
Similarly we define f,,., so that fJ,.,.fr.. iS isotopic to fo i« feiss Tel
{0} X (Myiys — Int (My1,))] U [T % (Bd (Myi4,) U Bd (My;15))] -

This gives us f; defined for each 7. Then the sequence {f/}2, may
be used in conjunction with {M,}:, to define 6([r])’. Recall that 6([k])
is represented by

(*) L foefeh A(fexfo) TRy, -2 0D
and 4([r])’ is represented by
(**) W04 AR (6 6% 9 Iy ) FEEED I

We observed above that fi_..fs; is isotopic to f,_.«f:, therefore
{foicixfoi} = {far—ixSes}. This takes care of the odd terms. We will
not be able to show that {(fri«feit) 'R’} = {(farxSoirr) R}, but we will
show that they have the same inclusion-induced image in lim 7,2 (M —
Int (M,;_,)). The reader can use this fact to easily show that (*) and
(**) represent the same element of lim' 7z, & (M).

To establish this fact note that the inclusion-induced image of
[(fzi*fziﬂ)_lh] in 7,2 (M,;; — Int (M) is

( * ) [fzi—l*fzi*f2i+1>kf2i+2)—l(f2i*h*f2z+2)]

and the inclusion-induced image of [(frxfor) *R'] in 7,E (M, —
Int (M,;_,)) is

(++) [(fz’i——l*fZ’Z*fZ’H—l*fz’i+2)—1(f2’i—-i*h’*fZ,i+2)] .

We have already seen that [fli_. k' « foiva]l = [foicishs faival, [fricis foil =
[f2i—1*f2i] and [f2’i+l*f2i+2] = [feirrxSrival: This gives us (+) equal to
(++).
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This concludes the proof that 6([k]) is well-defined. We next
prove that ¢ is a homomorphism.

LEMMA 5.5. € is a homomorphism.

Proof. Choose elements [i], [A'] € Ker (z..). We must prove that
o(['R])) = 6([R'DO([R]). We can write M = U, M; so that for each
Ty

(1) M, is clean,

(2) MiccM,y,

(3) {0} x (M-, — Int (M,,_;)) = h(I X M,_,) — (I x Int (M,_,))
is a simple equivalence,

(4) {0} x (M,; — Int (M,;_)))=——1Ix M,, — h(I x Int(M,_) is a
simple equivalence,

(5) {0} X (My;i_, — Int (M,;_5)) = h'(I X M,;_,) — (I x Int (DM,;_;))
is a simple equivalence,

(6) {0} X (Myiy, — Int (M) = (I X M,y,) — B'(I x Int (M,,) is
a simple equivalence.

Then we can find homeomorphisms as follows:

(1) fa—et I X (Mo, — Int (M) — (I X M,;_,) — (I X Int (M,;_,))
is the identity on [I x Bd (M,,_,)] U[{0} x (M,,_, — Int (M,,_,))] and equals
h on I x Bd (M,;_,).

(2) fut I X (M — Int (M,;_)) — (I X M,;) — (I X Int (M,,_,)) is
the identity on [I x Bd (M,)] U [{0} x (M,; — Int (M,,_,))] and equals A
on I x Bd (M,,_).

(8) flicst I X (M- — Int (My_5)) — R'(1 X M) — (I X Int(M,;_s))
is the identity on [I x Bd (M,_5)] U[{0} x (M,_, — Int (M,_;))] and
equals A’ on I x Bd(M,,_,).

(4) f4’i: I % (M4i+1 — Int (Mu)) — I X M4i+1 - h,(I X Int (Mn)) is
the identity on [I x Bd (M,;,,)] U [{0} X (M, — Int (M,;))] and equals
h' on I x Bd (M,;).

Writing M = M, U M;U --- and representing 1<iln‘ 7w, (M) by
lifr_x1 {li_r_1,1 7, % (M — Int (M,))|7 odd}
we calculate 4([h]) to be
(a, @ -+ e Tl lim 7, Z(M — Int (M,,_,))/Im (4)

i=1 e—

where
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o, = {'Ld*fz*fa*?'d} ’
a; = {(foxidyidy fo) 'R},

Note that id, fx fixtd € (M, — Int (M))) and (fixididy fo)'h € & (M, —
Int (My)).
Now write M = M, U M, U M; U M, U M, U M, U --- and represent
lim! 7z, (M) by
lim' {lim 7,2 (M — Int (M,))|i =1, 2,5,6, ---}.

Then we calculate ([A']) to be

o([W]) = {a, &y oy , ---> e ] {lim 7,2 (M — Int (M)))]4

=1 >

=125,6---}/Im(4),
where

a; = {fl’*h'*f;} ’
a, = (W'« fi« )R},

Note that fl.hifie (M, — Int (M) and (A, fiefs) W' € € (M; —
Int (M1,)).

Again writing M = M, U M, U --- and representing lim'z, 2" (M)
as above we calculate 6([h'h]) to be

oo

o([h'R]) = <By, Bs, + -+ €1 lim 7,2 (M — Int (My-,))/Im (4) ,

1=1 e—>
where

B, = {ﬂ’*h'fz*hlfa*ﬁ'} ’
By = {(h’fmﬁ’*fr),*h’fs)—lh'h} ’

Note that f.h' fuxh'fo fi € (M, — Int (M,)) and (' fou fi « fo ' fo) 'R R €
& (M, — Int (M;)). We now have representatives of 6([2]), O([2']) and
6([h’'h]). Note that

fx,*h'fz*hlfs*fl = (fl’*h'*f4’)(id*f2*f3*id) .

This implies that B, = aja,; similarly G;=aias, By=0a, +++. However
we cannot directly compare the remaining terms because they do not
all lie in the same groups. For example «; and g, lie in lim 7,2°(M —
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Int (M), but «j lies in lim 7, (M — Int (M,)). Let (a.), (a;), and
(B;), denote the inclusion induced images of «,, a;and B;in lim 7,2 (M —
Int (M))). We will show that (8,), = (a,;)(a.),. Similarly i?will follow
that (8:); = (ai){a.);, and so forth. Here (8,); (as)s and («;); are the
inclusion-induced images of 8, a; and @, in lim 7,%° (M — Int (M)).
This will suffice to prove that 8([r'h]) = 0([h’])0?fh]).

To prove that (B8;), = (ay).(a), it will suffice to prove that the
composition of

@) [id (R o fief3) 'R widid id]
and

(b) [idyid(fostdsidy fo) " hyidid]
gives

(€) [1dwid (B fos Ji w f3 51 f6) A hyid yid].
These are elements of #,& (M, — Int (M,)). Obviously

(@) = [fLal s Fis Fo sl s« ST L b s f5 ],

(b) = [0 fox fos00 00 s o frs0@] T [0 fouhu fritd],

(€) = [f1 sl fosch Fose fL a i s fos frs SV T UL B fosc B Bsch o 2]
Using the commutativity of =, & (M, — Int (M) it is clear that (c)
is the composition of (a) and (b).

Proof of Theorem 3. We now show that there is an exact
sequence

] k
lim 7,2 (M) —— lim 7,& (M) — Ker () —— lim* 7,2 (M) — 0 .

1. Exactness at lim'z,Z (M). We say that an element of
lim' 7,2”(M) is good pr?vided that it can be represented by («,,
v, -+, for M= Uz, M, where a,elim 7, (M — Int (M,) is the
inclusion-induced image of [k] e x,& (Mi: — Int (M,)) and h = id on
I x Bd(WM)uBd(M.)). We will first show that each element of
lim' 7,2°(M) is the produet of two good elements. To see this write
]Tf: U, M;, where the M,’s are clean and M, < M,,,, and choose
any {a,, o, - >ehm1 {hm 7,% (M — Int (M)))}2,. Let a be the ele-
ment of hm WO%(M ) represented by (&, a,, -- ->. It is easy to see
that we can find a subsequence of {M,}2,, call it {M/}z,, and an
element (!, aj, -+-)> of hm {11m 7, & (M — Int (M))}, such that

(1) Laj, aj, > represents a,

(2) for each 4 there is an element h, € & (M/., — Int (M))) such
that h; = id on I x (Bd (M]) U Bd (M!..)) and «a! = {h,}.

Writing M = M/U M;U +--- we have an element g elimz, & (M)
represented by -
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dhy), {hs}, -+ -) elim! {lim 7, 2"(M — Int (M;))|% odd}

and writing M = M;U MU --- we have an element v of lim* 7,27 (M)
represented by

(hy), (B, -+ elim {lim 7,7 (M — Int (M!))|i even) .

Clearly B, v are good and the reader can easily check that a = Bv.
Thus to see that # is onto we need only consider a good element
a of lim' 7, & (M). Let a be represented by (a, «,--->, where as

above«;ve have a;, = {h;}. Let he & (M) be defined by
h = id*hl*hz* ¢
Then it is easily seen that 6([h]) = a.

II. Exactness at Ker(z.). We must first define the homomorphism
k: hm 7w, & (M) — Ker (r,.). An element of hm 7,2 (M) can be repre-

sented by {h.}, where h,e & (M,) and M, CM is clean such that h, =
id on I x Bd(M,). Let h e & (M) extend h, by the identity and define
k([h.])) = [B]. It is easy to see that k gives a well-defined homo-
morphism and it is clear that 6k = 0. The other half of the proof
of exactness is more difficult.

Thus for any [h]e€XKer (§) we want to prove that [h]eIm (k).
For the time being we assume that & can be written as houh, figy < -,
where M = U2, M, and

(1) the M,s are clean,

(2) M¢CCM¢'+1’

(8) h,e & (M,,, — Int (M,)) and is the identity on I x (Bd (M;) U
Bd (M;.,)), for ©+ = 1,

(4) h,e & (M) and is the identity on I x Bd (M).

Then 6([%]) can be represented by

R}, (o}, - -+ ) € lim* {lim 7,27 (M — Int (M)}, .
Since [k] € Ker (9) we have

({h}, {ha), -+ 2) = ({9 Hidwg2) 7", {gHidwgs} 7 -+ 0) J

where for each 7 we have g, ¢ & (M;, — Int (M,)), for some j; > 1,
such that g, = id on I x (Bd (M) UBd (M;,)). By passing to a sub-
sequence we may assume that j; = ¢ + 1 and that

[hz*zd] = [(gi*id)(id*gi+1)_l] ’

computations being performed in 7,2 (M,,, — Int (M,))). Details are
left to the reader.
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For each ¢ we have [g7'h,4id] = [id.97,] and therefore
[gflhl*id*gglhs*id* o ] = [id*ggl*id*gfl* . '] ’

these computations being performed in 7, (M — Int (M))). Similarly
we get

(i@ 07 hosid i Py« -] = [1d 400097 0007 =+ *] -
Composing we get
97497 %« M Pashas + -+ ] = [1d497" 495" % -+ ],
or
[Aoshos » - -] = [gistdsidy -+ -] .

This implies that [z} € Im (k).

We now treat the general case. Choose any [h]eKer (4). We
will prove that [k] =[h'], where A’ decomposes as k' = ho hixhyy -+, in
the above sense. Thus we are going to reduce the general case to
the specific case treated above. Write M = {J, M, and choose {f,}:,
as in the definition of A([h]). We can easily choose the M,’s and f.’s
so that there are even pairs (M/, M., (M{, M), --- such that

(1) MyccM;ccM!cc M.,
(2) foo=1d on I X (M1, — Int (M),
(3 ) h(l x Bd (Mz'm,)) cIx (MZi-H — Int (Mzrw))

By definition we have

o([r]) = (fixfeh (o S) RS, -+ 0) = Mo}, {gahy --2) s

for some ({g.}, {92}, ---) e I lim 7, & (M — Int(M;)). Then we have

9. € € (M,, — Int (M,)), for som: n, >1. We are going to show that
for any even m < m, h restricted to a neighborhood of I x Bd (M)
is isotopic to the identity, with the isotopy taking place in I X
(M — Int (M,)). The Isotopy Extension Theorem then implies that
h is isotopic to a new homeomorphism which is the identity on I X
Bd (M,]). Repeated applications of this observation will suffice to
prove that our required h’ exists.
Choose any even m > n, and consider the sequence

Sisfo (Foxf)hy o

Define a sequence u, U, --- such that u, € (M — Int (M,)) extends
firf> by the identity, u,€ & (M — Int (M,)) extends (fixfs)"'h by the
identity, ete. Then it is easily seen that w,u,_,---uu, =h on a
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neighborhood of I x Bd (M), for n = 4, u,4,_, " U, = h on a
neighborhood of I x Bd (M) for n = 6, etc. The equation

({f1*f2}; {(fz*fa)_lh}y o ) = A({gl}, {gz}y v )
implies that [u,U,_; * - ;] = [(9.x7d)(1d 4G prixtd)™]. But

(gl*?:d)(id*gm-%-l*?:d)—l
is the identity on a neighborhood of I x Bd (M,)) and we are done.

III. Exactness at Iim 7,% (M). We must first define the homo-
morphism 7: hm w, s (M )—»hm w,% (M). A typical element of 11m 7w, & (M)

may be represented by ({gl} {9.}, -++), where M = U, M, and {9:} e
lim 7,2 (M — Int (M,)). Then we define j({g.}, {9,}, ---) €lim 7, (M)
to be the inclusion-induced image of {g} in lim 7, 2" (M). It is clear
that 7 is well-defined.

To see that kj = 0 choose ({g.}, {g.}, ---) as above such that g, e
& (M,, — Int (M,)), for n, > 1, and such that g, = id on I x (Bd (M,) U
Bd (M,,)). Then kj = [h], where h € (M) extends g, by the identity.
The condition

({9, {9}y ++ ) elim {lim 7,27 (M — Int (M)},

implies that
[A] = [id+9,x1d] = [id+g,sid] =
and this provides our required isotopy of & = id.g..1d to the identity.

For the other half of the proof choose M, M clean and h,¢
& (M) such that h,=1d on I x Bd(M,). Then {h}e€limz, & (M)
represents a typical element of lim 7,2 (M). Clearly k({h;}—i = [hyxid]
and we assume that [Aid] = [id]—._) We will construct an h, € (M, —
Int (M), for » > 1 large, so that h, = id on I x (Bd (M,) U Bd (M,)),
[hsid] = [id] in 7, & (M — Int (M), and {h}={h} in lim 7, % (M).
Repeated applications of this construction will produce an element

({hi}, {Re}, -+ +) elim {lim 7, Z7(M — Int (M)}

which is sent to {h,} by j. Let g¢,:I X M—1IXx M be an isotopy
rel {0} X M such that g, = hyid and g, = id. Choose n > 1 large
enough so that g (I x M)ccI x M,, for each t. Using the Isotopy
Extension Theorem we can find an isotopy G,: I X M,—1Ix M,rel ({0} x
M,) U x Bd(M,) such that G, = h,id and G, =g, on I x M,. Let
h,e (M, — Int (M,)) be the restriction of G, to M, — Int (M)). It



CONCORDANCES OF NONCOMPACT HILBERT CUBE MANIFOLDS 123

is clear that [id.h,] = [hystd] in 7,& (M,); therefore {h} = {h,} in
lim 7,2 (M). To see that [k, id] = [id] in 7, & (M — Int (M,)) consider
the isotopy fi: I x (M — Int(M,)) —1 X (M — Int (M,) defined by f, =
97(Gxtd) | I X (M — Int (M,)). Then f, = id and f, = h,,id.

6. Proofs of Theorems 4 and 5.

Proof of Theorem 4. We are given a Q-manifold M which is
movable at « and we want to prove that lim'z,Z2(M) = 0. Write
M = Uz, M;, where the M,’s are clean and M, M,,,. Reecall from
Theorem 4.4 that all we have to do is prove that the inverse system

{im 7,2 (M — Int (M,))},

is Mittag-Leffler. Choose any 7 and use the definition of movable at
c to find a j > ¢ such that (M — Int (M;)) can be homotoped into any
neighborhood of -, with homotopy taking place in M — Int (M))).
Now let 5 = j be given. We will prove that the inclusion-induced
homomorphisms

lim 7,2 (M — Int (M,)) — lim 7,2 (M — Int (M,)),
lim 7,2 (M — Int (M;)) — lim 7,2°(M — Int (M,))
have the same image.
Consider the inclusions
a: M — Int (M;) = M — Int (M,),
B: M — Int (M) =—— M — Int (M,)

and use the assumption of movability to get a map v: M — Int (M) —
M — Int (M,) such that By is homotopic to @. Then the induced
homomorphisms

ay: lim 7,2 (M — Int (M;)) — lim 7,&" (M — Int (M),
By lim 71,52 (M — Int (M,)) — lim n, 2" (M — Int (M,))

have the same image because 8.V, = «, and a0, = By, Where 6: M —
Int (M,) = M — Int (M;).

Proof of Theorem 5. We are given a pair (M, N) of compact
Q-manifolds such that N is a Z-set in M and we want to establish
an exact sequence

T, & (N) — 1,5 (M) — 1,8 (M — N) — Whr(N) — Whr (M) .



124 T. A, CHAPMAN

This follows from Theorems 2 and 3 provided that we can verify the
following facts.

(1) lim'z,& (M — N) = 0.

(2) limz,& (M — N)~ 7,2 (N).

(3) limz,& (M — N) ~ 7,2 (M).

(4) UmWha(M — N) ~Whr(N).

(5) Wh(M — N) ~Whr(M).

Since N is a Z-set in M it must be collared in M. This implies
that M — N is movable at o and therefore lim'z, 2 (M — N) = 0.

The isomorphisms 2 — 5 are easy.
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