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ABSTRACT. A manifold is a Poincaré duality space without singular-
ities. McCrory obtained a homological criterion of a global nature for
deciding if a polyhedral Poincaré duality space is a homology mani-
fold, i.e. if the singularities are homologically inessential. A home-
omorphism of manifolds is a degree 1 map without double points.
In this paper combinatorially controlled topology and chain complex
methods are used to provide a homological criterion of a global na-
ture for deciding if a degree 1 map of polyhedral homology manifolds
has acyclic point inverses, i.e. if the double points are homologically
inessential.
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INTRODUCTION

A chain duality on an additive category A is an involution on the derived cate-
gory of finite chain complexes in A and chain homotopy classes of chain maps.
The precise definition will be recalled in §1. Chain duality was introduced in
Ranicki [29] in order to construct the algebraic surgery exact sequence of a
space X

s Hp(X;Lo) 2 Lo(Z[m (X)) = Sp(X) — Hoyo1(X;La) — ...

with L.(Z[m1(X)]) the surgery obstruction groups of Wall [43], and A the
assembly map. Here, L, is the 1-connective simply-connected algebraic surgery
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2 ANDREW RANICKI

spectrum of Z, and the generalized homology groups are the (1-connective) L-
theory of the X-controlled Z-module category A(Z, X) of Ranicki and Weiss
[34]

The algebraic surgery exact sequence was used in [29, Chapter 17] to give alge-
braic formulations of the obstructions to the two basic questions of Browder-
Novikov-Sullivan-Wall surgery theory :

Al. Is an n-dimensional Poincaré duality space X homotopy equivalent to an
n-dimensional manifold?

A2. Is a homotopy equivalence f : M — N of n-dimensional manifolds ho-
motopic to a homeomorphism?

The following are the basic questions of Chapman-Ferry-Quinn controlled
topology :

B1. How close is an n-dimensional controlled Poincaré duality space X to
being an n-dimensional manifold?

B2. How close is a controlled homotopy equivalence f : M — N of n-
dimensional manifolds to being a homeomorphism?

Here is a very crude approximation to controlled topology. Given a topological
space X define an X -controlled space to be a space M equipped with a map
pv 2 M — X. A map of X-controlled spaces f : M — N is a map of the
underlying spaces such that there is defined a commutative diagram

M— N
X
The map f is an X -controlled homology equivalence if the restrictions
flpaf () — py'(2) (2 € X)
induce isomorphisms

(D He(pyf (2)) = Ho(py' (@) -

An n-dimensional X -controlled Poincaré space is an X-controlled space N with
Lefschetz duality isomorphisms

H"™(N,N\py'(z)) = H(py' () (v €X) .
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There are two extreme cases:
o If X = {pt.} then:

— an X-controlled homology equivalence f : M — N of X-controlled
spaces is just a homology equivalence, with

fe: Ho(M) = H.(N) ,

— an n-dimensional X-controlled Poincaré space N is just an n-
dimensional Poincaré space, with

H"(N) = H.(N) .

o If py =1: N - N = X then:

— an N-controlled homology equivalence f : M — N of N-controlled
spaces is just a map with acyclic point inverses, with

(D« s Ho(f7H(2)) = Ho({2}) (x€N),

— an n-dimensional N-controlled Poincaré space N is just an n-
dimensional homology manifold, with

H"*(N,N\{z}) = H.({z}) (x€N).

In a more sophisticated exposition of controlled topology X would be a metric
space, and the condition py; = pyf in the definition of an X-controlled map
would be weakened to

d(pum (), py f(2)) < e (x € M)

for some € > 0. In principle, Quinn [24] characterized AN R homology mani-
folds X as metrically X-controlled Poincaré duality spaces. (See Ranicki and
Yamasaki [37] for a preliminary account of the metrically controlled L-theory
required for the details of the characterization).

The original development of controlled topology for metric spaces involved
quite complicated controlled algebra, starting with Connell and Hollingsworth
[5]. However, these questions will only be considered here in the combinatorial
context of compact polyhedra, homology manifolds and PL maps, for which
the controlled algebra is much easier :

C1. Is a polyhedral n-dimensional Poincaré duality space X an n-dimensional
homology manifold?

C2. Does a degree 1 PL map f : M — N of polyhedral n-dimensional homol-
ogy manifolds have acyclic point inverses?
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4 ANDREW RANICKI

McCrory [17] obtained a homological obstruction for C1 (under slightly dif-
ferent hypotheses), which was interpreted in Ranicki [29, 8.5] in terms of the
chain duality on the X-controlled Z-module category A(Z, X). The obstruction
is the image in H"(X x X\Ax) of the Poincaré dual in H"*(X x X) of the
diagonal class A,[X] € H,(X x X). The obstruction vanishes if and only if X
is an n-dimensional homology manifold, if and only if the Z-module Poincaré
duality chain equivalence

[X]N—:AX)"™ — AX)
is an X-controlled chain equivalence.

The main results of this paper are the following homological obstructions for
C1 and C2.

Theorem A. An n-dimensional polyhedral Poincaré complex X is an n-dim-
ensional homology manifold if and only if there is defined a Lefschetz duality
isomorphism

Hn(X X X7AX) = Hn(X X X\AX) )

with
Ax = {(z,z) e X x X |z e X}

the diagonal of X .

Theorem B. A simplicial map f: M — N of n-dimensional polyhedral homology
manifolds has acyclic point inverses if and only if it has degree 1

f«[M] = [N] € H,(N)
and
Hy((f x )7 AN, Ap) = 0,
with
(fxH7'Ax = {(z,y) € M x M| f(z) = f(y) € N}
the double point set of f.

Theorems A, B are proved in §§6,7 respectively, appearing as Theorem 6.13
and Corollary 7.5.

Here are the contents of the rest of the paper.

In §8 the obstructions of Theorems A, B are interpreted using bundles, specif-
ically the Spivak normal bundle of a Poincaré complex and the tangent topo-
logical block bundle of a homology manifold.

In §9 the obstructions of Theorems A, B are related to the ‘total surgery
obstruction’ s(X) € S,(X) of Ranicki [29] for the existence of a topological
manifold in the homotopy type of a Poincaré space.
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In §10 chain duality is used to develop a combinatorial version of the controlled
surgery theory.

In §11 some standard results on intersections and self-intersections of manifolds
are interpreted in terms of the chain duality.

In §12 (resp. §13) the controlled topology point of view on Whitehead torsion
(resp. fibrations) is adapted to the combinatorially controlled chain homotopy
theory.

In §14 some standard results in high-dimensional knot theory are interpreted
in terms of the chain duality.

In this paper only oriented polyhedral Poincaré complexes and homology man-
ifolds will be considered, and orientation-preserving PL maps between them.

A preliminary version of some of the material in this paper appeared in Ranicki
[32].

I am grateful to Michael Weiss for valuable comments which helped improve
the exposition of the paper.

1. CHAIN DUALITY

Let A be an additive category, and let B(A) be the additive category of finite
chain complexes in A and chain maps. A contravariant additive functor T :
A — B (A) extends to T : B(A) — B (A) by defining 7'(C) for a chain complex
C to be the total of a double complex, with

T(C)n = Z T(C—p>q-

p+q=n

Definition 1.1 (Ranicki [29, 1.1])

A chain duality (T,e) on A is a contravariant additive functor T': A — B (A),
together with a natural transformation e : T2 — 1 such that for each object A
in A :

o e(T(A).T(e(A) =1:T(A) — T(A),
e ¢(A): T?(A) — A is a chain equivalence.
Chain duality has the following properties:
e The dual of an object A is a chain complex T'(A).

e The dual of a chain complex C is a chain complex T'(C).
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6 ANDREW RANICKI

Ezample 1.2 (i) An involution (T, e) on an additive category A is a chain duality
such that T'(A) is a 0-dimensional chain complex (= object) for each object A
in A, with e(A) : T?(A) — A an isomorphism.

(ii) An involution R — R;r — T on a ring R determines the involution (7€)
on the additive category A(R) of f.g. free left R-modules with :

e T(A) =Hompg(A4, R)
e RXT(A)—=T(A); (r,f)— (z— f(x)T)

o c(A) L A=T?A); 2 (f— f(2)) .

2. SIMPLICIALLY CONTROLLED ALGEBRA

Let X be a simplicial complex, and let R be a commutative ring.

Definition 2.1 (Ranicki and Weiss [34])
(i) An (R, X)-module is a finitely generated free R-module A with direct sum

decomposition
A= > Ao),
ceX

such that each A(o) is a f.g. free R-module.
(ii) An (R, X)-module morphism f : A — B is an R-module morphism such

that for each o0 € X
F(A) € 3 B() .

T>0
Write the components of f as f(r,0) : A(o) — B(7).

Let A(R) be the additive category of f.g. free R-modules, and let A(R, X)
be the additive category of (R, X)-modules. Regard the simplicial complex X
as the category with objects the simplexes ¢ € X, and morphisms the face

inclusions ¢ < 7. An (R, X)-module A = Y A(o) determines a contravariant
oceX
functor

A]: X = AR) ; 0 [Allo] = 3" A(r) .
T>0
The (R, X)-module category A(R, X) is thus a full subcategory of the category
of contravariant functors X — A(R).

Proposition 2.2 (Ranicki and Weiss [34, 2.9])

The following conditions on a chain map f: C — D of finite chain complexes
in A(R,X) are equivalent :

(i) f is a chain equivalence,

(ii) the R-module chain maps

flo,0):C(c) — D(o) (0 €X)
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are chain equivalences,
(iii) the R-module chain maps

are chain equivalences.

3. SIMPLICIALLY CONTROLLED TOPOLOGY

The barycentric subdivision X’ of a simplicial complex X is the simplicial com-
plex with the same polyhedron

X' = |X]
and one n-simplex 407 ... 0, for each sequence of simplexes in X
op<o1<--<o0op.
The dual cell of a simplex o € X is the contractible subcomplex
D(0,X) = {6001...0n|0 <00} C X',
with boundary

0D(0,X) = {6001...0n|0 <09} C D(0,X) .

Definition 3.1 (i) An X -controlled simplicial complex (M, pys) is a finite sim-
plicial complex M with a simplicial map pys : M — X', the control map.

(ii) A map f : (M,pnm) — (N,pn) of X-controlled simplicial complexes is a
simplicial map f : M — N such that py;y =pyf: M — X'.

In practice, (M, pas) will be abbreviated to M.

Definition 3.2 The (R, X)-module chain complex A(M; R) of an X-controlled
simplicial complex M is the R-coefficient simplicial chain complex of M with

A(M;R)(0) = A(py; D(0,X),py0D(0,X); R) .
and

[A(M; R)|[o]

S AM;R)(7),

T>0

= A(py;D(0,X);R), (re€Z,oeX).
A map of X-controlled simplicial complexes f : M — N induces an (R, X)-
module chain map

f:A(M;R) — A(N;R) .
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Definition 3.3 A map of X-controlled simplicial complexes f : M — N is an
X -controlled R-homology equivalence if the restrictions

fl:pa D(0,X) = py'D(0, X) (0 € X)
induce isomorphisms in R-homology

(f1)s : He(py; D(0, X); R) = Ho(py' D(0, X); R) (0 € X) .

Proposition 3.4 A map of X-controlled simplicial complexes f : M — N is an
X -controlled R-homology equivalence if and only if the induced (R, X )-module
chain map [ : A(M;R) — A(N; R) is a chain equivalence.

Proof Immediate from 2.2. O
Proposition 3.5 (i) If X = {pt.} an X-controlled map f : M — N is an

X -controlled R-homology equivalence if and only if f induces R-homology iso-
morphisms

f«: Hd(M;R)~ H.(N;R) .
(ii) If X = N an X -controlled map f : M — N is an X -controlled R-homology
equivalence if and only if f has R-acyclic point inverses

H.(f~'(x);R) = H,({z} R) (v €|X]).

Proof (i) Immediate from 3.4, since a chain map of finite free R-module chain
complexes is a chain equivalence if and only if it induces isomorphisms in ho-
mology.

(ii) Immediate from 3.4, since every point z € |X| is in the interior
D(o, X)\0D(0, X) of a unique dual cell D(c, X), and

H.({z};R) = H.(D(0,X);R) , H.(f~'(2);R) = H.(f'D(0,X); R) .

Here is another way in which (R, X )-module chain complexes arise:

Definition 3.6 (Ranicki [29, 4.2])

Let A=*(X; R) be the (R, X)-module chain complex defined by
A7*(X;R) = Homgr(A(X;R),R)_. ,

R ifr=—|o|

. (reZoeX).
0 otherwise.

A~ (X5 R),(0) = {

As an R-module chain complex A™*(X; R) is just the R-coefficient simplicial
cochain complex of X regraded to be a chain complex.
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4. THE (R, X )-MODULE CHAIN DUALITY

Proposition 4.1 (Ranicki [29, 5.1])

The additive category A(R,X) of (R, X)-modules has a chain duality (T,e)
with the dual of an (R, X)-module A the (R, X)-module chain complex

T(A) = Hompg(Homp x)(A™"(X;R),A),R)

o TA(o) = [Alfo]"
> Hompg(A(7), R) if r = —|o]
o T(A)(0) = {72
0 if r #—|o| .
The chain duality is such that
T(C) ~r Homg x)(C, A(X'; R))™* ~r Homg(C,R)™*
for any finite (R, X)-module chain complex C.
Definition 4.2 Given an X-controlled simplicial complex M let
AM; R)™ = T(A(M; R))
be the (R, X)-module chain complex dual to A(M; R).
Note that there is defined an R-module chain equivalence
A(M; R)™" ~p Hompg(A(M; R), R)™" ,

with Homp(A(M; R), R)™* the simplicial R-coefficient cochain complex of M
regraded to be a chain complex, and note also that

A(M;R) *(0), = Homp(A(py; D(0,X);R)_ryjos R) (r €Z,0 € X) .

A map of X-controlled simplicial complexes f : M — N induces an (R, X)-
module chain map

ffAN; R = A(M;R)™" .
The (R, X )-module chain complex A™*(X; R) of 3.6 and the (R, X)-module
chain complex A(X; R)™* of 4.2 (with pyy = 1: M — M = X') are related by
the (R, X )-module chain equivalence

ATH(X5R) ~g,x) A(XG R)™
induced by the projections A(D(o, X); R) — R.

DOCUMENTA MATHEMATICA 4 (1999) 1-59



10 ANDREW RANICKI

5. ProDUCTS

Definition 5.1 The product of X-controlled simplicial complexes M, N is the
pullback X-controlled simplicial complex

Mxx N = {(z,y) € M x N|py(z) =pn(y) € X}
with control map
Mxx N— X ; (z,y) —pm(x) =pn(y) .

(Strictly speaking, this only defines a polyhedron M x x N).
Definition 5.2 The product of (R, X )-modules A, B is the (R, X )-module
A®mrx) B = > AN ®rB(p) CAcrB
A pEX ANuAD

with
(Aorx)B)o) = > AN @rB) (ceX).
A peX, ANp=0c

Recall the following properties of the products in 5.1,5.2 from Ranicki [29,
Chapter 7]. (The product A ® (g x) B was denoted by AXp B in [29, 7.1]).

Proposition 5.8 (i) For any (R, X)-module chain complexzes C, D
* C®rx)AX R) ~Rrx) C,
e TC ®r,x) D ~r Homg x)(C, D) .
(ii) For any X -controlled simplicial complexes M, N
o A(M;R) ®g.x) AN; R) ~(r.x) AM xx N; R) ,
o A(M;R)™ ®r.x) A(N; R)~
~p Homp(A(M x N,M x N\M xx N;R),R)_. ,

(iii) The Alexander-Whitney diagonal chain approximation of the barycentric
subdivision X' of X is an R-module chain map

A:AXSR) = AKX R)QRAXR) 5 (Bo.. 8) =Y (B0 2)D(@i - . Tn)
=0

which is the composite of an (R, X )-module chain equivalence
A(X';R) ~rx) AXs R) @r.x) AX; R)
and the inclusion

A(X";R) ®r,x) A(X;R) C A(X;R) ®r A(X;R) .
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(iv) The homology classes [X] € H,(X; R) are in one-one correspondence with
the chain homotopy classes of (R, X )-module chain maps

[X]Nn—:AX;R)" " — AX;R),
with

Ho(Hom g x)(A(X; R)"™", A(X"; R))) = Hu(AX'; R) ®r x) AX'; R))
= H,(X;R).

Remark 5.4 An X-controlled simplicial complex M is an example of a CW
complex with a block system & in the sense of Ranicki and Yamasaki [35]. The
product A(M)®z, x)A(M) is chain equivalent to the chain complex D*(A(M))
of [35].

6. HOMOLOGY MANIFOLDS AND POINCARE COMPLEXES

Definition 6.1 An n-dimensional R-homology manifold is a finite simplicial com-
plex M such that
R ifx=n

. (ceM).
0 otherwise

H,(M,M\5;R) = {

Definition 6.2 An n-dimensional R-homology Poincaré complex is a finite sim-
plicial complex M with a homology class [M] € H,,(M;R) such that the cap
products are R-module isomorphisms

[MN—:H"*(M;R) > H.(M;R) .

Similarly for an n-dimensional R-homology Poincaré pair (M,0M), with [M] €
H,(M,0M;R) and

[M|Nn—:H" *(M,0M;R) =2 H.(M;R) .
Proposition 6.3 A finite simplicial complex M is an n-dimensional R-homology

manifold with fundamental class [M] € H,(M; R) if and only if each (D (o, M),
0D(o,M)) (o0 € M) is an (n — |o|)-dimensional R-homology Poincaré pair

H"l91=*(D(0, M),0D(0, M); R) = H.(D(0, M); R)

with fundamental class [D(o, M),0D(o, M)] € H,,_|;|(D(0, M),0D(0, M); R)
the image of [M] under the composition of |o| codimension 1 boundary maps.
A Z-homology manifold will just be called a homology manifold, and similarly

for Poincaré complexes and pairs.
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Definition 6.4 An n-dimensional X -controlled R-homology Poincaré complexr M
is an X-controlled simplicial complex with a homology class [M] € H,,(M; R)
such that the cap product

[M]N—:A(M;R)"™* — A(M;R)
is an (R, X)-module chain equivalence.

Remark 6.5 An X-controlled simplicial complex M is an n-dimensional X-
controlled R-homology Poincaré complex if and only if each

par (D(0,X),0D(0,X)) C M (0 € X)

is an (n—|o|)-dimensional R-homology Poincaré pair. In terms of the polyhedra
|M], |X| this condition can be expressed as follows: for every z € |X| the
inverse image p,; (z) C |M| has a closed regular neighbourhood (U, 9U) which
is an n-dimensional R-homology Poincaré pair.

By analogy with 3.5:

Proposition 6.6 (i) If X = {pt.} an n-dimensional X -controlled R-homology
Poincaré complex M is the same as an n-dimensional R-homology Poincaré
complez.

(ii) If X = M an n-dimensional X -controlled R-homology Poincaré complex
M is the same as an n-dimensional R-homology manifold.

Theorem 6.7 (Poincaré duality) An n-dimensional R-homology manifold M is
an n-dimensional X -controlled R-homology Poincaré complex, with an (R, X)-
module chain equivalence

A(M;R)"™* ~ A(M; R)

with respect to any control map pyr : M — X'
Proof An (R, M)-module chain equivalence

[M]N—:A(M;R)"™* — A(M;R)
can be regarded as an (R, X)-module chain equivalence, for any control map
pyv s M — X, |

Corollary 6.8 (Poincaré-Lefschetz duality) An n-dimensional R-homology man-
ifold with boundary (M,0M) is an n-dimensional X -controlled R-homology
Poincaré pair, with an (R, X)-module chain equivalence

A(M;R)"™* ~ A(M,0M;R)
with respect to any control map pyr : M — X'

Corollary 6.9 (Lefschetz duality) If M is an n-dimensional R-homology man-
ifold and L C M is any subcomplex, there is defined an (R, X )-module chain
equivalence

A(M,M\L; R)"™* ~ A(L; R)
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with respect to any control map py : M — X'. Similarly for an (R, X)-module

chain equivalence
A(M,L; R)" ~ A(M\L; R) .

Proof Let (U,0U) be a closed regular neighbourhood of L in M, an n-dimen-
sional R-homology manifold with boundary such that the inclusion L C U is a
homotopy equivalence. There are defined (R, X)-module chain equivalences

A(M,M\L; R)"™* >~ A(M,cl.(M\U); R)"™* (homotopy invariance)
~ A(U,0U; R)" ™™ (excision)
~ A(U; R) (Poincaré-Lefschetz duality)
~ A(L; R) (homotopy invariance) .
O

Definition 6.10 Let M be an X-controlled simplicial complex, with a homology
class [M] € H,(M; R). The X -controlled peripheral chain complex of M is the
algebraic mapping cone

C = C(MN—:AM;R)"* — A(M'; R))ss1
(with a dimension shift), a finite chain complex in A(R, X).

Proposition 6.11 The following conditions on an X -controlled simplicial com-
plex M with a homology class [M] € H,(M; R) and peripheral chain complex
C are equivalent :

(i) M is an n-dimensional X -controlled R-homology Poincaré complex,

(ii) C is chain contractible in A(R, X),

(iii) H,-1(C R(R,X) C)=0,

(iv) each p~1(D(0,X),0D(0,X)) (0 € X) is an (n — |o|)-dimensional R-
homology Poincaré pair.

Proof (i) <= (ii) The chain map [M]N — : A(M;R)"* — A(M';R) is a
chain equivalence in A(R, X) if and only if the algebraic mapping cone is chain
contractible in A(R, X).

(ii) <= (iii) The (R, X)-module chain map

a = [M]Nn—:AM;R)" " — A(M';R)
is chain homotopic to its chain dual, with a chain homotopy
Bra~Ta: A(M;R)"™ — A(M';R) .
Define a chain equivalence in A(R, X)
bx 1 C"IT S 0 = C(a)en
by
ox = (f é) :

CP =AM R @ A(M'; R)psy — Cr=A(M'; R)y 1 & A(M; R)""
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14 ANDREW RANICKI

(See §9 for a more detailed discussion of the quadratic Poincaré structure on
(). The abelian group

Hn—1(0®(R,X) C) = Ho(Hom(R,X)(C"_l_*,C’))
= HO(HOHI(R,X)(C, C))

consists of the chain homotopy classes of chain maps C' — C. This group is 0
if and only if C' is chain contractible.

(i) <= (iv) By 2.2 C is chain contractible if and only if each component
R-module chain complexes C (o) (o € X) is chain contractible. Now

C(o) ~r C([p™*D(o, X)] N —:
A(p_l (D(U’ X>, aD(U’ X))v R>n_‘a‘_* - A(p_lD(O', X>§ R))*-H ’

so that C(o) ~g 0if and only if p~1(D(0, X),dD(0, X)) (0 € X) is an (n—|o])-
dimensional R-homology Poincaré pair. O

Ezample 6.12 Let X = {pt.}. The following conditions on a simplicial complex
M with a homology class [M] € H,(M;R) and peripheral R-module chain
complex C' are equivalent :

(i) M is an n-dimensional R-homology Poincaré complex with fundamental
class [M],

(i) H.(C) =0,

(i) Hp—1(C ®gr C) = 0.

In the following result X = M.

Theorem 6.13 The following conditions on an n-dimensional R-homology
Poincaré compler X are equivalent :

(i) X is an n-dimensional R-homology manifold,

(ii) the peripheral chain complex

C = C([X]N—:AX;R)" " = A(X";R))st1

is (R, X)-module chain contractible,
(iii) Hp,—1(C &(R,X) C) =0,
(iv) the cohomology class V€ H™(X x X;R) Poincaré dual to the homology
class A [X] € Hp(X X X; R) has image 0 € H"(X x X\Ax; R),
(v) the fundamental class [X]| € Hp(X; R) is such that

[X] €eim(H"(X x X, X x X\Ax;R) — H,(X;R)) ,
(vi) a particular R-module morphism

H"(X x X\Ax;R) — Hp(X x X,Ax; R)

(specified in the proof) is an isomorphism, namely the Lefschetz duality iso-
morphism.

DOCUMENTA MATHEMATICA 4 (1999) 1-59



SINGULARITIES AND CONTROLLED TOPOLOGY 15

Proof (i) <= (il) <= (iil) This is a special case of 6.11.
(i) <= (iv) There is defined an exact sequence

H™(X x X, X x X\Ax;R) — H"(X x X;R) — H"(X x X\Ax; R) .
Thus V has image 0 € H"(X x X\Ax; R) if and only if there exists an element
Ue H"(X x X, X x X\Ax; R)

with image V. Now U is a chain homotopy class of (R, X )-module chain maps
A(X';R) — A(X; R)"*, since

HY (X x X, X x X\Ax; R) = Ho(A(X;R)™ @nx) AX; R)™)
— Ho(Hom(p,x)(A(X'; R), A(X; R)"™)) .

U is a chain homotopy inverse of
¢=[X]N—-:AX;R)" — A(X";R)
with

¢U = 1€ Ho(Hom(p x)(A(X';R),A(X";R))) = H°(X;R),
¢ = T¢ e Ho(Homp x)(A(X;R)"™*,A(X";R))) ,
(TU)p = (TU)(T¢) = T(eU) = 1

€ Ho(Homp,x)(AX; R)" ™, A(X; R)" 7))

(iv) <= (v) <= (vi) Immediate from the commutative braid of exact sequences

H"(XxX,XxX\Ax;R) H"(XxX;R) Ho(XxX,Ax:R)

H,(X;R) H"(XxX\Ax;R)
%

SN TN

H,1(XxX,Ax;R) anl(c(g)(Rg() ) H"J"l(XXX,XXX\Ax;R)
w \_/

on noting that X x X is a 2n-dimensional R-homology Poincaré complex with
isomorphisms

[X xX]Nn—:H"(X x X;R) > H,(X x X;R)
and that the diagonal map

A: X > XXXz (z,2)
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16 ANDREW RANICKI

is split by the projection
p: XxX—-X; (z,y)—x,

so that
H. (X xX;R) = H(X;R)® H.(X x X,Ax;R) .

The classes
VeH"(X x X, X xX\Ax;R) , ¢x € Hooa(C ®(r x) C)

(with ¢x as in the proof of 6.11) are both images of the fundamental class
[X] € H,(X; R), so that they have the same image in H™(X x X\Ax; R). O

Remark 6.14 The equivalence (i) <= (iv) in 6.13 in the case R = Z is a slight
generalization of the corresponding results of McCrory [17, Theorem 1] and
Ranicki [29, 8.5] for n-circuits and n-dimensional pseudomanifolds respectively.

Remark 6.15 A Poincaré complex X is a homology manifold precisely when the
dihomology spectral sequence of Zeeman [45] collapses. See McCrory [18] for a
geometric interpretation in terms of moving cocycles in X x X off the diagonal.

There is also a version of 6.13 for Poincaré pairs with manifold boundary. Here
is a special case:

Proposition 6.16 An n-dimensional R-homology Poincaré pair (X,0X) with
R-homology manifold boundary is an n-dimensional R-homology manifold with
boundary if and only if the cohomology class V. € H"(X x X, X x 0X; R)
Poincaré-Lefschetz dual to the homology class Ay [X] € H(X x X,0X x X; R)
(with [X] € Ho(X,0X; R)) is the image of a class

Ue H'(X x X, X x90XUX x X\Ax;R) .

Remark 6.17 In general, a singularity does not arise as a non-manifold point of
a Poincaré complex, so 6.13 cannot be applied directly to obtain a homological
invariant of the singularity. However, for an isolated singular point of a complex
hypersurface it is possible to apply 6.16 to a related Poincaré pair with manifold
boundary. Given a polynomial function f : C**! — C with an isolated critical
point zgp € V = f71(0) Milnor [20] relates the singularity of f at zo to the
properties of the fibred knot

k:vVns. = s 1tcgs = g¥t!
defined by intersecting V' with
Se = {z€C" ||z — 2] =€}

for a sufficiently small e. (Only PL structures are considered here — the dif-
ferentiable structure on V' N S, could of course be exotic). In §14 below there
will be associated to any fibred knot k : $?"~1 C §?7*1 a (2n + 2)-dimensional
homology Poincaré pair (X, 9X) with manifold boundary, which is a homology
manifold with boundary if % is unknotted; the obstruction to (X,0X) being
a homology manifold with boundary is related to homological invariants of k,
and hence to the nature of the singularity.
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7. DEGREE 1 MAPS AND HOMOLOGY EQUIVALENCES

This section investigates the extent to which a degree 1 map of n-dimensional
homology manifolds has acyclic point inverses. It is shown that this is the case
if and only if the n-dimensional homology of the double point set relative to
the diagonal is zero.

Definition 7.1 The double point set of a map f: M — N is the pullback (5.1)

MxyM = (f x f)"'(Ax)
= {(z,y) e M x M| f(z) = f(y) € N} .

If f is a simplicial map then M X M is an N-controlled simplicial complex.

Given a map f: M — N define the maps
i M—->MxyM; z— (z,z),

Jj:MxyM—N; (z,y)— f(z)=f(y),
k:MxyM—M; (x,y)—x.

There is defined a commutative diagram

Ixf
Mx M——N x N

T TM

AJM MXNMJ%N
%

It follows from ki =1: M — M that
H*(M XN M) = H*(M) @H*(M XN M,A]V[) .
Definition 7.2 Let f: M — N be a map of X-controlled R-homology Poincaré

complexes, with dim(M) = m, dim(N) = n.
(i) The Umkehr of f is the (R, X)-module chain map

' AN R) = AN R L A(M; R =~ A(M; R)umn -
(ii) f has degree 1 if m = n and
f«[M] = [N] € H,(N;R) .

Proposition 7.8 (1) If f +: M — N is a degree 1 map of n-dimensional X -
controlled R-homology Poincaré complexes the Umkehr (R, X)-module chain
map f': A(N; R) — A(M; R) is such that

ff'~1:A(N;R) — A(N;R)
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18 ANDREW RANICKI

and there exists an (R, X)-module chain equivalence
A(M; R) =g x) AN; R) ® A(f') .

(ii) If f : M — N is a degree 1 map of n-dimensional R-homology manifolds
then

Hy(A(f") vy A(Y)) = Ho(M xy M, Ay R)
Proof (i) Immediate from f.[M] = [N] € H,(N; R) and the naturality prop-

erties of the cap product.
(ii) Apply A(M) ®z,n) — to the (Z, N)-module chain equivalence given by (i)
A(M) ~@,n) AN) @ A(f')

to obtain

A(M) ®z,ny A(M)
~az.n) (AM)@z,n) AN)) @ (AM) ®z,n) A(f))
~z.n) (AM)@z,n) A(N)) & (AN) @z, n) A(F)) & (A(f) ®z,n) AF))

~iz.n) AM) © A(fH) e (A(f) & (z,N) A(f) .
Since H,(f') = 0, it follows that
Hoy(M xy M) = Hy(AM) @@ n) A(M))

Hy(M) ® Hu(f') & Ho(A(f) @z,n) A(S))
= Hu(M) & Ha(A(f') @@,n) A)) -

a

Theorem 7.4 The following conditions on a degree 1 map f : M — N of n-
dimensional X -controlled R-homology Poincaré complexes are equivalent :

(i) f is an X -controlled R-homology equivalence (3.3),
(i) f:A(M;R) — A(N;R) is an (R, X)-module chain equivalence,
(ili) there exists an (R, X )-module chain homotopy

f'f ~1:AM;R) — A(M;R) ,

(iv) AL[M] = (f'® f)AN] € Hy(M xx M;R),
) (ff @ fHALN] =0¢€ H,(M xx M,Ay; R),

(Vi) (f X fle: Hy(M xx M;R) = Hy(N xx N;R).
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Proof (i) <= (ii) This is a special case of 3.4.
(ii) <= (iil) Immediate from 7.3.
(iii) <= (iv) Immediate from the identifications

1= AJM], f'f = (f'@ AN
€ Ho(Hom(g x)(A(M; R),A(M; R))) = Hp(M xx M;R) .

(iv) <= (v) Immediate from the identity

(f'® HAN] = ([M], (f' © fHALN] = AL [M])
GHn(M X x M,R) = Hn(M,R)EBHn(M XxM,A]V[;R).

(i) = (vi) If f: A(M;R) — A(N; R) is an (R, X )-module chain equivalence
then so is

f®f: AM; R) @r,x) AM; R) — A(N; R) @(r,x) AN; R) .
(vi) = (iv) It follows from ff' ~1 and
(f @ [)«As[M] = A[N] € Hp(N xx N; R)
that

AL[M] = (f' @ f')ALN]
€ ker((f x f)s : Ho(M xx M;R) — H,(N xx N:R)) = {0} .
O

Corollary 7.5 The following conditions on a degree 1 map f : M — N of n-
dimensional homology manifolds are equivalent :

(i) f has acyclic point inverses,

(ii) Hn(M XN M, AM) = 0,

(i) Hn(A(f') ®@z,n) A(f')) =0.
Proof (i) <= (ii) Apply 7.3 with R =Z, X = N, so that

MxxM = MxyM = (fxf)"'Ay , Nxx N = N,
H,(M xx M) = H,(M)® H,(M xyx M,Ay) .

Since fi : Hp(M) =2 Hy,(N), condition 7.4 (vi)
(fx f)e: Ho(M xny M) = H,(N Xy N)
for f to be a (Z, N)-homology equivalence is equivalent to
H,(M xny M,Ap) = 0.

As in 3.5 (ii) a map f is a (Z, N)-homology equivalence if and only if it has
acyclic point inverses.
(i) <= (iii) By 7.3 (ii) Ho(A(f') ®@z,n) A(f) = Ho(M xn M, Anp). O
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20 ANDREW RANICKI

Remark 7.6 (i) A map f: M — N is injective if and only if
M XN M = AM .

The condition of 7.5 (ii) is automatically satisfied for injective f.

(ii)) A degree 1 map f : M — N of n-dimensional R-homology manifolds
is surjective by the following argument, which does not require M, N to be
polyhedra. If x € N\ f(M) then

Ho(M,M\f™"(z);R) = 0 , Hu(N,N\{z}iR) = R,
leading to a contradiction in the commutative diagram
H,(M;R) =R —=—~  H,(N;R)=R
Hoy(M,M\f ™ (@); R) = 0 —"— H,(N,N\{z}:R) = R
(assuming M, N are connected).

Corollary 7.7 1) A map f : M — N of n-dimensional R-homology Poincaré
complezes is an R-homology equivalence if and only if it is degree 1 and

AM] = (f'® fHALN] € H,(M x M;R) .

(ii) A map f: M — N of n-dimensional R-homology manifolds has R-acyclic
point inverses if and only if it is degree 1 and

AJM] = (f'@ fHALN] € Hy(M x5 M;R) .

Proof (i) Apply 7.4 with X = {pt.}.
(ii) Apply 7.4 with X = N. O

Definition 7.8 Given a map f : M — N of R-homology manifolds with
dim(M) = m, dim(N) = n let the Umkehr of the map

JiMxyM—N; (z,y) = f(x) = f(y)
be the (R, N)-module chain map
' A(N;R) — A(M Xn M;R)yiom—on
given by the composite
7' A(N;R) ~g.ny A(N x N,N x N\Ay; R)>"~*

I A(M x M, M x M\M % M; R)?"*

~r,N) AWM XN M; R)st2m—2n -
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Proposition 7.9 The following conditions on a degree 1 map f : M — N of
n-dimensional R-homology manifolds are equivalent :

(i) f has R-acyclic point inverses,

(ii) there exists an (R, N)-module chain homotopy

if ~j  A(N;R) — A(M xx M;R) ,

(iii) there exists an (R, N)-module chain map g : A(N) — A(M) with an
(R, N)-module chain homotopy

ivg~j' : A(N;R) — A(M xy M;R) .
Proof (i) <= (ii) Identify

Lff =AM, G = (fe AN
€ Ho(Homg n)(A(N; R), A(M xn M;R))) = Hn(M xy M;R)
and apply the equivalence (i) <= (iv) of 7.4, with X = N.
(ii) = (iii) Take g = f*.
(i) = (i) It follows from the exact sequence

Ho(Hom(g ny(A(N; R), A(M; R)))

. Ho(Homg vy (A(N; R), A(M xn M;R)))
— Ho(Hom(g,n)(A(N; R), A(M xn M, An; R)))

that such a g exists if and only if the (R, N)-module chain homotopy class
jt € Ho(Hom (g ny(A(N; R), A(M xn M;R)))
has 0 image in
Ho(Hom(g ny(A(N; R), A(M xnx M,Ap; R))) = Ho(M xn M,Ay;R) .
But this image is precisely the element (f'® f')AL[N] € H, (M xx M, Apr; R)

of 7.4 (v) whose vanishing is (necessary and) sufficient for f to have R-acyclic
point inverses. O

8. BUNDLES

The results of §86,7 will now be interpreted from the bundle point of view, aftre
a brief review of the various bundle theories involved.

Oriented spherical fibrations 1 over a space X
(D*, 857 — (B(n), () — X
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are classified up to oriented fibre homotopy equivalence by the homotopy classes
of maps n : X — BG(k) to a classifying space BG(k). Every such fibration
has a Thom space

T(n) = En)/Shn)

and a Thom class B
U, € H*(T(n)) .

See Rourke and Sanderson [38] for the theory of (oriented) PL k-block bundles,
with a classifying space BSPL(k). A codimension k embedding M™ C N"tF
of PL manifolds has a normal PL k-block bundle vp;cn : M — BPL(k).

See Martin and Maunder [15] for the theory of homology cobordism bundles,
with a classifying space BSH (k) and forgetful maps

BSPL(k) — BSH(k) , BSH(k) — BSG(Ek) .

A codimension k& embedding M™ C N"** of homology manifolds (i.e. a PL
map which is an injection) has a normal homology cobordism S*~!-bundle
vMcN : M — BSH (k).

See Rourke and Sanderson [39] for the theory of (oriented) topological k-block
bundles, with a classifying space BSTOP(k) and forgetful maps

BSPL(k) — BSTOP(k) , BSTOP(k) — BSG(k) .

Galewski and Stern [7] proved that every homology cobordism S*~!-bundle
has a canonical lift to a topological k-block bundle, so that there is defined a
commutative diagram of classifying spaces and forgetful maps

BSPL(k) —> BSTOP(k)

|

BSH(k) —— BSG(k) .
The diagonal embedding of an n-dimensional homology manifold M
A:M—->MxM; z— (z,z)

has a normal homology cobordism S™~!-bundle, the tangent homology cobor-
dism S™t-bundle ([15, 5.3])

™ = va:M — BSH(n),
and hence a tangent topological n-block bundle Tp; : M — BST—@?’(n). The

Euler class of 73y may be identified with the Euler characteristic of M, as
follows.
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The Euler characteristic of a finite simplicial complex X is

oo

X(X) = > (-)'dimgH,(X;R) € Z .

Proposition 8.1 (1) For a connected n-dimensional Poincaré complexr X
x(X) = A"(V)e H"X) = Z

with V€ H"(X x X) the Poincaré dual of A.[X] € Hp(X x X).
(ii) The obstruction to a degree 1 map f: M — N of connected n-dimensional
Poincaré complexes being a homology equivalence (7.7 (i))

ALM] = (f' @ f)AN] € Hy(M x M)
has image x (M) — x(N) € Z under the composite
Ho(M x M) = H"(M x M) 25 H"(M) = 7.
Proof (i) As for smooth manifolds (Milnor and Stasheff [21, 11.13]).
(ii) Immediate from (i). m|

It is well known that x(M) = x(7ar) for a smooth manifold M ([21, 11.13]).
More generally :

Proposition 8.2 The Euler characteristic of a connected n-dimensional homology
manifold M is the Euler class of the tangent n-block bundle Ty

X(M) = x(ru) € H"(M) = Z.

Proof The homology tangent bundle of M (Spanier [40, p.294]) is the homology
fibration
(M, M\{%}) — (M x M, M x M\An) — M

with
M—->MxM; z— (xz),

MxM—M; (z,y) — x.
The tangent topological n-block bundle of M

(D", 8"7Y) = (E(rar), S(1ar)) — M
is related to the homology tangent bundle by a homotopy pushout diagram

S(T]V[) —= M x M\AM

-

E(tp) M —— M x M .
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The Thom space, Thom class and Euler class of 75, are such that

T(rv) = E(rm)/S(tm) = (M x M)/(M x M\Ap) ,
Unr € H™(T (7)) = H™(M x M, M x M\Ay) ,
e(tm) = z2*(Un) € HY (M) ,

with z : M — T'(7ar) the zero section. Furthermore, there is defined a commu-
tative diagram

H™(M x M, M x M\Ay) ——= H"(M x M)

"

H™(T (r3)) ————— H"(M)

with ¢ : M x M — (M x M, M x M\Ajp) the natural map. As before, let
V € H"(M x M) be the Poincaré dual of A, [M] € H,(M x M). The Thom
class Uy € H™(T(7a7)) has image

i*(U]V[) = V€H"(M><M),
and

e(rat) = #(Un) = A (Unr)) = A (V) = x(M) € H(M) = Z.

Remark 8.8 Theorem 6.13 can be regarded as a converse of 8.2 :
A connected n-dimensional Poincaré complex X is an n-dimensional homology
manifold if and only if the Poincaré dual V- € H™(X x X)) of A, [X] € H,(X x
X) is the image of a Thom class U € H™(T(rx)), in which case

X(X) = e(rx) e H'(X) = Z .
McCrory [17] called such U a geometric Thom class for X.

Proposition 8.4 A degree 1 map f : M — N of n-dimensional R-homology
manifolds has acyclic point inverses if and only if the Thom classes

Uy € HY(M x M, M x M\Ap;R) , Uy € H*(N x N,N x N\Ap; R)
have the same image in H"(M x M, M x M\M xx M;R)
Up) = (fx ) (Un)€e H*"(M x M,M x M\M xy M;R) ,

with ¢ : (M x M, M x M\M xnx M) — (M x M, M x M\Ay) the inclusion
of pairs.
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Proof This is just the cohomology version of 7.7 (ii), after Lefschetz duality
(6.8) identifications

Uy = [M] € H"(M x M,M x M\Ay;;:R) = H,(M;R),
Uy = [N]€ H"(N x N,N x N\Ay;R) = H,(N;R),
H™(M x M, M x M\M xyx M;R) = H,(M xy M;R) ,

noting that M x M and N x N are 2n-dimensional R-homology manifolds.
O

Remark 8.5 Suppose that f : M — N is a degree 1 map of n-dimensional
homology manifolds which is covered by a stable map

b:my @ e — TN D™
of the tangent block bundles. (For example, if M, N have trivial tangent block

bundles then any map f : M — N is covered by an unstable map b : 7a — 7).
In general, the diagram

H™T(v)) H™(T'(1m))

o o

H™(N x N, N x N\Ay) H™(M x M, M x M\A)

(f < f) c*

H™"(M x M, M x M\M xy M)
is not commutative, with the obstruction in 8.4 non-zero:

T O)(Un) = (f x f)(Un) = ¢ (Un) = (f x [)"(Un)
£ 0€H"(M x M,M x M\M xy M) .
In §9 below this difference will be expressed in terms of an N-controlled refine-
ment of the (symmetrization of the) quadratic structure used in Ranicki [27]

to obtain a chain level expression for the Wall surgery obstruction.

Proposition 8.6 Let f : M — N be a degree 1 map of n-dimensional R-homology
manifolds. If there exists an N -controlled map

a: (M x M, M x M\Apy)— (N x N,N x N\Ay)
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such that the diagram

(M x M,M x M\M xn M)

c fxf

(M x M, M x M\Ap) —%—= (N x N,N x N\Ay)
is N -controlled homotopy commutative, then
(fxf)*(Un) = ¢"(Un) € H*'(M x M, M x M\M xn M;R)
and f has acyclic point inverses. Moreover,
a*(Un) = Uy € H'(M x M, M x M\Ap; R) .
Proof Define the (R, N)-module chain map
g A(N;R) = xyA(N x N,N x N\Ay; R)*"*
S5 A(M x M, M x M\Ans; B> =~ xy A(M; R)
such that
g[N] = a*(Uy) € H, (M) = H"(M x M, M x M\Ay) .
The N-controlled homotopy of pairs
ac>~ fx f:(MxMMxMMxyM)— (NxN,NxN\Ay)
induces an (R, N)-module chain homotopy

ac fx frA(Mx M,Mx M\M xy M;R) ~gny AM xy M;R)**
— A(N x N,N x N\An; R) = n) A(N; R)*™* .

The chain dual is an (R, N)-module chain homotopy
ivg~j : A(N;R) — A(M xn M;R) ,

so that
i.g[N] = j'[N] = [M xy M] € H,(M xy M;R) ,

with dual the identity

ca*(Un) = (f x )*(Un) € H"(M x M, M x M\M xy M;R) ,
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so that f has R-acyclic point inverses by 8.4, and

g~ ft~fAN;R) — A(M;R) ,
g[N] = [M] € H,(M;R) ,
a*(Uy) = U € H"(M x M, M x M\Ay;R) .

d

Remark 8.7 A degree 1 map f: M — N of n-dimensional homology manifolds
which is covered by a map of the tangent n-block bundles b : 73y — 7 need
not be covered by a map of homology tangent bundles a as in 8.6.

9. THE TOTAL SURGERY OBSTRUCTION

The total surgery obstruction s(X) € S,(X) of Ranicki [29] is defined for
a finite simplicial complex X satisfying n-dimensional Poincaré duality with
respect to all coefficients — such Poincaré complexes are considered further
below. For m > 5 the total surgery obstruction is s(X) = 0 if and only if
the polyhedron | X| homotopy equivalent to a topological manifold (which need
not be triangulable). On the other hand, an n-dimensional homology Poincaré
complex X is a homology manifold if and only if an obstruction in H™(X X
X\Ax) (6.13) is 0. The obstruction of 6.13 will now be related to the total
surgery obstruction and its Z-homology analogue.

So far, only the homology H,.(X; R) and cohomology H*(X; R) of a simplicial
complex X with coefficients in a commutative ring R have been considered. For
non-simply-connected X the homology H.(X;A) and cohomology H*(X;A)
and with coefficients in an R[m(X)]-module A will also be considered.

Given a commutative ring R and a group 7 let the group ring R[n]| have the
involution

R[r] — R[~] ; a:angr—»E:Zn9971 (ng € R) .

gem gem

Use the involution to convert every left R[r]-module M into a right R[r]-module
M?, with the same additive group and

M"' x Rlx] = M"; (z,a) — a.x .

Define an involution (1.2) on the additive category A(R[r]) of f.g. free (left)
R[r]-modules

*: A(R[r]) — A(R[r]) ; A— A" = Homp (A, R[r])

with
R[r] x A" — A" (a, f) = (v = f(z).a) .
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Definition 9.1 Given a connected simplicial complex X with universal cover X
and an R[m(X)]-module A define the A-coefficient homology and cohomology
R-modules of X to be

H.(X;A) = Ho(A' @ppm,x)) AX; R))
H*(X,A) = H*(HOHIR[TU(X)](A(X;R),A)).

The A-coefficient homology and cohomology R-modules are related by a cap
product pairing

H,(X;R)®@r H™(X;A) - Hy_ (XA ;2 @y— Ny .

For A = R[m(X)] the A-coefficient homology and cohomology groups are
R[m (X)]-modules

H(X; Rim(X)) = HJAKGR) = H(X5R),

HY(X; Rlm(X)]) = H-—.(Hompr, (x)(AX; R), R[m(X)]))

Definition 9.2 An n-dimensional universal R-homology Poincaré complex is a
finite connected simplicial complex X with a homology class [X] € H,(X; R)
such that the cap products are R[m;(X)]-module isomorphisms

[X] 1 — ¢ H*(X; Rlm (X)]) = H.(X; Ry (X)]) .
A universal Z-homology Poincaré complex will just be called a universal ho-
mology Poincaré complex.

Remark 9.3 (1) A universal homology Poincaré complex is just a Poincaré com-
plex in the sense of Wall [42].

(ii) If X is a universal R-homology Poincaré complex with universal cover X
then the R[m(X)]-module chain map

[X]N—: AX;R)™™ = Homppy, (x) (A(X; R), R[m1 (X))o — A(X; R)
is a chain equivalence, and there are defined Poincaré duality isomorphisms
[X]N—:H"*(X;A) 2 H.(X;A)

for any R[m(X)]-module A.
(iii) A connected finite simplicial complex X with finite fundamental group
71(X) is an n-dimensional universal R-homology Poincaré complex if and only

if the universal cover X is an n-dimensional R-homology Poincaré complex in
the sense of 6.2.

Proposition 9.4 A connected n-dimensional R-homology manifold X is an n-
dimensional universal R-homology Poincaré complez.
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Proof The assembly functor of Ranicki and Weiss [34]

A:ARX) > ARMX)); A = Y Al0)— AX) = > A@po)

ceX Fex

is defined for any connected simplicial complex X, with p : X — X the uni-
versal covering projection. The assembly is a natural transformation of addi-
tive categories with chain duality ([29, 9.11]), so that the assembly of the n-
dimensional symmetric Poincaré complex (A(X'; R), A[X]) in A(R, X) is the
n-dimensional symmetric Poincaré complex (A(X'; R), A[X]) in A(R[r(X)]).
(This is just a formalization of the standard dual cell proof of Poincaré duality,
e.g. Wall [43, Thm. 2.1]). O

In particular, a homology manifold is a universal homology Poincaré complex.

Definition 9.5 (Quinn [22])
(i) An n-dimensional normal complex (X, vx, px) is a finite simplicial complex
X together with a normal structure

(vx : X — BSG(k) , px : S"™" — T(vx)) (k large) .
The homology class
[X] = Uuy Nhipx) = [X] € Hy(X) (h = Hurewicz)

is the fundamental class of X.
(ii) A normal structure on an n-dimensional homology Poincaré complex X is
a normal structure (vx, px) realizing the fundamental class [X] € H,,(X).

Remark 9.6 (i) A finite simplicial complex X is an n-dimensional universal
homology Poincaré complex if and only if a regular neighbourhood (U, 8U) of
an embedding X C S"** defines a fibration

(D, 81y = (U,0U) — X

(Spivak [41], Wall [42], Ranicki [27]). A n-dimensional universal homology
Poincaré complex X has a canonical class of Spivak normal structures (vx :
X — BSG(k), px : S"T* — T(vx)), namely those represented by such regular
neighbourhoods (U, 0U) with

px 2 S"TE — SR /el (STR\U) = U/oU = T(vy) .

(ii) Browder [1] used Poincaré surgery on 71 (X) to prove that every n-dimen-
sional homology Poincaré complex X admits normal structures (vx : X —
BSG(k),px : S"T* — T(vx)), and that for any such structure vx @ e: X —
BSG(k+1) is the normal fibration of a Poincaré embedding X C S"T*+! with
complement T'(vy) U,, D"HFL,
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Definition 9.7 (Ranicki [29, 17.1])

The peripheral quadratic complex of an n-dimensional normal complex X is the
(n—1)-dimensional quadratic Poincaré complex (C, 1 x) in A(Z, X) with C the
X-controlled peripheral chain complex (6.10)

C = C(X]N—: AX)"™* = A(X))ss1
and
Ux € Qn_1(C) = Hna(W g, (C@@x) C))

the X-controlled quadratic class obtained by the boundary construction of [29,
2.6).

Note that the normal complex X is a universal homology Poincaré complex if
and only if the peripheral chain complex C is A(Z[m(X)])-contractible.

Remark 9.8 The X-controlled quadratic class ¥x € QX _;(C) in 9.7 has sym-
metrization

(1 + T)’t/)x = ¢x € anl(c R(z,X) C)

the chain homotopy class of chain equivalences ¢x : C*~1=* — C (6.11). In
fact, ¥ x is an X-controlled version of the quadratic class

Y = Yr(Us) € Qn-1(C) = Hy1(W @z, (C®zC))

obtained by evaluating the spectral quadratic construction of Ranicki [28, 7.3]
vp : HYT(vx)) = Qu-1(C)

on the Thom class U, € H*(T(vx)). Here, F : T(vx)* — X°X is a stable
map inducing the chain map [X] N — : A(X)"™* — A(X'), with T'(vx)* the
spectrum S-dual of the Thom space T'(vx). If X is homology Poincaré then
T(vx)* =¥X*°X.. If X is R-homology Poincaré ¢y =0 € Q,—1(C) =0, but in
general ¢x # 0.

Refer to Ranicki [29, p.148] for the algebraic surgery exact sequence of a sim-
plicial complex X

s = Hy(X;La) 5 L(Z[m1 (X)]) — Sa(X) = Hyoa(X5La) = .0
with A the assembly map. The generalized homology group
Hu(XLa) = La(A(Z, X))
is the cobordism group of 1-connective n-dimensional quadratic Poincaré com-

plexes (C,¥x) in A(Z, X), with C an n-dimensional chain complex in A(Z, X)
and

x € QX (C) = Hny(W g5, (C®@z,x)C))
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such that
(1+T)yx € H,(C X(z,X) ) = Ho(HOHl(Z,X)(Cni*, )

is a chain homotopy class of (Z, X)-module chain equivalences C"™* — C.
Here, W is a free Z[3s]-module resolution of Z

W 28] 5 25 B 25, 2 Z[5)

and the generator T' € Y3 acts on C' ®z, x) C by signed transposition. The
quadratic L-group

Ln(Z[m (X)]) = La(A(Z[m(X)]))

is the cobordism group of n-dimensional quadratic Poincaré complexes (C, 1))
over the group ring Z[m (X)] with

Y € Qn(C) = Ho(W ®z(5,) (C @z, x) C)) -

The structure group S,(X) is the cobordism group of 1/2-connective
A(Z[m1 (X)])-contractible (n — 1)-dimensional quadratic Poincaré complexes in
AZ,X).

Definition 9.9 (Ranicki [29, 17.4])
The total surgery obstruction of an n-dimensional universal homology Poincaré

complex X is the cobordism class of the peripheral quadratic Poincaré complex
in A(Z, X)
s(X) = (C,9x) € Sp(X) .

Proposition 9.10 Let X be an n-dimensional universal Poincaré complex, with
peripheral complex (C,1x).
(i) The following conditions are equivalent :

(a) X is an n-dimensional homology manifold,
(b) C is A(Z, X)-contractible,
() 1+T)x =0€ Hy1(C ®@z,x)C).

(ii) The total surgery obstruction is such that s(X) = 0 if (and for n > 5 only
if) the polyhedron |X| is homotopy equivalent to an n-dimensional topological
manifold. The image of the total surgery obstruction

HX) = [s(X)] € Hooy(X5La)

is such that t(X) = 0 if and only if the Spivak normal fibration vx : X — BSG
admits a topological reduction vx : X — BSTOP.
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Proof (i) (a) <= (b) The peripheral quadratic complex (C,9x) is A(Z, X)-
contractible if and only if the peripheral chain complex C is A(Z, X)-
contractible, if and only if X is a homology manifold (6.11).

(b) <= (c) The map

H,(X)— H,—1(C X(z,X) )

in the braid used in the proof of Theorem 6.13 sends the fundamental class
[X] € H,(X) to the homology class

(1+T)x € Hyoo1(C ®z,x) O)

and C is A(Z, X)-contractible if and only if (1 + T)¢x = 0.
(ii) See [29, 17.4]. O

Remark 9.11 There is also an R-coefficient version, for any commutative ring
R. The R-coefficient peripheral complex (C,1x) of an n-dimensional univer-
sal R-homology Poincaré complex X is the A(R[m1(X)])-contractible (n — 1)-
dimensional quadratic Poincaré complex in A(R, X) with

C = C(X]N—: AX;R)"™ — AX'; R))s

The R-coefficient total surgery obstruction ([29, 26.1]) of X is the cobordism
class

taking value in the R-coefficient structure group fitting into the R-coefficient
algebraic surgery exact sequence

= Ho(X5La) A Th(Rlm (X)) — R) — Sn(X;R) — Hyo1(X3La) — ...

with T', the R-homology surgery obstruction groups of Cappell and Shaneson
[3]. The R-coefficient total surgery obstruction is such that s(X;R) = 0 if
(and for n > 5 only if) the polyhedron |X| is R-homology equivalent to an
n-dimensional topological manifold (Ranicki [29, 26.1]). See §14 below for the
application to knot theory, with R = Z.

10. COMBINATORIALLY CONTROLLED SURGERY THEORY

This section develops the combinatorial version of the topological controlled
surgery theory proposed by Quinn [23] and Ranicki and Yamasaki [37]. In
principle, it is possible to construct the topological theory using the combina-
torial version and the Cech nerves of open covers (cf. Quinn [25, 1.4]), but this
will not be done here.

A degree 1 map f: M — N of n-dimensional homology manifolds has acyclic
point inverses if and only if

AJM] = (f' @ fYALN] =0 € H,(M xx M)

DOCUMENTA MATHEMATICA 4 (1999) 1-59



SINGULARITIES AND CONTROLLED TOPOLOGY 33

by 7.7 (ii). For a normal map (f,b) : M — N this obstruction will now be
related to the chain level surgery obstruction. The Wall surgery obstruction
of (f,b) was expressed in Ranicki [27],[29] as the cobordism class of a kernel
n-dimensional quadratic Poincaré complex in A(Z[mr (NV)])

o.(f,0) = (A(f), ) € Lu(Z[m (N)]) -

The quadratic class 1, will be refined to an N-controlled version v n, with
symmetrization

(L+T)on = AuM] = (f' @ fYALN] € Ho(M xny M) .

Galewski and Stern [7], [8, 1.7] proved that the Spivak normal fibration
vy - M — BSG of a homology manifold M has a canonical topological bundle
reduction vy; : M — BSTOP, namely the canonical topological bundle reduc-
tion of the normal homology cobordism bundle vj; : M — BSH, and that in
fact for dim(M) > 5 there exists a polyhedral topological manifold Mo p with
a map Mprop — M with contractible point inverses.

Definition 10.1 A normal map (f,b) : M — N from an n-dimensional homology
manifold M to an n-dimensional Poincaré complex N is a degree 1 map f :
M — N with a map of (stable) topological bundles b : va; — 1 over f.

The surgery obstruction o.(f,b) € Ly(Z[r1(N)]) of a normal map (f,b) : M —
N is defined by Maunder [16] following Wall [43]. The surgery obstruction is
shown in [16] to be such that o.(f,b) = 0 if (and for n > 5 only if) (f,b) is
normal bordant to a homotopy equivalence. The surgery obstruction can also
be defined using the chain complex method of Ranicki [26], [27].

Definition 10.2 The N-controlled quadratic structure of a normal map (f,b) :
M — N of n-dimensional homology manifolds is the element

Yoy = YrN[N] € QY (A(M)) = Hp(ES: x5, (M xy M))

with Yy @ Ho(N) — QY (A(M)) the N-controlled version of the quadratic
construction of [27, Chapter 1]

Y H (N) — Q.(A(M)) = H.(EXs x5, (M x M)) .
Here, b : vj; — 7 is a stable bundle map over f from the stable normal bundle
vy of M, nis a bundle over N, E3s is a contractible space with a free Y-
action, the generator T € 39 acts on M Xy M by transposition

T:-MxyM — MxxM; (z,y) — (y,z)

and F : XN, — XM, is a geometric Umkehr map (= the S-dual of
T(b) : T (var) — £°°T(n)) inducing f* on the chain level.
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As usual, write W = A(E3,), so that

Qu(A(M)) = H,(W &giz,) (AM) @z A(M))) ,
N(AM)) = Hp(W s, (A(M) @z,n) AM))) .
Remark 10.3 As defined in [27] the quadratic construction ¥ only gives an

element ¢, = Yp[N] € Qn(A(M)). There are two ways of checking that there
is a lift of 1, to an N-controlled element ¥y, x € QN (A(M)):

o Note that the natural chain level transformation in [27, Chapter 1]
Vi AN) = W @zs,) (AM) @z A(M))
factors through
YrN  AN) = W g5, (AM) Bz,n) AM))

exactly as for the Alexander-Whitney diagonal chain approximation (5.3
(iii)), so that

Y+ Ho(N) 223 QN(A(M)) — Qu(A(M)) .

n

e Note that (f,b) determines an algebraic normal map in A(Z, N) in the
sense of [29, 2.16], with a corresponding quadratic class iy, n.

An n-dimensional homology manifold M determines an n-dimensional symmet-
ric Poincaré complex in A(Z, N)

on(M) = (A(M),A[M] € QN (A(M)))
for any simplicial map M — N. Here, the Q-group is defined by
QN (A(M)) = Hy,(Homgs,) (W, A(M) ®z,n) A(M))) ,

and A, : Hy(M) — Q% (A(M)) is induced by the Alexander-Whitney diagonal

chain approximation. (Note that A, is an isomorphism for 1 : M — N = FALSE!
M). The fundamental L*(Z)-homology class of M (Ranicki [29, 16.16]) is the
cobordism class

(M = oy (M) € L"(A(Z,M)) = H,(M;L*(Z)) .

For a degree 1 map f : M — N the algebraic mapping cone of the Umkehr
chain map f': A(N) — A(M) is a (Z, N)-module chain complex

A(f') = C(f' - AN) — A(M)) .

Let e : A(M) — A(f') be the inclusion. The kernel n-dimensional symmetric
Poincaré complex in A(Z, N)

on(f) = (A(f), (e @ e)A[M))
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is such that up to homotopy equivalence
on(M) = on(N)®on(f),
with cobordism class the difference of the fundamental L.*(Z)-homology classes

on(f) = felMlL = [N € Ha(N;L2(Z)) -

Definition 10.4 (Ranicki [29, 18.3])
The normal invariant of a normal map (f,b) : M — N of n-dimensional
homology manifolds is the cobordism class

[f.0l = (A(f'), (e®e)vnn)
€ Lo(A(Z,N)) = Ho(N:L.) = [N,G/TOP] .

The normal invariant of 10.4 is a (mild) generalization of the traditional normal
invariant in surgery theory, and has the following properties:

o [f,b]L € Hp(N;L,) is a normal bordism invariant, such that [f, bl = 0
if f has acyclic point inverses.

e For a normal map of polyhedral topological manifolds [f,b];, = 0 if (and
for n > 5 only if) (f,b) is normal bordant to a homeomorphism.

e The assembly of [f,b]r, in the Wall surgery group is the surgery obstruc-
tion of (f,b)
Alf, bl = 0.(f,b) € Ln(Z[m (N)]) .

e The image of o.(f,b) in the homology surgery I'-group of Cappell and
Shaneson [3]

AT, 0L = ol (£,b) € Tu(Z[m (N)] — Z)

is such that o (f,b) = 0 if (and for n > 5 only if) (f,b) is normal bordant
to a homology equivalence.

For PL manifolds these are direct applications of the surgery obstruction theory
of Wall [43]. In the general case, apply the extension of the theory to polyhedral
homology manifolds due to Maunder [16], or else combine with the result of
Galewski and Stern [7], [8, 1.7] that every polyhedral homology manifold can
be resolved by a polyhedral topological manifold and the T'OP version of Wall’s
theory.

Proposition 10.5 The N-controlled quadratic class ¥y N of a normal map
(f,b) : M — N of n-dimensional homology manifolds determines a kernel
n-dimensional quadratic Poincaré complex in A(Z,N)

o (f,0) = (A(f'), (e ®e)tp,n)
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with cobordism class the normal invariant of (f,b)
[f.blL = o (f:b) € Lu(A(Z,N)) = Hu(N;La) .
The Poincaré duality chain equivalence of the symmetrization
L+ 1)o7 (f,0) = on(f)

s such that up to chain homotopy

L+ T)e@e)pn = (e®@e)AM]: A" — A(f) |
which is the obstruction to f having acyclic point inverses (7.7 (ii))

L+ D) e@e)py = AdM]~(f @ fHAN]
€ Hy(A(f) @@z A(f) = Ho(M xn M,Ay) (7.3 (ii))

Proof The identity

(L+T)on = AM] = (f'® [)ALN] € Hp(M xy M)

is just the N-controlled analogue of the standard property of the quadratic
construction ([27])

(1+T>wb = A*[M] _(f’®f‘>A*[N] EH"(MXM)'
O

Remark 10.6 The quadratic class ¢y € QY (A(M)) can be defined for any
degree 1 map f : M — N of n-dimensional universal Poincaré complexes with a
map b : vy — v of the Spivak normal fibrations, with all the properties of ¥, v
in 10.2 except that the n-dimensional quadratic complex (A(f'), (e ® e)iy n)
in A(Z, N) will only be Poincaré in A(Z[r1(N)]).

A homotopy equivalence f : M — N of n-dimensional homology manifolds can

be regarded as a normal map (f,b) : M — N with b: vy — (f 1) v

Definition 10.7 (Ranicki [29, 18.3])
The structure invariant of a homotopy equivalence f : M — N of n-dimensional
homology manifolds is the cobordism class

s(f) = (AU, 4o,n) € Snra(N)
with image the normal invariant [f,b]. € H,,(N;L,).

Proposition 10.8 (Ranicki [29, 18.3])

The structure invariant of a homotopy equivalence f : M — N of polyhedral
n-dimensional topological manifolds is such that s(f) = 0 € S, (N) if (and for
n > 5 only if) f is h-cobordant to a homeomorphism.
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In §13 below there will be obtained controlled versions of 10.7 and 10.8.

There is also a simple version of the structure invariant, which is defined for
a simple homotopy equivalence f : M — N of n-dimensional homology mani-
folds, taking value in the relative group S (V) in the exact sequence

= Hy(N;La) 3 L3 (Z[m1 (N)]) — S5(N) — Hp_1(N;La) — ... .

Remark 10.9 The simple homotopy theory version of surgery theory allows an
application of the s-cobordism theorem, to obtain:

The simple structure invariant of a simple homotopy equivalence f : M — N of
polyhedral n-dimensional topological manifolds is such that s(f) = 0 € S5(N)
if (and for n > 5 only if) f is homotopic to a homeomorphism.

Proposition 10.10 (1) A map f: M — N of simplicial complezes with acyclic
point inverses is simple, with 7(f) =0 € Wh(mi(N)).

(ii) A homotopy equivalence f : M — N of n-dimensional homology man-
ifolds with acyclic point inverses is simple, with simple structure invariant
s(f) = 0 € S5 ().

(iii) For n > 5 a homotopy equivalence f : M — N of n-dimensional polyhedral
topological manifolds with acyclic point inverses is homotopic to a homeomor-
phism.

Proof (i) As in the proof of 9.4 use the assembly functor of Ranicki and Weiss
[34]

A:AZ,N) = AZm(N)) ; A = Y A(o) = ANN) = > A(pd)

oeEN GEN

with p : N — N the universal covering projection. A choice of basis for each
of the f.g. free Z-modules A(c) (0 € N) determines a basis for the assembly
f.g. free Z[mri(N)]-module A(]\7), uniquely up to multiplication by the group
elements g € m1(N). Thus if C' is a based (Z, N)-module chain complex such
that C'(N) is contractible there is a well-defined Whitehead torsion

7(C(N)) € Wh(m (N)) .

For any simplicial map f : M — N there is defined a based (Z, N)-module
chain complex

C = C(f: AM)— A(N))
with
Clo) =
C(f|: A(f~'D(o,N), f~'0D(o, N)) — A(D(o,N),0D(o,N))) (0 € N) .
The assembly of C' is the based f.g. free Z[m (IN)]-module chain complex
C(N) = C(f: A(M) = A(N))
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with M = f*N the pullback cover of M. If f is a Z[r (N)]-module chain
equivalence (e.g. if f is a homotopy equivalence) the torsion of f is defined by

7(f) = T(C(N)) € Wh(mi(N)) .

If f has acyclic point inverses each C(o) is contractible, and f is a Z[mi (IV)]-
module chain equivalence, with the torsion of f such that

7(f) = 7(C(N)) € m(Wh({1}) = Wh(m (N))) = {0},

so that 7(f) = 0. (This uses Wh({1}) = 0, exactly as in the proof of the
combinatorial invariance of Whitehead torsion in Milnor [19]).

(ii) The simple structure invariant s(f) is the cobordism class of the simple
Z[m1(N)]-contractible n-dimensional quadratic Poincaré complex (A(f'), 1y n)
in A(Z, N) with

ff=fLIAWN) - AM) .

By (i) A(f") is simple (Z, N)-contractible, and so represents 0 in the simple
structure group.

(iii) By (ii) f is a simple homotopy equivalence with zero simple structure
invariant, so that 10.9 applies. a

Remark 10.11 Let n > 5.

(i) A map f : M — N of n-dimensional PL manifolds with acyclic point
inverses is homotopic through maps with acyclic point inverses to a PL home-
omorphism if and only if the Cohen-Sato-Sullivan obstruction

c(f) € H*(N:05)

is 0, with & the Kervaire-Milnor cobordism group of oriented 3-dimensional
PL homology spheres (Ranicki [31, pp.26-28]). The obstruction is 0 if f has
contractible point inverses. The obstruction is the homotopy class of the map

cH(f): N — H/PL ~K(63)

classifying the difference between the PL reductions of the normal homology
cobordism bundles of M and N. The combination of the Kirby-Siebenmann
result

TOP/PL ~ K(Z,3)

with the work of Galewski and Stern [7] shows that the various classifying
spaces are related by a commutative braid of fibration sequences

SN T N T

K(6H.3) BPL BTOP 6K (ker(a), 5)
K(Z3,3) ) BH K(Zs,4)
/ X a
K (ker(a),4) K (65 4)
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with o : 04 — Zs the Rochlin map ([31, p.26]).
(ii) A homeomorphism f : M — N of n-dimensional PL manifolds is homotopic
to a PL homeomorphism if and only if the Casson-Sullivan obstruction

K(f) = al(c(f)) € HY(N; Z»)
is 0 ([31, p.14]). The obstruction is the homotopy class of the map
k(f): N - TOP/PL ~ K(Z2,3)

classifying the difference between the PL reductions of the normal topological
block bundles of M and N.

(iii) A homeomorphism f : M — N of n-dimensional PL manifolds is homo-
topic to a simplicial map with acyclic point inverses if and only if the Galewski-
Matumoto-Stern obstruction

Sk(f) € H*(N;ker(a))

is 0 ([31, p.28]).

(iv) Galewski and Stern [8] proved that an n-dimensional topological manifold
N is polyhedral (i.e. can be triangulated by a polyhedron) if and only if the
element

Sk(vy) € H(N;ker(a))

is 0. In particular, this obstruction is 0 for the topological manifold N = Mpop
resolving a (polyhedral) homology manifold M given by Galewski and Stern
[7], so that Mrop can be taken to be polyhedral.

11. INTERSECTIONS AND SELF-INTERSECTIONS

The chain complex methods of this paper will now be applied to obtained
a combinatorially controlled homology version of the intersection theory of
homology submanifolds.

Definition 11.1 Given maps of X-controlled R-homology Poincaré complexes
f11M1—>N s f22M2—>N

with
dim(M;) = my , dim(Mz) = mg , dim(N) = n

define the X -controlled intersection class
[Ml X x Mz] € Hm1+m27n(M1 X x MQ; R)
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to be the chain homotopy class of the (R, X )-module chain map
A(My;R)™~* ~ A(My; R) L5 A(N;R) ~ A(N; R)"™*
Vo A(My; R 2 A(Mos R)my—n
using the identifications

Hmlergfn(Ml Xx M27R)
= Honypmy—n(A(My; R) ©(r x) A(Ma; R))
= Ho(Homg x)(A(M1; R)™ ™", A(M2; R)stmy—n)) -
In terms of the Umkehr (R, X )-module chain maps (7.1)
fi s AN R) = AN R)™ L4 A (M R)™ = A(My; R)wtmy -
!

fb i A(N;R) =~ AN; R 21 A(My; R)"™ ~ A(Mz: R)siny—n

the X-controlled intersection class is given by the evaluation on the fundamen-
tal class [N] € H,(N) of the composite

H7L(N7R> é) Hn(N XX N,R) fﬁé Hml-‘rmz—n(Ml XX MZvR) )

that is
[My xn Mo] = (fi ® £3)AIN] € Hypy fmy—n(M1 xx Mo R)

For the remainder of §11 R =7, X = N, i.e. only homology manifolds will be
considered.

Definition 11.2 Embeddings of homology manifolds
fie (M)™ — N™ , fa: (M2)™ — N"
are transverse if

e the intersection M7 N My is an (m; + mge — n)-dimensional homology
manifold,

e the product embedding f; x fo : My x Mz — N x N has a normal
homology cobordism bundle

Vf1><f2 : Ml X M2 — BSH(QTL —mqi — m2)

whose restriction to M1 N My (viewed as a submanifold of M; x Ms) is a
normal homology cobordism bundle for M; N My C N.
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(Compare with the notion of homology manifold transversality considered by
Galewski and Stern [7, Chapter 3].)

Proposition 11.8 The N -controlled intersection class of transversely intersecting
embeddings of homology manifolds f1 : (M;)™ — N", fo: (M3)™ — N" is
the fundamental class of the (mq + ma — n)-dimensional homology submanifold
My xy My = MiNMyCN
that is
[My xn M) = [MiNMs] € Hypy4mo—n(M1 xn M) .

Proof The normal homology cobordism bundle
V=vn,nMycN P M1 N My — BSH(2n —mq —mg)
is such that there are defined isomorphisms

H.(N,N\(My N My)) H.(N,cl.(N\E(v)))

H(E(v),5())
= H*+m1+m272n(M1 OMQ) .

1

1%

The identity [My Xy Ms] = [My N Ms] follows from the evaluation of [N] €
H,(N) in the commutative diagram

>~

H,(N) H,(N xy N)

f®f

H,(N,N\(M1 0 Ms)) — Hpytmp—n(My xn Mo) .
Given a map f: M — N define the maps

i:M—MxyM; z— (z,2),
jiMxyM—N; (z,y)— f(z)=f(y),
k:MxyN—M; (z,y)—=x

(as in §7) such that
ji = f - M—-N , ki =1:M—M.

The induced maps
i Ho(M) — H (M xny M)

are split injections, with

H*(M XNM) = H*(M)@H*(M XNM,A]V[) .
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If M, N are homology manifolds with dim(M) = m, dim(N) = n the Umkehr
(Z, N)-module chain maps

' AN) = AM)aymn 5§ AN) = AM Xx M)ayom-on
are defined as in 7.1,7.8.

Proposition 11.4 Let f: M™ — N™ be a map of homology manifolds.
(i) The N-controlled intersection class of f with itself

[M xy M] = 5[N] € Hopn(M xn M)
is such that [M xny M] =0 € Hapm—n(M xXn M, Ap) if and only if
[M xn M| € im(ix : Homen(M) — Hop—n(M xn M)) .
(ii) If f is an embedding then
[M xy M] = [M]Ne(vs) € Hypn(M XNy M) = Hoppn(M)

with e(vy) € H" ™(M) the Euler class of the normal homology cobordism
bundle vy : M — BSH(n —m).

Proof (i) Immediate from the definition of [M Xy M], and the (split) exact
sequence

0— HQm—n(M) Z_*) HQm—n(M XN M) - H2m—n(M XN MaAM) —0.
(ii) For an embedding f

it =1 M—->MxyM = M,
j=f:MxyM = M— N .

It follows from the commutative diagram

H,(N) An H,(NxN)
H"(NxN,NxN\Ay) —= H*(NxN)
7 (fo)*l l(fo)* Fof
H™(M x M, M x M\Ayp) — H™(M x M)
Hp (M) B o (M x M)
that

Ap[M xy M] = Apj'[N] = (F @ f)AN[N] € Hapmn(M x M) .
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The Pontrjagin-Thom collapse map
F i Ny — N/eL(N\E(v) = E(vy)/S(vg) = T(vy)
induces the Umkehr Z-module chain map
F o= f1AN) = AWV;) = AT0) = AM)wpmon
It follows from the commutative diagram

F=f -

Hy(N) Hyn(T(vy)) = Hi (M)
%\
AN Ar(uy) Ham—n(M)
AN

o fef - N

n(NXN) —— Hn(T(Vf) A T(Vf)) = H2m—n(M X M)
that

(f'© fANIN] = An(f'IN]Ne(vy))
= Ap([M]Ne(vy)) € Hopn(M x M) .

Thus

Ay[M xy M] = (f'© f)AN[N]
= Ap([M]Ne(vy)) € Hopmn(M x M) .

Now A : Hopen (M) — Hop—n (M x M) is a (split) injection, so that
(M xny M] = [M]Ne(vs) € Hoppn(M) .
O

Remark 11.5 (i) If f : M™ — N™ is a map of homology manifolds with an
N-controlled map

a:(MxM,Mx M\Ay)— (N xN,Nx N\Ay)
such that the diagram

(M x M,M x M\M xn M)

c fxf

(M x M, M x M\Ap) —2—= (N x N,N x N\Ay)
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is N-controlled homotopy commutative then
[M xny M] € im(is : Hymn(M) — Hap—n(M Xy M)) ,

where c¢ is the inclusion. (For m = n this is essentially the same as 8.6.)
The property ac ~ f x f is related to the necessary and sufficient condition
obtained by Haefliger [10] for a map f : M™ — N™ of differentiable manifolds
in the stable range 2n > 3(m + 1) to be homotopic to an embedding, namely
that f x f : M x M — N x N be Ys-equivariantly homotopic to a map
h:Mx M — N x N with h=1(Ax) = Ay, so that h defines a map of pairs

he(MxM,Mx M\Apy) — (N xN,Nx N\Ay) .

The action of 3 is by transposition (z,y) — (y,x). See 11.11 below for a more
detailed discussion of the case n = 2m.

(ii) The identity of 11.4 (ii) for an embedding f : M™ — N™ can also be proved
geometrically, whenever there exists an isotopic embedding f': M’ = M — N
such that:

e M, M' C N intersect transversely in a (2m — n)-dimensional homology
submanifold M N M’ C N,

o [MNM'| € Hopm—rn(M) is Poincaré dual to e(vy) € H"™™(M),
o [M xyM]=[MNM'] € Hopm_n(M).
Applying 11.3, it follows that

(M sy M] = [M A M]
= [M]me(yf)eHQ'm—n(MxN M) = H2m—n(M> .

(iii) Let f : M — X be a degree 1 map of n-dimensional manifolds, which is
covered by a stable bundle map

b:Ty De® —17x ©e™ .
The induced stable map of Thom spaces
Tb): T(ty ©€>) =E%T(ta) — T(7x © ™) = X7 (1x)
sends the Thom class of 7x to the Thom class of 7,
T(b)* : H(I(rx)) — H™(T(1a1)) 5 Ux = Uns
The images of the Thom classes Ujys, Ux under the maps

inclusion™ : ET"(T(TM)) > HY(M x M, M x M\Ay)
— H™(M x M, M x M\(f x f)"'Ax),
FXf T HYX x X, X x X\Ax) — H"(M x M, M x M\(f x f)"'Ax)
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are not the same (in general), since the diagram I in

~ T(b)* ~
H™(T(7ar)) o H™(T(7x))

o o

H™(M x M, M x M\Aj) H™"(X x X, X x X\Ax)

\/

(M x M, M x M\(f x f)"'Ax)

/N\

H™(M x M) H"(X x X)

does not commute. However, it does commute in the unstable case b : 7p;y — Tx,
with a commutative diagram

(M x M, M x M\Ay) —2—> (X x X, X x X\Ax)

o,

M X

Definition 11.6 The homotopy double point set P(f) of a map f: M — N is
the homotopy pullback in the diagram

P(f)—M

-~

I

%N

Thus P(f) is the space of triples (z,y,w) with z,y € M and w : [0,1] = N a
path such that

w(0) = f(z) , w() = fly) eN
The space P(f) is a homotopy model for the actual double point set M x y M,
and there is an evident inclusion

M xy M — P(f); (z,y) = (2,y,w)

with w(t) = f(z) = f(y) e N (0 <t <1).

Proposition 11.7 If f : M™ — N™ is a map of homology manifolds the image
of IM Xy M| € Hopp—n (M XN M,App) in Hopm—n(P(f), Anr) is a homotopy
inwvariant of f, which is 0 if f is homotopic to an embedding.

Proof Immediate from 11.4. O
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Remark 11.8 See Hatcher and Quinn [11] for the systematic use of homotopy
pullbacks to define intersection invariants of submanifolds.

Next, consider an immersion of an m-dimensional homology manifold in an
n-dimensional homology manifold

f:M™— N

with m < n. Let vy : M — BSH(n — m) classify the normal homology
cobordism bundle, so that there is defined a fibration

(D", §7m) s (B(vyg), S(vy)) — M
and the Thom space is given by
T(vy) = E(vy)/S(vy) -
For sufficiently large k there exists a map g : M — int(D*) such that
fxg:M—NxD"; e (f(z),9(z))
is an embedding with normal homology cobordism bundle
Vixg = V@€ M — BSH(n —m+k) .
The corresponding Pontrjagin-Thom collapse map
F:YN, = NxD¥/N xS = Twra) = SF(vy)
induces the Umkehr (Z, N)-module chain map
AN = AN LD A = AM) i = A(T(vp)) .

Let
vy xNyf:MxNMHBSH(Z(n—m))

be the homology cobordism bundle defined by the restriction of the product
v xvyp: M x M — BSH(2(n—m))
to M xny M C M x M, with Thom space
T(vs xnvy) = E(vp xnvy)/Swvp xXnvy)
= E(vy) xn E(vy)/(E(vy) xn S(vp) US(vy) xn E(vy)) -
Definition 11.9 The N-controlled self-intersection class of an immersion of ho-

mology manifolds f : M™ — N" is the N-controlled version of the homology
class of Ranicki [27, pp.279-282]

un(f) = —YrN[N]
€ Hy(EXs xs, T(vs X n vy))
= Hom—n(ES2 x5, (M xxy M); 2"
= Hopn(WZT" " @gp5,) (A(M) @z, 5 A(M)))

)nfm
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with ¥p N (9.2) the N-controlled version of the quadratic construction g of
[27, Chapter 1] applied to a geometric Umkehr map F : S¥N, — S*T(vy) (k
large) inducing f' on the chain level. Here, Z()"" refers to Z twisted by the
orientation character of the extended power homology cobordism bundle

e2(vy) 1 EXg X5, (M xy M) — BH(2(n —m))
with
E(ea(vy)) = EXg xsx, (E(vy) xn E(vy)) ,

S(ea(vy)) = EXg xw, (E(vy) xn S(vy) US(vyp) xn E(vy))
T(ex(vy)) = Elex(vy))/S(ealvy)) = EXgxz, T(vy xnvy)

yr=m

and WZ()" " is a free Z[¥s]-resolution of Z(~

Proposition 11.10 (i) The N-controlled self-intersection class has symmetriza-
tion

(L+T)un(f) = [M xny M]—i(e(vy) N [M])
€ H,(T(vy xnvs)) = Hamn(M xnx M),
with
M xy M] = (f'® fYAN[N] € Hopm_n(M xx M) .
(ii) The image of pun(f) in

Hopyn(EYo X5, (M xn M), EXo X3, AM;Z(*)"*’")
= HY (ESy xs, (M xy M\A); Z&

2m—n
(M xn M\Apr)/S2; 2"

)nfm

)
= HY

2m—n
is a Z(7)" " stwisted fundamental class for the stratified set of unordered double
points!

(M xnM\AM)/E2 = {(z,y) € MXM |z #y, f(x) = f(y)}/{(z,y) ~ (y,2)} .

(iii) If f : M — N s an embedding then it is possible to chose k = 0, F :
Ny — T(vy) and pn(f) = 0.

(iv) The image of un(f) in H:l,{nfn((M X M\Ap)/S0; ZC)""™) is a regular
homotopy invariant of f, which is 0 if f is regular homotopic to an embedding.
Proof These are the N-controlled versions of standard properties of the self-

intersection form p of Chapter 5 of Wall [43]. |

Let f: M™ — N™ be a map of connected homology manifolds with n = 2m,
such that f. : m (M) — 71 (N) is trivial. Write 71 (N) =7, and let g : N — Bwr

1The unordered double point set of an immersion of manifolds f : M™ — N™ is an open
(2m — n)-dimensional manifold in the metastable range 3m < 2n, when there are no triple
points.
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be the classifying map for the universal cover N = g*Em of N. A choice
of null-homotopy gf ~ {*} : M — Bm determines a homotopy equivalence
P(gf) 27 xMx M, with P(gf) the homotopy double point set (11.6), as well
asalift f: M — N of f: M — N. The N-controlled intersection class (11.1)
is an element

[M XNM] S Ho(M XNM)
with image the intersection class of Wall [43, 5.2]

)‘(f7f) GHO(P(gf)) = Z[’/T] )

which is a homotopy invariant of f. The following result was first obtained in
the differentiable category.
Proposition 11.11 (Haefliger [10])
The reduced intersection class of a map f: M™ — N?™

ML) = D)€ Ho(Pgf), An) = Z[r]/Z
is such that X(f, f) = 0 if (and for m > 3 only if) f is homotopic to an
embedding.

Now assume that f : M™ — N?™ is an immersion, so that the double point
set M X M is the disjoint union of Ay; and a finite set M x xy M\Aps. The
N-controlled self-intersection class (11.9)

m

un(f) € Hy(EXy x5, (M XNM);Z(’) )

has image the self-intersection form of [43, 5.2

u(f) = > w(z,y)g(x,y)
((L‘,y)E(MXNM\A]w)/EQ

€ Hy(EXy x5, P(gf;27") = Z[x]/{a— (-)"a}
where

e a — a is the involution on the fundamental group ring Z[x] defined (as
in §9) by

Zir)| = Zln] ; a = angHE = ang_la

gem gem

e g(x,y) € 7 is the fundamental group element determined for each non-
trivial ordered double point (z,y) € M xy M\Ax by

fl@) = g(z,y)fy) N,

e w(x,y) = £1 according to the matching up of the orientations of M and
N at f(z) = f(y) € N,
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The symmetrization of u(f) is such that

() + ()" ulF) = A F) = x(vp) € Zin]
a special case of 11.10 (i), with x(vy) € Z C Z[r].

Proposition 11.12 (Wall [43, 5.2])
The self-intersection form of an immersion f: M™ — N?™

p(f) € Zml/{a — (=)"a}

is a regular homotopy invariant such that u(f) = 0 if (and for m > 3) if f is
regular homotopic to an embedding.

In fact, the reduced self-intersection form

w(f) € Zlx] /(Z + {a — (=)™a})

is a homotopy invariant of f. The condition m > 3 in 11.12 is necessary for the
application of the Whitney trick to remove pairs of double points, with u(f) =0
being just the algebraic condition for the double points to appear in potentially
cancelling pairs. The result of 11.12 for an immersion f : S™ — N2?™ is of
course essential for even-dimensional surgery obstruction theory.

12. WHITEHEAD TORSION

It is a commonplace of controlled topology that the Whitehead torsion of an X-
controlled homotopy equivalence of X-controlled complexes has zero image in
Wh(mi(X)). See for example the controlled K-theory proof in Ranicki and Ya-
masaki [36] of Chapman’s theorem on the topological invariance of Whitehead
torsion.

Proposition 12.1 If f : M — N is a homotopy equivalence of simplicial com-
plexes which is also an X -controlled homology equivalence then the Whitehead
torsion of f is such that

7(f) € ker((pn)« : Wh(mi(N)) — Wh(mi (X)) -

Proof Work as in 9.10 (i): the algebraic mapping cone of the (Z, X)-module
chain equivalence f : A(M) — A(N)

C = C(f: AM) — A(N))

is a based contractible finite chain complex in A(Z, X), with assembly the based
contractible finite chain complex in A(Z[m1(X)])

C(X) = C(f: A(M) — A(N))
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with 0 torsion in Wh(m1(X)). The image of 7(f) € Wh(m(N)) in Wh(m (X))
is thus »
(pn)«7(f) = 7(C(X)) = 0€ Wh(m (X)) .
O
Definition 12.2 An X -controlled h-cobordism (W; M, N) of homology manifolds

is an h-cobordism together with a simplicial map pw : W — X’ such that the
inclusions M — W, N — W are X-controlled homology equivalences.

Proposition 12.3 The Whitehead torsion of an X-controlled h-cobordism
(W; M, N) of homology manifolds is such that

(W3 M, N) € ker((pw)~ : Wh(mi (W) — Wh(my(X))) .
Proof By definition
TW;M,N) = (M — W) € Wh(m (W)) .
Apply 12.2 to the X-controlled homotopy equivalence M — W. a
Corollary 12.4 If my (W) = w1 (X) an N-controlled h-cobordism (W; M, N) of
homology manifolds is an s-cobordism, with
T(W;M,N) = 0e€ Wh(m (W)) .

Proof Immediate from 12.3, since in this case pyy : W — X = N is a homotopy
equivalence. |

In principle, it would be possible to investigate X-controlled versions of the
classical h- and s-cobordism theorems of high-dimensional manifold theory,
taking the controlled h-cobordism theorem of Quinn [23] as a model.

13. HOMOLOGY FIBRATIONS

It is a theme of controlled topology that if F — E — B is a fibre bundle of
manifolds and f : M — FE is a homotopy equivalence of manifolds then M is
the total space of a fibre bundle FF — M — B if and only if f is a B-controlled
homotopy equivalence. For example, see Chapman [4]. (All niceties to do with
fibre bundles, block bundles, approximate fibrations etc. are being ignored
here!). An analogous result will now be obtained in the combinatorial context
of this paper.

Definition 13.1 A B-controlled R-homology fibration E is a B-controlled sim-
plicial complex F such that the inclusions

py D(7,B) — pp'D(0,B) (0 <7 € B)
are R-homology equivalences, i.e. induce isomorphisms

H.(pg'D(r,B); R) = H.(p;' D(0, B); R) .
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The R-module chain homotopy type of A(pz'D(c, B); R) is the chain fibre of
E. (It is assumed here that B is connected, so that the chain fibre is well-
defined.)

Remark 15.2 An (R, B)-module chain complex C' is homogeneous if the inclu-
sions define R-module chain equivalences

~

[Clle] = [Cll7] (r<o€B)

(Ranicki and Weiss [34, 4.5], Ranicki [29, p.110]). A B-controlled simplicial
complex FE is a B-controlled R-homology fibration if and only if the (R, B)-
module chain complex A(F; R) is homogeneous.

Example 13.3 Let E be a B-controlled simplicial complex.

(i) The control map pg : E — B’ has R-acyclic point inverses if and only if F
is a B-controlled R-homology fibration with R-acyclic chain fibre.

(ii) The control map pg : E — B’ is a quasifibration in the sense of Dold and
Thom [6] with fibre F' = py,' () if and only if the inclusions

p5'D(7,B) — pz'D(0,B) (0 <7 € B)

are homotopy equivalences, in which case F is a B-controlled R-homology
fibration with chain fibre A(F; R).

Definition 13.4 A d-dimensional B-controlled R-homology Poincaré fibration F
is a B-controlled R-homology fibration such that each p;'D(o, B) (0 € B) is
a d-dimensional R-homology Poincaré complex, with each inclusion

pp D(1,B) — pp'D(0,B) (0 <71 €DB)
an R-homology equivalence such that the induced isomorphism
Hy(py'D(7, B); R) = Hy(py' D(o, B); R)

sends [p' D(r, B)] to [p; D(c. B)].

The chain fibre C' of a d-dimensional B-controlled R-homology Poincaré fibra-
tion E is a d-dimensional symmetric Poincaré complex over R. (See Ranicki
[26] for the theory of symmetric Poincaré complexes.)

Proposition 13.5 Let B be an n-dimensional R-homology manifold B, and let
E be a d-dimensional B-controlled R-homology Poincaré fibration, with chain
fibre C.

(i) E is an (n + d)-dimensional B-controlled R-homology Poincaré complex.
(ii) F xg E is an (n + 2d)-dimensional B-controlled R-homology Poincaré
fibration with chain fibre the 2d-dimensional symmetric Poincaré compler C®g
C over R. In particular, E xpg E is an (n + 2d)-dimensional B-controlled R-
homology Poincaré complex.
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Proof (i) Use the algebraic Poincaré cycle theory of Ranicki [29], involving the
symmetric L-spectrum L*(R) with homotopy groups the symmetric L-groups
of R

m(L*(R)) = L*(R) .

The L*(R)-homology group H,,(B;L°*(R)) is the cobordism group of m-
dimensional symmetric Poincaré cycles in A(R, B), and the cap product

N:H,(B;L*(R)) ® H 4B;L*(R)) — H,4(B;L*(R))

is defined using the ring spectrum structure of L.*(R). The R-coefficient ho-
mology class

[E] = [B]®[F] € Hupa(E;R) = Hu(B; R) ®@r Ha(F; R)

determines an (n + d)-dimensional symmetric cycle [Elp, = (A(E; R), A[E]) in
A(R, B) which is Poincaré if and only if F is an (n+d)-dimensional B-controlled
R-homology Poincaré complex, in which case [E]r, € Hp+q(E;L*(R)) is a fun-
damental L*(R)-homology class. The cap product (on the algebraic Poincaré
cycle level) of the fundamental I *(R)-homology class of [29, 16.16]

(Bl € Hn(B;L*(R))
and the L *(R)-cohomology class
[C,pelL € H4(B;L*(R))
of Liick and Ranicki [14, Appendix] identifies
[El. = [BlLN[C,pelL € Hnra(B;L*(R))

so that [E]L is a Poincaré cycle, as required.

(ii) For any B-controlled R-homology fibration F with chain fibre C the product
E xpF is a B-controlled R-homology fibration with chain fibre C®@rC. Thus if
FE is a d-dimensional B-controlled R-homology Poincaré fibration then Ex g FE is
a 2d-dimensional B-controlled R-homology Poincaré fibration, and (i) applies.
O

Remark 13.6 The result of 13.5 (i) is a combinatorial version of the result of
Buoncristiano, Rourke and Sanderson [2, p.21] that the total space of a mock
bundle is a manifold, and of the result of Gottlieb [9] (announced by Quinn [22])
that the total space of a fibration F' — E — B with base B an n-dimensional
Poincaré complex and fibre F' a d-dimensional Poincaré complex is an (n + d)-
dimensional Poincaré complex F.

Remark 13.7Let E be a (d+1)-dimensional homology manifold with a simplicial
map pg : F — S such that the induced infinite cyclic cover of E

E = (pe)'R
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is finitely dominated. Let ¢ : E — E be a generating covering translation, with
mapping torus

T(¢) = Ex[0,1)/{(z,0) = (((x),1) |z € E} .
The fibering obstruction of F
®(E) = 7(T'(¢) — E) € Wh(m(E))

is such that ®(E) = 0 if (and for d > 5 only if) pg : E — S is homotopic to
the projection of a d-dimensional S!-controlled homology Poincaré fibration.
For an actual manifold E this is the original fibering obstruction of Farrell and
Siebenmann, and the S'-controlled homology Poincaré fibration can be taken
to be an actual fibre bundle over S'. See Ranicki [30],[33] and Hughes and
Ranicki [12] for more recent accounts of the fibering obstruction over S*.

Theorem 13.8 Let B be an n-dimensional R-homology manifold, and let E be
a d-dimensional B-controlled R-homology Poincaré fibration with chain fibre
C, so that E is an (n + d)-dimensional B-controlled R-homology Poincaré
complex (13.5 (i)). If M is an (n + d)-dimensional B-controlled R-homology
Poincaré complex and f : M — E is a degree 1 B-controlled map, the following
conditions are equivalent :

(i) M is a B-controlled R-homology fibration with chain fibre C,
(ii) f is a B-controlled R-homology equivalence,
(iii) (f X f>* : H7L+d(M XB M; R) = H7L+d(E XB E; R)

Proof (i) <= (ii) A map f : M — E of B-controlled simplicial complexes is a
B-controlled R-homology equivalence if and only if the restrictions

f|:pai D(0,B) = p' D(0,B) (0 € B)
are R-homology equivalences.
(ii) <= (iii) This is a special case of 7.3. O
Remark 13.9 Corollary 7.5 is the special case of 13.8 with R = Z, B = E,
C=R,d=0 (cf. 13.3 (i)).

14. KNOT THEORY

The results of §§7,13 are now illustrated by showing how they apply to high-
dimensional knot theory. No actual new results are obtained in knot theory,
however; known results are restated in terms of the chain theory developed in
this paper.

The algebraic theory of surgery was used in Ranicki [28, 7.8], [33] to obtain a
chain complex treatment of the algebraic invariants of high-dimensional knot
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theory, using the following construction. Let k : S® C S"*2 (n > 1) be a
locally flat n-knot, with closed regular neighbourhood

(U,0U) = (8" x D?,8" x S*) c "2 .
The knot complement
(T,0T) = (cl.(S"T2\U),dU)

is an (n + 2)-dimensional manifold with boundary, such that the generator
1€ HYT) = H,(U) = Z is realized by a normal map

(f,b) : (T,0T) — (D! x ', 8" x S1)

with f : T — D" x S a Z-homology equivalence, and f| =1: 9T — S"x St.
Define an (n + 3)-dimensional Z-homology Poincaré pair (X,0X) with X the
mapping cylinder of f, and the boundary 0X = T Uy D! x S! an (n + 2)-
dimensional manifold. The peripheral complex of (X,0X) is a Z-contractible
(n + 2)-dimensional quadratic Poincaré complex (C,vx) in A(Z, X), with

C = C([X]N—:A(X,0X)" 3% — A(X))ss1 -
The cobordism class
50(X;Z) = (Civx) € Spq3(X;Z)

is the rel 9 total homology surgery obstruction (9.11), such that s5(X;Z) =0
if (and for n > 5 only if) (X,0X) is homology equivalent rel J to an (n + 2)-
dimensional topological manifold with boundary. The projection X — S' is a
homotopy equivalence, so that

Sny3(X5Z) = Spy3(SH7Z)

The induced functor A(Z, X) — A(Z, S!) sends the peripheral complex (C, 1 x)
to the kernel Z-contractible (n + 2)-dimensional quadratic Poincaré complex of
(f,b) in A(Z, S1)
1
ol (£,0) = (A(f' + A(D™ x 8Y) — A(T)), ) -

The assembly functor A : A(Z,5Y) — A(Z[z,27Y]) sends o5 (f,b) to the Z-
contractible (n + 2)-dimensional quadratic Poincaré complex in A(Z[z, 271])

AcS (£,b) = (A(f': A(D™ x R) — A(T)), Ay)
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with T = f*(D"*! x R) the canonical infinite cyclic cover of T. The total
homology surgery obstruction

s0(X;2) = Ao (f,b) € Snia(S52Z)

is a cobordism invariant of k. For n > 3 it is in fact the cobordism class of k,
with S,43(SY;Z) = C,, the n-dimensional knot cobordism group (Ranicki [28,
p.836]).

The chain homotopy type of o2 ( f,b) in A(Z, S') is not an isotopy invariant
of the n-knot k, since it depends on the choice of the map f : T — D"+ x St
within its homotopy class. Working as in the proof of 7.3 (ii) it follows from
the (Z, S')-module chain equivalences

A(T) ~z,91) A(fYy e A(Sh)
A(f) 27 g9y A(S)
that there is defined a Z-module chain equivalence
A(T) @z,51) A(T) 2z (A(f) ©@,s1) AU)) @ A(F) @ A(f) @ A(SY)
and that
s (T 1 T)

2 (A(T) ®@(z,51) A(T))
= Hus2(A(f) @@,5m AF))
= Ho(Hom(gz, s1)(A(f N, A1) -
The following conditions are equivalent :
(8) Hpga(T x5 T) =0,
(b) 5" (f,b) is chain equivalent to 0 in A(Z, S'),
(c) f:T — D" x St is an S'-controlled homology equivalence.

In view of 13.8 it is possible to choose f to satisfy these conditions if and only
if T is an S'-controlled homology fibration — see further below for fibred knots.

The chain homotopy type of Ac? ( f,b) in A(Z[z, z71]) is an isotopy invariant
of k, since it only depends on the homotopy class of f:T — D"l x St Let
¢: T — T be a generating covering translation of the infinite cyclic cover T of
T. The quotient of T x T by the diagonal Z-action

TxzT = (T xT)/{(x,y) ~ (Cz,Cy)}
is such that

Hyi2(T %z T) = Hn+2(A(_) ®Z[z 1) A(_))

The following conditions are equivalent :
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(d) Hp42(T x2T) =0,
(e) AcS'(f,b) is chain equivalent to 0 in A(Z[z,27}]),

(f) f:T — D"! x S! is homotopic to an S'-controlled homology equiva-
lence.

See Ranicki [28, 7.8] for the relationship between Ao? ' (f,b), the Seifert form,
the Alexander polynomials and the Blanchfield pairing of k. If k is simple
(ie. H(T) =0for 1 <r < (n—1)/2) and n > 3 the chain homotopy type
of Acrf1 (f,b) is the complete isotopy invariant, by the classification results of
Trotter, Levine and Kearton, and the conditions (d),(e),(f) are equivalent to k
being unknotted, i.e. isotopic to the trivial n-knot kg : S™ C S"*2.

Now suppose that k : S™ C S"*2 is a fibred n-knot, i.e. that the knot comple-
ment T fibres over S! (cf. Remark 13.7 above). For example, the link of an
isolated singular point of a complex hypersurface f~1(0) c C™ (f : C™ — C)
is a fibred (2m — 3)-knot

SQm—S — S27n—1 ﬂf_l(O) C SQm—l cCcm ,

by Milnor [20] (cf. Remark 6.17 above). Let F™*1 C S"2 be a Seifert surface
for k, with OF = k(S™), and let h : F — F be the monodromy. The knot
complement

(T,0T) = (T(h),S™ x S*)

is the total space of a fibre bundle
(F"H 8™ — (T,0T) — S* |

and f: T — D" x S! may be chosen to be a map of fibre bundles over S*.
The infinite cyclic cover of T is such that

¢(:T = FxR—T; (x,t) — (h(z),t +1)

and
TxgT = T(hxh:FxF—FXxF)

is homotopy equivalent to
TxzT = T(hxh)xR.

Thus

H*(T X g1 T) = H*(T X7 T)

and in the fibred case

(a) <= (b) <= (c) <= (d) = (e) = (1) .
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15. OTHER CATEGORIES

Weiss [44] constructed a chain duality on the additive category of X-controlled
Z-modules, for any A-set X. Hutt [13] constructed a chain duality on the
additive category of sheaves of Z-modules over any space X. In principle, all
the results in this paper can therefore be generalized to these categories.
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