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Abstract. In this paper we give a geometric description of the general term and the differ-
ential of the Atiyah—Hirzebruch spectral sequence for B-bordism. This description is given
in terms of bordism classes of maps from stratifolds. We illustrate that with a computational
example. We also discuss the case of a general homology theory, where this description is
given in terms of the Postnikov sections of the given theory.

1. INTRODUCTION

Generalized homology theories play an important role in mathematics. Some
important examples of such theories are bordism theories, including stable
homotopy. Despite their relatively simple description, computations are, in
general, a hard task. One of the main tools for computations is the Atiyah—
Hirzebruch spectral sequence (AHSS). As in other spectral sequences, the dif-
ficulty comes from computing the general terms Ej ., which are certain sub-
quotients, and the differentials dj, ,, which are defined using diagram chasing.
The geometric nature of the theory is not completely lost in this description,
but it is indirect.

In this paper we give an alternative description of the general term and
the differential. Our description is geometric and makes use of stratifolds.
Stratifolds, defined by Kreck (see [5] and also Section 5), are certain stratified
spaces generalizing smooth manifolds. In addition to the top stratum, which
is a smooth manifold, stratifolds have a singular part. One can form bordism
theories using stratifolds instead of manifolds. If one imposes no restriction
on the stratifolds aside of compactness, and possibly a B-structure on their
top stratum, one obtains a trivial theory. The reason is the triviality of the
coeflicients, since every stratifold is the boundary of its cone, which is a strat-
ifold with boundary. To avoid this, one can impose the condition that the
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codimension one stratum is empty. Then the resulting theory is an ordinary
homology theory.

Another condition one might look at is that all strata of codimension 0 <
k < r are empty. For a fibration B — BO, denote by Q7" the bordism theory
of compact stratifolds with a B-structure on their top stratum (B-stratifolds),
with all strata of codimension 0 < k < r + 2 empty. For r = oo we simply
write Q. Given a CW complex X (whose k-th skeleton is denoted by X*),
for r > 2 denote

By, = (02 (x7) - 9ED (X)),

This is the r-th page of our spectral sequence. Next we describe the differential.

Let dy, ,: E} , — Ep_, ,+r—1 be the homomorphisms induced by the map

[f:S = XP]— [go flow : OW — XP71],
where S is a compact B-stratifold of dimension p + ¢ representing an ele-
ment in QEJEZH_Q)(XP), W is the top stratum of S and g : W — sing(S)
is the attaching map which is used for gluing W to sing(S), the singular part
of §. Note that dim(sing(S)) < p — r so f is homotopic to a map [’ with
f/(sing(8)) € XP~" in particular, the right side is an element in
B 2r—3 —r B r—1 —
Im(QPF Y (xP) - Pt Y (xrh).
We will show that cZ;q is well defined.
There is a natural transformation

¢ B2, — H,(X,0F)

given as follows: An element « in Qf ff]) (XP) can be represented by a map
f S — XP which is smooth on the preimage of the top cells, where S is a
B-stratifold of dimension p +¢. Then we define p(a) € Hy(X,QF) to be the
homology class represented by the cycle X, ([M,]- ca), where each ¢, is a p-cell
and M, is the preimage of a regular value in ¢, with the induced B-structure.
We will show that it is well defined.

Our main result is the following;:

Theorem 1.1. The pair (ET dr ) is a spectral sequence and there is a natural

p.a> “p.q
isomorphism of spectral sequences
. T
¢ Epq = Epg

where the right-hand side is the standard AHSS as appears in [1]. The natural
transformation o : Eg,q — H,(X, QqB) 18 an isomorphism commuting with ¢
and the isomorphism E.  — H,(X,QF) given in [1].

The proof of Theorem 1.1 consists of several steps. The first is an interpre-
tation of the AHSS in terms of the Postnikov tower, which for cohomology was
done by Maunder. Given this, the next step is a geometric interpretation of
the groups occurring from the Postnikov system. The last step is the relation
between the differentials and the proof that the map ¢ commutes with the
differentials.
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In Section 7 we illustrate that by giving another computation of Qf (CP>),
a result obtained by Liulevicius [8] using the Adams spectral sequence. Here is
a simpler example of a computation in framed bordism. Suppose f : S"~! —
5™~k is a smooth map, which represents a nontrivial element in framed bor-
dism, where S™~! has the trivial framing. The mapping cone, Cf, has the
structure of a compact framed stratifold of dimension n with two strata,
where the framing on the top stratum is the trivial one. For example, when
f: 5% — 5% is the Hopf map then Cy = CP2. The identity map id : C; — Cy
represents an element in

Im (QF=2(Cy) = QFO(Cy)) = B

for r < k. Its differential is represented by the map f : S"~! — Sn—Fk
considered as an element in

err 1)(077, 1) er(_rl—l)(snfk).

n

When r < k the differential is zero, since the mapping cylinder of f is a
permitted null bordism. When r = k this is a nontrivial element. To see this,
assume that 7" is a null bordism. Then the singular part of T" is of dimension
at most n — k — 1. By cellular approximation the singular part factors through
the constant map, hence the map f is bordant to an element in the coefficients.
But this is a contradiction, since this would imply that f is null bordant, since
Sm—1 with its framing is null bordant. By taking k = 2, we get that dn 018,
in general, nontrivial for n > 4, and by taking k = 3, we get that dn 0 18, in
general, nontrivial for n > 5. By analyzing all stable operations, one can see
that this uniquely determines those differentials.

Steenrod’s problem regarding realization of integral homology classes by
maps from closed oriented manifolds [2] was answered negatively by Thom [13].
Replacing manifolds with stratifolds, one might ask the following:

Given a class in integral homology of a C'W complex, what is
the minimal dimension of the singular part in a stratifold that
represents it?

In other words, how “far” is it from being representable? As a corollary of our
main theorem (Corollary 6.3) it follows that this is equivalent to the question
of how many steps does the element survive in the AHSS, considered as an
element in E;%,o'

Remark 1.2. An alternative, more direct, proof of this fact appears in the
Appendix. For this we prove a smooth approximation theorem for stratifolds,
which can be useful elsewhere.

The organization of the paper is as follows: In Section 2 we discuss the
basic properties of the Postnikov tower of a homology theory. In Section 3
we discuss things related to the Steenrod realization problem. In Section 4
we compare the AHSS with our spectral sequence. In Section 5 we review
stratifolds, stratifold homology, and B-stratifolds. In Section 6 we describe
the Postnikov tower of a B-bordism theory using B-stratifolds and prove our
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main theorem. In Section 7 we give a computational example. In the Appendix
we prove a smooth approximation theorem for maps between stratifolds.

2. THE POSTNIKOV TOWER OF A HOMOLOGY THEORY

Remark 2.1. All spaces are assumed to be CW complexes, and for a CW
complex X we denote by X its k-th skeleton.

Let h be a representable generalized homology theory. One can construct
the Postnikov tower, which is a sequence of homology theories h(") and natural
transformations between them, which fit into the following diagram:

h()
1

|

h(2
|
KD

L 4 1(0)

so that it has the following properties. The theories h(") have the property that
the map h,, — th’ is an isomorphism for n < r, and hgf) is trivial for n > r
(hn, stands for h,(pt), the n-th coeflicient group). These properties determine
h(") completely. For a proof of existence and uniqueness see [11, Chap. II,

Thm. 4.13 and Cor. 4.18].

Example 2.2. If h is a connective homology theory, i.e., h,, = 0 for n < 0,
then 2 is naturally isomorphic to homology with coefficients in ho (for CW
complexes). If h is oriented bordism, 2°¢, then h(9 is naturally isomorphic
to integral homology. Later on we show that in the case of Q%9 or other B-
bordism theories, the theories h(") can be given a geometric description using
B-stratifolds.

Remark 2.3. Tt follows from uniqueness that for ' > r we have (h("))(") =
h("). This implies that in all our constructions and propositions one can replace
h by h().

By induction, using excision, we get the following:
Lemma 2.4. Let X be a CW complex. Then ) (X*) is trivial if k+r < n.

Again, using excision and induction, one proves the following:
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Lemma 2.5. hgl)k(Xk, XF=1 = b, @CL(X), where Cy,(X) is the k-th cellular
chain group.

This gives a nice description of hf,:z L (XF):
Lemma 2.6. There is a natural isomorphism
W7 (XF) 2 ker(hy ® CR(X) = hy ® Cpi (X)).
Proof. Look at the exact sequence of the triple (X%, X*=1 X*=2):

0— hgk(Xka X572 = hgk(Xk, XF = hﬁrJr)kfl

We conclude that

{7 (X, XE2) 2 ker(h, @ CR(X) = hy ® Cpi(X)).

(Xk_l, Xk_Q).

The lemma follows from the fact that the map hgl)k(Xk) — hi?k(Xk, Xk=2)
is an isomorphism using Lemma 2.4. O

Proposition 2.7. Let X be a CW complex, then the map h,(X,X*) —
A (X, X*) is an isomorphism if n < k +r 4+ 1.

Proof. We prove it for finite-dimensional CW complexes by induction on the
dimension. This, together with the fact that for (additive) generalized homol-
ogy theories we have [10]

h«(X) = colim(h.(X™))

will imply the statement for the case where X is infinite-dimensional.

The statement is trivial if dim(X) < k, since then both groups vanish. As-
sume that the statement is true for every CW complex Y such that dim(Y) =
m—1 > k, in particular for X!, Using the long exact sequence for the triple
(X™, X"~ X*) we get the following commutative diagram with exact rows:

B (7, X1y 2 Bl (X, X )

(2)

hn(melek) N hglf’)(melek)

B (X, XF) — B0 xxm xky

hn(Xm, Xm—l) 4) hs;) (Xm, Xm—l)

B (X1, xRy Ly By () xxme1 oy,
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The maps (2) and (5) are isomorphisms by our assumption. We have the
following commutative diagram, where all horizontal maps are isomorphisms
by excision and Mayer—Vietoris:

hiy(X™, X™Y) —— @h (D™, S™ 1) —— ®hj(S™, %) — Bhj_pmn (S0, %)

R

R (xm, Xty — @bl (D™, 8™ — @l (57 x) — @nl (80, %),

j—m

For j = n the map (b) is an isomorphism, since j —m < r, so the same is true
for (a) which is (4). For j =n + 1 either ®h"”, (S°,%) =0 (if n =k +r +1
and m = k+1), or (b) is an isomorphism. In any case (b) is surjective and the
same is true for (a) which is equal to (1). Now we deduce by the five lemma
that (3) is an isomorphism. O

We use this isomorphism to define a natural transformation
B 1 A (X) = bt (X777
as the composition
A(X) = hN(X, XY o by (X, X777 5 by (XY,
This is better seen using the following diagram:

(1) hn(X) —_— hn(X, X”—T’—l) SN hn_l(Xn—r_l)

| | l

WD (X) — B (X, Xy — B (e,
The following might be a useful tool for computation:
Proposition 2.8. The following sequence is exact:
s h (XY s A (X) — A (X) T Ry (XY
— B (XN @ 1 (X) — b (X) — o (XY
(one can prolong the sequence to the left by the sequence of the pair).
Proof. Extend diagram (1) to the right. Note that the homomorphisms
hi(X, X771 = hD (X, XY

are isomorphisms for all ¥ < n (Proposition 2.7) and that h,(f)(X"’Tfl) is
trivial (Lemma 2.4). The exactness is obtained by diagram chase (see also
[4, Chap. 2, Ex. 38)). O

Corollary 2.9. Im(hn(X) — hgf)(X)) o Im(hn(X) — ha(X, Xn—r—l))'
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Proof. This follows from the fact that both kernels are equal to
Im (hy (X771 = B (X)),

using the exact sequence in Proposition 2.8 and the sequence for the pair. [

3. STEENROD REALIZATION PROBLEM

Steenrod’s question, which was mentioned in the introduction, can be re-
phrased as asking whether the map Q59 (X) — H,(X) is surjective (here n
is arbitrary and the homology is with integral coefficients). Note that this
map is the localization map, using the identification H,, = (QSO)%O). Using
the exact sequence in Proposition 2.8, we see that this question is equivalent
to the question whether the following map is injective:

Q21 (X" = Hpa (X1 @ 079 (X).
By exactness,
ker(Q59,(X™71) = Q59 (X)) = Im(Q7°(X, X" 1) = Q59 (X" 1)).

By cellular approximation, the map Q5°(X", X"~1) — Q50(X, X"71) is sur-
jective, so

ker (259 (X" 1) = Q59 (X)) = Im (0 (X", X" 1) — Q79 (X™71)).
The group Q5°(X™, X"~1) is generated by the n-cells, so the right-hand side is
generated by the attaching maps of the n-cells, hence all elements are spherical.

We deduce that Steenrod’s problem (in dimension n + 1) is equivalent to

the following question.
Given a CW complex X, does the equality

ker (7, (X™) = QP(X™)) = ker(m,(X™) — H,(X™))
hold?

Remark 3.1. The equivalence is in the sense that every element which belongs
to the right side but not to the left side corresponds to a non-representable
class in some X with the given n skeleton.

Let X be a CW complex and [f : M — X] an element in QY9 (X). The
classifying map for the stable tangent bundle of M induces a map

Q99(X) — H.(X x BSO).

This map is known to be a rational isomorphism (see, e.g., [7, Thm. 18.51]).

Taking X to be a point, this map is injective, i.e., one can detect the cobor-
dism class of M by its image. It would be nice if this was true for every
space X. Unfortunately, this is not the case:

Corollary 3.2. The map Q5°(X) — H.(X x BSO) need not be injective.
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Proof. Since we know that the answer to the Steenrod problem is negative,
there is a space X and an integer n such that

ker (7, (X™) = Q59(X™)) & ker(m, (X™) — H,(X™)),

i.e., there is a strict inclusion. Let [f : S™ — X] be an element on the right
side but not on the left side. Since the tangent bundle of a sphere is stably
trivial, the map S™ — X x BSO factors through X x %, hence the image of
[S"™ — X] in H.(X x BSO) is zero. |

4. THE AHSS IN TERMS OF THE POSTNIKOV TOWER

For r > 2 let

o r—2 r—
By g =Im(Ay ™ (X7) = By (X7H),
and let cf;q : E; ¢ EA}LT’ g+r—1 be the homomorphism induced by the follow-
ing diagram:

r—2 r—
Byt (0) —— gl ()

| |
2r—3 —r 2r—3 —r r—1 —
B (X0 W (0 — R ()

where EAZT,’q is the image of the top row and ngr,qﬁ»rfl is the image of the

composition of the bottom row. We would like to compare the pair (E; o CZZT)’ @)
with the AHSS. Maunder in [9] shows that the cohomological AHSS is naturally
isomorphic to the spectral sequence given by the Postnikov filtration of the
cohomology theory. In [9, §4.4] he gives a description of the general term. This
can also be done in the case of homology, and one obtains the same groups as
here. Maunder proves this by constructing an isomorphism between the exact
couples. This way the isomorphism between the general terms is indirect,
which makes it harder to identify the differentials in our case. Therefore, we
give a construction of the natural isomorphism, and use it to show that the
differentials agree.

Theorem 4.1. The pair (E’;’q, Ci;,ql is a spectral sequence and there is a natural
where on the right side we have

isomorphism of spectral sequences E)  — Ej
the standard AHSS obtained by the exact couple.
We start by proving the following lemmas:

Lemma 4.2. Let X be a CW complex. Then the following maps are surjective:

(i) AR (X) = bl (X, X" 72),
(i) R (X, X"7=2) — B (X, X77-2).
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Proof. (i) This follows from the long exact sequence for the pair and Lemma 2.4.

(i) If we use the isomorphism h,, (X, X" ""2) — hstrl)(X, Xn=r=2) given
in Proposition 2.7, it is enough to show that the map thH)(X, Xnr=2)
R (X, X™T=2) is surjective. We look at the following diagram:

h7(1T+1)(X, Xn—r—Q) — h7(1T+1)(X7 Xn—r—l) — hflrjll)(Xn_T_l,Xn_T_Q)

l(l) l@) l(«?)

hs;)(X, Xn—r—Q) 4) hs;)(X7 Xn—r—l) hglrzl(Xn—r—l,X7L—r—2).

Here (2) and (3) are isomorphisms by Proposition 2.7, and (4) is injective since
A (X1, X"="=2) is trivial by Lemma 2.4. Now the lemma follows by a
diagram chase. O

Lemma 4.3. Suppose we are given the following diagram:

YU

[

A—lip2,c
If the bottom row is exact in B then Im(f’)/Im(f) =2 Im(go f').
Proof. We have

Tm(g o ') = Tm(f")/ er (9) N Tm( /")
= Im(f")/Im(f) NIm(f’) = Im(f")/Im(f). 0
Proof of Theorem 4.1. By [1, Chap. I, §7] we have the following natural iso-
morphism:

Ty (X7, XPT) o By (X7, XP7)
P Im(thqurl(Xerrila XP) = hpyq(XP, Xpil)) .

T

We use Lemma 4.3 for the following diagram:

hptq (X7, XP7T)

|

hp+q+1(Xp+T717 Xp) B thrq(Xpa Xpil) B thrq(XerTilv Xpil)v
where f1 is the composition, to conclude that
E;’q =~ Im(f1).

Miinster Journal of Mathematics VoL. 10 (2017), 171-188
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In order to simplify this expression, look at the following diagram:
f2

— T
g (X, XP70) = By (X771 XP70) ——5 ) (X0t X

| | Jo

Bt (X7, XP7Y) s By (X002, 1) B 0 (xwerot o),

where f5 is the composition.

The homomorphism (1) is injective by the long exact sequence for the triple
(xptr=1 XP=1 XP~") and Lemma 2.4; (2) is an isomorphism by Proposi-
tion 2.7.

From (1) and (2) it follows that Ej = Im(f;) = Im(f2). Look at the
following diagram:

h(qu’r72) (Xp) hz()lizq(Xp+r—1)

p+q
l@) l(B)

oq (X7, XP77) s BT (X7, X2 —— B8 (X741, X,
Tt O )T

fa

Here, (1) and (2) are surjective by Lemma 4.2; (3) is an isomorphism by the
long exact sequence for the pair and Lemma 2.4.

This implies that Im(f2) = £ ;. The fact that this isomorphism commutes
with the differential follows from diagram chasing. O
4.4. The E2 page. The case r = 2 has the following form:

2 (@) (@) 1
E, .= Im(hpiq(Xp) — hp‘iq(Xer ).
Note that by the long exact sequence for the pair, we have

(1 (XP) = By, (X7+))
= () (XP)/Tm (RS, (XPHL, XP) = B9 (XP)),

and by Lemmas 2.5 and 2.6 this is naturally isomorphic to
ker(hg ® Cp(X) = by @ Cp1(X))/Im(hg @ Cpy1(X) = hg @ Cp(X)),
which is by definition Hy(X, hy), as we know from the standard presentation

of the AHSS. It is not hard to see this is compatible with the isomorphism
E2  — Hy(X,QF) which appears in [1].

5. STRATIFOLDS, STRATIFOLD HOMOLOGY, AND GENERALIZATION
TO B-STRATIFOLD THEORIES

Stratifolds are a generalization of manifolds. They were introduced by Kreck
[5] and used in order to define a bordism theory, denoted by SH,, which is
naturally isomorphic to singular homology for CW complexes. Kreck also
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defined a cohomology theory using stratifolds which is defined on the category
of smooth oriented manifolds (without boundary but not necessarily compact).
It is denoted by SH* and is naturally isomorphic to singular cohomology.

5.1. Stratifolds and B-stratifolds. Kreck defined stratifolds as spaces with
a certain sheaf of functions, called the smooth functions, fulfilling certain prop-
erties, but for our purpose the following definition is enough (these stratifolds
are also called p-stratifolds).

Stratifolds are constructed inductively in a similar way to the way we con-
struct CW complexes. We start with a discrete set of points denoted by X©°
and define inductively the set of smooth functions, which in the case of X° are
all real functions.

Suppose X"~ ! together with a smooth set of functions is given. Let W
be an n-dimensional smooth manifold, “the n stratum” with boundary and
a collar ¢, and f a continuous map from the boundary of W to X"~ 1. We
require that f will be proper and smooth, which means that its composition
with every smooth map from X"~! is smooth. Define X" = X"~ 1 U; W. The
smooth maps on X" are defined to be those maps g : X™ — R which are
smooth when restricted to X"~ and to W and such that for some 0 < § we
have ge(x,t) = gf(x) for all x € OW and t < §.

Among the examples of stratifolds are smooth manifolds, real algebraic va-
rieties [3], and the one-point compactification of a smooth manifold (which is
the interior of a manifold with boundary). The cone over a stratifold and the
product of two stratifolds are again stratifolds.

We can also define stratifolds with boundary, which are analogous to mani-
folds with boundary. A main difference is that every stratifold is the boundary
of its cone, which is a stratifold with boundary.

Given two stratifolds with boundary (77,5") and (7",5”) and an isomor-
phism f : 8" — S”, there is a well-defined stratifold structure on the space
T Uy T”, that is called the gluing. On the other hand, given a smooth map
g : T — R such that there is a neighborhood of 0 which consists only of reg-
ular values then the preimages g~ 1((—00,0]) = 7" and g~1([0,00)) = T" are
stratifolds with boundary, and T is isomorphic to the gluing 7" Ujq T".

To obtain singular homology we specialize our stratifolds in the following
way: we use compact stratifolds, require that their top stratum will be oriented
and the codimension one stratum will be empty.

One can generalize this in several ways. One way will be to require some
B-structure on the top stratum, like a spin or a string structure. We will
call such stratifolds B-stratifolds. Another way will be to restrict the allowed
strata. In the next sections we will discuss some of these generalizations.

Remark 5.2. Regularity, a condition that is often required, is not needed here
as was noted by Kreck in his preprint [6].

5.3. Stratifold homology. Stratifold homology was defined by Kreck in [5].

We will describe here a variant of this theory called parametrized stratifold
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homology, which is naturally isomorphic to it for CW complexes. In this paper
we will refer to parametrized stratifold homology just as stratifold homology
and use the same notation for it.

Definition 5.4. Let X be a topological space and n > 0, define SH,(X) to
be {g : S — X}/ ~, ie., bordism classes of maps g : S — X, where S is a
compact oriented stratifold of dimension n and ¢ is a continuous map. We
often denote the class [g : S — X]| by [S,g] or by [S — X]. SH,(X) has a
natural structure of an abelian group, where addition is given by disjoint union
of maps and the inverse is given by reversing the orientation. If f : X — Y is
a continuous map, then the induced map f, : SH,(X) — SH,(Y) is given by
composition.

Kreck has constructed a boundary operator and proved the following theo-
rem (see [5, Chap. 5]).

Theorem 5.5 (Mayer—Vietoris). The following sequence is exact:

i = SHL(UNV) — SH,(U) & SH, (V) — SH,(UUV)
O SH, A(UNV) — -,

where the first map is induced by inclusions and the second is the difference of
the maps induced by inclusions.

SH, with the boundary operator is a homology theory. Its main property
is the following (see [5, Thm. 20.1]).

Theorem 5.6. There is a natural isomorphism of homology theories
v:SH, — H.,.

The isomorphism ¢ is given by ¢, ([S, f]) = f«([S]), where [S] € H,(S,Z)
is the fundamental class of S.

Remark 5.7. One can replace stratifolds with B-stratifolds and all the con-
struction will still work. One only needs to know how to give a B-structure to
a boundary and to see that gluing along a boundary gives a B-structure. We
denote these theories by SHZ and call them B-stratifold homology.

6. THE POSTNIKOV TOWER OF A B-BORDISM THEORY
Define the following sequence of variants of B-stratifold homology:
B(k .
QPI(X) = [f: 5= X]/ ~,

where S is a compact B-stratifold which has empty strata in codimension
strictly less than k+ 2 or, equivalently, its singular part is of dimension at most
p — k — 2. The same condition for the codimension must hold for the bordism
relation. Note that Q5" (X) = SHP(X). In case B = SO we omit the B
from the notation. Clearly, there are the following natural transformations:

QB(X) = 5 0B(X) - oPW(X) - oPO(X) = SHP (X).
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The map QB — Qp B is an isomorphism for p < r since in this ran%e the
singular part of the cycles and bordisms in Q5" )(pt) must be empty. ) is
trivial for p > r since then the cone of a cycle is an allowed null bordmm. This
proves the following proposition.

Proposition 6.1. (Q8)(") = QOB In particular, SH® = H(—,QF).

We use this geometric description of (Q27)(") in order to describe the general
term in the AHSS for QF: Recall our definition

E7 = TIm(QP0 2 (XP) - QB0 (xr+r-ty)

and the differentials d;;q : E;’q — Ep7T’q+T71 given by
[f:S = XP| s [go flow : OW — XP~1,
as noted in the introduction. We prove our main theorem.

Proof of Theorem 1.1. The identification of the spectral sequences follows from
Theorem 4.1 and Proposition 6.1. The differential dj, , is induced by the natural
transformation

P QB (X) QB (xnrhy,
which was discussed in Section 2. A direct translation of this natural trans-
formation gives our differential d;,q (This is easily seen by the fact that the
inverse of the isomorphism

QE(X’ Xn—r—l) N QB(T’)(X’ Xn—r—l)

is given by restriction to the top stratum). Hence the isomorphism commutes
with the differentials. This implies that the pair (ET Py d;,q) is a spectral se-
quence. The identification of the second page follows from the identification

in the general case appearing in Section 2. (]

We can compare this description of the differential to other known descrip-
tions. One example is the d? differential in spin bordism in the rows ¢ = 0,1
(see [12, Lem. 2.3.2]):

A2 Hy(X,Z) — Hp_2(X,Z/2)
is given by reduction mod 2 composed with the dual of sq?;
A2, Hy(X,Z/2) — Hyp_5(X,Z/2)

is given by the dual of 5¢°.

Let us describe d2 ;. An element « € H,(X,Z) can be represented (uniquely,
up to bordism) by a map from a compact p-dimensional spin stratifold [S — X].
The differential is given by the restriction to the boundary of the top stratum,
say MP~! — X. Since this map factors through the singular part of S, we can
assume that the image is contained in X?~2. Composition with the collapse
map

XP72 o X2 X  \ [ gp2
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gives a 1-cycle since a map MP~! — SP~2 gives an element in Q?pi“ =~ 7Z/2.
This gives a nice geometric description to the dual of sg?, at least for classes
which are in the image of the reduction map from integral homology.

6.2. The filtration in homology. When ¢ = 0, we have that
7o =Im(Q) P (XP) —» SHP (X7 ).
When r > 2, this is equal to
Bl o =Im(QE2(X) —» SHE(X)).

Assume that QF =7 so SHP(X) = H,(X;Z), which is often the case, then
we conclude:

Corollary 6.3. For a CW complex X, the filtration in singular homology
given by the AHSS for B-bordism

EX,C--CE, CE,CE, =~ Hy(X,7Z),

agrees with the filtration given by all classes in homology that are represented
by maps from B-stratifolds with singular part of dimension at most p —r — 2.

In the Appendix we give a more straight-forward proof of this fact, see
Corollary A.5.

7. AN EXAMPLE

To illustrate our description, we compute the group Qgr((CPOO). This group
was first computed by Liulevicius in [8], using the Adams spectral sequence.
We start by computing R . .

di,: B3, — E3,.
Using Lemma 2.6, we have
E2, =0 V(CP?) = by @ C4(CP>) 272,
E2,=QF?(CPY) = hy @ Co(CP™®) 2 7,/2.

We describe the generator of Qg(l) (CP?). Let S = D* x S'u, CP!, where D*
has the standard framing, S' has the Lie group framing, and the gluing map
g: 5% x 8! — CP! is given by first projecting on S% and then the Hopf map.
S is a framed stratifold of dimension 5 with a singular part of dimension 2.
The map f : S — CP? is given as follows: f: D* x S' — D?* is the PI‘OJGCUOD
and f: CP' — CP' is the identity. (S, f) is an allowed cycle in ar(cp?)
since the singularity is of codimension 3. The class d4 1([S, f]) is given by
[S3 x ST — CP']. This class is nontrivial since it is a fiber bundle where all
fibers are non-null bordant, and hence d4 1 18 an isomorphism.

Next, we compute the differentials coming out of Ej, = ofrOcp3) = 7,
by constructing a generator for this group. Consider the ﬁber bundle

cP' —»cp? & st
Set S = CP?3 as a framed stratifold the following way: Choose a point x € S*
and set CP! = p~!(z) to be the singular part of S. Set D =p~1(S*\ {z})
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to be the top stratum of S together with the framing obtained from S*\ {z}
and the trivial framing of the fiber CP!. Note that by choosing a small disk
centered at x, the preimage of its complement is a framed manifold with bound-
ary 0 and we can consider S as the gluing of this manifold to CP! along the
projection map ¢ : & — CP!. The identity map f : S — CP? is a generator of
er 0 (CP3). The fact that the singular part of S is of dimension 2 implies that
thlS generator is mapped to zero by d6 o and d6 o (see Corollary 6.3). We are
left with computing d6 o- This differential is induced by the following diagram:

Q@ cpl) —— o cphy 2z

7/24 = QP (Ccpt) — Q¥ (Ccp?).

Note that the only differential entering the (2,3) position before the fourth
page is coming from

E2, =05 CP?) =17/
Hence, the kernel of the bottom map in the dlagram is e1ther trivial or 127Z/24.
We will show that if we lift a generator of QI ” (CP4) to QT ((CP?’g and then
map it to er(5)((CP1), we get twice the generator (Note that Q ((CPl)
QfF(CP').) This will imply that £5 3 = 7/2. Taking [S — CP?] as a generator,
the element in QI (CP?) is given by the gluing map [g [g: 0 — CP!]. Note that g
is a (trivial) bundle whose fiber is S3, so it is enough to analyze the framing on
the fiber induced by the framing on 0, which itself is induced by the framing
on the preimage of the complement of a disk around z. It is well known that
the bundle

cp'—»cp* L st

is linear and it is obtained by the clutching function given by the generator
in m3(S0O(3)), which is mapped to twice the generator in m3(S0O). Thus the
induced framing on the fiber is twice the generator in Qff, and we are done.

APPENDIX A. SMOOTH APPROXIMATION OF MAPS BETWEEN STRATIFOLDS

We give here a more direct proof of Corollary 6.3. The main tool is the
approximation theorem.

Lemma A.1. Every continuous map f: M — S, where M is a manifold with
boundary OM, S is a stratifold, and f is smooth when restricted to OM, is
homotopic to a smooth map relative boundary.

Proof. We prove it by induction on the dimension of S. This is clear if S is
0-dimensional, since then S is discrete, so f is locally constant. Assume that
the assertion holds when S is of dimension smaller than n, and let f: M — S
be a continuous map, where S is of dimension n.

By using the collar of 9M, we can assume that f is smooth on a neighbor-
hood of OM.
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By construction, S is obtained from ¥, the singular part, and a manifold
N of dimension n with a boundary N and an (open) collar. Denote by U
the singular part together with the collar, and by V the interior of N, that is
N\ ON. This is an open cover of S, denote f~}(U) = U’ and f~1(V) = V',
then this is an open cover of M. We can choose a smooth function g : M — R
such that g[yny = 0 and glyny» = 1, and a regular value both of g and
of gloar, say 0.5. Denote by P its preimage. Then P is a manifold with a
boundary, denoted by dP. By a standard approximation argument one can
show that f is homotopic relative boundary to a map f : M — S with the
following properties:

(i) f is smooth in a neighborhood of &M U g~1([0.5,1]);
(ii) ¢~1([0.5,1]) is mapped into V;
(iii) ¢—*([0,0.5]) is mapped into U.

We are left with smoothing g=*([0,0.5)). We can find a manifold M’ of
dimension n with boundary dM’, embedded in ¢~'([0,0.5)) such that f is
smooth outside of M’ and in a neighborhood of dM’. The manifold M’ is
mapped to U, which is smoothly homotopy equivalent to . This implies
that it is homotopic to a new map, which is smooth outside of M’ and in a
neighborhood of its boundary, and that the image of M’ is contained in X.
Now we use the inductive step to smooth this map using the fact that X is of
dimension < n. g

Proposition A.2. Every continuous map f : S — S’, where S and S’ are
stratifolds, is homotopic to a smooth map.

Proof. This is proved by induction on the dimension of S using Lemma A.1. [

Proposition A.3. Any locally finite, finite-dimensional countable CW com-
plex is homotopy equivalent to a stratifold with the same set of cells.

Proof. This is proved by induction on the dimension using the fact that the
attaching maps can be made smooth using Lemma A.1. O

Lemma A.4. Let X% be a CW complex of dimension d and M™ a closed
oriented manifold of dimension m > d together with a map f : M™ — X<
The element (M™, f) represents the zero element in SH,,(X?), and there evists
a null bordism, which has singular part of dimension < d.

Proof. The first assertion is clear since SH,,(X%) = 0. First assume that X¢
is a compact stratifold and f is smooth. In this case the null bordism can be
taken to be the mapping cylinder Cyl(f) whose boundary is M™ and whose
singular part is X¢. The general case follows from Proposition A.3 since the
image of f is contained in some finite subcomplex that is homotopy equivalent
to a stratifold. O

Corollary A.5. The filtrations given by the images
Q(X) = = 0B (X) = oV (X) = o(X) = H,(X,Z)
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and
QP(X) — QP(Xa Xp—3) - QP(Xa XP_Q) - HZD(Xa XP_Q) = HP(Xv Z)
are equal.

Proof. Given [S, f] € Qék)(X ) we can assume by cellular approximation that
SP=k=2 the p—k—2 skeleton of S, is mapped to XP~*=2, the p—k — 2 skeleton
of X. Denote by (NP, ONP) the manifold we used to get the top stratum of S.
Then there is an induced map

(NP, ONPF) i> (X, prk72)'
By the definition of the bordism relation, we have
(5.2), /] = [(N7.0N7), f] € Q (X, X772,

Let [(N?,ONP), f] € Q,(X,X?"%2) be any element. By Lemma A.4,
(ONP, flan») represents the zero element in SH,,(X?~*=2), and there exists
a null bordism, (S,0NP), which has singular part of dimension < p — k — 2.
Gluing (N?,0NP) and (S,0NP), we get a stratifold NP Ugn» S of dimension
p with a singular part of dimension < p — k — 2 mapped to X, hence an ele-
ment in Q,(,k) (X), such that its image in SH,(X, XP~¥~2) equals the image of
[(N?,ONP), f]. O

Lemma A.4 and its proof have another nice corollary:

Corollary A.6. Let X be a CW complex having cells only in even dimensions.
Every homology class can be represented by a map from a stratifold having only
even dimensional strata. This can be restated in the following way: let SHIY"
be the bordism theory of stratifolds with strata only in even codimensions. Then
the map SHEV™(X) — SH.(X) is surjective.

Proof. In this case the odd dimensional homology groups are trivial, so we may
only look at even dimensional ones. Given « € SHoi(X), we represent it using
a stratifold [S, f], and like we did before, we can replace the singular part of
S with the 2k — 2 skeleton of X without changing the homology class. O

Acknowledgments. I would like to thank Matthias Kreck and Diarmuid
Crowley for many helpful conversations. A large part of this work was done
while I was member of Graduiertenkolleg 1150 Homotopy and Cohomology at
the University of Bochum. I was supported by Priority Research Centers Pro-
gram through the National Research Foundation of Korea (NRF) funded by
the Ministry of Education, Science and Technology (project No. 2012047640)
while T was at PMI/POSTECH.

REFERENCES

[1] P. E. Conner and E. E. Floyd, Differentiable periodic maps, Ergeb. Math. Grenzgeb.,
33, Academic Press, New York, 1964. MR0176478

[2] S. Eilenberg, On the problems of topology, Ann. of Math. (2) 50 (1949), 247-260.
MR0030189

Miinster Journal of Mathematics VoL. 10 (2017), 171-188



188

[3]

o

=3

HAaGGAl TENE

A. Grinberg, Resolution of stratifolds and connectionto Mather’s abstract pre-stratified
spaces, Dissertation, Ruprecht-Karls-Universitét Heidelberg, 2003.
http://www.ub.uni-heidelberg.de/archiv/3127

A. Hatcher, Algebraic topology, Cambridge University Press, Cambridge, 2002.
MR1867354

M. Kreck, Differential algebraic topology, Grad. Stud. Math., 110, Amer. Math. Soc.,
Providence, RI, 2010. MR2641092

M. Kreck, Pseudo homology, p-stratifold homology and ordinary homology, preprint,
2011.

M. Kreck and W. Liick, The Novikov conjecture, Oberwolfach Semin., 33, Birkh&user,
Basel, 2005. MR2117411

A. Liulevicius, A theorem in homological algebra and stable homotopy of projective
spaces, Trans. Amer. Math. Soc. 109 (1963), 540-552. MR0156346

C. R. F. Maunder, The spectral sequence of an extraordinary cohomology theory, Proc.
Cambridge Philos. Soc. 59 (1963), 567-574. MR0150765

J. Milnor, On axiomatic homology theory, Pacific J. Math. 12 (1962), 337-341.
MRO0159327

Y. B. Rudyak, On Thom spectra, orientability, and cobordism, Springer Monogr. Math.,
Springer, Berlin, 1998. MR 1627486

T. Teichner, Topological 4-manifolds with finite fundamental group, Dissertation, Uni-
versitat Mainz, 1992.

R. Thom, Quelques propriétés globales des variétés différentiables, Comment. Math.
Helv. 28 (1954), 17-86. MR0061823

Received July 10, 2015; accepted November 27, 2016

Haggai Tene

Mathematisches Institut, Ruprecht-Karls-Universitédt Heidelberg,
Im Neuenheimer Feld 205, 69120 Heidelberg, Germany

E-mail: tene@mathi.uni-heidelberg.de

URL: http://www.mathi.uni-heidelberg.de/ htene

Miinster Journal of Mathematics VoL. 10 (2017), 171-188



