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ABSTRACT. Geometric interpretations of Zeeman’s filtrations of the
homology and cohomology of a triangulable space are given, using an
analysis of his spectral sequence for Poincaré duality.

The failure of a space to satisfy Poincaré duality is reflected by a topologi-
cally invariant filtration of its homology groups. In some sense, the filtration
of a homology class measures the “degree of freedom” of its cycles. This
filtration was first studied by Zeeman, who defined it using a spectral
sequence for Poincaré duality. (This spectral sequence was also discovered
independently by Cartan and by Fary.) Zeeman started a geometric investi-
gation of the spectral sequence for spaces such as singular algebraic varieties,
for which it reveals a wealth of information by relating their local and global
homology [30]. I was introduced to Zeeman’s spectral sequence by Sullivan
(cf. [25, p. 202] and [26]).

In this paper I show that the Zeeman filtration of a homology class « in a
triangulable space is equal to the largest integer ¢ such that « is represented
by a cycle in the complement of any closed subspace of dimension less than ¢
(Theorem 8.3). If S is a stratification of the space X, then the homology class
a of X has filtration > g if and only if a is represented by a cycle whose
intersection with each stratum S of & has codimension > ¢ in S (Theorem
8.4). This new geometric interpretation of the Zeeman filtration has been
generalized recently by M. Goresky and R. MacPherson to define “inter-
section homology theories” for stratified spaces [9].

Zeeman also defined a filtration of the cohomology of a space. Here I
prove his conjecture that the filtration of a cohomology class 8 of a triangu-
lable space is the smallest integer ¢ such that B is represented by a cocycle
whose support has dimension g (Theorem 8.8). (An incomplete proof of
Zeeman’s conjecture is given in [7].) In another paper [21] I will show that
there is a simple relation between the Zeeman filtration and the Deligne
weight filtration of the rational cohomology of a complex projective variety.
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My proofs use triangulations in an essential way, to define a “coskeleton”
filtration whose associated spectral sequence is isomorphic with Zeeman’s
(Theorem 6.1). This isomorphism is constructed using a remarkable formula
for cap product. (After discovering this formula, I found that it was known to
W. Flexner in 1940 [5].)

A certain amount of technical background on Zeeman’s spectral sequence
is necessary to prove my geometric characterization of the associated
filtration. §1 contains a brief description of the spectral sequence. The second
section is devoted to a proof of its topological invariance which is somewhat
simpler than Zeeman’s. To give some feeling for the spectral sequence, some
of its applications are outlined in §3. (These applications are not new, but it is
interesting that in each case, analysis of the coskeleton spectral sequence
leads to an elementary proof without spectral sequences.) §§4 through 6 are
concerned with the coskeleton spectral sequence and the cap product. §7 is
about the dual cohomology spectral sequence. The geometry of these
algebraic structures is revealed in §8, which contains the main theorems. The
relation of the homology filtration to stratifications is described, and the
cohomology filtration is explained using cycles in a Euclidean neighborhood.
Several examples are given in §9. (I advise the geometrically minded reader to
start with these last two sections.)

I adopt the following conventions. All simplicial complexes are assumed to
be locally finite and finite dimensional. An oriented simplicial complex is one
in which each simplex has been oriented arbitrarily. Then simplicial
homology is defined using oriented simplexes as in [10, Chapter 2]. Homology
is with integer coefficients unless stated otherwise, but any coefficient ring
would do.

This paper is a revised version of part of my doctoral thesis at Brandeis
University [17]. I thank my advisor Jerome Levine, David Stone, and Dennis
Sullivan for all they have taught me. Some helpful criticism of this paper was
given to me by Kari Vilonen.

1. Zeeman’s spectral sequence. In his thesis (1954) Zeeman developed a
theory of double complexes (dihomology) with which he investigated a
relation between homology and cohomology generalizing the Poincaré duality
for manifolds [30]. In this section his Poincaré duality spectral sequence for
finite simplicial complexes is extended to pairs of locally finite complexes.

1.1. Let K be an oriented simplicial complex and let L be a full subcomplex
of K. Let C.(K) be the oriented simplicial chain complex of K, with boundary
map 9. If x € C.(K) the support of x, denoted X, is the smallest subcomplex
of K containing all the simplexes which occur with nonzero coefficient in x.
Let C'(K) = Hom(C.(K), Z) be the cochain complex of K, with coboundary
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8. If J is a subcomplex of K and y € C'(K) then y|J € C'(J) denotes the
restriction of y to J.

Define two differentials d’ and d” on the group C.(K) ® C’(K) as follows.
If x € C(K) and y € CY(K), then d'(x ®y) =dx®y and d"(x ® y) =
(—1»"% ® §y. Let D = D(K, L) be the quotient of C.(K) ® C(K) by the
subgroup generated by all elements x ® y such that y|X¥ = 0 or y|L = 0. Let
D, , be the image of C,(K) ® C¥K) in D. The differentials 4’ and d” induce
differentials on D. Since d’d” + d”d’ = 0, the bigraded group D = (D, ,}
together with the two families of homomorphisms

d:D,, > D, ,, d":D,,— D, .,

is a double complex [6, p. 31]. A total grading on D is defined by D, =
2p_g=sDp fd=4d + d" thend: D, > D,_,andd °d = 0.

Let 'E and "E be the first and second spectral sequences of the double
complex D [6, p. 86). The first comes from the p-filtration of D and the
second comes from the g-filtration. Both spectral sequences converge to the
homology H (D) with respect to tbe total differential d. We will see that the
first spectral sequence ’E collapses. The Zeeman spectral sequence of the pair
(K, L) is the second spectral sequence E = "E.

1.2. Let N (L) be the open stellar neighborhood of L in K. A simplex o of K
is in N(L) if and only if some face of ¢ is in L. Thus K\ N(L) is a
subcomplex of K. Let o denote the subcomplex of K consisting of the faces of
o (including o). Since L is a full subcomplex of K, if ¢ € N(L) then
6 N L = 7 for some face 7 of o.

PROPOSITION. The first spectral sequence ' E collapses to an isomorphism
H,(K,K\N(L)) = H,(D).

PrOOF. By [6, p. 87), 'E2, = "H, (" H,D) where 'H is homology with respect
to 4’ and ”H is homology with respect to d”. Let (o) be the subgroup of
C,(K) generated by the oriented p-simplex ¢. If D,” is the image in D of the
subgroup (¢) ® C'(K) of C(K) ® C'(K), then D) = (6) ® C'(6 N L). Since
6N L = 7 for some 7 < o, it follows that "H, (D) = C,(K)/C,(K\N(L))
if g=0,and "H, (D) = 0if ¢ # 0. Thus ’Epz,q = H,(K, K\N(L)ifqg=0
and 'E2, = 0if g # 0, so 'E collapses as desired.

1.3. The simplicial complex K can be regarded as a category with objects its
simplexes 0 and morphisms the face operators ¢ > . A stack (or system of
coefficients) S on K is a contravariant functor from K to the category of
abelian groups. A cochain on K with coefficients in S is a function ¢ which
assigns an element of S (o) to each simplex o of K. The cochain ¢ has finite
support if c¢(6) = 0 for all but a finite number of simplexes . If 6 > 7let S, :
S (1) > S (o) be the corresponding morphism, and let [0, 7] = *1 be the
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incidence number of ¢ and 7 (the coefficient of 7 in the chain d0). If ¢ is a
cochain with finite support and coefficients in S let 8c be the cochain defined
by dc(o) = 2o, 7]S,,(c(7)). Let C'(K; S) be the resulting chain complex,
with homology H'(K; S).

If J is a subcomplex of K and S is a stack on K, then H'(J; S) is defined
by restricting S to J.

The pth local homology stack h, = h,(K) is defined as follows. If 7 € K
then A, (1) = H,(K, K\ St(7)), where St(r) = {6 € K|o > 7} is the open star
of 7in K. If 6 > 7 then St(o) C St(7) and (h,),,: h,(T) — h,(0) is induced by
the inclusion K\ St(1) c K\ St(0).

PROPOSITION. The second spectral sequence has
"B}, = H(L; hy(K)).
PrROOF. Again "E2, = "H,('H,D). If 7 is an oriented simplex of K (which
is identified with a generator of C’(K)) let D] be the image in D of the

subgroup C.(K) ® (1) of C.(K) ® C'(K). Then D; = C(K, K\St(r)) ® (r)
if r € L, and D] = 0 if 7 & L. Therefore 'H, (D) = C?(L; h,(K)) and the

proposition follows.
//

dim L

q
dim K
FIGURE 1

1.4. In summary the Zeeman spectral sequence E = E (K, L) runs

= q
E2, = H(L; h,(K)) >H,_,(K, K\ N(L)),
E/,#0 onlyif0< ¢ < dim(L) and ¢ < p < dim(K),
d:E ,—>E : '

p+r—lg+r

(See Figure 1.)
2. Topological invariance. We will give a topological description of

Zeeman’s spectral sequence using standard constructions of sheaf theory. In
essentially this form it was first defined by Cartan in 1951 [3] to prove
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Poincaré duality for manifolds (cf. 3.1 below). A general reference for sheaf
theory is [6].

2.1. Let X be a topological space, with 4 a closed subspace. Let A. be the
differential sheaf of germs of singular chains on X; that is, the sheaf
generated by the presheaf U C.(X, X\ U). Let D = D(X, A) = C";(A; A)
be the bigraded group of Cech cochains of 4 with compact supports, and
coefficients in the restriction of A. to 4 (cf. [6, II§5]). Let d’: C""(A
%,)—) C"(A A _,) be induced by the differential A, - A,_;, and let d”:
C"(A a,) - C" *1(4; A ,) be (—1)”77 times the dlfferentlal of the complex
C(A A,). Then d’d” + d"d’ =0, so D is a double complex with total
d1fferent1a1 d=d + d". Let 'E and "E be the first and second spectral
sequences of D. The spectral sequence 'E collapses to an isomorphism of the
singular homology group of (X, X \\4) with the homology of D with respect
to d. The Zeeman spectral sequence of the pair (X, A) is the spectral sequence
E="F.

2.2. Let h,(X) be the pth local homology sheaf, or the sheaf generated by the
presheaf U — H,(X, X\ U) (singular homology). Let H 7(4; h,(X)) be the
gqth Cech cohomology group with compact supports and coefficients in the
restriction 4,(X)|A4.

If either (i) 4 has finite covering dimension a or (i) 4,(X)|4 = 0 forp > n,
then the Zeeman spectral sequence E = E (X, A) converges, with

= HS (4; hy(X)) S H,_ (X, X\ 4),
E;,#0 onlyif0<g<aand0<p<n

(Compare [6, p. 178], [2, IV 2.9, V 8.6].)
2.3. Let (|K|, |L]) be the geometric realization of the simplicial pair (K, L),
with L full in X.

PROPOSITION. There is an isomorphism of spectral sequences
E(K, L) = E(|K|, |L|).

ProoF. Let (X, 4) = (|K|, |L|). We shall define a morphism ¢: D(K,
L) - D (X, A) of bigraded differential groups which induces an isomorphism
¢%: EX(K, L) = E*(X, A), so ¢ induces an isomorphism of spectral sequen-
ces.

By definition D(K, L) = C4(L; ¢ -, (K)), where ¢,(K) is the stack of local
p-chains of X, ¢,(1) = C,(K, K \St('l')) Similarly D(X A) = Ci(4; 4a,).

Let ¢, be the presheaf on X defined by ¢, = (X, X\ V) if U N 4 #J and
¢,(U)=0if UnN A =03. The sheaf generated by ¢, is ¢,(X),, the unique
sheaf on X whose restriction to 4 equals ¢,(X)|4 and whose restriction to
X'\ A4 is zero.
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If A is an open covering of X let N be the nerve of AU. If W(K) is the
covering of X by the open sets |St(v)] where v is a vertex of K, then
NA(K) = K.

The morphism ¢ is the composition

C(L; ¢,(K)) 5 C* (NW(K); ¢;)

% €8 (NUK); (X)) > C2 (45 ¢, (X)),

where f is induced by the canonical coefficient map C,(K, K\ St(1)) - C,(X,
X\ |St(7)]), g is induced by the coefficient map ¢, = ¢,(X),, and h comes
from the fact that C9(4; ¢, (X)) = lim CA(NU; p(X )..), the direct limit
over all open coverings QU of X.

Let A, be the local homology sheaf corresponding to ¢,. The morphism ¢’
of Eis the composition

79 (L; hy(K)) 5 B (NUK; )
£ HE (NUKY; hy(X),) " HE (4 By (X)),

It is easy to see that f? and g? are isomorphisms. It remains to see that h? is
an isomorphism.

Let J be a simplicial subdivision of K. If 7 is a ¢g-simplex of K and x € |7]
(the “interior” of 7) then the restriction H,(X, X \S(7)) = H,(X, X\ {x}) is
an isomorphism. Thus if p is a g-simplex of J such that |p| C |7|, then the
restriction H, (X, X \\[St(7, K)|) - H,(X, X \\|St(o, J)|) is an isomorphism. A
standard spectral sequence argument shows that the subdivision map
HY(NU(K); h)) > HY(NU(J); h)) is an isomorphism (cf. [30, Lemma 10]).
Since the collection of open coverings of X of the form AU(J) for J a
subdivision of X is cofinal in the directed system of open coverings of X, the
map A? is an isomorphism.

2.4. REMARK. Here are two variations of the Zeeman spectral sequence:

(1) For a triple X D A D B with 4 and B closed, there is a spectral
sequence

HZ (4, B; h(X)) > H,_ (X \B, X\ A).
(2) For amap f: X — Y there is a spectral sequence
- q
H(Y; fh,) = H,_ (X).
The latter version is done by Zeeman [30, p. 171].

3. Applications. Generalizations of the classical Poincaré duality theorem
can be proved using the spectral sequence E. The following representative
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theorems were all first proved (for triangulable spaces) without spectral
sequences.

3.1. Duality for manifolds. Let X be a topological n-manifold without
boundary. That is, every point of X has a neighborhood homeomorphic with
Euclidean n-space. The orientation sheaf of X is the local singular homology
sheaf A,. (The manifold X is orientable if and only if A, is the constant sheaf
Z.) Consider the spectral sequence E (X, A) where A is a closed subspace of
X. Since h, = 0 for p # n, it follows that Epz,q = ﬁc" (4; b)) =0forp # n, so
E collapses to the Alexander-Lefschetz duality isomorphism

HP(A; h) = H,_ (X,X\A).

If X is compact and oriented and 4 = X we obtain the Poincaré duality
isomorphism

Hi(X)=H,_,(X)
(cf. [3, exp. 20, p. 3]). A more general duality theorem can be obtained by
using the spectral sequence 2.4(1) above.

3.2. Partial Poincaré duality. For simplicity let us consider finite simplicial
complexes. Let K be a finite n-dimensional complex with h,(K) = Z. The
complex K is s-regular if C?(K; h,) = 0 for all p and g such thatp — g =s
and p # n. Thus in the spectral sequence E (K) we have that for such p and ¢
the terms E;, are zero for 1 < r < oo, so the edge morphism H"~*(K) -
H,(K) is surjective. Furthermore d; : E; — E;,,_,,,, must be zero for
P—4g=s, S0 Epz,q = E,; for p + g = s — 1. Therefore the edge morphism
H"**Y(K)— H,_(K) is injective. So if K is both s-regular and (s — 1)-
regular then H"~*(K) = H,(K). This result is due to Cech [4, p. 693] and
Wylie [29, p. 187]. (Their result is actually a dual statement which is proved
using the dual of E, defined in §7 below.) Therefore if K is s-regular for all
s < k then H"*(K) = H,(K) for s < k and H" ¥(K) - H,(K) is surjec-
tive. This result was recently rediscovered and applied to complex projective
varieties by Kaup [13], [14] and Kato [11], [12].

3.3. Let X be a finite simplicial complex and let L be a full subcomplex of
dimension /. Suppose that h,(K)|L =0 for p </ Then in the spectral
sequence E (K, L) we have EZ, = 0forp = g # I, so H'(L; h(K)) = Hy(K,
K\ N (L)), or

H?(L; h(K)) = H,_,(K, K\ N(L)) forq > |,

since both groups are zero for g > /. This isomorphism was discovered
recently by J. Munkres.

4. The coskeleton filtration. Dual cells were used by Poincaré in 1899 [22,
§VII] to prove his duality theorem. The dual skeleton construction for
combinatorial manifolds generalizes to arbitrary simplicial complexes, provi-
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ding a framework for the geometric study of duality.

4.1. Let K’ be the barycentric subdivision of the simplicial complex K. The
vertices of K’ are the barycenters bo of the simplexes ¢ of K, and the
simplexes of K’ are the sets {bay, . . ., ba,y with gy > - - - > g, in K. (We
will always use the decreasing order of simplexes.) Define

K, = {(boy, . .., bo,y € K'|dim 0, < p},
K% = {{boy, . .., bo,) € K'|dim o, > q}.
The subcomplex K, of K’ is just the barycentric subdivision of the pth

skeleton of K. The subcomplex K? of K’ is the gth coskeleton of K. Notice
that K¢ has codimension q in K. Clearly

K, = K'\N(K?*!), K?= K'\N(K,_,).

4.2. If L is a subcomplex of K let C = C(K’, L’) be the simplicial chain
complex C.(K’, K'\\N (L)), and let F'C = C.(K', K*\\N(L")). (Note that
K'n L' = L") The filtration F'C of C gives rise to a spectral sequence
E’ = E'(K, L) (cf. [6, p. 77]). This coskeleton spectral sequence is a special

case of a spectral sequence of G. Whitehead (the spectral sequence *E of [27,
p. 275]). A4 priori it runs

E'(K, L): (E').;= H,.;(K', K’\\N (L)),
(E’);;#0 onlyif0<i < dim(K)and0 < i+ j < dim(K),
(@) (E)y= (Eisrjmrnre

In §6 it will be shown that E’(K, L), suitably reindexed, is isomorphic with
Zeeman’s spectral sequence E (K, L) (if L is full in K).

5. Cap product. Cech and Whitney [28] observed that the Poincaré duality
isomorphism can be defined using the cap product pairing. Comparison of
this cap product isomorphism with the classical dual cell isomorphism leads
to a remarkable definition of cap product.

5.1. Let K be an oriented simplicial complex. If S = (bwy, . . ., bw,) is a
simplex of the barycentric subdivision K’, let &(S) = [wy, )@,
W]+ - - [w,_), @] (Thus &(S)+# 0 only if dimw, = dimwy, — i for i =
l,...,s)If 6 > 7 are simplexes of K, let D (o, 7) = {(bawy, . . ., bw,) € K'|o
> wy and w; > 7}, the dual cell to 7 in o. If 0 is a p-simplex and 7 is a
g-simplex, define a chain c'(c ® 7) € C,_ (K" by

e®r)= 3 e©S)S.
S€D(o,1)
dim S=p—gq
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This determines a cap product homomorphism
¢ C,(K)® C?(K)—> C,_,(K').
This definition is due to W. Flexner [5].

ProposITION. If x € C,(K)andy € C9(K), then
A'(x®y)=c'(x®y)+ (-1)" %' (x ® &).

Proor. This is a straightforward calculation, using the identity Z[p, o]0,
7]=0(.e. 32 =0).

It follows that ¢’ induces a homomorphism

C"H,(K)® H'(K)—> H,_,(K').

5.2. Now let s: H,_ (K)— H,_,(K’) be the subdivision isomorphism, and
let C: H,(K)® HY(K)— H,_,(K) be the classical Whitney cap product
C(a ® B) = a n B defined using the Alexander-Whitney diagonal
approximation, with sign convention as in [23, p. 254].

PROPOSITION. Flexner’s cap product is homologous with the subdivision of
Whitney’s, i.e. C' = s o C.

PROOF. Let z € C,(K) be a cycle and let 4. be the chain complex
A; = CP7/(K) for i > 0 with differential §, and 4, = 0 for i < 0. Define an
augmentation ¢,: 4.— Z by ¢,(») = y(2) if y € CP(K), ¢,(y) = 0 otherwise
(or g,(y) = {z,y)). Lete: C.(K’) — Z be the standard augmentation.

Define an acyclic carrier T (cf. [10, 3.4]) from A. to C.(K’) as follows. The
carrier I assigns to the generator 7 the subcomplex I'(r) = {S € K’| for each
vertex bw of S, either w > 7 or 7 > w}, the closed star of br in X'.

Define two homomorphisms ¢}, ¢,: 4.— C(K") by c(y) = ¢'(z ® y) and
¢,(») = ¢(z ® y), where c is the chain-level Whitney cap product. By Propo-
sition 5.1, ¢ is a chain map. By [23, p. 253, ¢, is a chain map. Both ¢, and c,
are augmentation preserving and carried by I'. Therefore ¢, and c, are chain
homotopic, so ¢’(z ® y) is homologous with ¢(z ® y) for all cocycles y.

5.3. REMARKS. (1) Alternatively, the cap product can be characterized by
several axioms (listed in [24, p. 959]), which can easily be checked for the
Flexner and Whitney products.

(2) It follows from Flexner’s definition that the cap product can be defined
as a homomorphism

H,(K)® H(L, M)~ H,_,(K'\\N(M’), K'\N (L))
(cf. [27, p. 265)).

6. An isomorphism of spectral sequences. Cap product defines an
isomorphism from Zeeman’s spectral sequence to the coskeleton spectral



156 CLINT McCRORY

sequence of G. Whitehead. This gives a powerful geometric interpretation of
Zeeman’s spectral sequence and implies the topological invariance of the
coskeleton spectral sequence.

6.1. Let L be a full subcomplex of K. Consider the cap product
homomorphism ¢’: C(K)® C'(K) > C(K’)(5.1).If 6 » rthenc'(6 ® 7) =
0, and if r & L then ¢’(6 ® 7)C K'\N(L’) for all 0. Therefore ¢’ induces a
homomorphism from D (K, L) (1.1) to C(K’, L") (4.2). Proposition 5.1 says
that dc’ = c’d, where d is the total differential on the double complex D (K,
L). Furthermore ¢’ preserves the total degree and maps the second filtration
of D to the filtration of C, ie. ¢'(D,,) C FI(C,_,). Therefore ¢’ induces a
map of spectral sequences

¢': E(K, L) - E'(K, L),
(C) _)(E )q,p -2q°

THEOREM. The map ¢’ is an isomorphism of spectral sequences. In fact (c’) is
an isomorphism for all r > 1.

PROOF. It is enough to show that (¢’)! is an isomorphism. This follows from
local simplicial geometry. Recall that if r € K then St(7) = {0 € K|o > 7} is
the open star of 7 in K. Let St(r) = {w € K|w < o for some o € St(r)} be the
closed star of 7 in K. Let 9St(r) =St(r)\ St(r). Let DI(7) = {<bwy, . . . , bw,)
€ K’|w, > 7} be the dual cone of 7 in K’, and let Lk(7) = {<bwy, . . . , bw,)
€ K’|lw, > 7} be the link of 7 in K’. The subcomplex DI(r) of K’ is the
simplicial cone with base Lk(7) and apex br.

By the proof of Proposition 1.2, the group E, ! is the direct sum over all
g-simplexes 7 € L of the groups H,(K, K \St(‘l')), which equal H, (St(f),
aSt(r)) by excision. On the other hand (E’),,_,, equals H,_ (K9,
(K\\N(L?%) U K*") by definition (cf. [6, p. 77)). Now K7 is the union of
DI(7) for all g-simplexes * € K, so K9\ N (L") is the union of DI(r) for all
g-simplexes 1 € K\\ L, and K?*! is the union of Lk(r) for all g-simplexes
7 € K. Thus (E ’)", »—2¢ 18 the direct sum of the groups H,_ (DI(7), Lk(7))
over all g-simplexes 7 of L.

The homomorphism (c¢’)!: E' - (E’)! is induced by the sum of the cap
product maps

(¢)": C,(St(7), 3St(7)) - C,_,(DI(7), Lk(1)),
() (x)=c'(x® 7).

It remains to show that (¢’)” induces an isomorphism in homology.

Recall the subcomplex D (o, 7) (5.1), the dual cell to t in 6. Let L(o,
1) = {{bewy, . .., bw,) € D(0, 7)|lw, # 7}, the link cell of v in o. The
geometric realizations |D (o, 7)| and |L(e, 7)| are closed piecewise-linear cells.
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(D (o, 7) is the cone from br on L(o, 7), and L(e, 7) is simplicially isomorphic
with (p)’, where p is the simplex spanned by the vertices of o not in 7.) The
collection of these cells for all 6 € St(7) is a cell subdivision of (|DI(7)),
|Lk(7)|]). If o is a p-simplex and 7 is a g-simplex, then the (p — g)-chain
¢’(c ® 1) defines an orientation for the (p — g)-cell |D (o, 7)|, since the
boundary of ¢’(c ® 7) lies in the boundary of |D (o, 7)| by Proposition S.1.
Let C.(|DI(7)|, |Lk(7)|) be the resulting oriented cellular chain complex. There
is a commutative triangle of homomorphisms

¢, (st 95t s ¢, i), Lk

g h
C,_o(IDI(M)], ILk()])

where g sends the generator ¢ to the generator |D(o, 7)| and h is the
subdivision map. Since g is a chain isomorphism and h induces an
isomorphism in homology, (¢’)" induces an isomorphism in homology.

6.3. As a corollary of this theorem, the edge morphisms of the spectral
sequence E (X, A) can be described using cap product. If A,(X)|4 = 0 for
p > nand h,(X)|A # 0 there are edge morphisms

e,s HI(4; h(X)) > H,_ (X, X\ A4).

For simplicity we will discuss the case 4 = X.

A normal n-circuit is a triangulable space X together with a class [X] €
H,(X) with the following properties. First, the sheaf A,(X) is constant. It
follows that X is n-dimensional and the stalk h,(X), = H,(X, X\ {x}) is
infinite cyclic for all x € X. Second, the restriction of [X] to H,(X, X\ {x})
is a generator for all x € X. The class [X] is the orientation class of X. For
example, a normal complex projective variety of pure complex dimension d is
a normal 2d-circuit.

ProposITION. If X is a normal n-circuit, then e,(B) =[X]nN B for all
B € HY(X).

This follows immediately from the preceding theorem. It can be generalized
using cap product with sheaf coefficients (cf. [2, V 10]) or by using a
topological normalization process ([17], [13]).

7. The dual spectral sequence. The companion spectral sequence which
converges to cohomology rather than homology was emphasized by Zeeman.
The topological version of this spectral sequence is technically harder to set
up since it involves inverse rather than direct limits.

7.1. Let K be a simplicial complex. The pth local cohomology costack h? (K)
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is defined by 7> H? (K, K\ St(7)). Let L be a full subcomplex of K, and let
IZ(L; h?(K)) be the homology group of L with coefficients in h?(K)|L,
defined using possibly infinite sums of simplexes. The Zeeman spectral
sequence E (K, L) runs
EZ, = H,(L; i*(K)) S H?~* (K, K\ N (L)).

It is defined dually to E (K, L). Briefly, let D be the subgroup of C'(K) ®
C.(K) generated by the elements 0 ® 7 such that ¢ > 7 and 1 € L. If
x € CP(K) and y € C/(K), let d'(x ®y)ﬂ= x®y and d"(x®y) =
(—1*79% ®dy. These differentials restrict to D, making it a double complex.
Its second spectral sequence is E (K, L).

7.2. The coskeleton spectral sequence E’(K, L) is the standard cohomology
spectral sequence arising from the filtration of K’ by its coskeletons, with

(E'),, = H™ (K', K'\N(L)).

7.3 THEOREM. There is an isomorphism of spectral sequences
E(K,L) = E'(K, L).

PRrOOF. Dualize the proof of Theorem 6.1.

7.4. Now let X be a space and A a closed subspace. The topological
Zeeman spectral sequence E (X, 4) can be defined for coefficients in a field A
merely by dualizing the definition of E (X, A). The resulting spectral sequence
is strictly dual to E (X, A), i.e. E” = Hom(E’, A) and d” = Hom(d", A) for
all r. It runs

E2, = H,(4; (X)) S HP~9 (X, X\ A),

where ﬁq(A; L?(X)) is the gth Cech homology group of 4 with arbitrary
supports and coefficients in the restriction of the pth local cohomology
cosheaf of X. With field coefficients an isomorphism E (K, L) = E(|K]|, |L|)
is obtained by dualizing Proposition 2.3.

7.5. Zeeman defined E (X) for arbitrary coefficients as a “semispectral
sequence”, the inverse limit of spectral sequences defined on the nerves of
open coverings, and he proved that E (K) = E (K| [30, p. 171). It follows
that if X is triangulable then E(X) is a spectral sequence, and that the
spectral sequence of a complex is a topological invariant. Zeeman’s definition
and topological invariance theorem can be extended to pairs (X, 4).

8. Topology of the filtrations. Associated to the spectral sequences E(X)
and E (X) there are filtrations of the homology and cohomology of X which
reflect the interaction of cycles and cocycles with the singularities of X. We
will give geometric interpretations of these filtrations for a triangulable space.
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Our description of the cohomology filtration was conjectured by Zeeman [30,
p. 178]. Our description of the homology filtration is new.

Throughout this section we will assume that X is homeomorphic with the
geometric realization of an n-dimensional simplicial complex K.

8.1. The homology filtration. The spectral sequence E (X) converges to a
topologically invariant filtration

H,(X)=F°H,(X)>--- D FH/(X)D F"'H(X)> -
of the singular homology of X by subgroups. There are isomorphisms
> = FH,_ (X)/F**'H,_,(X)

for all p and q. Since X is finite dimensional it follows that F7H (X) = O for g
sufficiently large. If a« € H,(X) is nonzero, the Zeeman filtration fa is the
largest integer ¢ such that a« € FIH (X).

8.2. Of the following properties of the filtration, (1), (2), and (3) are due to
Zeeman. Recall that the n-dimensional triangulable space X is a homology
n-manifold if h,(X) = 0 for p < n and h,(X) is locally constant.

PROPOSITION. Let X be an n-dimensional triangulable space, and let a €
H (X) be nonzero.

(D fa < n-—s.

(2) If X is a homology n-manifold then fa = n — s.

(B)IfB € HI(X) thenf(an B) > q.

(@) If X is a normal n-circuit then fa = n — s if and only if there exists
B € H" *(X)with[X] N B = a.

(5) If X is a normal n-circuit then the map

[X]n- :H"*(X)-> H,/(X)

is an isomorphism for all s if and only if « € H,(X) implies fa = n — s for all
s.

PrOOF. (1) follows from the fact that Epz’q =0forp >nsos=p—q<n
— g, ie. g < n— 5. (2) holds since Epz’q = 0 for p # n. (3) is true because
a N B is represented by a cycle in the g-coskeleton |K?| by Flexner’s
definition of cap product (5.1), and the filtration of H,(X) is induced by the
coskeleton filtration of X by Theorem 6.1. One direction of (4) follows from
(1), (3), and Proposition 6.3. The other direction follows easily from Flexner’s
definition. (For details, see [18, p. 289].) (5) follows from (4) and a universal
coefficient argument (see [19, Lemma 8]).

8.3. DEeFINITION. The class a € H,(X) has geometric codimension > q if
a € Image[H,(X\ 4) > H (X)] for every closed subspace 4 of X with
covering dimension less than g.

For example if X is an annulus in the plane and « € H,(X) is nonzero
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then a has geometric codimension one. But if a line segment connecting the
two boundary components of X is collapsed to a point, then the image of a in
the resulting pinched annulus has geometric codimension zero.

THEOREM. In a triangulable space the Zeeman filtration of a homology class
equals its geometric codimension.

PRrOOF. Suppose that a € H,(X) has geometric codimension > g. Then
a € Im[ H(X\|K,_,|) > H,(X)]
= Im[ H,(X\|KY) > H,(X)] = FH/(X)

by Theorem 6.1. On the other hand suppose that fa > q. Let 4 be a closed
subspace of X of dimension < q. We shall show that ra = 0 where r:
H(X)—> H/ (X, X\ A) is the restriction map. The restriction map (:';’(X ;
a)— Ci(4; A,|4) of double complexes (2.1) induces a map E(X)—
E (X, A) of spectral sequences. Therefore f(ra) > fa = q, where f(ra) is the
filtration of ra with respect to E (X, A). But since dim 4 < g, this implies
ra = 0.

REMARK. The proof shows that even if X is not triangulable the geometric
codimension of a homology class is greater than or equal to its Zeeman
filtration.

8.4. The choice of a triangulation |K| = X determines a piecewise-linear
structure on X. A piecewise-linear cycle a of X is a simplicial cycle in some
subdivision of K. The support |a| is the union of all the closed simplexes
which occur with nonzero coefficient in a.

THEOREM. Let S be a peicewise-linear stratification of X. The class a €
H (X) has geometric codimension > q if and only if a is represented by a
Diecewise-linear cycle a such that |a| N S has codimension > q in S for all
strata S of S.

PRrOOF. (Compare [18).) If a has geometric codimension > ¢ then
a € Im[ H,(X\|K,_,|) - H,(X)] = Im[ H,(|K?)) > H,(X)].

Let a be any simplicial cycle in K representing a. Since dim(K, N K?) =
p — gforallp and g (4.1) and S C |K,| if dim S = p, it follows that dim(ja|
N §) < p — q. Conversely, suppose that a is represented by a cycle a such
that |a] N S has codimension > g in S for all strata S € §. By Akin’s
stratified general position theorem [1, Theorem 6, p. 471), [20] there is an
isotopy of X which moves |a| off the (¢ — 1)-skeleton of K, so

a € Im[ H,(X\|K,_,|) - H,(X)] = Im[ H,(|K*)) > H,(X)] = F'H,(X),
so a has geometric codimension > g by Theorem 8.3.
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8.5. The cohomology filtration. The spectral sequence E(X) converges to a
topologically invariant filtration

H'(X)D:---DFH' (X)DF,_\H'(X)D---D>FH'(X)D0
of the singular cohomology of X by subgroups. There are isomorphisms
‘sz = F,H?"%(X)/F,_\H?™?(X)
for all p and g¢. Since X is finite dimensional it follows that F, H*(X) =
H*(X) for g sufficiently large. If 8 € H*(X) the Zeeman filtration fB is the
smallest integer g such that 8 € F,h*(X).

8.6. Of the following properties of the filtration, (1) and (2) are due to
Zeeman.

PROPOSITION. Let X be an n-dimensional triangulable space, and let B €
H?(X) be nonzero.

DB <n-s.

(2) If X is a homology n-manifold then f8 = n — s.

3V IffB< qthenan B=0foralla € H(X)withp — q > s.

(4) If X is a normal n-circuit then f8 < n — s ifand only if[X]N B = 0.

) IffB < q then f(B U v) < q for all y € H'(X).
In other words, F H'(X) is an ideal of the ring H'(X).

Proor. The proofs of (1) through (4) are dual to their counterparts in
Proposition 8.2. And (5) follows from the fact that f8 < ¢ if and only if
BI(X\|K,]) = 0.

8.7. PROPOSITION. Let A be a field. If B € H*(X; A) then fB < q if and only
if {a, B) = 0 for all « € H,(X; A) with fa > q.

ProoF. The filtration fB < g if and only if B| |K9*!| = 0 if and only if
{a, B) = Ofor all « € Im[H,(|K7*"]) » H,(X)}, i.e. fa > gq.

8.8. DEFINITION. The class 8 € H*(X) has geometric dimension < g if
B € Ker[H*(X) - H*(X\\A4)] for some closed subspace 4 of X with
dimension less than or equal to q.

In other words B is represented by a cocycle whose support has dimension
< ¢. (Zeeman calls the geometric dimension of 8 the “codimension” of S.)
For example if X is an annulus in the plane and 8 € H!(X) is nonzero then
B has geometric dimension one. But B is the pull-back of a class in the
pinched annulus with geometric dimension zero.

THEOREM. In a triangulable space the Zeeman filtration of a cohomology class
equals its geometric dimension.
Proor. If 8 € H°(X) and fB < ¢ then by Theorem 7.3,
B € Ker[ H* (X) - H* (|K**"|)] = Ker[ H* (X) > H* (X\|K,])].
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so B has geometric dimension < g. For coefficients in a field, the proof that
B has geometric dimension < ¢ implies f8 < q is dual to the second part of
the proof of Theorem 8.3. For arbitrary coefficients, there are technical
problems if X cannot be triangulated so that 4 is a subcomplex. These
difficulties are handled by Zeeman in [30, Theorem 4].

REMARK. Zeeman proves filtration < geometric dimension in the cohomol-
ogy of any compact Hausdorff space.

8.9. The following result was motivated by the work of G. L. Gordon [7],
[8]. Again fix a piecewise-linear structure on X.

THEOREM. Let X be a compact subpolyhedron of R*. The class B € H*(X)
has geometric dimension < q if and only if the Alexander-Lefschetz dual class
a € H,_ (R*, R¥\ X) is represented by a piecewise-linear cycle a such that
dim(ja| N X) < q.

PROOF. Let J be a triangulation of R* by linear simplexes such that X is
triangulated by a full subcomplex K. Let N be the closed stellar neighborhood
of X in R* with respect to the barycentric subdivision J’, let N be the
boundary of N, and let 7: N - X be the canonical simplicial retraction. (If
o € J with |6| N X #O then |o] N X = |7| for some 7 € K. Then w(bo) =
br, and = is linear on the simplexes of J’ in N.)

Now B has geometric dimension < ¢ if and only if 8 € Kerl H*(X) —»
H*|K*!'|] = Im[H*(X, |K?*')) > H*(X)]. Consider the following
commutative diagram of isomorphisms:

H* (X, |K7*Y)) = H* (N, 77 '|K* ) = H,_ (N\77'|K?*!|, (N\77'|K?*!|) naN)

) l
H (X) = H'(N) = H,_,(N,3N)

Since
H,_ (N\77'|K7|, (NN\7|K*!)) N3N)
= H,_,(r7"|K,, 7" "|K]|N3N)

it follows that 8 has geometric codimension < g if and only if
o € Im[ H,_, (7 '|K|, 77'|K,|n 3N ) - H,_, (N, aN) |

Since 7K | N X = |K,|, this means that « is represented by a cycle a such
that |a| N X C |K,|. X

8.10. REMARK. In fact the Zeeman cohomology spectral sequence E (X) is
isomorphic with the Leray homology spectral sequence of the map =: (N,
IN) > X (cf. [2, IV 6.1]). Similarly E(X) is isomorphic with the Leray
cohomology spectral sequence of z.
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9. Examples. The following examples illustrate the spectral sequences E (X)
and E (X) and the Zeeman filtrations.

9.1. The pinched torus. Let X be obtained by collapsing a meridian on the
torus to a point: X = S' X S'/{t} X §', t € S'. The space X is
homeomorphic with the curve x*> + y* = xyz in the complex projective plane,
which has one singular point x = y = 0. The homology of X is Hy(X) = Z,
H\(X) = Z, H(X) = Z. The sheaf h, is 0, and the stalk of A, is 0 except at
the singular point, where it is Z. Similarly the stalk of A, is Z except at the
singular point, where it is Z @ Z. Therefore the nonzero entries in the E?
term are E}y = HYX; h) =Z, E}, = HX; hy) = Z, and E}, = H¥(X;
hy) = Z. (Figure 2.) It follows that d2=0 and E?>= E®, so Hy(X) =
F?H\(X), H(X) = F°H\(X), and H,(X) = F°H,(X). Thus a generator a €
H\(X) has filtration 0 instead of filtration 1 as it would in a 2-manifold. This
reflects the fact that any cycle representing a must pass through the singular
point of X. The dual spectral sequence E shows that a generator 8 € H'(X)
has filtration 0, since B is represented by a cocycle which is supported by the
singular point.

H? Y4

FIGURE 2

9.2. Isolated singularities. Zeeman describes two examples in detail: the
cone on a closed manifold [30, p. 160] and the quadric cone in complex
projective 3-space [30, p. 181]. The former shows that a contractible space can
have a nontrivial spectral sequence, and the latter shows that £ and E are not
strictly dual with integer coefficients.

In general, let X be a compact n-dimensional triangulable space for which
there exists a finite subset = such that A,|(X\Z) =0 for all p < n and
h,|(X\Z) = Z. Then the differentials and edge morphisms of E(X) give a
long exact sequence

S HY (X ) SHIX h) SH,_ (X)> HY(X; hy_) > - -

(cf. [13]). It follows that if the duality map e? is an isomorphism for all g then
X is in fact a homology manifold (cf. {19, Lemma 3]). Let X be a trian-
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gulation of X with the points of = as vertices and with St(v) N St(w) =& for
distinct vertices v and w of Z. Let W= X\ U ,c5x/St(v)|. Then W is an
oriented homology n-manifold with boundary, and the long exact sequence
above is isomorphic with the long exact homology sequence of the pair (W,
ow).

9.3. The Cartan umbrella (cf. [16, p. 204]). Let X be the surface wx? = yz?
in complex projective 3-space. The singular set = of X is the curve x = z = 0.
Letp =[1,0, 0, 0] and g = [0, O, 1, 0]. The points p and q are pinch points of
X. Then {X\Z, Z\{p, q}, {p}, {¢}} is a minimal Whitney stratification of
X. The local homology sheaves of X have the following stalks:

hgy hy h, hy h,

X\2 o 0o o0 o z
Z\{pqg} O 0 0 Z ZoOZ

{p}or{q} O 0 Z/2 0 Y/

The sheaf h; is not constant-the generators of the stalk Z are flipped as one
runs around an essential loop in =\ {p, ¢}. The homology of X is Z, 0,
Z®Z 0, Z. The only possible nonzero differential of E is d%: HYX;
h)) > H¥(X; h;) (Figure 3). The definition of the coskeleton sequence E’

Z
0 |z Z
0 Z/2 0

"/

/
0 o [Z128®]| o z

Z/2
v v v v vk
4 0 ZO®Z 0 Z
FIGURE 3

shows that d%(1, 0) = 1 = d*(0, 1). Therefore the nonzero terms of E* are
EN=Z E5=1ZOL, Ej;=1, and E;; =Z/2. Hence some classes in
H,(X) have filtration zero. More precisely, let a be the image of the
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orientation class of the curve x = z = 0 (the singular set of X), and let 8 be
the image of the orientation class of the curve w = y = 0. Then each class
¥y € Hy(X) can be written uniquely as y = ma + nf, m, n € Z, and y has
filtration zero if and only if m is odd. If v has filtration zero, then the support
of any cycle representing y must contain the points p and q. For example, the
first Chern homology class ¢,(X) (as constructed by MacPherson [15]) is
Sa — f, which has filtration zero.

REFERENCES

1. E. Akin, Manifold phenomena in the theory of polyhedra, Trans. Amer. Math. Soc. 143
(1969), 413-473.
2. G. Bredon, Sheaf theory, McGraw-Hill, New York, 1967,
3. H. Cartan, Seminaire de topologie algebrique de I'Ecole Normale Supérieure, Paris,
(1950/51), 2e éd., Secrétariat mathématique, Paris, 1955.
4. E. Cech, Multiplications on a complex, Ann. of Math. (2) 37 (1936), 681-697.
5. W. Flexner, Simplicial intersection chains for an abstract complex, Bull. Amer. Math. Soc. 46
(1940), 523-524.
6. R. Godement, Theorie des faisceaux, Hermann, Paris, 1964.
7. G. L. Gordon, A Poincare duality type theorem for polyhedra, Ann. Inst. Fourier (Grenoble)
22 (1972), 47-58.
8. _____, The residue calculus in several complex variables, Trans. Amer. Math. Soc. 213
(1975), 127-176.
9. M. Goresky and R. MacPherson, La dualite de Poincare pour les espaces singuliers, C. R.
Acad. Sci. Paris Ser. A 284 (1977), 1549-1551.
10. P. J. Hilton and S. Wylie, Homology theory, Cambridge Univ. Press, London, 1967.
11. M. Kato, Topology of k-regular spaces and algebraic sets, Manifolds-Tokyo 1973, Univ.
Tokyo Press, Tokyo, 1975, pp. 153-159.
12. ____, Partial Poincare duality for k-regular spaces and complex algebraic sets, Topology
16 (1977), 33-50.
13. L. Kaup, Poincare Dualitat fur Raume mit Normalisierung, Ann. Scuola Norm. Sup. Pisa Cl.
Sci. 26 (1972), 1-31.
14. _____, Zur Homologie projectiv algebraischer Varietaten, Ann. Scuola Norm. Sup. Pisa Cl.
Sci. 26 (1972), 479-513.
15. R. MacPherson, Chern classes for singular algebraic varieties, Ann. of Math. (2) 100 (1974),
423-432.
16. J. Mather, Stratifications and mappings, Dynamical Systems, M. Peixoto ed., Academic
Press, New York, 1973.
17. C. McCrory, Poincare duality in spaces with singularities, thesis, Brandeis University, May
1972.

18. , Cone complexes and PL transversality, Trans. Amer. Math. Soc. 207 (1975),
269-291.

19. _____, A characterization of homology manifolds, J. London Math. Soc. (2) 16 (1977),
149-159.

20. , Stratified general position, Algebraic and Geometric Topology, Santa Barbara

1977, Lecture Notes in Math., vol. 664, Springer-Verlag, Berlin and New York, 1978, pp.
142-146.
21. , A topological bound for the Deligne weight (to appear).
22. H. Poincare, Complement a I’ analysis situs, Rend. Circ. Mat. Palermo 13 (1899), 285-343.
23. E. H. Spanier, Algebraic topology, McGraw-Hill, New York, 1966.
24. N. Steenrod, Cohomology invariants of mappings, Ann. of Math. (2) 50 (1949), 954-988.




166 CLINT MCCRORY

25. D. Sullivan, Singularities in spaces, Proc. Liverpool Singularities Sympos. II, Lecture Notes
in Math., vol. 209, Springer-Verlag, Berlin and New York, 1971, pp. 196-206.

26. , Problems on singularities, Manifolds-Amsterdam 1970, Lecture Notes in Math.,
vol. 197, Spnnger-Verlag, Berlin and New York, 1971, p. 230.

27. G. Whitehead, Generalized homology theories, Trans. Amer. Math. Soc. 102 (1962), 227-283.

28. H. Whitney, On products in a complex, Ann. of Math. (2) 39 (1938), 397-432.

29. S. Wylie, Duality and intersection in general complexes, Proc. London Math. Soc. 46 (1940),
174-198.

30. E. C. Zeeman, Dihomology. 111. A generalization of the Poincaré duality for manifolds, Proc.
London Math. Soc. (3) 13 (1963), 155-183.

DEPARTMENT OF MATHEMATICS, BROWN UNIVERSITY, PROVIDENCE, RHODE ISLAND 02912




