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Chapter 1

Stable Homotopy Theory

We assume that the reader is familiar with § 1 - § 6 of G.W.Whitehead’s
paper [17]. We recall the basic definitions.

Definition 1.1 A spectrum E = (E,,, en)nez consists of a sequence of based
CW-complexes Ey, and inclusions of subcomplexes SE, — E,11.

Definition 1.2 A map between spectra f : E — I consists of a sequence of
maps Fy, : B, — Fy defined for k > ng such that the diagram:

SEk — Ek+1

Sl 1 frs
SF, <=  Fpn

commutes for k > ng.
The category of spectra is denoted by S.

We say that maps f, f’ : E — F are equal iff f = f, for k sufficiently
large, and similarly they are homotopic iff fi ~ f; for k large enough. Let
{E,F} denote the set of homotopy classes of maps between E and F, and Sy,
the homotopy category of spectra.

There is a natural functor: C — S from the category C' of of CW-
complexes to S, associating with every complex X a spectrum (S*X,id)zen.

The suspension functor S : C — C extends to Sy, so that:

S, s,
) )
c =2 ¢
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commutes where (SE); = Ej41.
Let us notice that S : S;, — S, is an automorphism.

For every CW-complex
{S"X,E} = colimy[S"TF X, Fy].
For finite CW-complex the formulas:
h*¥(X;E) := {S7* X E}
hip(X;ER) == {S*X, X AE}
define cohomology and homology theories associated with the spectrum E.
Here X AE denotes the spectrum: (X ARE), = X AE} with obvious inclusions.

A similiar ”stabilization process” can be applied to vector bundles. We
will assume that a map of bundles is an isomorphism on fibres.

Definition 1.3 A spectrum of vector bundles & = (&, €,) consists of a se-
quence of bundles &, over B, (defined for n > ko) and the inclusions:

én (5] 91 ‘6_n> gn—l—l
) {

B, =% Bni1
where el denotes one dimensional trivial vector bundle.

The definitions of maps between spectra of vector bundles and their ho-
motopy classes are analogous to those for spectra of complexes.

Let n , £ be spectra of vector bundles. We denote by {n,£} the set of
homotopy classes of maps n — £. We write SVj for the homotopy cat-
egory of spectra of vector bundles. There is a natural functor from the
homotopy category of spectra of vector bundles to the homotopy category
of spectra of vector bundles: V, — SV}, associating with a bundle 1 a spec-
trum {n@®0*,id}ren. The dimension function can be extended to the objects
of SVp,: dim ¢ =: dim & — k. It is clear that if dim 7 # dim £ then {n, £} = 0.

We extend the functor 6 : V — V, 0(n) =na 6, 6(f) = f @ id to the
category SVy, putting:
[0(&)]k = &k+1. The diagram commutes:
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v 4oy,

{ 1
SV, s Sy,

If n is a vector bundle and £ is a spectrum of vector bundles then {0_,,(n),{} =
colimy [17 + Hkin, fk]

Let £ be a spectrum of vector bundles and dim & = 0.

Definition 1.4 Letn be a n-dimensional vector bundle. A stable &-structure
on n is an element of {07"™(n),&}. We will also use the simpler notation
0(&) =&+ 1. In this notation a &-structure on n is a homotopy class of the
map 1 — & +n of bundle spectra.

Remark 1.5 This definition of &-structure coincides with the definition
given in Stong’s book [16, ch.II].

We describe in the above terms the stable reduction of the group of the
vector bundle to the subgroup of the orthogonal group. Assume that the
subgroups G(n) < O(n) are defined in such way that the diagram:

G, “—— O(n)

comimutes.

This sequence defines the spectrum of vector bundles: v(G) = {i} v, 1% e, },
where iy, : BG, — BO(n) and 7, denotes a classyfying bundle over BO(n).
The stable reduction of the group of the n-dimensional bundle 7 to the group
G is the (@) structure on 7.

Consider now the Thom space functor from the homotopy category of
vector bundles to the homotopy category of based CW-complexes: V, —7T
Cn. We use the notation T'(¢) = B¢ where ¢ is a bundle over B.
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Theorem 1.6 There exists an extention of the Thom-space functor to the
category of spectra i.e. there exists a commutative diagram:

Vi =G,
{ {

SV, LS,

Proof: We define T'(§), = T'(&k).
If e : & + 0 — g1 then Tey : T(E ©0') = ST (&) = Tépy1-
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Differential Topology.

In this section we recall basic notions of differential topology which will be
used in the sequel. Our material consists of three parts:

1. tubular neighborhoods.
2. imbeddings of manifolds.

3. transversality.

A smooth manifold is a C'*° manifold and a smooth map is a C* map. We
will assume that all manifolds considered are paracompact.

2.1 Tubular Neighborhoods.

For a complete treatment of the subject we refer the reader to Lang [10].

Let V, W be manifolds and let i : V' — W be an immersion. A differen-
tial Di : TV — TW induces then a monomorphism Di : TV — i*T'W over
V.

Definition 2.1 The quotient bundle v(i) = *TW/TV is called a normal
bundle to the immersion i :V — W.

If ¢ : V — W is an inclusion of a submanifold then a normal bundle
v(i) is called a normal bundle of V' in W and is denoted by vy (V). In this
situation we define a tubular neighborhood of V' in W.
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Definition 2.2 A tubular neighborhood of V in W consists of:

a) a vector bundle m : E — V and an open neighborhood Z of its zero-
section.

b) a diffeomorphism h : Z — U where U is an open neighborhood of V in
W such that diagram:

— U
h7

50

N+ <

commutes (so: V — Z is the zero-section).

Example 2.3 Let £ = (p : E — M) be a smooth vector bundle over a
manifold M. A normal bundle of the zero-section so(M) — E is canonically
isomorphic to €. This follows from the exact sequence: 8 — p*é — TE —PP
p*T'M — 0 which has a canonical splitting Dsy over the zero-section. The
tubular neighborhood is obviously the whole E(§) with the icentity map.

We shall formulate the existence theorem in general situation.

Theorem 2.4 Let V be a closed submanifold of W. There exists a tubular
neighborhood of V in W.

Sketch of the proof: We choose a Riemannian metric on W. This met-
ric defines the map v(V) — (TV)* and thus the splitting of the sequence:
0= TV — TW|y — v(V) — 0. The Riemannian metric defines also
an exponential map: TW D Zy —%P W. This exponential map being
an identity on the zero-section is thus a diffeomorphism on an open subset
Z C ZoU (TV)*; s0(V) € Z (here we need the assumption that V is a
closed submanifold).

The proof of theorem 10 gives us a canonical method of construction of
tubular neighborhood after a Riemannian metric is chosen. It is important
for our purposes to have a tubular neighborhood defined over the whole
bundle and not only on a neighborhood of its zero-section.

Definition 2.5 A vector bundle p : E — X is compressible iff for every
open neighborhood Z of the zero-section so(X) C E there exists an open
neighborhood Z1, so(X) C Zy C Z C E and a homeomorphism h : E — 7
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over X (i.e the diagram:

N
N4

commutes).

Lemma 2.6 Any vector bundle over a manifold is compressible.

For the proof see Lang [10;VII.4.]. It is important to notice that in this case
the compressions are diffeomorphisms isotopic in E to the identity.

Thus haveing chosen a Riemannian metric we have the canonical con-
struction of the total tubular neighborhood:

exp

7 —

compression
) 1

v(V)— (TV w
We shall see that total tubular neighborhoods are unique up to the isomor-
phism of vector bundles.

Definition 2.7 Let p : E — V be a vector bundle; V. C W and Z —
W a tubular neughborhood of V' in W. The isotopy F' : Z x R — W s
called an isotopy of tubular neighborhoods iff each Fy : Z — W is a tubular
neighborhood.

Theorem 2.8 Let h: E — W and g : E' — W be total tubular neighbor-
hoods of V in W. Then there exists a vector bundle isomorphism A : E — E’
and an isotopy of tubular neighborhoods f; : E — W such that fo = h and
fi = go X\. Moreover, if E and E’ are endowed with Riemannian metric,
then X can be chosen to be an isometry.

Corollary 2.9 If E — W is a tubular neighborhood of V in W, then E is
isomorphic to v(W).

For the proof see Lang [10, IV.6].

Remark 2.10 Any two canonical tubular neighborhoods are isotopic. This
follows easily from the fact that any two Riemannian metrics are homotopic
through Riemannian metrics (thus in this case A is an identity). We will
use thic fact later.
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2.2 Imbeddings of Manifolds.

We start with the definition:

Definition 2.11 A smooth map f : V — W is called a proper imbedding iff
the following conditions are satisfied:

1. Df is monomorphism,
2. f 1s injective,
3. f is proper (i.e. the inverse image of every compact set is compact).

If f:V — W is a proper imbedding then f(V) C W is a closed submanifold
of W. From now on we assume that all imbeddings under consideration are
proper.

We recall Whitney’s imbedding theorem:

Theorem 2.12 Let £ : V — R be a smooth function such that for every
x eV, &(x)>0. Let f:V — R? be a proper map which is an imbedding of
a neighborhood U of a closed set A C V. If 2-dimV < q then there exists
gV — RY such that g|a = fla, g is an e-approximation of f, and g is a
proper imbedding.

Remark 2.13 R? may be replased by a manifold N with dim N > 2-dim V.

For the proof of the above theorem see Narasimhan [12, 2.15].

We will say that two proper imbeddings fq, f1 : V. — W are properly isotopic
iff there exists an isotopy F : V x R — W such that F; is proper for each t,
Fy = foand Fy = f1. It is clear that F : V x R — W is a proper isotopy
iff a map FApry: V x R — W x R, (FApry)(v,t) = (F(v,t),t) is a proper
imbedding. From the Whitney theorem it follows:

Theorem 2.14 If g > 2-dimV + 4 then any two proper imbedding ig, 1 :
V' — R? are properly isotopic. Any two such isotopies are themselves prop-
erly isotopic leaving the endpoints fized.

The last theorem enables us to identify the normal bundles to different
imbeddings of the same manifold. Note first that an imbedding ¢ : V' — RY
defines a sequence of imbeddings 744 : V — RIT*_ We can define a bundle
spectrum {v,, f,} which is determined for n > ¢ as follows: v, = v(i,)
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(where i = i4), and f, are canonical isomorphisms v(i,) @ 0 = v(ip11) de-
termined by the standard orientation of the Euclidean space. We denote
this spectrum by (i) and call it a stable normal bundle to an imbedding
i. Note that dimv¥(i) = —dim V.

Recall now that any bundle  over X x I defines a map n — 7| x x 101 which
induces a canonical homotopy class of isomorphism 7|x (03t~ x x{1} (see
for instance Husemoller [7]).

Thus for any isotopy F' : V x R — R? between proper imbeddings
i0,71 : V — R? the normal bundle of F': VxR — RIX R, F(v,t) = (Fv,t,t)
defines a homotopy class of isomorphism v(ig) ~ v(i1). If ¢ is sufficiently
large (as in theorem 2.14) then any two isotopies between iy and i;, being
themselves isotopic through isotopies, define the same homotopy class of
isomorphism v(ig) ~ v(iy).

Corollary 2.15 Leti:V — R? and j : V — R? be imbeddings. Then there
is a canonical homotopy class of isomorphisms v° (i) — v5(j).

The class of all stable normal bundles of imbeddings of V' in R? will be
denoted by 7(V).

Let & be a spectrum of vector bundles, dim £ = 0 and suppose dim V' = n.

Definition 2.16 A {-structure on 7(V') is family of &-structures on stable
normal bundles to all imbeddings of V, such that for every 6™(v(i)) — &,
0" (v%(5)) — &, and the canonical homotopy class of isomorphisms v° (i) —
v(j) the following diagram commutes in SV},

r(wi@) = ¢
L
0" (v°(5))

Consider now a more general situation.

Let Y be a manifold. we will deal with imbeddings 7 : V' — Y x RY
(for Y = pt we have the previous situation). As before every such an
imbedding determines a bundle spectrum {vg, s} defined for k > ¢ such
that vy = v(ix) where (as k =q+1) i, =ig41:V =Y x B9 — Y x RI!
and s, is a canonical isomorphism v (i) + 0! = v (i, 1) determined by the
standard orientation of the Euclidean space. The dimension of this spactrum
is dimY — dim V and we denote it by v (4).
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Proposition 2.17 Let w : Y x R? — Y be the projection. If ig,i1 : V —
Y x RY satisfy wig = mi1 = f then iy and i1 are homotopic.

Indeed: Hi(v) = (1 — t)ip(v) + ti1(v), defines this homotopy on V' x I, we
can prolong it smoothly to H : V x R — Y x RY.

Proposition 2.18 Let

V % Y xR Vv 2 Y xR
N« |7 and N I
Y Y

be imbeddings lifting the same map f. Then there is a canonical homotopy
class of isomorphism v° (i) — v5(4).

Outline of the proof: A homotopy from proposition refpro:2 gives us
amap: H:V xR —Y x R? x R. According to the Whitney theorem we
can take an imbedding H:VXxR—>YXxRIXR arbitrality close to H
(and thus homotopic to H), such that fI|VX{Z-} = Hlyyqy,i = 0,1. The
normal bundle to H gives the required isomorphism determined by isotopies
H:V xR —Y x R!x R for which the following diagram commutes
homotopically:

VxR 2 YxRIxR

Fxid N\ !
Y xR

To establish the uniqueness of the homotopy class of such isomorphism we
just have to repeat the previous argument.

Remark 2.19 For the geometric reasons we will be interested only in such
imbeddings 1 : V. — Y X R? that f =mi : V — Y s proper and in such ho-
motopies H : V x R —Y x R? x R between them that tH : V xR —Y X R
1s proper. Notice, that when f is proper the homotopy from proposition ref-
pro:2, as well as homotopies used in the proof of proposition 2.18 satisfy the
above property. This fact will be used in the sequel.

The class of all stable normal bundles of imbeddings lifting the map f
will be denoted v(f) and called a stable normal bundle to f.

Suppose i : V' — Rl is an imbedding and f : V — Y a proper map. The
diagonal (f,i) : V — Y x R' is then an imbedding “lifting” f whose normal
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bundle satisfies the equality:

v(i, f) @0 = f*r(Y) ®v(i) ® 0"

For this reason the normal bundle v(f) to the map f is also denoted by
frr(Y) —7(V).

The definition of {-structure on v(f) is analogous to definition 2.16.

Definition 2.20 ¢-orientation of f is a &-structure on v(f).

Remark 2.21 Let f:V =Y and g : Vi — Y be proper maps and suppose
that there is a diffeomorphism o : V. — Vi for which the diagram commutes:

v Ly

ol g
Vi

The diffeomorphism ¢ induces a canonical isomorphism v(f) — v(g) (i.e. a
family of isomorphisms compatible with the canonical isomorphisms defining

v(f) and v(g)).

Proof: Leti:V - Y x R, j:V =Y x R? be imbeddings lifting f and
g respectively. The canonical homotopy class of isomorphism v%(i) — v9(5)
is the composition of the canonical homotopy class of isomorphism ¥ (i) —
v (j) with an isomorphism v°(jp) — v°(j) (induces by ¢ in obyious way).

d

2.3 Transversality.

Definition 2.22 Let Z C X be a submanifold and g : Y — X a map of
manifolds. We say that g is transversal to Z on a set A C'Y iff for every
a € A such that g(a) € Z the following equality holds:

Tg(a)Z —+ Dg(TaY) = Tg(a)X'

(Dg : TY — TX denotes the differential of g)
If g : Y — X is transversal to Z on'Y we say simply that it is transversal
to Z.
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Definition 2.23 Let f: Z - X, g¢:Y — X be maps. We say that f and
g are transversal (f M g) iff f xg: Z xY — X x X is transversal to the
"diagonal submanifold” A(X) — X x X.

Theorem 2.24 If g : Y — X is transversal to Z C X then g~ *(Z) is a
submanifold and the differential Dg : TY — TX induces a canonical iso-
morphism of bundles:

vy(g'(2)) =% g'vx(2)

This isomorphism is defined in the following way. Consider the compo-
sitton:
g (2) ~—— Tz

o | | oo

7z ~—— TX)lz
~__ J canonical

projection

vx(Z)

From the transversality condition the kernel of this composition is precisely
T(g~Y(Z)) and thus we obtain the desired isomorphism which we denote by
Dy.

Remark 2.25 If f and g are transversal then V = (f x g) ' (AX) is a
submanifold of Z x'Y which is the pull-back of the following diagram:

back

— —

\

\

'
Y

X

We recall the Thom transversality theorem.
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Theorem 2.26 Let g: Y — X be a map which is transversal to Z C X on
a closed set ACY. Letd:Y — R, & > 0 be a smooth function. Then
there exists a §-approzimation g’ : Y — X such that ¢'|a = gla and

Notice that from this theorem it follows that for any map g : ¥ — X
as above we can find a map ¢’ : Y — X which is homotopic to g relative A
and transversal to Z. (we use the theorem that ¢ is small enough g and ¢
must be homotopic.) The above theorem can be formulated in the following,
slightly stronger form (Karoubi [9]).

Theorem 2.27 Let f : Z — X and g : Y — X be maps, and § : Y —
R, 6 > 0 a smooth function. Then there exists a §-approzimation ¢ :
Y — X of g such that ¢’ th f.
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The Thom construction.

Consider the following situation. Let 1 be a smooth vector bundlep : £ — Y
and let i : X — FE be an imbedding such that the composition 7 = f : X —
Y is a proper map.

FE
i,/ lp
X — Y

The Thom construction associates with this imbedding a homotopy class of
maps Y — X¥(@) where Y and X denote the Thom spaces of appropri-
ate bundles.

We will formulate the description of tho Thom space in the form con-
venient for our puposes. Let n = {p : E — Y} be a vector bundle.
Y" = E U {x}. We topologize Y" by taking as a base of neighborhoods
of {x} sets Y\ A where A C FE is closed and p|4 : A — Y os proper. Note,
that the Thom space of a bundle over paracompact space is paracompact.
To describe the Thom construction let us fix a Riemannian metric on a
manifold F. This gives us a tubular neighborhood

16
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compression
v(i) ~T(X)* Z
J exp
E
\
h
- Y7

with h(v(i)) = U. The Riemannian metric on E defines through isomor-
phism TX+ ~ v(i) a metric g on v(i). We denote by Dnu(i) and Sgv(i)
the disc bundle and the sphere bundle with respect to this metric.
Let Dgv (i) =% Dgu(i) — Squ(i).
We have an identification map:
Y1/(Y" — h(intDgv(i))) ~ Dgv(i)/Sgv(i)
A |
X (i)

The homotopy class of i* : Y — X is independent of the choice of tubu-
lar neighborhood with respact to a given metric. It is independent also of
the choice of a particular metric on E, as any two are homotopic through
the Riemannian metrics. Note however that it is essential that we restrict
ourselves to the tubular neighborhoods determined by some metric.

Remark 3.1 The assumption that pf : X — Y is proper was necessary
for the Thom construction. This assumption was used in establishing the
continuity of

Rt Y"/Y”\h(Dg(ui)) — Dgv(i)/Sgv(i).
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Proposition 3.2 Let imbeddings io,i1 : X — E be isotopic through the
isotopy H : X X R — FE such that if H : X x R — E X R is the imbedding

determined by H then the composition X X R SH px R —P¥d Y R s
proper. The Thom maps Y — XV(0) qnd Y — XV gre then homotopic.

Proof: Take the product metric on £ x F and apply the Thom construction
to H on each level. This gives the requied homotopy.

The next result is formulated for a compact manifold X.

Proposition 3.3 If ig,i1 : X — E are imbeddings which are stable homo-
topic then maps Y — X¥(0) and Y — XV gre also stable homotopic.

Proof: In view of the provious proposition this one follows from Whit-
ney imbedding theorem. The fact that the obtained isotopy is proper is
guaranteed by the compactness of X.

O

Let us consider the following generalization of the situation described
above. As before, consider imbedding i : X — E such that the composition

E
i/
x Ly

is proper and suppose a = (p : E' — Y) is an arbitrary vector bundle.

Theorem 3.4 The Thom construction defines a canonical homotopy class
of map Y8 — XVO®I e ynich makes the following diagram commutative:
xv@)effa p———  ynda

A A

V@) A xfo YTAYE

XY AY®
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Proof: Without loss of generality we can assume that o : E’ —P' Y is a
smooth bundle. Let p” : E” — Y be the Whitney sum o & 7.

With ¢ : X — E and the vector bundle o we associate an imbedding 7’ :
X — E” which is the composition

x Y By o ExE

! I
E' < ExFE

The Thom construction applied to i’ gives us X nu(i') _y ye®n  There is a
canonical isomorphism of v(i') with v(i) & f*«. To establish this recall first
that TE" = p*(TY & (a ®7)).

v(i") = i"*p" (TY & (a® M) frx = i"*p"* (TY ®&n)® i'*p”*oz/TX =i"p"(TY ®
n) & fra,, =i (TY ©n)), © ffa=v(i)® fa

In view of this canonical isomorphism we obtain the desired map X*®®f @ _
Y% The commutativity of the diagram from theorem 3.4 follows imme-
diately from the method of the Thom construction.
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The Pontriagin—Thom
theorem.

Let £ : E' —” E be a n-dimensional vector bundle. Let n : E —? Y be
a smooth k-dimensional vector bundle over a manifold YV;dimY = 1. We
shall consider submanifolds V' C E of codimension n such that the restriction
ply : V — Y is a prpoer map. A &-structure on such a submanifold is a
map v(i) — &, where i : V < FE is the inclusion and a submanifold with a
&-structure is called a &-submanifold of 7.

Definition 4.1 Two £-submanifolds of n

Vo &% E vi & E
fok 4p o, fiNe Ip

Y Y

v(io) 2% €, wlin) S5 ¢

are cobordant iff there exists a &-submanifold j : W — E X R of codimension
n, such that (p xid)oj: W =Y x R is a proper map and W satisfies the
following compatibility condition:

1. W is transversal to E x {k}, k=0,1 and WN(E x {k}) = Vj.

2. §-structure on W correspondents under the isomorphism v(j)|lwn(ex (k) =
v(ig) to p:v(iy) — &.

Cobordism is an equivalence relation between &-submanifolds of 7. The
set of equivalence classes of this relation is denoted by L(n;§).

20
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Remark 4.2 1. If Y is compact then this definition of cobordism co-
incides with the definition of bordism of compact submanifolds of a
manifold E (see Bricker, tom Dieck [4]).

v 4 E
2. Let N\, |p be asin the definition, and suppose p, : v(i) = &
Y

and p1 : v(i) — & are homotopic as vector bundle maps. Then (i :
V- E, ¢ :v(i)—& and (i :V = E, o1 :v(E) = &) are
cobordant in L(n,§).

3. It is possible to give the analogous definition and prove similiar the-
orems if E — Y s locally trivial smooth map with the fibre being a
manifold.

For each &-submanifold of n the map obtained from the Thom construc-
tion composed with the map induced on the Thom spaces by a &-structure
gives a homotopy class of maps Y7 — BS. It is easy to see that cobordant
&-submanifolds yield the same homotopy class Y7 — B¢. Thus we obtain a
map

P L(,€) — [V, BY.
The Pontriagin—Thom theorem holds.
Theorem 4.3 The map P : L(n, &) — [Y", BY] is a bijection.

First we will prove this theorem in the case when ¢ is a smooth bundle.
Proof: (£ smooth)
We will construct an inverse map Q : [Y", B¢] — L(n, €).
Let f : Y7 — B¢ be an arbitrary map. We deform f within its homotopy
class to a “good” map in three steps:
Step 1:
There is a map fi € [f] which is differentiable on A = f~1(E’), transversal
to the zero section B «— B¢ and f~1(E') = A.
Proof of step 1:
Take on E’' a metric d for which compact sets are exactly the closed sets
bounded with respect to d (such a metric clearly exists). There is a homo-
topy H : A x I — E' with Hy = f|a, H; differentiable and transversal to
the zero section and moreover for every a € A, t€ I, d(H(a), f(a)) < 1.
Prolong H to H : Y x I — BS putting H(x,t) = oo for ¢ A. To demon-
strate the continuity of H it remains to show that for U > oo being an open
neighborhood of oo in B¢, H~'(U) is open in Y7 x I. Let D = BS\U.
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HY(D)=H YD) c fx: d(z,D)<1}xI. Toshow that H (D) is
a complement of an open neighborhood of co x I in Y x I we must have:
1. HY(D) is closed in E.

2. projection of H~*(D) onto Y x I (Y = zero cross section of Y7 is

proper).
Point 1. follows from the continuity of H and 2. from the fact that if f
is continous then f~'{z: d(z, D) < 1} is a complement of co in Y and
thus its projection on Y is proper, f1 := Hj.
Step 2:

Let N = f{'(B). It is a submanifold of E and from continuity of fi, p|:
N — Y is a proper map. Let U be a tubular neighborhood of N in E. There
is a map fo : Y — B¢, homotopic to f; such that

1. fo is transversal to the zero section, f{l(B) = N.
2. fa(z) = o0 for z ¢ U.

Proof of step 2:
Let V C U be a tubular neighborhood and V C U. Let s: Y — [0,1] be a
smooth function such that s71(0) =V, s71[0,1) = U. Let

71_1155x'f1(95) z€Aandt<lorzeUandt=1
o0 elsewhere

Hy(z) = {

and put fo = Hj.
Step 3:
There is a map f3 : Y7 — B¢, homotopic to f» such that:

1. U= f; Y(E).

2. the composition

v(N) U

/3
2

\
\
\
Liig,El

is a vector bundle map.
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Proof of this theorem can be found in Brécker, tom Dieck [4] (only step 1.
needed a small modification).

We would like to put Q([F]) = [N,¢], Q:[Y", B¢ — I(n,€). This defini-
tion is dependent neither on the choice of f from [f] nor on choices in steps
1,2,3. Any two maps obtained in step 3. starting from [f] are homotopic.
The £-submanifold on 77 determined by them are cobordant because we can
proceed with the homotopy as in steps 1,2,3.

It is clear that Q o P =id and P o ) = id.

d

Remark 4.4 The inverse map to P : L(n,&) — [Y", B¢] can also be con-
structed more directly. We start from the map f1 : Y" — B¢ which is
differentiable on f{'(E) and transversal to B — Bt. We put Q'[f1] =
[f{1(B),Df1] where Dfy : v(f{(B)) — vB =~ £ (see ). It is easy to see
that Q = Q'.

The proof of theorem 5.3 is valid for € : E' —” B being a smooth bundle.
We will extend this result to a vector bundle over an arbitrary CW complex
B. Suppose first that B is a finite dimensional, locally finite countable
simplicial complex. Every such complex can be imbedded as a deformation
retract of some neighborhood in Euclidean space U ¢ RN. Let r : U — B
be the retraction. We have an induced bundle:

r*E' — FE'
} L
U — B

We may assume that r*E’ — U is a smooth bundle. On the other hand
it is clear that L(n,&) = L(n,r*¢) and [Y7, B¢ = [Y7,U""¢], and thus
L(n,€) = [Y",BY] in case B is a finite dimensional, locally finite countable
simplicial complex.

Suppose now that B is an arbitrary simplicial complex. From the triangula-
tion theorems for manifolds it follows that L(n, &) = colimcL(n, £|¢) where
C' are finite dimensional, locally finite countable simplicial subcomplexex
of B (since every structure v(V) — £, where V < F is the submanifold
considered, factors through £|¢). From the approximation theorem we have
also [Y", B¢] = colim¢[Y", C¢] and the quality holds for arbitrary simplicial
complex B. Since every CW complex has the homotopy type of some sim-
plicial complex thus L(n,£) = [Y", B¢] holds for a vector bundle ¢ : B/ — E
over an arbitrary CW complex B.
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The analogue of the Pontriagin—Thom theorem can be formulated in a
relative form.

Definition 4.5 A pair (Y, A) is relative n-dimensional manifold iff A is a
closed subset of Y and Y\ A is a n-dimensional manifold.

Assume that n: E —P Y is a vector bundle over Y such that its restric-
tion 1]y 4 over Y\A : E(n|y\4) =P Y\A is a smooth bundle.

Definition 4.6 A proper submanifold of E over a relative manifold (Y, A)
is a submanifold of E(n|y\a) such that the projection on the base is proper
as a map into Y .

Let i : W < E(n]y\4) be such a submanifold. As in the absolute case a

£-structure on W is a bundle map v(i) — € where & : E' —P' B is the vector
bundle over CW complex B, dim¢ = codimW.
Consider all proper ¢-submanifolds of E over a relative manifold (Y, A).

Definition 4.7 Two {-submanifolds of E over a relative manifold (Y, A)
are cobordant over (Y, A) iff they are cobordant as submanifolds of E(n[y\ 4)
and in addition the submanifold of E(n|y\A) X R establishing the cobordism
is a proper &-submanifold over a relative manifold (Y x R, A X R).

We denote by L(n,n|4;&) the equivalence classes of the above relation.
The following theorem holds:

Theorem 4.8 The Pontriagin—-Thom construction establishes the isomor-
phism between L(n,n|a;&) and the set of homotopy classes [Y”/A”'A,Bf ,
where £ is the vector bundle over an arbitrary CW complex B.



Chapter 5

Stabilization. Bordism and
Cobordism Groups.

We now stabilize the previous situation. Assume that we are given a bundle
spactrum & = (&, e;), dim& = 0. Let Y be a fixed manifold. We will
consider (dimY — n)-dimensional -submanifolds of the succesive product
bundles Y x RF=™ — Y (k varies) whose projection on Y is aproper map
(see chapter 4.). The inclusion R¥™" < RFH! taking (1,....2x_p) to
(x1,...,Tk—n,0) induces a map s, : L(Vx—n,&) = L(Vk—nt1,&+1) in the
following way: if V C Y x RF* is a &,-submanifold of ¥j_, we can de-
fine &gy q-structure on V- C Y x RF"+1 to be 9p 1 (V) —=Z (V) @ 0! —
& ® 01 = &1 where i is the isomorphism determined by the standart
orientation of RF—7F1,

For simplicity of notation we will write also L(Y x R¥=", &) for L(9_p, & ).
It is easy to verify the commutativity of the following diagram:

L(Y x RF"g) 2 [Sk*"YO, B,ﬂ
s | 47
L(Y % kan+1’§k+1) i) [SkfnJrly'O7 B]ilr—ll}

where By is the base of the bundle & and 7 is the composition:

25
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Sk—nij ng] [Sk—n+lyo’ SB]&;I@]

~
A

k— 0 péked
|y, ]

Tk \

k— 3
[ |:S n+1YO7BkIf:11]

Passing to the limit on both sides we obtain:

colimy, [S’f*”yo, B,ﬁ’“} — colimy, L(Y x R*™", &)

If Y has the homotopy type of finite CW complex then colimy, | S¥~"Y°, B,E’“]

is the n'" cohomology group of Y with coefficients in the spectrum {Bé’“ JEk )
We denote this theory by B*(;€).

We have also a similiar formula for homology groups.

By(Y, €) = colimy, [S’M, YO A B,ﬁkl — colimy [S’”", (Y x By) 6| —
colimg L(RF™ & x 6Y,),

where R**™ denotes a (n + k)-dimensional vector bundle over a point and
99/ denotes a zero-dimensional vector bundle over Y. Notice that in the case
of homology all considered submanifolds of R¥*™ are compact.

Remark 5.1 IfY is a finite CW complex then there exists an open manifold
of the homotopy type of Y (e.g. an open neighborhood of Y in R™ for suitable

The Whitney imbedding and isotopy theorems enable us to get rid of
particular imbeddings and thus to interpret colimyL(Y x R*™" &) in terms
of abstract manifolds.

Let f : V — Y be a smooth map and v(f); f*7(Y) — 7V a spectrum
of normal bundle of f. We denote: dim f =: dimv(f). We will introduce
the equivalence relation in the set of n-dimensional proper maps f: V — Y
edowed with &-orientations (V varies). For appropriate definition see chapter
1.
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Definition 5.2 We will say that the n-dimensional proper maps (fo : Vo —
Yiap:v(fo) 2 E@n), (fi:Vi—=Y,aq1:v(f1) = £Dn) are cobordant iff
there exists a &-oriented n-dimensional proper map g : W — Y x R, [ :
v(g) — £ @ n such that:

1. g: W =Y x R is transversal to Y x {0} and Y x {1},

2. there are diffeomorphisms:

wo: Vo — g 1 (Y x{0})
o1: Vi —= g N Y x {1})

for which the following diagrams commute:

Vo 2% g7 Y x {0}) Vi 5 ogTH(Y x {1})
foh Ly i lg
Y Y

3. The diffeomorphism ¢; (i = 0,1) induces the isomorphism of f1(Y)—
(Vi) with g* g1 (v iy T(Y) = 7(0i(Vi)) (see 2.21). The latter bundle
is V(9)|g-1(v xqiy)- We require that the diagram:

v(fi) = v(@lgrvuay
Ny p|u(g)|971(Yx{i})
§+n

commutes for i =0, 1.

The above relation is an equivalence and its classes are denoted by
B"(Y,§).

There exists a natural map:
® : colimy L(Y x RF",&,) — B™(Y, &)

which with every submanifold V' C Y x RF™™ and v(V) — & associates a
manifold V' and a proper map 7|y : V. — Y where 7 : Y X RF™ 5 Y is
the projection. The map of bundle spectra v(7w) — £ + n is induced in the
obvious way by v(V) — &. It is clear that this map is well defined.

Theorem 5.3 The map ® is a bijection.



CHAPTER 5. STABILIZATION. BORDISM AND COBORDISM GROUPS.28

Proposition 5.4 Let i0, 11 : V =Y x RE™™ be imbeddings lifting the same
V. 3 Y x R | .
proper map [ (e.g. N, I ) and letv(ig(V)) = &, v(i1(V)) —
Y

& be the &-structures. If there exists an isotopy for which the & -structures
correspondend under the isomorphism v(ig(V)) — v(i1(V)) defined by the
isotopy then the & -submanifolds (ig(V'),v(ig(V)) — &) and (i1 (V), v (i1 (V)) —
&) are cobordant in L(Y x RF™",&,).

Proof: recall results os chapter 2. If H: V x R — Y x R*™ x R is the
isotopy then H(Y x R) — Y x RF™™ x R is the submanifold establishing
the required cobordism, where the g-structure on v(H(V x R)) arises from
the composition

v(H(V x R)) - v(H(V x {0})) = v(io(V)) — &.
(]

Remark 5.5 If the condition in the proposition 5.4 is fullfilled then the
bundle maps v(ig(V)) — & and v(i1(V)) — & determine the same map
of bundle spactra v(f) — & + n. Also, if they determine the same map
of bundle spectra then the thesis of proposition 5.4 is true for large k and
thus (io(V),v(io(V)) — &) and (i1(V),v(i1(V)) — &) represent the same
element in colim, L(Y x RF™™ &).

Proof of theorem 5.3:

It is clear that @ is surjective. We will now prove that @ is injective. Sup-
pose that images of two &,-submanifolds ig, 1 : Vo, Vi —= Y x RF ™ g :
v(Vo) = &k, a1 : v(V1) — & are cobordant in the sense of definition 5.2.
Thus there exists a manifold W and a proper £-oriented map g : W — Y xR
satisfying 1,2,3. Let j : W — R*F™™ be an imbedding (we can assume k is
large) and consider the diagonal:

Y x RF"x R
g=1(9,9) /" b
w % Y x R

with the &g-structure 8 : v(g(W)) — & inducing the {-orientation of g.
according to definition 4.1, the &-submanifold g(W) establishes cobordism
in L(Y x RF=" &) between Uy := (g~ (Y x{0})), Blu, : v(@(W) v, — &
and Up == g(g~' (Y x {1})),  Blu, : v(@(W))|v, — &
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Consider imbeddings ig : Vy < Y x R¥™™ and Vj =% g~ (Y x {0}) =9
Y x RF="_ From condition 2. we have miy = wgpo and from 3. to see
that &g-structures on v(i,(V)) and v(gpoV) = piv(g(g~ (Y x {0}))) define
the same £-orientation v(mwip — & + n. Analougously for V7 and U;. Thus
injectivity of ® follows from proposition 5.4.0

We will give now another definition of the cobordism relation. it is less
natural then the previous one arising from stabilisation of L(Y x R, &)
but it is similiar to the wellknown definition of geometric bordism.

Definition 5.6 Two n-dimensional {-oriented proper maps (f; : Vi =Y, «;:
v(fi) = &€+ mn), i = 0,1 are cobordant iff there exists a manifold with
boundary W and a &-oriented proper map g : W — Y such that:

1. there is a diffeomorphism ¢ : Vo U VG — OW such that the diagram

VouV, -5 W
foUufixy g
Y

commutes.

2. the &-orientation of g agrees with those of f;, i = 0,1 in the sense
that the following diagram for fo and the analogous for fi commutes:

~

v(fo) ————— v(9lowp))
o do

§+n V(Q)Lp(vo @61

.

o

Epol+n—1
where the isomorphism ~: v(fo) — v(glyvy)) is induced by ¢ and the
map £ DO +n—1— &+ n is defined by idg. The isomorphisms

0 : v(glovi) — v(9)lpvy) ® 6"

require the choice of field of vectors normal to the boundary; we choose
the inner normal field for Vi and the outer normal field for Vi.
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Theorem 5.7 Definitions 5.2 and 5.6 are equivalent.

Proof: It is clear that two maps cobordant in the sense of definition 5.2
are also cobordant in the sense of definition 5.6. Suppose (fo: Vo — Y, ap :
v(fo) = &) and (f1: Vi = Y, a1 : v(f1) — &) are equivalent in the sense of
definition 5.6 and g : W — Y, 5 : v(g) — &) establishes this equivalence: we
will show that they are cobordant in the sense of definition 77

Step 1:

Adding the Morse function on the last coordinate we obtain a proper map
h:W — Y x R such that:

W) CY x [0,1],
ChTHY < {i}) = Vi), i=0,1,
ChY x {i}, i=0,1,

—_

[ OV R \V]

- Plovy = gloy,  1=0,1.
We can glue smoothly ¢(Vp) x (—o0,0 > and ¢(V1)x < 1,400) and prolong
h to get a manifold without boundary Wand h : W - Y x R putting
h(z,t) = (h(z),t) for z € o(VoUV1), t<O0ort>1 (see the figure below).
The orientation of h: W — Y x R:
The map 3 : v(g) — & determines the &-orientation v(h) — £ because there
is a natural map v(h) — v(g) + 1 (any imbedding of W into Y x R x RF™
"over h” is an imbedding into Y x R¥~"*1 ”over g”). The latter -orientation
can be prolonged in a natural way to the {-orientation ~ : V(E) — &
We claim that (h : W = YxR,v: v(h) — ) realizes the cobordism between
(fo:Vo—=Y,ao:v(fo) = &) and (f1 : Vi — Y,a1 : v(f1) — &) in the sense
of definition ?7.
Step 2: .
We see that (b : W — Y x R,~ : v(h) — £) sets up the equivalence in the
sense of definition ?? between (i : V; = Y, 5; : v(f;) — &) for i = 0,1 where
B; is the orientation: v(f;) — (i) 1/(%)]%(%) —7 &
Step 3:
It remains to show that the orientations ag : v(fp) — & and By : v(fo) — &
are the same and analogously for v(fi).
Take any imbedding j : W — (Y x R) x RF=" "over h” with 7 : I/(W — &
being the representant of ~ : V(%) — £ as on the diagram:

(Y x R) x RF—"
i/ A

W Y x R
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Vo is then imbedded into Y x {0} x R¥=",  jo(Vp) < Y x {0} x R¥~" where
ve(je (Vo)) is the normal bundle. Then 7|,y : ve(io (Vo)) = v(W)|owp) —
&, represents [y : v(fo) — & and let ag : vx(je(Vo)) — &k represents
ao 2 v(fo) = &

When we consider jo(Vp) as a submanifold of Y x RF="+! with the normal
bundle v;11(je(Vo)) the above structures are respectively:

i 0, . F10id €
1. v (Go(V0) 5 vk(ie(Va)) @0 "S5 ¢ 0 5 &

2. v (VD) 25 w(ip(Vo)) @6 “5 ¢, @ 0 5 ¢y

where s denotes the canonical isomorphism determined by the orientation
of the Euclidean space. The isomorphism do : g% vp))7(Y) — 7( (Vo)) =~
g T(Y) = 7(W)|,(vp) © 0 from definition 5.6.2 gives an isomorphism of bun-
dles: 0o : 11 (J(Vo)) = v(G(W))lpv)) & 0 = vi(je(Vo)) & 0.

From condition 1 in definition 5.6 we have the homotopic commutativity of
the diagram

ver1(Ge(Vo))  ~
o — do
vk(je(Vo)) @ 0 vk(je(Vo)) @ 0
ap @ id 7| & id
& @0 &L d o
e ™ &
Skl

Because the choice of the inner field of vectors normal to the boundary we
have §p = s (see the figure below) and therefore the structures 1 i 2 are
homotopic.

Analogous reasoning holds for V;. This ends the proof.

O

When Y has the homotopy type of a finite CW complex then we have a
geometric interpretation of cohomology groups B*(Y,¢).

B(Y:€) = colimy [SHYO, B
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This equality is established by a map
B (Y:€) =2 colimpL(Y x RF™™ &) —P B"(Y;¢) which will be also de-
noted by P and called the Pontriagin—Thom isomorphism.

To obtain the interpretation of homology groups

B (X;€) = colimy, [Sk+", XA ng] — B~"(pt, & x 6%)

it remains to put Y = pt. In this case the proper map into a point with
€ x 0% orientation is simply —7(M) — £ x 6% — n where M is a compact
manifold. this orientation consists of a &-structure —7(M) — £ —n and a
map f: M — X. Thus we can reformulate definition 5.6.

Definition 5.8 A singular n-dimensional &-manifold of X is a compact n-
dimensional manifold H with a structure —7(M) — £ —n and a map f :
H — X. The singular manifolds (V;, fi : Vi = X, —7(V;) = £—n), i=0,1
are bordant iff there exists a singular &-manifold with boundary g : W — X
such that OW ~ VoUVh,  glv, = fi, i =0,1 and &-structure on W extends
those on Vy and Vi in the sense of definition 5.6.

Geometric interpretation of B"(Y, A;¢).

If Y is a finite CW complex and A its subcomplex then we can find a
pair of the same homotopy type such that (Y, A) is a relative manifold.
We can now give the definition of B" (Y, A4;§).

Definition 5.9 Let (f; : V; — Y\A,v(fi) — &), i = 0,1 be proper -
oriented maps into (Y, A) (i.e. the composition f; : V; - Y\A — Y s
proper for i = 0,1). We say that they are equivalent iff there is a proper
&-oriented map (g : W — Y\A,v(g) — &) into (Y, A) which establishes
the cobordism between them in B"(Y\A,§). The equivalence classes of this
relation are elements of B"(Y, A;€).

Theorem 5.10 B*(Y, A; &) is isomorphic to B*(Y, A;§).

The interpretation of relative groups in bordism is well known (Conner,

Floyd [5)).



Chapter 6

Functoriality and Group
Structure.

The set of homotopy classes of maps [Y", B¢] has functorial properties with
respect to maps of vector bundles (also with respect to their homotopy
classes): a map ¢ : n — 1 induces @* : [Y7 B¢ — [Y", B and ¢ : € — &
induces 1, : [V, B§] — [Y", BE]. We will give a geometric description of
induced maps ¥ : L(n, &) — L(n, &) and ¢y : L(n,€) — L(n,£) correspond-
ing to the previous ones under the Pontriagin—Thom isomorphism.

Definition 6.1 Let V' be a {-submanifold of n with a normal bundle v(V).
We define vy : L(n,§) — L(n, &) putting

Yp(Vor(V) =€) = (Vir(V) = € =¥ €.

Theorem 6.2 The following diagram is commutative:

L(n,¢) 24, L(n,¢€)
Pl 1P

Y08 5 v Be]

The proof is evident and we omit it.
The description of ¢7 : L(n, &) — L(n,£) is more delicate. We need first
the followiing fact.
E(n) —> E(y)
Let 7| L 7’ be a smooth map between vector bundles n and 7.
vy 5y
Let V C E(n') be a submanifold. Then there exists a vector bundle map

33
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(®1, 1) homotopic to (P, ¢) and such that @, is transversal to V.
This fact follows from the Thom transversality theorem for maps and the
Homotopy Covering Property, when we notice that @, h V iff 1 th 7’|y

Definition 6.3 Let V' be a &-submanifold of . we define ©* : L(n, &) —
L(n,€) putting o*(V,v(V) > €) = (o1 (V) Dpywlpr (V) = v(V) > €)
where 1 is homotopic to ¢ and @, MV (thus El_l(V) is a submanifold of
n). For definition of Dy, see 2.24. Notice that @fl(V) is the pull-back of
the diagram

®1

Independence of the particular choice of ¢; follows from the Thom
transversality theorem. it can also be deduced from the following theorem.

Theorem 6.4 The diagram

/ o*
Pl 1P

Y7, B S v BY
15 commutative.

Proof: It will be more convenient to verify the commutativity of the dia-

gram
i

¢t 1@
Y7, BS £ (Y7, B

where @’ is the inverse of P described in remark 4.4.

Let f : Y7 — B¢ be transversal to the zero section. We have Q'([f]) =
(f~YB),Df : v(f~YB)) — &). We assume ¢ h f~1(B).

Then o#(f1(B),Df : v(f1(B)) > €) = (f o v) " (B), Dpo DF : w((f o
&) H(B)) > ©). o

It is easy to verify that Dy o Df = D(f o ¢) and therefore to see that the
right hand side of the above equation is Q’p*.
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d

From this interpretation of induced maps we can obtain easily an inter-
pretation of induced maps in bordism and cobordism theories.

Definition 6.5 Let f : X — Y be a continous map. We define fu :
B.(X,§) = B.(Y, ) putting:

JaM,g: M = X, —1(M) = &) =(M,fog: M =Y, —7(M) = §).

To give the analogous definition for cobordism assume that X,Y are
manifolds and f : X — Y is a smooth map (we can always do that within
the same homotopy type).

Definition 6.6 We define 7 : B*(Y,£) — B*(X,€) as follows:
F(Vig:V = Yw(g) =€) =(f"(V).g: f'V = X, Df s v(g) = v(g) = &)
assuming f M g and f*V is the pull back:

v Loy
gl lg
x Ly

The map Df : vg — v(g) is induced by corresponding maps on unstable
levelas in definition 6.3.

It is easy to verify that all conditions allowing the passage to the limit
with the diagrams from theorems 6.2 and 6.4 are fulfilled. Therefore we
obtain:

Theorem 6.7 Let f: X — Y and let

[*BH(X,€) = BH(Y,6); [7 : B*(X,€) = B*(Y,¢€)

denote the induced maps in "homotopical” and ”geometrical” bordism and
cobordism theories respectively. The maps f., f4 and f*.f# correspond un-
der the Thom—Pontriagin isomorphism.

Unlike the functorial properties, the group structure can be defined in
the stable range only. The track-addition in B4(X, ) = colimy [S k=nx, ng}

corresponds to disjoint sum of manifolds in ”geometric” cobordism; exactly
the same holds for bordism.

We can also describe the ”inverse element” operation in B*(X, zi). Let
V.f: V= X, p:v(f) = & be an element of B*(X,¢). Its inverse element
—[V,f:V = X, p:v(f) = € is represented by [V, f:V — X, ¢ : v(f) —
€] where ¢’ is the composition: o @0 :v(f) B0 - B0 — &.



Chapter 7

Products.

The pairing of spectra (see Whitehead [17]) defines the products between
the associated homology and cohomology theories. The purpose of this
chapter is to give the geometric interpretation of those products in the case
of bordism and cobordism theories.

Let (¢,,00),(€"n,071), (&n, 6r) be the bundle spectra such that for each p, g
there is a bundle map:

€ %€, — ByxDB,
Mpg L 1

Epta - Byp1q

Passing to Thom spaces of these bundles we obtain maps:

/ » T
By A B8 T i

Assume that the bundle maps above satisfy the properties analogous to
those which maps T'(mp ) have to satisfy in order to define the pairing of
spectra. We shall call maps my, 4 the pairing of the bundle spectra.
Similarly a pairing mpq : §p X §g — §p+q and a unit map p : 0 — £ where 0
denotes a trivial spectrum defines a bundles ring spectrum.

Remark 7.1 For simplicity we will write m : & x & — £ to denote the
pairing of bundle spectra. This notation is justified because it is possible
to define the smash-product in the homotopy category of bundle spactra. Its
construction is similiar to that of the smash-product in the category of spectra
(see Adams [1]).

The pairing of the bundle spectra m,, 4 : 51’) X " g = &pyq defines then a map
m:& x & — €.

36
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Example 7.2 For each bundle spectrum & there is a pairing with the trivial
spectrumm : 0x & — £. This pairing defines canonical pairing m* : SABS —
BE where S denotes the sphere spectrum and B¢ the Thom spectrum of €.

Example 7.3 Let {Gy} be a sequence of groups such that G, C O(n) and
that the diagram

commutes for each n.

We assume that G, X Gy = Gpim- Such a sequence defines a bundle ring
spectrum v(G) = (7(Gr), 0n) where v(Gy,) denotes the classyfying Gy, bundle
over BG,,.

Let m : & x £ — & be the pairing of bundle spectra. We consider four
external products determined by the associated pairing of Thom spectra.

X&) @ By(Y3€7) — Bpyg(X x Y58)
X:¢') @ BUY;¢") — BPHI(X x Y58)

A By(
Cross products{ A : B
/[ BP(X x V&) @ By(Y;£") — BPTI(X;€)
\ : BP(X,&) @ By(X xY;&") — By_p(Y;8)
These products can also be defined using a geometric description of bor-
dism and cobordism.

Slant products {

Definition 7.4 Cross product in bordism

A Bp(X58) @ By(Y;€7) — Bpag(X x Y58)

M, f: M — X, —7(M) = €JA[N,g: N > Y, —7(N) = '] := [M x N, f x
g: MxN — X xY,—7(M x N) — & where —7(M x N) — & is the
compositon: fsiﬁggi;aﬁism : —T(M) X —7(N) = & x & —=m¢.

Definition 7.5 Cross product in cobordism
R BP(XGE) @ BIY:€7) — BHI(X x Y5i€)

(Z,f:Z = X, v(f) > {IY[W.g: W = Y,v(g) =& :=[ZxW,fxg:
ZxW =X x Y, v(f x g) — &) where v(f x g) — & is the composition:
fomomhism 1 V(f X g9) = v(f) x v(g) = & x & =€
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Definition 7.6 /-slant product
[ BP(X xY : Yo B,(Y;€") — BPTIX;€)

Z,f:Z > XxYv(f)=&/IM,g: M =Y, —17(M) =& :=[W,h: W —
X,v(h) — & where h : W — X is defined by the following pull back diagram
(we choose fh1lxg):

f
w - X xM
(idxg){ back Jidxg
A XxY
o
h
X

h:=mofo(idxg): W — X is a proper map.
Definition 7.7 \-slant product
\:BP(X;E) @By (X xY;87) — By p(Y56)

Z,f:Z = X,v(f) - &\[M,9g: M - X xY,—17(M) — £’] := [N,h :
N =Y, —7(N) — &] where h: N =Y is defined by the pull back (assuming
g fxid):

g
N - ZxY
(fxid){ foid
M XxY
g
JW
- Y

N is a compact manifold.

h:=n(fxid)g=mng(f xid): N = Y.
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Remark 7.8 The definitions of products can be extended to relative groups.

All homotopy products are defined on the level of maps. From the prop-
erties of the pairing of spectra we are able to pass to the limit and thus to
define the products on homology and cohomology classes. In the geometric
description we will proceed similarly — define products and then pass to the
limit. Verifications showing that the geometric definitions of products cor-
respond to the homotopic ones the Thom—Pontriagin isomorphism will also
be done on an unstable level.

We shall give proofs for the cross-product in cobordism and /-slant product.

Theorem 7.9 The diagram

BY(X:€) @ BUY;¢") L5 BPHI(X x Y :¢)
PP 1P

A

BY(X,€) @ BUY,&") 5 BPY(X x Y,€)
commutes.

Proof: We recall that BP(X;¢') = colimp L(X x RF79,&;,). From the re-
marks proceeding the theorem we see that it is sufficient to prove the com-
mutativity of the diagram:

L(X x RFP¢) x L(Y x R79;¢7 -5 L(X xY x RFIP=a,¢,,
PP I P
O O A K A I > VS AN itk
where the upper line is the ”geometric” cross on unstable level which is
defined as follows. Let (V C X x RFP (V) — &) € L(X x RFP &)
and (W C Y x RE9u(W) — €7)) € L(Y x R=9,¢%. Then V x W C
X x RFP x Y x R'=9. After the change of coordinates: ¢ : X x RF7P x Y x
RI79 = X x Y x RFP x R'~9 the image ¢(V x W) = Z is a submanifold
of X x Y x RF=P x R~ and the projection on X x Y is a proper map. We
define &4 -structure on W to be:
V(Z) B v(V x W) ~v(V) x v(W) — &, x &) =™kt &4 where isomor-
phism Dy : v(Z) — v(V x W) is induced by ¢. Passing to the limit we
obtain the stable cross-product as in definition 5.6.
Recall also the homotopic definition.

Let = € [ 7XO, B

Then z A y is the composition:
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~

SkprrlquO A YO — SkprO A Slquo

AN

Y

/fl 577
Bk;k /\B”l l

M

— )

TNY I

_ , Skt
Bk—H

It remains to check commutativity with the Thom isomorphisms.

Having chosen the metrics d’ and d” for X x R¥=P and Y x R'~4 choose on
X xY x RE=Px!=4 the metric d induced from d’ x d” on X x RF¥"PxY x RI~1
by the diffeomorphism . It is clear that if hy : E(v(V)) — X x REF™P and
he : E(v(W)) = Y x R'~% are tubular neighborhoods with respect to d and
d' then
o(h1 X h)Dy : E(v(Z)) = Ew(V xW)) = X x RFP xY x R—9 —
X xY x RFH=P=1 i a tubular neighborhood of Z with respect to the metric
d.
The Thom—Pontriagin construction gives the map:
ShH=r=a(X x Y)° — 22) B A B¢t 5 B
From the definition of the structure on v(Z) and the chosen forms of tubular
neighborhoods the following diagram commutes:

Sk=p X0 A Slmay 0 - SkHrma(X x V)0
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The lower arrows give clearly the "homotopic” cross-product of maps ob-
tained by applying the Thom—Pontriagin construction to V' and W and maps
toXandY. O

The theorem can also be proved by using the inverse p~
remark 4.4.

1 as described in

Theorem 7.10 The diagram

BP(X, &)@ By(X X Y,€7) —  By_p(Y€)
PRP 1P
BP(X;6) @ By(X x Y;£7) AN B, »(Y;&)

commutes.

Proof: It is sufficient to prove the commutativity of the diagram:

L(X x REP,€0) x LRI 0% x 09 x €7))  —  L(RFH-Pa 00 x &)
PxPl LP

[Sk_pXO,B;f;“] % [Sq+l,X0 AYO /\B”lﬁnl} # |:Sk+l—p+q7Yo A Blilrll]

where the geometric slant is obtained by the following construction.

Let V.C X x RFP (V) — & and M C RITL y(M) — €7,9: M — X xY
be elements of L(X x RFP &) and LRI, 0% x 69 x £7)) respectively.
The product V x Y is a submanifold of X x Y x RFP. Consider g x id :
M x RF=P — X x Y x RF7P and the inverse image V' = (g x id)"}(V x Y).
From the compactness of M it follows that V' is compact and can be re-
garded as a submanifold j : V' < RIt! x RF-P,

To describe the &-structure on V’ we have to find the normal bundle (V")
to V' in RIH x RFP,

The normal bundle to i : V' < M x RF™P is canonically isomorphic to
(g x id)*v(V x Y. The normal bundle to the imbedding j : M x RFP <
R*4 x RF=P is 1% ,v(M) where 7y : M x RFTP — M.

There is a canonical isomorphism:

v(V")/i*myv(M) ~ v(i) where v(i) denotes the normal bundle to V' in
M x Rk=P,

Definition of an isomorphism between v(V') and v(i) & i*n},;v(M) require
the choice of a complement of v(i) in v(V'). We choose an orthogonal com-
plement of v (i) with respect to some metric on v(V’); since any two metric
are homotopic the homotopy class of the needed isomorphism is unique.
Now the &-structure on v(V') is:
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The map V/ — Y is composition:

VIS X xy x RPNy

After passing to the limit we get the stable \-product as in definition 7.7. We
have to verify the commutativity with the Pontriagin—-Thom isomorphism.

Let z € [Sk_pXO,B,f’“} and y € [SqH,XO AYO A B”lgwl} be homotopic

representatives of [V, v(V) — &] and [M,g M — X xY,v(M) — 5”5].
Recall that the "homotopic” slant is defined by the diagram:

1Ay )
Sk=p A SaH SFPAXOANYON B!
|
| z ANid Aid
Y
z\y | B AYOA B
|
i TN 1
1A mg. ! .
YO A B YOA B A B

The Thom construction for V/ in R7 x RF=P can be divided into two steps.
The first step:

consists of Thom construction for RFP x M in RF™P x R?. Choosing
appropriately the tubular neighborhood the obtained map is exactly the
smash product of idgk—» with the Thom map for M in R+
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Gh=p+a+l ~ Gk—p A G+l _idA ghk—p A pqv(M)
Second step:
The manifold V' is in natural way, a submanifold of R*? x Ev(M) with

the normal bundle v(V"); therefore it is a submanifold of F(v(M)) @ 6%P
over M and as such it is the pull back of the diagram:

g
RF=P x Ev(M) » (X xY x R¥P) x Ev(M)
!/”‘
,/
!/’/
y/’/’ v g e
(Vv X xY xM
\ back
\\\
\\\
\\\\
\
M - X xY xM
g X idM

We have V! = g1V x Y x M) where V x Y x M is the product of
V xY xRE=P and M C Ev(M) (as the zero section). The Thom construction
thus yields a map:
MyOD@OET — gh=p A ppv(M) 5 (V) Tt is obvious that the tubular
neighborhoods of V' in RF"P x Ev(M) and of V' in RF7P x Rt can be
chosen so that the following diagram commutes:

Thom construction for
Sk—p A §a+l - (V)
V' in RF—P x RIH

first second
step step

Gk—p A My M)ye——
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The properties of the pull back imply the homotopically commutative dia-
gram:

step 2.

Sk=p A ppv(M) - V)
induced on Thom
spaces by g

Sk=P(X x Y) A MYM)

Sk=p A X0 A YO A Mv(M)
Thom construction for VxY x M
in X xY x RFP x Ev(M)

the map induced by
a differential of g

(V « Y)V(VXY) A MYM)

l ~

VYWV AYO A M)

The Thom map for V x Y x M in X x Y x RF™P x Ev(M) can be assumed
to be the Thom map for V x Y in X x Y x R*P smashed with the identity
map on MVM),

We glue the diagrams 1. and 2. and add the ”structure maps” on v(V') and
v(M) to obtain the ”giant” diagram:
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Sk—p A ga+l > V’V(Vl)

l first step —

Sk=p A pr(M) - —

|

SE=P(X x V) A MV(M)
~ l second step
Sk=p A XOAYO A MrM)

|

(V x V)V p ppen) 2

~ |

VV(V) /\Yo /\MV(M)

:

/é'/ 0 {77
B*ANYPANBY

|

0 €kt
YU A B

From the construction the left column is the ”homotopic” slant x\y.

The verification of the commutativity will be completed if we will show that
the structure on v(V') induced by the pull back diagram 2. is the same as
for the geometric slant product. To show thus it is sufficient to check that
bundle maps:

v(VY s v(i)@i*n v(M) —»  v(i) x i*m*v(M)
{
v(VxY)xv(M)
from the definition of ”geometric slant” and
v(V) 5 v(V XY xM)=v(VxY)xv(M)
induced by the pull back are the same. This we leave to the reader.

External products lead to internal products.
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Cup product:

U: BM(X;E) @ BUY; &) — BP(X;6)
Cap product:

N:B(X;E) @ By(X567) — Byp(X:€)

Uy = A"(-\y),
Nw = \Asw,
where A : X — X x X.

Geometric description of these products follow from those for cross and
slant products an the induced map.

It is important to notice that the cap-product is given by the pull back.
Let = [V, f : V = X,v(f) = ¢] € BY(X;¢) and W = [M,g : M —
X, —7(M) — &) € By(X;¢”). Then (assuming f M ¢g) Nw is defined by the
pull back:

ML M
g4 lg
v Lox

where N"w = [f*M,fog: f*M — X,—7(F*M) — £] with the induced
&-structure.

If £ is a bundle ring spectrum with a unit § — £ then there is a unit
for internal products: 1 € BY(X). This unit is represented by the identity
X — X with the &-orientation defined by the unit § — £. It is also clear
that this unit corresponds to the homotopic one under the Pontriagin—Thom
isomorphism.
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The Thom isomorphism
theorem.

Let o, 8 be vector bundles over space X. We denote by X®,Y? their Thom
spaces. In every multiplicative cohomology theory h* there are products:

U: hP(X®) @ hi(XP) — hpHa(Xoth)
N RP(X) @ hg(XOH) — hg—p(XP)

These products are defined by corresponding external products and the di-
agonal A : X8 5 X A X5,

Definition 8.1 The h*-orientation of the n-dimensional real vector bundle
a over X is an element U € h"(X®) such that for each point x € B the re-

striction U|x Eﬁ”(wa) ~ h"(S™) is equal +i" where i denotes n-suspension
of the unit 1 € h°(SY).

Lemma 8.2 Let u € h"(X®), v € ﬁm(gfﬂ) be orientations of the vector
bundles a, B respectively. Then v U v € K™t (XtB) is h*-orientation of
a+ 3.

Let u € h*(X?), w € h*(X*"P) be h*-orientations of o and a + f3
respectively. There then exists h*-orientation of 8, v € %*(X #) such that
uJv=w.

Every element U € E”(X @) defines two homomorphisms of the degree n
and —n respectively:

OV h*(XP) — h¥(X>P), ®U(z2)=U Uz
By ho(XOTB) — ho(XP), Pp(2)=Unz

We recall Thom-Dold isomorphism theorem:

47
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Theorem 8.3 IfU € h™(X®) is the h*-orientation of o then ®U and ®y
are isomorphisms.

The Thom-Dold theorem holds also for relative groups.

The homomorphisms ®Y and ®;; are natural with respect to the Thom-
Pontriagin construction. Let £ be a vector bundle over Y; f: X — Y a
smooth proper map between manifolds with a factorization by imbedding

f:

X—J—0+E

e lé
Y

For the given vector bundle o over Y the Thom-Pontriagin construction
defines identification map T'(f) : Y&+ — X¥+/"% where v = v(f*).

Lemma 8.4 For every element U € E*(Xa) the diagram

h* (Xy+f*a) jm; ﬁ*(yﬁ-‘ra)
1Y 4 T oY
ey YUY R

commutes. The similar diagram holds for homology.

It is clear that homomorphisms ®Y, ®;; are natural with respect to the
maps of vector bundles. For the proofs of 8.1— ?? see Dyer [6] and Boardman
[3].

We shall give a geometric interpretation of Thom isomorphism in bor-
dism and cobordism theories. We fix a bundle spectrum £. Suppose the
vector bundle o over manifold X has a fixed stable &-structure.

Proposition 8.5 The vector bundle « has a canonical B*(;£)-orientation
represented by the zero-section sg : X — E(«).

Proof: The zero-section sg is a proper map. There exists a £-structure on
so because the normal bundle to sy is @. Then sy determines an element
[so] € B™"(X“, pt;£). Note that (X%, pt) is a relative manifold. Restrictions
of [so] to fibres are represented by inclusions z — 0 € R™ C S™ which are
the canonical generators of B*(S™, pt; &).
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The classification of orientable bundles in a given cohomology theory
seems to be an important problem. For cobordism theories only partial re-
sults are known. We list them in the following table:

cobordism theory orientable bundles

unoriented cobordism all

oriented cobordism SO-bundles

complex cobordism ?

spin cobordism ?

framed cobordism (stable homotopy) | bundles belonging to ker{.J : K(X) — J(X)}

The case of framed cobordism shows that a stable &-structure on the
bundle « is not a necessery condition for orientability in B¢(; €).

From proposition 7?7 and the interpretation of products given in chapter
7. It follows:

Theorem 8.6 Let o be a vector bundle with stable &-structure over manifold
X. Under the Thom-Pontriagin isomorphism the Thom homomorphism for
a correspond to maps:

T B (X;€) — B (X pt; &) w([f]) = [s0 0 f]
o Bo(X¥pt;€) — Bu(X58) Uo[f]) = [f : [ (s0X) = X]

where f M sg.

We shall return to the Thom isomorphism in chapter 11. Where we shall
give a geometric interpretation of inverse homomorphisms.
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Spanier-Whitehead duality.

In this section we describe a geometric interpretation of the Spanier-Whitehead
duality in the bordism and cobordism theories.

First we recall some basic definitions and facts from the Spanier-Whitehead
theory.

Definition 9.1 Let X, X* be pointed CW complexes. A stable homotopy
class u € {S™, X* N X} will be called the n-duality if the homomorphism

o\uy[S"] : HY(X* : Z) —» ﬁn_q(X 1 Z)
is an isomorphism. We call X* n-dual to X.

Let K be a subcomplex of n-dimensional sphere S™ and let K~ C S™\ K
be a strong deformation retract of S™\ K. There exists a (n — 1)-duality u €
{S" L KAK™}. Let z € K and 2~ € K~. A diagonal map S™ — S™ A S"
induces a map S" — (S™\z7)/K A (S™\K)/x. Since S™\z~ is contractible
we have (S™\z7)/K = S(K). Then we obtain a map u : S — S(K)AK~ =
S(K A K~) which defines the (n — 1)-duality u € {S"™ 1, K A K~ }.

The duality u € {S™, X* A X} gives a natural isomorphisms of groups of
stable homotopy classes. Let X, Y be finite CW complexes.

Theorem 9.2 For arbitrary CW complex Z the maps

ou {XNY, Z} — {S"Y, X" N Z} eu({f}) ={AAf)o(unl)}
Yu AY AX*ZY —5 (Y AS™ ZAXY d({ud) = {(gAl)o (L Au)}

are isomorphisms.

50
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If X*, Y™ are n-duals to X, Y and u € {S™, X*AX},v € {S",Y*AY} are
corresponding dualities then there exists an isomorphism D(u,v) : {X, Y} —
{X*,Y*} defined by the composition

D(u,v)
{va} -2 {X*7Y*}
Du N\ T Yu

{S", X*N\Y}
It follows from this definition that D(u,v)(f) = g iff the diagram

st X*AX
vl LIAS
Y*AY 25 XAy
commutes in the stable homotopy category.
Assume that v € {X A X* 58"} is a n-duality in the sense of Spanier [14].
Then an element Du € {S™, X* A X} is a n-duality in the sense described
above. The inverse statement is also true.

Let h* be a cohomology theory associated with a spectrum E. This
spectrum determines also a homology theory h, = h.(;E). WE have a slant
product B ~

\ (X)) @T (X AY) — hg—p(Y)

induced by the canonical pairing of spectra S AE — E (for details see
Whitehead [17]). If an element u € {S™, X* A X} = 75 (X* A X) is n-duality
then a map induced by slant product

\" 7P ({ul (X*) — (X))

is an isomorphism. Theorem 9.2 is the special case of the last statement. In
general form this can be proved by considering multiplicative structure in
Stiyah-Hirzebruch spectral sequence for theory h*.
The duality isomorphism D(u,v) is natural in the following sense:
Let f e {X,Y}and let u:S" - X*AX,v: 5" - Y*AY be dualities.
Then the diagram
X 2 hy(X)
(D(u,v)f)* | b fs
Y S hay(Y)
commutes.
We recall the Milnor-Spanier duality theorem for manifolds. Let M be a
compact manifold with boundary OM. Let M be imbedded in the cube IV
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such that OM < J¥~1 and M is transversal to the normal bundle of 9M in
IN-1,

Theorem 9.3 The Thom space MY in N-dual to M/OM. The quotient
space MY JOMY" is N-dual to M° = M + pt.

For the proof see Atiyah [2] or Stong [16]. We remark only that the
duality maps are defined by a diagonal A : M — M x M,

SN TN TN — MY JOMY S (M x M)Y¥0/(M x M)”'*0 ~ MY A (M/9M)
SN N ingIN s MY JOMY B (M x M)*¥0 /(M x M) *0 ~ (M /oMYy A M°

We describe now a geometric interpretation of the Spanier-Whitehead dual
to the map f : M — N between compact manifolds M, N. We assume for
simplicity M = ON = 0. We shall use Thom-Pontriagin construction. Let
i: M C R1. We have a commutative diagram

M Y N R
e
N

For any vector bundle e over N the Thom-Pontriagin construction gives
a map T(f) : Note — MO+ Let o = v(j) where j : N ¢ RY. We
obtain a map

T(f): NoHv0) —y ppa+v @),
We can describe this map more explicitly. Consider the composition

MY N x Rt < RY x RY c g1+
We choose tubular neighborhoods P D M and Q D N in S99 such that
P C Q. T(f) is an identification map @Q/0Q — P/OP. 1t is easy to see that
the diagram
Sa+d’ Uy NOA NVO)
ul LIAT(S)
MOA MO LA NO A )
where u, v denote canonical dualities, commutes up to homotopy.
The diagonal A gives the cap-products

N:RP(MY) @ 75 (MY JOMY) — hy_p(M,0M)
N hP(MY,0MY) @ 75 (MY ,0M"') — hg_p(MP°)
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The Spanier-Whitehead duality is induced by the cap-product with the ele-
ment {SN — MY /OM"'} € 75 (MY JOM"").

The manifold M is orientable in cohomology theory h* if its tangent
(normal) bundle is h*-orientable. Similarly as in ordinary cohomology the
h*-orientability for manifolds can be defined in terms of a fundamental class
in its A*-homology groups. Let (M,0M) denote a compact n-dimensional
manifold with a boundary. For each point © € M\0M we have the inclusion
iy (M,0M) — (M, M\x).

Definition 9.4 The fundamental hi-class of the manifold (M,0M) is an
element z € hy(M,0M) such that for each point x € M\OM, (iz)«(2) €
by (M, M\x) = h,, (D", S"1) is up to sign the canonical generator of h, (D™, S"~1).

This definition is equivalent to the Whitehead definition [17].

Theorem 9.5 For each manifold (M,0M) the Spanier-Whitehead duality
gives a bijection between h*-orientations of the normal bundle to M and the
fundamental h-classes of (M,0M).

Proof: Let v be a normal bundle to M, dimv = k. We consider the
Spanier-Whitehead duality

~: BE(MY) — hy (M, OM).

Let py, : M/OM — S™ be the identification map determined by inclu-
sion (M,0M) — (M, M\D;) — (M, W\z). Consider a canonical duality
Stk (MY A M)/OM. For each duality S"** — S¥ A S™ we obtain the
following commutative diagram:

RE(MY) =5 hy(M/OM)
(me)* { 4 (px)*

RE(SFY = hu(S™)

Thus it remains to show that Dp, : S¥ — MV is equal to an inclusion S* <
MY onto fiber over x. For this purpose we choose duality S™** — S™ A SF
in a special way as shown on the figure below. It is clear that the diagram
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Sn+k

MY oMY

Sk A ST MY N M/OM

Genl w
MY A S™

commutes up to homotopy.
O

We shall give a geometric interpretation of the Spanier-Whitehead du-
ality for manifolds in the case of bordism and cobordism theories. First we
recall a geometric interpretation of the cap-product in relative groups. If
(M,0M)is a manifold with boundary then there exists an open manifold
M and an inclusion M < M which is the homotopy equivalence. The
construction of M follows easily from the existence of open collaring of the
boundary. If « is a vactor bundle over M then it extends over M. The
inclusion M® < M is also a homotopy equivalence. We shall consider two
cap-products:

n: BP<M7pt7€) ®B(1(MV78MU/;§) — Bq—p(M7 8M7§)
N BP(MY,0M"Y' ;&) @ By(MY,0M"' ;&) — By_p(M;€)

We observe that (MY, dM"') is a relative manifold. 6 denotes the spectrum
determined by trivial bundle over point; B,(;60) ~ 75. Let g : V — M’
be a {-oriented proper map such that [g] € BP(MY,x;£). We can assume
that g(V) C M. Let W,0W) be a framed manifold and f : (W,0W) —
(M",0M") be a singular manifold : [f] € B,(MY,0M™;0). We assume
f M g. The pull back
w XM Vv
~fNyg

V
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defines [f] N [g] = [f Ng]. W x5;V is a compact {&-manifold with boundary
fNg:WxMV =M, (fng)(0(Wxg))C oM.

In a similiar way we obtain an interpretation of the second cap-product.
It is obvious that a canonical generator of By (S™,pt;6) is represented by
an identification map (D, SV=1) — (SN pt). Then its image under the
induced homomorphism

B (SN, pt; 0) — By (M /M, pt; 0) = By(M”,0M";0)

is represented by the identification (IV,intIN) — (MY,0M"").
We define the duality maps:

Wy BP(M”,pt; &) — By_p(M,0M;€)
Ui(lg: V=M =[g:9 (M)~ M]

where g(V) C M and g h OM as a map into M. The inverse image g~!(M)
is a compact {-manifold with boundary and [g] € By_, (M, 0M;&).

Wy : BP(MY,0M"';€) — By_p(M;E)
Uo(l[g: V — M¥])=[g:V — M]

where g(V') C M. The manifold V' is compact {-manifold and [g] € Bn—_,(M;§).

Theorem 9.6 The maps V1, Vo correspond under Thom-Pontriagin iso-
morphism to the Spanier- Whitehead duality between homotopy theoretic bor-
dism and cobordism.

The proof follows from the interpretation given above.

Corollary 9.7 Let (M,0M) be a compact E-manifold of dimensionn. Then
a canonical B*(;§)-orientation of the normal bundle of M corresponds un-
der Spanier-Whitehead duality to the identity map (M,0M) — (M,0M) €
B(M,0M;€).



Chapter 10

Duality theorems for
differentiable manifolds.

If M is amanifold oriented in a given multiplicative cohomology theory h*
then all well-known duality theorems hold. The machinery developed in
Spanier’s book can be applied here to obtain their proofs. Since we deal
with differentiable manifolds we can apply the Spanier-Whitehead duality
and the Thom isomorphism to obtain the duality theorems. We start from
the Poincaré duality theorem.

Theorem 10.1 For a compact h*-oriented n-dimensional manifold with
boundary (M,0M) the following isomorphism hold:

NU : hd(M) =5 hy,_o(M,0M)
NU : hd(M, M) =5 hy,_o(M)

where U € h*(M") is an orientation of the normal bundle of M.

Proof: The homomorphisms described in the theorem are compositions of
the Spanier-Whitehead duality isomorphisms and the Thom isomorphisms:

hA(M) —s hItF(MY) — hy_o(M, M)
ha(M,dM) — hItF(MY, OMY") — hpy_y(M).

It is easy to verify that the inverse homomorphisms are given by a cap-
product with a corresponding fundamental class.
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From the Poincaré duality we can deduce the Lefschetz duality theorem.

First we recall some facts about continuity of the homology and coho-
mology. Let CW complex X be a direct limit of its subcomplexes X =
colim; X;, X; C X;41. For every additive homology theory h, the isomor-
phism h,(X) = colim;h.(X;) hold (see Milnor [11]). For cohomology we
have only an epimorphism h*(X) — lim h*(X;). Let (A, B) be the pair of
subspaces in a topological space X. We define cohomology groups of (A, B)
in X:

h"(A, B) = colimh*(U, V)

where (U, V) D (A, B) varies over closed neighborhoods of (4, B) in X. The
restriction maps define a homomorphism 7 : E*(A, B) — h*(A, B). We say
that (A, B) is taut with respect to h* in X if 4 is an isomorphism. We can
formulate the Lefschetz duality theorem.

Theorem 10.2 Let (M, A) be a compact n-dimensional relative manifold
such that M\ A is h*-oriented. There exists an isomorphism

he(M\A) = h""Y(M, A).

Proof: Let { N} be a family of closed neighborhoods of A such that M\int N, ON)
is a manifold with boundary. The Lefschetz isomorphism is defined by the
following composition:

hg(M\intN) = B~ 9(M\int N,ON) = h""4(M, N).
By passing to the limit over the family { N} we obtain the isomorphism
he(M\A) = h""Y(M, A).
]

We restrict ourselves to the bordism and cobordism theories. Let (M,9M)
be a compact &-manifold. It follows easily from our geometric interpreta-
tions of products that the Poincaré duality induced by the canonical B*(; &)-
orientation is an identity map. The Lefschetz duality is also an identity.



Chapter 11

Transfer homomorphisms.

There are important but not functorial homomorphism between homology
(cohomology) groups induced by special kinds of maps.

We start from an axiomatic description. As usually, let h* be a multi-
plicative cohomology theory.

Let F be a subclass of the class of all maps for which A* is defined. We
say that h admits transfers for maps f € Fiffor f: X — Y, f € F the
homomorphisms

fo i B(X) — h*(Y), i ho(Y) — ha(X)

are defined. Both f, and f % have the same generally non-zero degree depend-
ing on f. The homomorphisms f; and 1% satisfy the following conditions:
1. idy =id,id* =id, (gofly=gsofy, (g0 f)F = (=1)™"f%0 g% where
m = deg(f*),n = deg(g"),
2. fylaU f*B) = fra U B,
3. fi(zNa) = flzn fa,
4. fo(ffzna) = (-1l fa.

We shall define transfers for two classes of maps (Boardman [3]).
The Grothendieck transfer of an oriented map.

Let f: X — Y be a proper h*-oriented (i.e. the normal bundle v(f) is
h*-oriented) smooth map between manifolds X,Y, dim X =m,dimY = n.
We shall define a transfer of degree n—m. Let i : X < RY be an imbedding.
The Thom construction gives us the map T'(f) : SN A Y0 — X¥() Let

o8
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U e ENﬂL”*m(X”(f)) be an orientation of the normal bundle of f. The
homomorphism f; is defined by the following diagram

hi(X) N patn=m(y)
P | =
hq+N+n—m(XV(f)) 7@; hq+N+n—m(SN A YU)

and the analogous one for the homology defines f?. The definition of fy and
f% depends only on the orientation of the normal bundle v(f).
The Grothendieck bundle transfer.

Let m: E — B be a fiber bundle whose typical fiber F' is a smooth com-
pact manifold and whose structure group G is a Lie group acting smoothly
on F.

We shall define the bundle 7 (E) of tangents along the fibres. Let {U}
be a trivialisation of the bundle 7. We define bundles U x 7(F') — U x F on
sets T~ H(U) = Ux F. Let g;; : UiNU; — G be the transition function defined
by m. Then we have identification maps (U; N U;) x 7(F) — (U; N Uj) x
T7(F), (z,w)— (z,d(gij(z))(w)) where z € U; NU; and w € 7(F). After
this identification we obtain a vector bundle 7p(E) — E. Its restriction to
the fibres gives a tangent bundle 7(F) — F. We need the folloeing lemma.

Lemma 11.1 Let F be a smooth compact manifold and G a compact Lie
group acting smoothly on F'. Then there exists a finite dimensional repre-
sentation V' for G and a smooth G-equivariant imbedding F' — V.

For the proof see Janich [8].
A choice of a representation as in lemma 11.1 gives us an imbedding

E < E@)
Tl 'p
B

where 7 is a vector bundle determined by the tsransition functions of 7 and
the representation V. We define a normal bundle to E in E(n) : vh(E) =
jlr7v(E(n))/mr(E). The inclusion 77(E) — jlry(E(n)) is defined by the
following diagram
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Observe that the restriction v}L(E)|r is the normal bundle of F' in V. We
have the following generalization ”over B” of the tubular neighborhood the-
orem.

Lemma 11.2 There exists an imbedding t : vp(E) — E(n) onto an open
subset such hat t(so(E)) = E.

Proof: Choose an equivariant metric on V and let U be a metric tubular
neighborhood of F'in V' : v(F) — U C V. Then U gives rise to an associated
subbundle of n with he fiber U. We denote its total space by N C E(n).
There exists an obvious imbedding onto N : vp(E) — N C E(n).

O

Without loss of generality we can assume that /N is contained in the unit
disc bundle of n. The Thom-Pontriagin construction gives a map B" —
EvF(E) and hence B" — EVF(E)Tma for any vector bundle v over B. We
choose « = —n; n+ (—n) = 0. Since 7 : n = 7p(F) + vp(F) we obtain a
map T() : SN A BY — E-77(E) where 77 (E) + (—7r(E)) = 6. We define
the transfer for 7 : E — B in the case when a bundle 7¢(E) is h*-oriented.

hi(E) --» hi~™(B)
P | I~

hQ+N—n(E—TF(E)) T(_”)> hq+N_”(SN/\BO)

where @ is defined by the orientation of 7p(F) and n = dim F'. Analogously
for the homology theory. Definition of the Grothendieck bundle transfer is
independent from the choice of a vector bundle and imbedding £ C E(n).
This follows from the generalization of the standard isotopy arguments. The
Grothendieck transfer depends only on the orientation of 77 (E).

Both transfers described above satisfy multiplicative conditions 1.-4.
This follows from suitable multiplicative properties of the Thom isomor-
phism which hold for an arbitrary cohomology and homology theory as well
as for ordinary theory (see Spanier [15]).

Theorem 11.3 Let m : E — B be a map for which the both Grothendieck
transfers are defined. Then, after suitable choice of orientations these trans-
fers agree.

Proof: We choose an imbedding i : F C RN. It defines the commutative

diagram:
E ™ BxRN
N
B
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It is easy to see that vY (E) = v(x). The theorem follows.
O

Let a : E =P B be a n-dimensional h*-oriented vector bundle. Then the
projection p : S(a+ 0') — B admits bundle transfer 7g»(S(a + 1)) + 6! =
a+6. If B is a manifold then we have a smooth zero section sq : B — S(a+
), v(so) = « which also admits transfer. We recall that B® = S(a+1)/B
where s : B C S(a + 0.

Theorem 11.4 Let o be a n-dimensional h*-oriented vector bundle over
finite dimensional CW complex B. Then the following diagrams commute
up to sign:

ho(S(a+0)) 25 h(B) §* RN (BY) — h*(S(a+6Y)
P VK : N Loy
h.(B) h*(B)

where ® is the Thom isomorphism and j : S(a +6') — (S(a+6'), B).

Proof: For each finite CW complex B there exists an open manifold B and
an inclusion B < B which is homotopy equivalence. Therefore it is enough
to prove the theorem in the case when B is a manifold. The the transfer s is
defined and the formula s%op? = (—1)"(ps)? = (—1)™ holds. Straightforward
verification shows that s? = ® o j,. Analogously for cohomology.

O

At the end of this section we discuss a connection between transfers and
the Poincaré duality. Let f : X — Y be a smooth map between compact
h*-oriented manifolds without boundary. Orientations of X and Y gives us
a canonical orientation of the normal bundle v(f).

Theorem 11.5 The following diagrams commutes:

X)) B owr) x) L owry)
D] i1D , DJ| 1D
h(X) 5 hv) hx) L no

where D denotes the Poincaré duality.
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Proof: We prove the commutativity of the first diagram. From the defini-
tion of duality and the transfer we have

Brxvy UL G (eN Ay 0)
o1 +d
h*(X) h*(Y)

o | 1@

SW | 1 SW
h(X) ho(Y)

The map D f is the Spanier-Whitehead dual of f. By naturality of Spanier-
Whitehead duality it is sufficient to prove the commutativity of the following
diagram:

Brxvy TUN R (5N Ay

o7 ) 4 1 @7()
E*(XV(X)) RN E*(YV(Y))
From the geometric interpretation of D f it follows that D f is obtained by
the Thom construction applied to T(f). Then the theorem follows from
lemma 8.4.



Chapter 12

Transfers in bordism and
cobordism.

We shall give a geometric interpretation of the transfers defined in chapter
11. In the bordism and cobordism theories.

Let f : X — Y be a proper &-oriented map between smooth mani-
folds X and Y. It was shown that {-orientation defines a canonical B*(;&)-
orientation of v(f) (proposition 8.5). Thus we obtain transfer homomor-
phisms

fo: BUX;€) — BIH(Y;¢€)
f*: By(Y5€) — By-a(X;€)

where d = dimY — dim X.

Theorem 12.1 The transfers f; and 1% defined in the homotopy theoretic
bordism and cobordism

fo: BY(X;6) — BY(Y56),  fullg]) = [f o]

where -orientation of fog is given by the isomorphism v(fog) = glv(f)+
v(g)-

FPeBu(Y3€) — Bu(X:6), fA(g)) = [g]
where f Mg and g is defined by the pull back

Jdx L x
) L
M L v

with canonical £-orientation on g!'X.
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Proof: The proof follows from the interpretation of the Thom isomorphism
and induced homomorphisms.

We shall give an interpretation of the Grothendieck bundle transfer in
the bordism theory only because the geometric interpretation of cobordism
is known for manifolds. In the case when 7 : ¥ — B is a smooth bundle the
theorem 11.3 states that the both transfers agree. Let m: £ — X be a fiber
bundle whose fiber F' is a smooth compact manifold and whose structure
group G is a compact Lie group acting smoothly on F. We assume that
the ¢-orientation of the bundle —7p(F) is given. We have the Grothendieck
bundle transfer

7w Bu(X;6) — Bu(E;€)

defined by the canonical B*(;&)-orientation of —7p(E).

Theorem 12.2 The transfer = defined in homotopy theoretic bordism cor-
responds under the Thom-Pontriagin isomorphism to a map

© Bu(X;€) — Bu(B;€), 7 ([g]) = [g]

where g is defined by the pull back

gF % E
1 b
M L X

Proof: The map 7! is well defined: there exists a canonical smooth struc-
ture on g!E (for the proof see Appendix). Standard arguments give a &-
orientation on a manifold ¢!E. The map 7% is natural with respect to maps
of bundles which are diffeomorphisms on fibres. As in the proof of theo-
rem 11.4 we can assume that X is a manifold. Then the theorem follows
from theorem 12.1.

O

Remark 12.3 In a particular case of the bordism theory for a geometric
definition of the transfer ©° the compactness of G is not required.

It is important to note that the Grothendieck bundle transfer gives a
geometric interpretation of the inverse map to the Thom isomorphism in
bordism theory for vector bundles arbitrary complexes. Let a: E —P X be
a n-dimensional &-oriented vector bundle. A sphere bundle S(a+ 1) — X
admits a bundle transfer

p* 1 Bu(X;€) — Bu(S(a+1);9).
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Theorem 12.4 Under the assumptions described above the map
U By(X; &) — Bygn(Day, Sa; §)

defined by the pull back

+ ip

(D(fla),S(fla)) L (D(a),S(a))
M BN X

s an inverse to the Thom isomorphism.

Proof: The theorem follows from the commutativity of the following dia-
gram
B(S(a+0):6) 25 B(S(a+0),X:€)
Pl (RS

B.(X;¢) % Bi(Da,Sa;£)

O

The last theorem is very important. We have defined the Thom isomorphism
without use of transversality. In this form the Thom homomorphism is
defined in an equivariant (geometric) bordism theory.

At the end of this section we describe, following Quillen, the £-cobordism
theory as an universal contravariant functor on the category of smooth man-
ifolds enowed with the transfers for £-oriented maps.

Let h be a contavariant functor from the homotopy category of smooth
manifolds to the category of sets. Suppose that for each proper &-oriented
map f:Z — X the map f; : h(Z) — h(X) is given such that the following
conditions are satisfied:

1. If f, g are proper {-oriented maps then (go f)y = gy o fy where go f is
endowed with canonical &-structure.

2. Assume that

97 9, z
I 1f
y 4 X

is the pull back of manifolds where f th g. If f is endowed with pull
back -structure then g* f, = fyg*.
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Theorem 12.5 Given is an element a € h(pt). Then there exists a unique
natural transformation of functors 6 : B.(;§) — h commuting with transfers,
such that 0(1) = a where 1 € B*(pt, &) is a class of identity map.

Proof: An element a € h(pt) determines ax € h(X) for all X by he
formula ax = 7%(a)rx : X — pt. Furtheremore if z = [f] € B*(X;¢)
then x = f5, 75(1). Hence 6 on the class x must be 6(x) = fyn;(a)
which proves the uniqueness of 6. For the existence of # it is necessary
to show that the right hand side of the definition §(x) = fyn}(a) where
x = [f] depends only on the cobordism class of f. Let fy, fi be cobordant
and v : W — X X R be the cobordism between them. Then we have
(fo)ymy, (@) = equymiy (a) = eruymyy(a) = (f1)y7y, (@) where g; : X C X x 1.
It is obvious that # is a natural transformation commuting with transfers.

O

The above theorem gives us a description of B*(;{) as a functor to the
category of sets. It is possible to characterize the group structure (or the
ring structure in the case of multiplicative bundle slectrum &) of B*(; &) by
a similar universal property. In this case we assume

1. the functor h takes values in the category of abelian groups and f are
group homomorphisms,

2. conditions 1. and 2. stated above are satisfied.

From the general construction of transfers follows that the cobordism
theory B*(;&) is "universal” among cohomology theories in which bundles
with &-structure are canonically oriented.

For example let k* = K* be the complex K-theory. Let ¢ = {7*} be
the spectrum determining the complex cobordism. There exists a unique
multiplicative natural transformation 6 : U* — K* such that #(1) = 1. We
obtain the following corollary.

Corollary 12.6 If the vector bundle « is U*-orientable then it is K*-orientable.

We recall that « is K*-orientable iff wi(a) = 0 and wa(a) = (¢ mod 2)
where ¢ € H?(B; Z). In other words there is a spin-structure on a. Complete
characterization of U*-orientability is unknown.
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Appendix.

Suppose E — B is a fibre bundle whose fibre F' is a smooth compact
n-dimensional manifold and whose structure group is alie group acting
smoothly on F'. In this appendix we prove the following theorem:

Theorem 13.1 Suppose the assumptions described above are fulfilled and
moreover B is a smooth manifold. The space E admits then a smooth struc-
ture such that pi : E — B is a smooth bundle.

We need first the following lemma.

Lemma 13.2 Let X --+ X/G be a smooth principial bundle and F a
smooth G-manifold. The associated bundle X xqF — X/G is then a smooth
bundle.

Lemma 13.3 Assume that G is a compact Lie group. For each k € N there
exists a k-universal smooth G-bundle p : Eg — B’é, which we denote ’y'é.

Proof: Choose an imbedding of G into the orthogonal group G C O(n).
The principal bundle

O(N +k+1)/O(k +1) — O(N + k+1)/G x O(k + 1)

is the desired k-universal bundle.

O

Lemma 13.4 For each map f: M — N between manifolds there exists a
smooth map g : M — N which is homotopic to f.
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The proof of the theorem in case G is a compact Lie group follows from
the above lemmas:
Lemma 13.2 reduces the general case to the case of principal bundle. Since
a manifold B has the homotopy type of a finite CW complex, there is a
classifying map f: B — Bé for sufficiently large k € N. Let g be a smooth
map homotopic to f, then ¢/ ’yg is a smooth bundle isomorphicto 7 : £ — B.

The proof of the general case is based on the following “folk theorem”
formulated by Steenrod (N.E. Steenrod “Topology of fibre bundles” Prince-
ton Univ. Press 1951).

Theorem 13.5 A bundle whose group is a connected Lie group is equivalent
i its group to a bundle whose group is a compact subgroup.

Lemma 13.6 Let M be a manifold and p : M — M bea covering space over
M. There exists a smooth structure on M such that p is a local isomorphism.

We can prove now the theorem 13.1 in the general case. Let Gy — G be
the component of the identity § € G. Notice, that there exists a commutative
diagram:

X — X/G

{ P
X/Gy

where X — X/Gy is a principal bundle whose structure group is a connected
Lie group and p : X/Gy — X/G is a covering space. Theorem 13.1 follows
then from its analogue for a compact group, theorem 13.5 and lemma 13.6.

d
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