COBORDISM OF FIBERED KNOTS AND RELATED TOPICS

VINCENT BLANLEIL AND OSAMU SAEKI

ABSTRACT. This is a survey article on the cobordism theory of non-spherical
knots studied in [BM, B2, BS1, BMS, BS2, BS3]. Special emphasis is put
on fibered knots.

We first recall the classical results concerning cobordisms of spherical knots.
Then we give recent results on cobordisms of simple fibered (2n — 1)-knots for
n > 2 together with relevant examples. We discuss the Fox-Milnor type re-
lation and show that the usual spherical knot cobordism group modulo the
subgroup generated by the cobordism classes of fibered knots is infinitely gen-
erated for odd dimensions. The pull back relation on the set of knots is also
discussed, which is closely related to the cobordism theory of knots via the
codimension two surgery theory. We also present recent results on cobordisms
of surface knots in S* and 4-dimensional knots in S®. Finally we give some
open problems related to the subject.
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1. INTRODUCTION

1.1. History. In the early fifties Rohlin [Rh1] and Thom [Th] studied the cobor-
dism groups of manifolds. At the 1958 International Congress of Mathematicians in
Edinburgh, René Thom received a Fields Medal for his development of cobordism
theory. Then, Fox and Milnor [FM1, FM2] were the first to study cobordism of
knots, i.e., cobordism of embeddings of the circle S into the 3-sphere S%. Knot
cobordism is slightly different from the general cobordism, since its definition is
more restrictive. After Fox and Milnor, Kervaire [K1]| and Levine [L2] studied em-
beddings of the n-sphere S™ (or homotopy n-spheres) into the (n + 2)-sphere S™"*2,
and gave classifications of such embeddings up to cobordism for n > 2. Moreover,
Kervaire defined group structures on the set of cobordism classes of n-spheres em-
bedded in S™*2, and on the set of concordance classes of embeddings of S™ into
S"*T2. The structures of these groups for n > 2 were clarified by Kervaire [K1],
Levine [L2, L3] and Stoltzfus [Sf].

Note that embeddings of spheres were studied only in the codimension two case,
since in the PL category Zeeman [Ze] proved that all such embeddings in codimen-
sion greater than or equal to three are unknotted, and Stallings [Sg] proved that
it is also true in the topological category (here, one needs to assume the locally
flatness condition), provided that the ambient sphere has dimension greater than
or equal to five. In the smooth category Haefliger [Ha] proved that a cobordism of
spherical knots in codimension greater than or equal to three implies isotopy.

Milnor [M3] showed that, in a neighborhood of an isolated singular point, a
complex hypersurface is homeomorphic to the cone over the algebraic knot associ-
ated with the singularity. Hence, the embedded topology of a complex hypersurface
around an isolated singular point is given by the algebraic knot, which is a special
case of a fibered knot. After Milnor’s work, the class of fibered knots has been
recognized as an important class of knots to study. Usually algebraic knots are not
homeomorphic to spheres, and this motivated the study of embeddings of general
manifolds (not necessarily homeomorphic to spheres) into spheres in codimension
two. Moreover, in the beginning of the seventies, Lé [Lé] proved that isotopy and
cobordism are equivalent for 1-dimensional algebraic knots. Lé proved this for the
case of connected (or spherical) algebraic 1-knots, and the generalization to arbi-
trary algebraic 1-knots follows easily (for details, see §4). About twenty years later,
Du Bois and Michel [DM] gave the first examples of algebraic spherical knots that
are cobordant but are not isotopic. These examples motivated the classification of
fibered knots up to cobordism.

1.2. Contents. This article is organized as follows. In §2 we give several definitions
related to the cobordism theory of knots. The Seifert form associated with a knot
is also introduced. In §3 we review the classifications of (simple) spherical (2n—1)-
knots with n > 2 up to isotopy and up to cobordism. In §4 we review the properties
of algebraic 1-knots and present the classification theorem of algebraic 1-knots up
to cobordism due to Lé [Lé]. In §5 we present the classifications of simple fibered
(2n — 1)-knots with n > 3 up to isotopy and up to cobordism. The classification
up to cobordism is based on the notion of the algebraic cobordism. In order to
clarify the definition of algebraic cobordism, we give several explicit examples. We
also explain why this relation might not be an equivalence relation on the set of
bilinear forms defined on free Z-modules of finite rank. The classification of 3-
dimensional simple fibered knots up to cobordism is given in §6. In §7 we recall
the Fox-Milnor type relation on the Alexander polynomials of cobordant knots. As
an application, we show that the usual spherical knot cobordism group modulo the
subgroup generated by the cobordism classes of fibered knots is infinitely generated
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for odd dimensions. In §8 we present several examples of knots with interesting
properties in view of the cobordism theory of knots. In §9 we define the pull back
relation for knots which naturally arises from the viewpoint of the codimension two
surgery theory. We illustrate several results on pull back relations for fibered knots
using some explicit examples. Some results for even dimensional knots are given in
6§10, where we explain recent results about embedded surfaces in S* and embedded
4-manifolds in S%. Finally in §11, we give several open problems related to the
cobordism theory of non-spherical knots.*

With all the results collected in this paper, we have classifications of knots up
to cobordism in every dimension, except for the classical case of one dimensional
knots and the case of three dimensional knots. In the latter two cases, a complete
classification still remains open until now.

Throughout the article, we shall work in the smooth category unless otherwise
specified. All the homology and cohomology groups are understood to be with
integer coefficients. The symbol “2” denotes an (orientation preserving) diffeo-
morphism between (oriented) manifolds, or an appropriated isomorphism between
algebraic objects.

The authors would like to express their gratitude to Jean-Paul Brasselet and
Tatsuo Suwa for encouraging the authors to write this survey article on the theory
of knot cobordisms. They also would like to thank the referee for some useful
comments.

2. SEVERAL DEFINITIONS

Since our aim is to study cobordisms of codimension two embeddings of general
manifolds, not necessarily homeomorphic to spheres, we define the following.

Definition 2.1. Let K be a closed n-dimensional manifold embedded in the (n+2)-
dimensional sphere S"*2. We suppose that K is ([n/2] — 1)-connected, where for
a € R, [a] denotes the greatest integer not exceeding a. (We adopt the convention
that a space is (—1)-connected if it is not empty.) Equivalently, we suppose that
K is
(k — 2)-connected if n =2k — 1 and k > 2, or
(k — 1)-connected if n = 2k and k > 1.
When K is orientable, we further assume that it is oriented.? Then we call K or
its (oriented) isotopy class an n-knot, or simply a knot.
An n-knot K is spherical if K is
(1) diffeomorphic to the n-dimensional standard sphere S™ for n < 4, or
(2) a homotopy n-sphere for n > 5.

Remark 2.2. We adopt the above definition of a spherical knot for n < 4 in order to
avoid the difficulty related to the smooth Poincaré conjecture in dimensions three
and four.

Note that we impose the connectivity condition on the embedded submanifold
in Definition 2.1. This is motivated by the following reasons. First, a knot asso-
ciated with an isolated singularity of a complex hypersurface satisfies the above
connectivity condition as explained below. Second, if we assume that K is [n/2]-
connected, then K is necessarily a homotopy sphere so that K is spherical at least
for n # 3,4. Third, the connectivity condition on K technically helps to perform
certain embedded surgeries and this simplifies the arguments in various situations.

LA “non-spherical manifold” in this article refers to a general manifold which may not neces-
sarily be a homotopy sphere.
2In this article, we always assume that n-knots are oriented if n # 2.
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Remark 2.3. For the case of n = 1, i.e., for the classical knot case, a 1-knot in our
sense is usually called a “link”, and a connected (or spherical) 1-knot is usually
called a “knot”.

As mentioned in §1, Definition 2.1 is motivated by the study of the topology of
isolated singularities of complex hypersurfaces. More precisely, let f : C**1, 0 —
C, 0 be a holomorphic function germ with an isolated singularity at the origin. If
e > 0 is sufficiently small, then K; = f~1(0) N S2"*! is a (2n — 1)-dimensional
manifold which is naturally oriented, where S2"*! is the sphere in C"*! of radius ¢
centered at the origin. Furthermore, its (oriented) isotopy class in $2n+1 = §2nt1
does not depend on the choice of ¢ (see [M3]). We call Ky the algebraic knot
associated with f. Since the pair (D2"*+2, f=1(0) N D?"*2) is homeomorphic to the
cone over the pair (S2"*1 K ), the algebraic knot completely determines the local
embedded topological type of f~1(0) near the origin, where D?"*2 is the disk in
C"tL of radius € centered at the origin.

In [M3], Milnor proved that algebraic knots associated with isolated singularities
of holomorphic function germs f : C"*1, 0 — C,0 are (2n — 1)-dimensional closed,
oriented and (n — 2)-connected submanifolds of the sphere S?"*1. This means
that algebraic knots are in fact knots in the sense of Definition 2.1. Moreover, the
complement of an algebraic knot K in the sphere S*"*! admits a fibration over
the circle S!, and the closure of each fiber is a compact 2n-dimensional oriented
(n—1)-connected submanifold of $?"*! which has K as boundary. This motivates
the following definition.

Definition 2.4. We say that an oriented n-knot K is fibered if there exists a
smooth fibration ¢ : S"*? \ K — S! and a trivialization 7 : N(K) — K x D? of
a closed tubular neighborhood N(K) of K in S"*2 such that ®|n(k)~x coincides
with 7 o 7[n(x) K, Where 7 : K x (D? . {0}) — S! is the composition of the
projection to the second factor and the obvious projection D? \ {0} — S*. Note
that then the closure of each fiber of ¢ in S"*2 is a compact (n + 1)-dimensional
oriented manifold whose boundary coincides with K. We shall often call the closure
of each fiber simply a fiber.

Furthermore, we say that a fibered n-knot K is simple if each fiber of ¢ is
[(n — 1)/2]-connected.

Note that an algebraic knot is always a simple fibered knot.

Let us now recall the classical definition of Seifert forms of odd dimensional
oriented knots, which were first introduced in [Se] and play an important role in
the study of knots.

First of all, for every oriented n-knot K with n > 1, there exists a compact
oriented (n + 1)-dimensional submanifold V of S"*2 having K as boundary. Such
a manifold V is called a Seifert manifold associated with K.

For the construction of Seifert manifolds (or Seifert surfaces) associated with
1-knots, see [R1], for example.

For general dimensions, the existence of a Seifert manifold associated with a knot
K can be proved by using the obstruction theory as follows. It is known that the
normal bundle of a closed orientable manifold embedded in a sphere in codimension

two is always trivial (see [MS, Corollary 11.4], for example). Let N(K) = K x D?

be a closed tubular neighborhood of K in S"*2 and ® : N (K) SKExs s
the composite of the restriction of 7 to the boundary of N(K) and the projection
pra to the second factor. Using the exact sequence

HY(S"™ < Int N(K)) — H' (ON(K)) — H*(S""? < Int N(K), N (K)),
4



associated with the pair (S"*2 < Int N(K),ON(K)), we see that the obstruction to
extending ® to ® : S"*2 \ Int N(K) — S! lies in the cohomology group

H?*(S""? N\ Int N(K),ON(K)) = H,(S""? < Int N(K)).
By Alexander duality we have
H,(S""? \Int N(K)) = H'(K),

which vanishes if n > 4, since K is simply connected for n > 4. When n < 3,
we can show that by choosing the trivialization 7 appropriately, the obstruction
in question vanishes. Therefore, a desired extension ® always exists. Now, for a
regular value y of 5, the manifold 5_1(34) is a submanifold of S™"*? with boundary
being identified with K x {y} in K x S'. The desired Seifert manifold associated
with K is obtained by gluing a small collar K x [0,1] to &~ !(y).

When K is a fibered knot, the closure of a fiber is always a Seifert manifold
associated with K.

Definition 2.5. We say that an n-knot is simple if it admits an [(n — 1)/2]-
connected Seifert manifold.

Now let us recall the definition of Seifert forms for odd dimensional knots.

Definition 2.6. Suppose that V is a compact oriented 2n-dimensional submanifold
of §?"+1 and let G be the quotient of H, (V) by its Z-torsion. The Seifert form
associated with V' is the bilinear form A : G x G — Z defined as follows. For
(r,y) € G x G, we define A(z,y) to be the linking number in S?"*1 of £, and 7,
where ¢ and 7n are n-cycles in V representing x and y respectively, and &4 is the
n-cycle ¢ pushed off V into the positive normal direction to V in S2"*1.

By definition a Seifert form associated with an oriented (2n — 1)-knot K is the
Seifert form associated with F', where F' is a Seifert manifold associated with K.
A matrix representative of a Seifert form with respect to a basis of G is called a
Seifert matriz.

Remark 2.7. Some authors define A(z,y) to be the linking number of £ and 74
instead of &, and n, where ny is the n-cycle n pushed off V into the positive
normal direction to V in S§?"*!. There is no essential difference between such a
definition and ours. However, one should be careful, since some formulas may take
different forms.

Remark 2.8. For codimension two embeddings between general manifolds, similar
invariants have been constructed by Cappell-Shaneson [CS1] and Matsumoto [Mt2,
Mt1] (see also [St]). These invariants arose as obstructions for certain codimension
two surgeries.

Let us illustrate the above definition in the case of the trefoil knot. Let us
consider the Seifert manifold V' associated with this knot as depicted in Fig. 1,
where “+” indicates the positive normal direction. Note that rank Hy (V) = 2. We
denote by ¢ and 7 the 1-cycles which represent the generators of Hy(V). Then,
with the aid of Fig. 1, we see that the Seifert matrix for the trefoil knot is given by

().

Note that a Seifert matrix is not symmetric in general. When A is a Seifert
matrix associated with a Seifert manifold V' C S$2"*1 of a (2n — 1)-knot K = 9V,
the matrix S = A + (—1)"A7 is the matrix of the intersection form for V with
respect to the same basis, where A7 denotes the transpose of A (for example, see
D)).
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F1GURE 1. Computing a Seifert matrix for the trefoil knot

S™2 % {0} S"2 % {1}

S™t2 % [0, 1]

FIGURE 2. A cobordism between Ky and K4

When a knot is fibered, its Seifert form associated with a fiber is always uni-
modular by virtue of Alexander duality (see [Kf]). In the following, for a fibered
(2n — 1)-knot, we use the Seifert form associated with a fiber unless otherwise
specified.

Furthermore, when a (2n — 1)-knot is simple, we consider an (n — 1)-connected
Seifert manifold associated with this knot unless otherwise specified.

Let us now focus on the cobordism classes of knots.

Definition 2.9. Two n-knots Ky and K; in S™t2 are said to be cobordant if there
exists a properly embedded (n + 1)-dimensional manifold X of S"*2 x [0, 1] such
that

(1) X is diffeomorphic to Ky x [0, 1], and

(2) 90X = (Ko x {0}) U (K1 x {1})
(see Fig. 2). The manifold X is called a cobordism between Ky and K;. When
the knots are oriented, we say that Ky and K; are oriented cobordant (or sim-
ply cobordant) if there exists an oriented cobordism X between them such that
0X = (—Ko x {0}) U (K7 x {1}), where —K| is obtained from K by reversing the

orientation.

In Fig. 2 the manifold X = Kj x [0,1], embedded in S"*2 x [0,1], and its
boundary (Ko x {0}) U (K7 x {1}), embedded in (S"*2? x {0}) U (S"2 x {1}),
are drawn by solid curves and black dots respectively, and the levels S"+2 x {t},
t € (0,1), are drawn by dotted curves.

Recall that a manifold with boundary Y embedded in a manifold X with bound-
ary is said to be properly embedded if 0Y = 0X NY and Y is transverse to 0X.

It is clear that isotopic knots are always cobordant. However, the converse is not
true in general, since the manifold X 2 K x [0, 1] can be knotted in S"*2 x [0, 1]
as depicted in Fig. 3. For explicit examples, see §8.

We also introduce the notion of concordance for embedding maps as follows.
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FIGURE 3. A cobordism which is not an isotopy

Definition 2.10. Let K be a closed n-dimensional manifold. We say that two
embeddings f; : K — S"2 i = 0,1, are concordant if there exists a proper
embedding ® : K x [0,1] — S""2 x [0,1] such that ®|x.qy = fi + K x {i} —
S™+2 x {i},i=0,1.

Note that an embedding map ¢ : ¥ — X between manifolds with boundary is
said to be proper if Y = ¢~1(0X) and Y is transverse to 0X.

Recall that for a simple (2n—1)-knot K with an (n—1)-connected Seifert manifold
V', we have the following exact sequence

(2.1) 0— Hy(K) — Hy(V) 25 Hy(V,K) — Hy_1(K) — 0,

where the homomorphism S, is induced by the inclusion. Let ‘53 : H,(V,K) =
Homz(H,(V),Z) be the composite of the Poincaré-Lefschetz duality isomorphism
and the universal coefficient isomorphism. Set S = A + (—1)"AT and let S* :
H, (V) — Homgz(H,(V),Z) be the adjoint of S, where A is the Seifert form asso-
ciated with V. Then we see easily that the homomorphisms S, and S* are related
together by S* =B o S,.

Cobordant knots are diffeomorphic. Hence, to have a cobordism between two
given knots, we need to have topological informations about the knots as abstract
manifolds. Since a simple fibered (2n — 1)-knot is the boundary of the closure of a
fiber, which is an (n — 1)-connected Seifert manifold associated with the knot, by
considering the above exact sequence (2.1) we can use the kernel and the cokernel
of the homomorphism S* to get topological data of the knot. Note that in the
case of spherical knots, these considerations are not necessary, since S, and S* are
isomorphisms.

3. SPHERICAL KNOTS

In this section, let us briefly review the case of spherical knots, which was studied
mainly by Kervaire and Levine.

The Seifert form is the main tool to study cobordisms of odd dimensional spher-
ical knots. In [L4] Levine described the possible modifications on Seifert forms of
a spherical simple knot corresponding to alterations of Seifert manifolds as follows.

An enlargement A’ of a square integral matrix A is defined as follows:

A O O A ([ O
A=la 0 0o O 0 1],
or 1 0 or 0 0

where O is a column vector whose entries are all 0, and « (or 3) is a row (resp.
column) vector of integers. In this case, we also call A a reduction of A’.
Two square integral matrices are said to be S-equivalent if they are related each
other by enlargement and reduction operations together with the congruence. We
7



also say that two integral bilinear forms defined on free Z-modules of finite rank
are S-equivalent if so are their matrix representatives.
Levine [L4] proved

Theorem 3.1. For n > 2, two spherical simple (2n — 1)-knots are isotopic if and
only if they have S-equivalent Seifert forms.

Remark 3.2. For spherical simple (2n — 1)-knots, we have another algebraic invari-
ant, called the Blanchfield pairing, which is closely related to the Seifert form (see
[Kel, T)). In fact, it is known that giving an S-equivalence class of a Seifert form
is equivalent to giving an isomorphism class of a Blanchfield pairing.

Kervaire showed that the set C,, of cobordism classes of spherical n-knots has a
natural group structure. The group operation is given by the connected sum and
the inverse of a knot K is given by its mirror image with reversed orientation —K".
We say that an n-knot K C S"™t2 is null-cobordant if it is cobordant to the trivial
knot, i.e., if there exists an (n+ 1)-disk D"*! properly embedded in the (n+3)-disk
D™*3 such that 9D"t! = K C §"T2 = 9D™*3. Note that the neutral element of
C,, is the class of null-cobordant n-knots.

In the case of spherical (2n — 1)-knots Kervaire and Levine used the following
notion for integral bilinear forms.

Definition 3.3. Let A : G x G — Z be an integral bilinear form defined on a free
Z-module G of finite rank. The form A is said to be Witt associated to 0 if the
rank m of G is even and there exists a submodule M of rank m/2 in G such that
M is a direct summand of G and A vanishes on M. Such a submodule M is called
a metabolizer for A.

The following theorem was proved by Levine [L2] (see also [K2]).

Theorem 3.4. For n > 2, a spherical (2n — 1)-knot is null-cobordant if and only
if its Seifert form is Witt associated to 0.

Remark 3.5. For Blanchfield pairing (see Remark 3.2), there is also a notion of
“null-cobordism”, and we have a result similar to Theorem 3.4 (see [Ke2]).

For two spherical (2n — 1)-knots Ky and K; with Seifert forms Ay and A; re-
spectively, the oriented connected sum K = Koff(—Kj) has A = Ay @ (—A;) as the
Seifert form associated with the oriented connected sum along the boundaries of
the Seifert manifolds associated with Ky and — K|, where —K} denotes the mirror
image of K; with reversed orientation. Hence, as a consequence of Theorem 3.4,
we have that two spherical knots Ky and K; are cobordant if and only if the form
A = Ay @& (—Ay) is Witt associated to 0. In this case we sometimes say that Ao
and A; are Witt equivalent.

For ¢ = £1, let C*(Z) be the set of all Witt equivalence classes of integral
bilinear forms A defined on free Z-modules of finite rank such that A + A7 is
unimodular (for the notation, we follow [K2]). It can be shown that C°(Z) has a
natural abelian group structure, where the addition is defined by the direct sum.
Then we have the following.

Theorem 3.6 (Levine [L2]). Let ®,, : Cs,,—1 — C"V"(Z) be the (well-defined)
homomorphism induced by the Seifert form. Then ®,, is an isomorphism forn > 3.
For n =2, ® is a monomorphism whose image CT(Z)° is a specified subgroup of
CTY(Z) of index 2. Forn =1, ®,:Cy — C~Y(Z) is merely an epimorphism.

Furthermore, Levine [L3] showed the following (see also Remark 7.4).
Theorem 3.7. For e = £1, we have

(3.1) C(Z)ZZX DLY L™,
8



where the right hand side is the direct sum of countably many (but infinite) copies
of the cyclic groups Z, Zo and Z,4.

Note that the right hand side of (3.1) is not an unrestricted direct sum, i.e., each
element of the group is a linear combination of finitely many elements corresponding
to the generators of the factors.

Remark 3.8. Michel [Mc] showed that for n > 1, spherical algebraic (2n — 1)-knots
have infinite order in Cs,_1, provided that the associated holomorphic function
germ has an isolated singularity at the origin and is not non-singular. Note, how-
ever, that they are not independent. See Remark 4.2.

Forn =1, ®; : C; — C7Y(Z) is far from being an isomorphism. The non-
triviality of the kernel of this epimorphism was first shown by Casson-Gordon [CG].
The classification of spherical 1-knots up to cobordism is still an open problem.
Moreover, for spherical 1-knots, we have also the important notion of a ribbon
knot (see, for example, [R1]). Ribbon knots are null-cobordant. It is still an open
problem whether the converse is true or not.

For even dimensions, we have the following vanishing theorem.

Theorem 3.9 (Kervaire [K1]). For all n > 1, Cy,, vanishes.

Let 5n be the group of concordance classes of embeddings into S™*2 of

(1) the n-dimensional standard sphere S™ for n < 4, or
(2) homotopy n-spheres for n > 5.

In [K1] Kervaire showed that the natural surjection i : én — (), is a group homo-
morphism.

Let us denote by ©,, the group of h-cobordism classes of smooth oriented ho-
motopy n-spheres, and by bP,, 1 the subgroup of ©,, consisting of the h-cobordism
classes represented by homotopy n-spheres which bound compact parallelizable
manifolds [KM]. Then we have the following

Theorem 3.10 (Kervaire [K1]). For n < 5 we have C,, = C,, and for n > 6 we
have the short exact sequence

0— Opt1/bPhi2 — C, 4 C, — 0.
Note that for n > 4, ©,,41/bP, 2 is a finite abelian group. For details, see [KM].

4. COBORDISM OF ALGEBRAIC 1-KNOTS

As has been pointed out in the previous section, the classification of 1-knots up
to cobordism is still unsolved. However, for algebraic 1-knots, a classification is
known as follows.

Consider an algebraic 1-knot K associated with a holomorphic function germ
f:C2,0— C,0 of two variables with an isolated critical point at the origin. Note
that K is naturally oriented. Let us further assume that K is spherical. Then it
is known that K is an iterated torus knot [Br]. An iterated torus knot is a knot
obtained from a torus knot by an iteration of the cabling operation (for example, see
[R]]). Furthermore, the relevant operations are always “positive” cablings, which
is peculiar to algebraic knots.

For a knot, the fundamental group of its complement in the ambient sphere
is called the knot group. In [Z1] Zariski explicitly gave generators and relations
of the knot group of a spherical algebraic 1-knot. When two spherical algebraic
1-knots are isotopic, they have isomorphic knot groups. Although the converse
is not true for general spherical (not necessarily algebraic) 1-knots, it was proved
that two spherical algebraic 1-knots with isomorphic knot groups are isotopic (see
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[Bul, Z1, Re, Lé]). Furthermore, Burau [Bul] proved that two spherical algebraic
1-knots with the same Alexander polynomial are isotopic. For a definition of the
Alexander polynomial, see §7. It is known that the Alexander polynomial of a
spherical 1-knot is determined by its knot group (see, for example, [CF)]).

For general algebraic 1-knots which are not necessarily spherical, the following is
known. Let K = K1UKsU---UKzand L = L1 ULsU---UL; be algebraic 1-knots,
where K;, 1 <1i < s, and L;, 1 < j <t, are components of K and L respectively.
Then K and L are isotopic if and only if s = ¢, K; is isotopic to L;, 1 < i < s, and
the linking number of K; and K coincides with that of L; and L; for i # j, after
renumbering the indices if necessary (for example, see [Re]). It is also known that
the multi-variable Alexander polynomial classifies algebraic 1-knots [Bu2, Re, Y].

As to the classification of algebraic 1-knots up to cobordism, we have the fol-
lowing result due to Lé [Lé]. Let K and L be two cobordant spherical algebraic
1-knots. Let us denote their Alexander polynomials by A (t) and Ay (t) respec-
tively, where we normalize them so that their degree 0 terms are positive. In [FM2],
Fox and Milnor proved that then there exists a polynomial f(t) € Z[t] such that
A ()AL (t) = t4f(t)f(1/t), where d is the degree of f(t) (for details, see §7 of the
present survey). Using this, one can conclude that the product of the Alexander
polynomials of two cobordant spherical algebraic 1-knots is a square in Z[t]. In
fact, Lé [Lé] proved that two cobordant spherical algebraic 1-knots have the same
Alexander polynomial, and hence the following holds.

Theorem 4.1 ([Lé]). Two cobordant spherical algebraic 1-knots are isotopic.

For general (not necessarily spherical) algebraic 1-knots, since the linking num-
bers between the components are cobordism invariants, we see that the same con-
clusion as in Theorem 4.1 holds also for the general case of not necessarily spherical
algebraic 1-knots.

Remark 4.2. It has been shown that the images of the cobordism classes of spherical
algebraic 1-knots by ®; : C; — C~1(Z) are not independent. An explicit example
is given in [LM].

5. COBORDISM OF SIMPLE FIBERED (2n — 1)-KNOTS

In this section, we will give the classification of simple fibered (2n — 1)-knots up
to cobordism for n > 3.

Let us first recall that Durfee [D] and Kato [Kt] independently proved an ana-
logue of Theorem 3.1 for (not necessarily spherical) simple fibered knots as follows.
Recall that Seifert forms associated with simple fibered knots are unimodular.

Theorem 5.1. Forn > 3, there is a one-to-one correspondence between the isotopy
classes of simple fibered (2n — 1)-knots in S?"*! and the isomorphism classes of
integral unimodular bilinear forms, where the correspondence is given by the Seifert
form.

Note that isomorphism classes of integral bilinear forms correspond to congru-
ence classes of integral square matrices.

The study of cobordism of (not necessarily spherical) odd dimensional simple
fibered knots cannot be done by a direct generalization of the results proved by
Kervaire and Levine for spherical (2n — 1)-knots with n > 2, since we have to con-
sider the topological data contained in the kernel and the cokernel of the intersection
form of the fiber (see the exact sequence (2.1)).

For n > 3, Du Bois and Michel [DM] constructed the first examples of spherical
algebraic (2n — 1)-knots which are cobordant but are not isotopic. Hence, algebraic
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knots of dimension greater than or equal to five do not have the nice behavior of
algebraic 1-knots, since the notion of cobordism and isotopy are distinct.

Moreover, there exist plenty of examples of knots, not necessarily spherical nor
algebraic, which are cobordant but are not isotopic for any dimension. For example,
for the dimension one, the square knot, which is the connected sum of the right
hand and the left hand trefoil knots, is cobordant to the trivial knot, but is not
isotopic to it. (For more explicit examples, see §8.)

Using Seifert forms, we have a complete characterization of cobordism classes of
simple fibered knots as follows (see [BM, B1, B3)).

Theorem 5.2 ([BM]). Forn > 3, two simple fibered (2n — 1)-knots are cobordant
if and only if their Seifert forms are algebraically cobordant.

The definition of algebraically cobordant forms will be given later in this section.

Remark 5.3. Related results had been obtained by Vogt [V1, V2], who proved
that if two simple (not necessarily fibered) (2n — 1)-knots, n > 3, are cobordant,
then their Seifert forms are Witt equivalent and satisfy certain properties which
are weaker than the algebraic cobordism. Conversely, if two simple (2n — 1)-knots,
n > 3, with torsion free homologies have algebraically cobordant Seifert forms, then
they are cobordant.

In Theorem 5.2 the condition on the integer n is only used to prove the sufficiency,
and we have the following theorem which is valid for all odd dimensions.

Theorem 5.4 ([BM]). Forn > 1, two cobordant simple fibered (2n—1)-knots have
algebraically cobordant Seifert forms.

Furthermore, the following holds for (not necessarily fibered) simple knots.

Theorem 5.5 ([BM]). Forn > 3, two simple (2n — 1)-knots are cobordant if their
Seifert forms associated with (n — 1)-connected Seifert manifolds are algebraically
cobordant.

To define the algebraic cobordism, we first need to fix some notations and def-

initions. Let A be the set of all bilinear forms defined on free Z-modules of finite
rank. Set ¢ = (—1)". Let A: G x G — Z be a bilinear form in A. We denote
by AT the transpose of A, by S the e-symmetric form A + AT associated with
A, by S* : G — G* the adjoint of S with G* being the dual Homgz(G,Z) of G,
and by S : G x G — Z the e-symmetric non-degenerate form induced by S on
G = G/ Ker §*. For a submodule M of G, we denote by M the image of M in G by
the natural projection map. A submodule M of a free Z-module G of finite rank is
said to be pure if G/M is torsion free, or equivalently if M is a direct summand of
G. For a submodule M of a free Z-module G of finite rank, we denote by M” the
smallest pure submodule of G which contains M.
Definition 5.6 ([BM]). Let 4; : G; xG; — Z, i = 0,1, be two bilinear forms in A.
Set G =Go®G1, A=AyD(—A1), Si = 4; Jr&:Az-T and S = A+cAT. We say that
Ap is algebraically cobordant to A; if there exist a metabolizer M for A in the sense
of Definition 3.3 with M pure in G, an isomorphism 1 : Ker S§ — Ker S§, and an
isomorphism 6 : Tors(Coker S§) — Tors(Coker S7) which satisfy the following two
conditions:

(c1) M NKerS* = {(x,¢(x)) : x € Ker S} C Ker S§ @ Ker S7 = Ker S,
(2)  d(S*(M)") = {(5,8(»)) : y € Tors(Coker 53}
C Tors(Coker Sj) @ Tors(Coker S7) = Tors(Coker S*),

where d is the quotient map G* — Coker S* and “Tors” means the torsion subgroup.
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In the above situation, we also say that Ag and A; are algebraically cobordant
with respect to 1 and 6.

Recall that the knot cobordism is an equivalence relation. Furthermore, any
unimodular matrix can be realized as a Seifert matrix associated with a simple
fibered (2n — 1)-knot, n > 3. Therefore, Theorem 5.2 implies the following

Theorem 5.7. Algebraic cobordism is an equivalence relation on the set of uni-
modular forms.

Ezample 5.8. In [BM, Theorem 1], it is claimed that the algebraic cobordism is
an equivalence relation on the whole set of integral bilinear forms A. However, this
may be not true as explained below.

Let us consider the three matrices

0 4 -2 -3 0 4 1 2
—4 0 -2 1 —4 0 1 -2
Ao = 2 2 0 -1 A= -1 -1 0 0
3 -1 0 0 -2 2 -1 0
and
0 4 -6 1
-4 0 -2 -1
A2*62o1’
-11 0 0

which are given in [V2, p. 45]. We identify A; with the corresponding bilinear form
A; G x Gy — Z with G; 2 Z*, i=0,1,2. Set

m; = (0,0,1,0,0,0,2,0) € Gy ® Gy,

me = (0,1,0,2,0,0,0,1) € Gy ® Gy,

ms = (1,0,0,0,1,0,0,0) € Gy ® G,
my = (0,1,0,0,0,1,0,0) € Gy ® Gy,
ny = (0,0,2,0,0,—1,1,0) € G1 & Ga,

(0,0,0,1,0,0,0,—2) € G1 & G3,

ng = (1,0,0,0,1,0,0,0) € G1 & Go,
ngy = (0,1,0,0,0,1,0,0) € G1 & Gs.

ng =

Then we see that the subgroup generated by my,mso, m3, my of Gy & G gives a
metabolizer for Ay @ (—A1), and that the subgroup generated by ni,nq, ng, ng of
G1 ® Go gives a metabolizer for A; @ (—Az). Furthermore, it is easy to check that
A; and A;y; are algebraically cobordant for e = 4+1 with respect to the “identity”

Z3Zo000=KerS; - KerS;, | =ZDZD0D0,

i=0,1, where S; = A; + AT, i =0,1,2.

However, in [V2] it is shown that Ay and As are not algebraically cobordant
with respect to the “identity”.

In the proof given in [BM, pp. 38-39], it is shown that if A; and A;y; are
algebraically cobordant with respect to v;, i = 0,1 (see Definition 5.6 (c1)), then
Ap and A, are algebraically cobordant with respect to 11 0 1y. So, this contradicts
Vogt’s result mentioned above.

In fact, in general we may not have the direct sum decomposition G; = Ker S} &
T;, i =0,1,2, mentioned in the proof given in [BM, p. 39].

Presumably, the above example would show that the algebraic cobordism is not
an equivalence relation on the set of general (not necessarily unimodular) integral
bilinear forms defined on free Z-modules of finite rank. Since the relation introduced
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by Vogt [V2] and that of Definition 5.6 are slightly different, we do not know at
present if the relation of algebraic cobordism is an equivalence relation or not.

Remark 5.9. For general forms which are not necessarily unimodular, we can con-
sider the equivalence relation generated by the algebraic cobordism, called the weak
algebraic cobordism. Then by using Theorem 5.5,> we can show that if two sim-
ple (2n — 1)-knots, n > 3, have weakly algebraically cobordant Seifert forms with
respect to (n — 1)-connected Seifert manifolds, then they are cobordant.

Furthermore, we can prove the following. A simple (2n — 1)-knot is said to be
C-algebraically fibered if its Seifert form is algebraically cobordant to a unimodular
form (see [BS1]). Then, two simple C-algebraically fibered (2n — 1)-knots, n > 3,
are cobordant if and only if their Seifert forms are weakly algebraically cobordant.
We do not know if this is true for all simple (2n — 1)-knots, n > 3.

Let A; be Seifert forms associated with (n — 1)-connected Seifert manifolds V;
of simple (2n — 1)-knots K;, ¢ = 0,1, and S} the adjoint of the intersection form of
V;. Since we have the exact sequence

5
0=H,1(Vi, K;) —» Hp(K;) — Hy (Vi) — Hp(Vi, K;)
— H,_1(K;) = Hp,1 (Vi) =0

associated with the pair (V;, K;), where we identify H,(V;, K;) with the dual of
H,(V;) (see (2.1)), Ker S and Coker S} are naturally identified with H, (K;) and
H,_1(K;) respectively.

As remarked before, in the case of a spherical knot K we have H,(K) =
H,_1(K) = 0, and the intersection form is an isomorphism. Hence the algebraic
cobordism for Seifert forms associated with spherical simple knots is reduced to the
Witt equivalence, and Theorem 5.2 follows from the classical result of Kervaire and
Levine (see Theorem 3.4 and the paragraph just after Remark 3.5).

In order to clarify the relation of algebraic cobordism, we present here several
examples.

Ezample 5.10. (1) Let us consider any integral bilinear form A in A such that
A + AT is unimodular. Then, A @ (—A) is always algebraically cobordant to the
zero form.

(2) Let us consider the integral bilinear forms Ay and A; represented by the

matrices
1 1 2 -1
(66) = (%)
respectively, which are given in [K2, p. 93]. Then it is easy to check that the sub-
group of Z* generated by (3, 1,3,0) and (0, 1,2, 1)T is a metabolizer for Ag®(—A1).
Since A; — AT are unimodular, i = 0,1, we see that Ay and A; are algebraically
cobordant for € = —1. Note that Ag and A; are not congruent to each other.

(3) The following example is a generalization of those given in [BMS]. Let us
consider the two matrices

21 21
Aoz(pl 0) and Alz(ql 0),

which are identified with the corresponding integral bilinear forms, where p and ¢
are odd integers with 1 < p < ¢. Note that they are both unimodular and

80:A0+5A0T=51:A1+5AT=(02 (2))

3Here7 we also need the fact that every form in A can be realized as the Seifert form of a simple
(2n — 1)-knot.
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where ¢ = —1. Let us show that Ay and A; are algebraically cobordant in the sense
of Definition 5.6 for ¢ = —1.

Let r be the greatest common divisor of p and ¢ and set p = rp’ and g = rq’.
Furthermore, set m = (¢’,0,p’,0)T and m’ = (0,p’,0,¢')T. Then it is easy to see
that the submodule M of Z* generated by m and m’ constitutes a metabolizer
for A = Ay ® (—A;). Since Sy = S; are non-degenerate, we have only to verify
condition (c2) of Definition 5.6.

Set S = Sop @ (—=51) = A— AT, Let S* : Z* — Z* S} : Z? — Z? and
Sy : Z? — Z? be the adjoints of S, Sy and S; respectively. It is easy to see that
Coker S§ = Coker S} is naturally identified with Zgy @ Zy. Furthermore, we have

S*(m) =m'S =(0,2¢',0,-2p') and S*(m') = (m")'S = (-2p',0,2¢,0).

Therefore, S*(M)”", the smallest direct summand of Z* containing S*(M), is the

submodule of Z* generated by (0,¢’,0,—p’) and (—p’,0,¢’,0). Hence, for the nat-

ural quotient map d : Z* — Coker S* = (Zo ® Z2) ® (Za ® Z2), we have
d(S*(M)") = {(z,x) : x € Coker S§ = Zo ® Zs},

since Im S is generated by (2,0) and (0,2), ¢ = 0,1, and Im S* is generated by

(2,0,0,0), (0,2,0,0), (0,0,2,0) and (0,0,0,2). Therefore, we conclude that the

unimodular matrices Ag and A; are algebraically cobordant.

Note that Ay and A; are not congruent, since there exists an element x € 72
such that 274gz = p?, while such an element does not exist for A;.

Let us give a sketch of the proof of Theorem 5.2. Let Ky = 0Fy and K1 = 0F;
be two simple fibered (2n — 1)-knots with n > 3 with fibers Fyy and F; respectively.
Denote by Ay and A; the Seifert forms associated with Fj and F} respectively.

To prove the necessity in Theorem 5.2, we first suppose that Ko C S?"+1 x {0}
and K1 C §?"T1 x {1} are cobordant. Then we see that the union of the cobordism
and the fibers bound a compact oriented (2n-+1)-dimensional manifold W embedded
in S?"*1 x [0,1] by using the obstruction theory as in §2. Using the kernel of
the homomorphism induced by the inclusion Fy U F} — W, we can construct a
metabolizer for Ay & (—A;) which fulfills all the conditions in the definition of
algebraic cobordism. (For this we need to have that Ay and A; are unimodular,
which is guaranteed since Ky and K are fibered.) We refer to [BM] for details.

For sufficiency we suppose that Ay and A; are algebraically cobordant with
respect to a metabolizer M. We consider F; to be embedded in S?"*1 x {i},i = 0,1,
and denote by F the connected sum F = FptF; embedded in S?"*! x [0,1]. Note
that we naturally have H,(F) = H,(Fy) ® Hn(F1). Then, since n > 3, we can
show that one can perform embedded surgeries on the connected sum of Seifert
manifolds in $2"*1 x [0, 1] so that we obtain a simply connected submanifold X of
S§2nHL 5 [0, 1] with 0X = (Ko x {0}) [[(K1 x {0}) and H.(X, K;) =0 for i = 0, 1.
According to Smale’s h-cobordism theorem [Sm2, M2] we have X = Kj x [0, 1],
and thus X gives a cobordism between Ky and K;. This is where we need to have
(2n — 1)-dimensional knots with n > 3, since the h-cobordism theorem is valid only
for dim X > 6.

The crucial point in the proof is to see that the technical conditions imposed
on the metabolizer in Definition 5.6 give a strategy to perform the right embedded
surgeries. For details, see [BM, B3].

6. 3-DIMENSIONAL KNOTS

In this section, we deal with 3-dimensional knots.* This case is much more
difficult than that of higher dimensional knots, since the dimension of the Seifert

4In the following, all 3-knots will be oriented.
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manifolds associated with 3-knots is equal to four. The topology of 4-dimensional
manifolds is exceptional, and the usual technics like the Whitney trick [W2] used
in the case of higher dimensional manifolds are not available any more.

The algebraic cobordism of Seifert forms is a necessary condition for the exis-
tence of a cobordism between two simple fibered (2n — 1)-knots for all n > 1 (see
Theorem 5.4). Furthermore, two isotopic simple fibered (2n— 1)-knots have isomor-
phic Seifert forms for all n > 1 (for example, see [D, Kt, S1]). However, it is known
that there exist 3-dimensional simple fibered knots which are abstractly diffeomor-
phic and have isomorphic Seifert forms but which are not isotopic (see Example 6.1
below). This shows that the one-to-one correspondence between the isotopy classes
of knots and the isomorphism classes of Seifert forms stated in Theorem 5.1 does
not hold for n = 2. In fact, these fibered 3-knots are even not cobordant (see Re-
mark 6.7). Hence, for 3-dimensional knots, isotopy classes and cobordism classes
must be characterized by new equivalence relations. Isotopy classes of 3-knots were
studied in [S1, S2, S4] (see also [Hi]). For cobordism classes we will define a new
equivalence relation. For this we need to use Spin structures on manifolds.

Recall that a Spin structure on a manifold X means the homotopy class of a
trivialization of TX @ e over the 2-skeleton X of X, where TX denotes the
tangent bundle and £V is a trivial vector bundle of dimension N sufficiently large.
Note that X admits a Spin structure if and only if its second Stiefel-Whitney class
we(X) € H?(X;Zy) vanishes and that if it admits, then the set of all Spin structures
on X is in one-to-one correspondence with H'(X;Zz).

Let K be an oriented 3-knot, with a Seifert manifold V, embedded in S°. Then
K has a natural normal 2-framing v = (v1,12) in S such that the first normal
vector field v is obtained as the inward normal vector field of K = 9V in V.
The homotopy class of this 2-framing does not depend on the choice of the Seifert
manifold V. Then K carries a tangent 3-framing on its 2-skeleton K (?) such that the
juxtaposition with the above 2-framing gives the standard framing of S° restricted
to K up to homotopy. This means that K carries a natural Spin structure, which
is determined uniquely up to homotopy. Furthermore, this Spin structure coincides
with that induced from the Seifert manifold V', which is endowed with the natural
Spin structure induced from S°.

In the case of 3-knots, Spin structures must be considered as the following ex-
ample shows.

Example 6.1. Let Ky and K; be the simple fibered 3-knots which are abstractly
diffeomorphic to S x X, constructed in [S4, Proposition 3.8], where ¥, is the closed
connected orientable surface of genus g > 2. They have the property that their
Seifert forms are isomorphic, but that there exists no diffeomorphism between K
and K7 which preserves their Spin structures. Consequently they are not isotopic.

In order to study cobordisms of 3-knots, we will use some results valid only for
3-dimensional manifolds without torsion on the first homology group. Hence, we
define

Definition 6.2 ([BS1]). We say that a 3-knot K is free if Hy(K) is torsion free
over Z.

Moreover, for free knots we do not need to consider condition (c¢2) in the defini-
tion of the algebraic cobordism (see Definition 5.6), which simplifies the argument.

Definition 6.3 ([BS1]). Consider two simple 3-knots Ky and K;. Let Ay and A4,
be the Seifert forms of Ky and K respectively with respect to 1-connected Seifert
manifolds. We say that the pairs (K, Ag) and (K7, A1) are Spin cobordant (for
simplicity, we also say that the Seifert forms Ay and A; are Spin cobordant) if there
exists an orientation preserving diffeomorphism h : Ky — K; such that
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(1) h preserves their Spin structures,
(2) Ap and A; are algebraically cobordant with respect to h. : Ha(Kp) —
Hy (K1) and ha|rors a1, (ko) @ Tors Hy(Ko) — Tors Hy (K1), where we identify
Hy(K;) and H,(K;) with Ker S} and Coker S} respectively (see the exact
sequence (2.1)) and S; = A; + AT, i =0,1.
Note that if Ky and K, are free 3-knots, then we do not need to consider condi-
tion (c2) of Definition 5.6 and hence the isomorphism A.|tors H.(K,) in the above
definition.

In [BS1] we proved the following.

Theorem 6.4. Two simple fibered free 3-knots are cobordant if and only if their
Seifert forms with respect to 1-connected fibers are Spin cobordant.

Remark 6.5. Note that in the case of homology 3-spheres embedded in S®, the
corresponding result had been obtained in [S3].

Since the cobordism for knots is an equivalence relation, the Spin cobordism is
an equivalence relation on the set of Seifert forms of simple fibered free 3-knots
with respect to 1-connected Seifert manifolds.

Let us show that the Spin cobordism is a necessary condition for the existence
of a knot cobordism between given two simple fibered 3-knots. Let Ky and K7 be
two cobordant simple fibered 3-knots with fibers Fj and F} respectively. Denote
by X = Ky x [0, 1] a submanifold of S x [0, 1] which gives a cobordism between K
and K7, and set N = Fy U X U (—F1). By classical obstruction theory as described
in §2, we see that the closed oriented 4-manifold N C S° x [0,1] is the boundary
of a compact oriented 5-dimensional submanifold W of S° x [0, 1]. Using a normal
2-framing of X in S° x [0,1] induced from the inward normal vector field along
N = 0W in W, we see that the diffeomorphism /A between Ky and K7 induced by
X preserves their Spin structures.

Moreover, in [BM], it has been shown that the two forms Ay and A;, associated
with the fibers, are algebraically cobordant with respect to h, : Ho(Ky) — Ha(K7)
and h*|Tors Hi(Ko) : Tors Hl(KQ) — Tors H1 (Kl)

Finally we get the following result, in which the knots may not necessarily be
free.

Proposition 6.6 ([BS1]). If two simple fibered 3-knots are cobordant, then their
Seifert forms with respect to 1-connected fibers are Spin cobordant.

Remark 6.7. In Example 6.1 above, the Seifert forms of Ky and K are algebraically
cobordant, but are not Spin cobordant. Hence they cannot be cobordant by Propo-
sition 6.6 (or Theorem 6.4). Example 6.1 shows that Spin structures are essential
in the theory of cobordisms of 3-knots as well.

We have another example as follows.

Example 6.8. Let P be a non-trivial orientable S!-bundle over the closed connected
orientable surface of genus g > 2. Note that H;(P) is not torsion free in general.
For every positive integer n, let K1, Ko, ..., K, be the simple fibered 3-knots con-
structed in [S4, Theorem 3.1] which are all abstractly diffeomorphic to P. They
have the property that their fibers are all diffeomorphic and their Seifert forms are
isomorphic to each other, but any such isomorphism restricted to H2(K;) cannot
be realized by a diffeomorphism. Thus, the Seifert forms of K;, i =1,2,...,n, are
algebraically cobordant to each other, but are not Spin cobordant. Hence they are
not cobordant by Proposition 6.6, which is valid also for non-free simple fibered
3-knots.
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Using the 5-dimensional stable h-cobordism theorem due to Lawson [La] and
Quinn [Q] together with Boyer’s work [Bo], we also have the following theorem, in
which the 3-knots are simple and free, but may not be fibered.

Theorem 6.9 ([BS1]). Consider two simple free 3-knots in S°. If their Seifert
forms with respect to 1-connected Seifert manifolds are Spin cobordant, then they
are cobordant.

The proof of the above theorem is very technical and complicated, and we refer
to [BS1] for details. Finally Proposition 6.6 and Theorem 6.9 imply Theorem 6.4.

Remark 6.10. Some of the results in [BS1] depend on the possibly erroneous hy-
pothesis that the algebraic cobordism is an equivalence relation on the whole set of
integral bilinear forms. However, all the results are valid if we replace the algebraic
cobordism with the weak algebraic cobordism as introduced in Remark 5.9 and the
Spin cobordism with the equivalence relation generated by the Spin cobordism.

7. FOX-MILNOR TYPE RELATION

In [FM2] Fox and Milnor showed that the Alexander polynomials of two cobor-
dant 1-knots should satisfy a certain property. In this section, we explain this
property for odd dimensional knots and present an application to the cobordism
classes of spherical fibered knots.

In the following, for a polynomial f(¢) € Z[t], we set

)y =tfah,
where d is the degree of f(t). We say that a polynomial f(t) € Z[t] is symmetric if
f(t) = £t f(t) for some a € Z.
Let K be either a spherical (2n — 1)-knot or a simple (2n — 1)-knot with Seifert

matrix A. As mentioned before, we still assume that A is associated with an
(n — 1)-connected Seifert manifold when K is simple. Then the polynomial

Ag(t) = det(tA+ (—1)"AT)

is called the Alexander polynomial of K (see [Al, L1]). It is known to be an
isotopy invariant of K up to a multiple of +t* a € Z. For fibered knots, we
use (unimodular) Seifert matrices with respect to fibers so that the Alexander
polynomial is well-defined up to a multiple of +1 and has leading coefficient +1.
Note that the Alexander polynomial of a knot is always symmetric.

The following relation is called the Fox-Milnor type relation (for proofs, see
[L2, BM], for example).

Proposition 7.1. Let Ky and K1 be two (2n—1)-knots which are both spherical or
both simple. If they are cobordant, then there exists a polynomial f(t) € Z[t] such
that

(71) AKO (t)AKl (t) = itaf(t)f*(t)
for some a € Z.

For example, in [DM], Du Bois and Michel showed that the algebraic knots
constructed in [Sz] are in fact not cobordant by exploiting the Fox-Milnor type
relation.

Let us show that the above relation, although very simple, gives us a lot of
information on the cobordism of knots.

Let us recall that (), denotes the cobordism group of spherical n-knots. Let us
denote by F,, the subgroup of C), generated by the cobordism classes of fibered
knots. Note that F}, coincides with the set of all cobordism classes which contain
a fibered knot.
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Then we can prove the following proposition by using the Fox-Milnor type rela-
tion. Although it might be implicit in the works of Levine [L2, L3], Kervaire [K2]
and Stoltzfus [Sf], here we give a detailed proof in order to clarify how to apply
the Fox-Milnor type relation.

Proposition 7.2. The group C,/F, is infinitely generated if n is odd.

Proof. Set n =2k — 1. We have only to prove that (C,/F,) ® Z2 contains Z3°.

First we consider the case where k is odd. For each positive integer p, set
Ay(t) = pt? + (1 — 2p)t + p. Note that Ap(t) is irreducible over Z. According
to Levine (see [L2]), there exists a simple spherical (2k — 1)-knot K, in S2*+1
whose Alexander polynomial Ag, (t) is equal to Ay (t). Let [K] denote the class in
(Cn/Fn)®Zo = (Cy/Fy)/2(Cr/Fy) = Cy/(F,, +2C),) represented by K. In order
to show that (C,/F,) ® Zy contains Z3°, we have only to show that {[K,]},>2 are
linearly independent over Zs.

Suppose that Kp, 8K,,4- - -4k, is cobordant to L§L§L’, where p1,p2,...,p¢ are
distinct positive integers with p; > 2, L is a spherical (2k — 1)-knot, and L’ is a
spherical fibered (2k — 1)-knot. Then by Proposition 7.1 we have

Ak, (DAK,, (1) Ax,, (AL Aps(t) = £t £(£) f (1)

for some a € Z and f(t) € Z[t].

Since Ak, (t) are irreducible and symmetric, each A Ky, (t) should appear an even
number of times in the irreducible decomposition of f(t)f*(t). Therefore, Af, (t)
should divide Ap/(t), since Ak, (t), Ak, (1),...,Ak,, (t) are pairwise relatively
prime.

On the other hand, since L’ is fibered, its Seifert matrix is unimodular and
hence Ap/(t) has leading coefficient +1. This is a contradiction, since the leading
coefficient of AKPi (t) is equal to p; > 2.

Therefore, {[K}]}p>2 C (Crn/Fy) ® Zy are linearly independent over Zs.

When £k is even, by considering the polynomial Ap(t) = pt* — (2p — D)% + p,
p > 2, instead of A, (t) in the above argument, we get the desired conclusion. This
completes the proof. O

Remark 7.3. The above polynomials A,(t) and ﬁp(t) were used by Kervaire in
[K1, Théoreme II1.12] for showing that Caj—; is infinitely generated.

Remark 7.4. When k is even, every degree two symmetric polynomial which arises
as the Alexander polynomial of a (2k — 1)-knot is reducible. In fact, in [L2], it is
mentioned that such a polynomial should be of the form

ala+1)t* — 2a(a+ 1) + )t +ala+1) = (at — (a+1))((a + 1)t — a).

The degree two symmetric polynomial constructed in [L3, p. 109] for ¢ = 1 is also
reducible, and it seems that the proof of Theorem 3.7 (or [L3, Theorem, p. 108])
given there should appropriately be modified.

8. EXAMPLES

In this section, we review some examples constructed in [B2, BMS, BS1].
First we construct non-spherical 3-knots which are cobordant but are not iso-
topic.

Ezample 8.1 ([BS1]). A stabilizer is a simple fibered spherical 3-knot whose fiber
F is diffeomorphic to (S? x S?)4(5? x S?) \.Int D*. Such a stabilizer does exist (see
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[S2, §4]). Moreover, we denote by Kg a stabilizer with Seifert matrix

0 1 0 1
0 0O 1 0
A= 0O -1 0 0
-1 0 1 0
with respect to a basis of Ha(F) denoted by ay,as,as,as (see [S1, p. 600] or [S4,

§10]).

Since A is not congruent to the zero form, Kg is a non-trivial 3-knot.

Moreover, the submodule generated by a; and ag is a metabolizer for A, and
one can perform embedded surgeries on the two cycles a; and ag, represented by
two embedded 2-spheres in F. The result of this embedded surgery in DS is a
4-dimensional disk properly embedded in D® with Kg as boundary. Thus Kg is
null-cobordant, i.e., it is cobordant to the trivial spherical 3-knot.

Then consider any simple fibered 3-knot K which is not spherical. The two
simple fibered 3-knots KK s and K are not isotopic, since the ranks of the second
homology groups of their fibers are distinct. However, these knots are cobordant.

In the following example, we construct non-spherical simple fibered (2n—1)-knots
with n > 3 which are cobordant but are not isotopic. These knots are constructed
using algebraic knots.

Ezample 8.2 ([B2]). Let K;, with ¢ = 0,1, be the spherical algebraic (2n—1)-knots,
n > 3, associated with the isolated singularity at 0 of the polynomial functions
h; : (C"*t10) — (C,0) defined by

n
hi(xo,x1,...,2n) = gi(To, 1) + ah + 21 + Zzi
k=4
with

3)2 546

go(zo, 1) = (xo — :cﬂ((:c% - :E'O -z — 41’1:L'(()s+9)/2)

((:cg — B2 — g0 4x0$§r+15)/2>7
and
g1(zo, 1) = (20 — 301)((30% _ $3)2 _ $6+14 o 4$1xér+17)/2)
(63 - " - 2% — t2gal®*/2),

where s > 11, s # r + 8, s and r are odd, and p and ¢ are distinct prime numbers
which do not divide the product 330(30 +7)(22 + s) (see [DM, p. 166]). Note that
the algebraic knots K; associated with h; are spherical for ¢ = 0,1. It has been
shown in [DM] that the algebraic knots Ky and K; are cobordant but are not
isotopic.

Now let L be the algebraic (2n — 1)-knot associated with the isolated singularity
at 0 of the polynomial function f : (C"*! 0) — (C,0) defined by

n
flzo,x1,...,xn) = in
k=0

Note that L is not spherical.

Let us consider the connected sums L; = K;#L, i = 0,1, which are simple fibered
(2n — 1)-knots. Then in [B2] it has been shown that Ly and L; are cobordant but
are not isotopic.

Note that according to [A, Theorem 4, p. 117], the knots Ly and Ly, which are
connected sums of two algebraic knots, are not algebraic.
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Let K be a knot. A stabilization of K is the operation of taking the connected
sum K#Kg for some null-cobordant spherical knot Kg. As the above examples
show, stabilization is a natural way to construct knots that are cobordant but are
not isotopic. We have other types of constructions as follows.

Ezample 8.3. The matrices given in Example 5.10 (2) give two spherical simple
(2n — 1)-knots with n > 3 odd which are cobordant but are not isotopic. Similarly,
the matrices given in Example 5.10 (3) give two simple fibered non-spherical (2n —
1)-knots with n > 3 odd which are cobordant but are not isotopic.

9. PULL BACK RELATION FOR KNOTS

For cobordisms of non-spherical knots, Yukio Matsumoto asked the following
question.

(Q) If two non-spherical knots (of sufficiently high dimension) are simple homotopy
equivalent as abstract manifolds, then are they cobordant after taking connected
sums with some spherical knots? In other words, consider the action of the spherical
knot cobordism group on the set of cobordism classes of codimension two embeddings
of manifolds of a fized simple homotopy type into a sphere. Then, is the action
transitive?

According to the codimension two surgery theory [Mt2], the answer to the above
question is affirmative provided that the material knots satisfy some connectivity
conditions and that one of them is obtained as the inverse image of the other one
by a certain degree one map between the ambient spheres. This motivates the
following definition.

Definition 9.1 ([BMS]). Let K, and K; be oriented m-knots in S™*2. We say
that Ky is a pull back of K if there exists a degree one smooth map ¢ : S™+? —
S™+2 with the following properties:

(1) g is transverse to K1,
(2) g~ (K1) = Ko,
(3) glk, : Ko — K is an orientation preserving simple homotopy equivalence.

In this case, we write Ky > K;. We say that two m-knots are pull back equivalent
if they are equivalent with respect to the equivalence relation generated by the pull
back relation.

The following properties are direct consequences of the previous definition.

(1) K > K for any m-knot K.

(2) Ko > K; and K7 = Ky imply Ky = Ks for any m-knots Ky, K1 and K.

(3) Ko = Ky and K|, = K7 imply KotK|, = KK for any m-knots Ky, K|,
K; and K7.

Furthermore, if we restrict ourselves to spherical m-knots, then it is not difficult
to see that the trivial m-knot Ky is the minimal element, i.e., K > Ky for every
spherical m-knot K, where Ky is defined to be the isotopy class of the boundary
of an (m + 1)-dimensional disk embedded in S™*2.

Here are some basic results on the pull back relation for simple fibered (2n — 1)-
knots, n > 3.

Theorem 9.2 ([BMS)). Let Ky and K; be simple fibered (2n — 1)-knots in S*"+1
withn > 3. If Ky = K1 and K1 = Ky, then Ky is isotopic to K1. In other words,
the relation “=" defines a partial order for simple fibered (2n — 1)-knots in S?"+!
forn > 3.
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Theorem 9.3 ([BMS]). Let Ko and K, be simple fibered (2n — 1)-knots in S*n+1
with n > 3. Then Ko = K if and only if there exists a spherical simple fibered
(2n — 1)-knot X in S*"*1 such that Ky is isotopic to the connected sum KifX.

Remark 9.4. For n = 1, Theorem 9.3 does not hold®. Let K; be a non-trivial
spherical prime fibered 1-knot in S® and Ky a spherical prime satellite fibered 1-
knot with companion K7, where their fibering structures are compatible. Then we
can show that Ky > K;. However, K is not isotopic to the connected sum K;f>
for any non-trivial 1-knot 3. Note that such a construction does not give a counter
example to Theorem 9.3 for n > 3, since such a satellite knot in higher dimensions
is always a connected sum by virtue of Theorem 5.1.

Let K¢ and K7 be two simple fibered (2n —1)-knots with n > 3. By Theorem 9.3
if Ky is pull back equivalent to K7, then they are cobordant after taking connected
sums with some spherical knots. In the following proposition, we show that the
converse is not true in general.

Proposition 9.5 ([BMS]). For every odd integer n > 3, there exists a pair
(Ko, K1) of simple fibered (2n — 1)-knots with the following properties:

(1) the knots Ko and K1 are cobordant, but

(2) the knots Ky and K1 are not pull back equivalent.

Proof. Let us consider the two matrices Ag and A; given in Example 5.10 (3).

By Theorem 5.1, there exists a simple fibered (2n — 1)-knot K; which realizes
A; as its Seifert form with respect to the fiber, i = 0,1. By Theorem 5.5, Ky and
K, are cobordant.

Let us now show that Ky and K; are not pull back equivalent. By Theorem 9.3,
we have only to show that for any spherical simple fibered (2n — 1)-knots ¥ and
¥ in §2n+1 KoY is never isotopic to Ki#¥.

Since K;#>; is a fibered knot, we can consider the monodromy on the n-th
homology group of~ the fiber, ¢ = 0,1. Let us denote by H; the monodromy matrix
of K;#3; and by A; its Seifert matrix with respect to the same basis. Here, we
choose a basis which is the union of a basis of the homology of the fiber for K;
and that for ;. It is known that H; = (—1)""'111;111; (for example, see [D]).
Therefore, we have

Hy = ( 2p12 Y )@H{) and H; = ( 2q12 Y )@H;,
where H/ is the monodromy matrix of ¥;, i = 0, 1.

Let us consider Ker ((I + H;)?), where [ is the unit matrix, i = 0, 1. Since X; are
spherical knots, the monodromy matrices H/ cannot have eigenvalue —1. Therefore,
Ker ((I + H;)?) corresponds exactly to the homology of the fiber of K.

Suppose that KoY is isotopic to Ki#31. Then the Seifert form of Kyf>g
restricted to Ker ((I + HO)Q) should be isomorphic to that of Ki#>; restricted to
Ker ((I + H1)?). This means that Ay should be congruent to A;. However, as we
saw in Example 5.10 (3), this is a contradiction. Thus, we conclude that K, and
K7 are not pull back equivalent. O

Let us now give some examples of pairs of knots which are diffeomorphic but not
cobordant even after taking connected sums with (not necessarily simple or fibered)
spherical knots. For this, we use the following proposition (see [BMS, V2]).

Proposition 9.6. Let Ky and Ky be simple fibered (2n — 1)-knots with fibers Fy
and Fy respectively, n > 3. For i = 0,1, we denote by I(K;) the image of the

5The authors are indebted to Shicheng Wang for the construction in this remark.
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homomorphism H,(K;) — Hy,(F;) induced by the inclusion. If Koff¥o and K143,
are cobordant for some spherical knots o and %1, then the Seifert forms of Ko and
K restricted to I(Ko) and I(Ky), respectively, are isomorphic to each other.

In the following example we give a pair of diffeomorphic knots for which their
connected sums with any spherical knots are never cobordant. This answers ques-
tion (Q) mentioned at the beginning of this section negatively.

Ezample 9.7 ([BMS]). Let us consider the following unimodular matrices:

0 0 1 0

0 1 0 0 0 1

Ao = ( (71)n+1 0 ) and A = (71)71—}-1 0 0 1
0 (_1)n+1 0 0

Then, for every integer n > 3, there exist simple fibered (2n — 1)-knots K; in S27+1
whose Seifert matrices are given by A;, i = 0,1. Note that if we denote their fibers
by F;, i = 0,1, then F; is orientation preservingly diffeomorphic to Fpf(S™ x S™).
In particular, Ky and K are orientation preservingly diffeomorphic to each other.

It is easy to verify that the Seifert form restricted to I(K7) is the zero form,
while it is not zero for Ky. Hence, by Proposition 9.6, KX is never cobordant to
K18, for any spherical (not necessarily simple or fibered) knots Yo, X;.

Note that for this example, we have H,,_1(K;) 2 Z & Z,i =0, 1.

Let us give another kind of an example together with an argument using the
Alexander polynomial.

Ezample 9.8 ([BMS]). Let us consider the unimodular matrices
1 11

1 1 0
AO—(O 1) and Ay = 1

O O = =

0
0
0

o = O

and their associated simple fibered (2n — 1)-knots K, i = 0, 1, with n > 4 even. As
in Example 9.7 we see that Ky and K are orientation preservingly diffeomorphic
to each other.

Now, suppose that for some spherical (2n — 1)-knots X;, i = 0,1, KofXg is
cobordant to K14¥;. We may assume that ¥y and ¥; are simple. The Alexander
polynomials of Ky and K; are given by

Ag,(t) = det(tAg + AT) =t +t+1

and
Ak, (t) =det(tA; + AT) = —(t* + 3 2+t +1)

respectively. Both of these polynomials are irreducible over Z. If Kyt is cobor-
dant to K131, then by Proposition 7.1, we must have a Fox-Milnor type relation

(9-1) Ak (H)As, ()AK, (H)As, (1) = £t f(8) ()

for some a € Z and f(t) € Z[t], where Ay, (t) denotes the Alexander polynomial of
Y, i=0,1.

Note that we have |Ag,(1)] = |Ak,(1)] = 3 and |Ax,(1)| = |Ax,(1)] = 1. Since
Ag, (t) is irreducible of degree 2, and Ak, (t) is irreducible of degree 4, the relation
(9.1) leads to a contradiction.

Hence, KXo is not cobordant to K1#%; for any spherical (not necessarily simple
or fibered) (2n — 1)-knots o, ;. In this example we have H,,_1(K;) & Zs, for
i=0,1.
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10. EVEN DIMENSIONAL KNOTS

In this section, we study cobordism classes of non-spherical 2n-knots for n = 1, 2.

Recall that in [K1] Kervaire showed that Cy,, the cobordism group of spherical
2n-knots in S2"12, is trivial for all n > 1. In particular, any two such knots are
cobordant. For n > 3, Vogt [V1, V2] showed that two 2n-knots in S?"*2 are
cobordant if and only if they have the same n-th Betti number. Note that the
technics used by Vogt are only available for 2n > 6, since it is difficult to perform
embedded surgeries in low dimensions, and the h-cobordism theorem is not available
for low dimensions.

10.1. Cobordism of surfaces in S*. In [K1] Kervaire proved that a 2n-sphere
embedded in S$2"*2 = 9(D?"*+3) is the boundary of a (2n + 1)-disk properly em-
bedded in D?**3. This implies that Cs,, is trivial.

Although there is no group structure on the set of cobordism classes of non-
spherical 2-knots, we have a similar result. In fact we show that any connected,
closed and orientable surface embedded in S* is the boundary of an orientable
handlebody properly embedded in the disk D°. When the surface is non-orientable,
it is the boundary of a non-orientable handlebody properly embedded in D® if and
only if the Euler number of the normal bundle vanishes.

Recall that the normal Euler number of an orientable surface embedded in S4
always vanishes (see [MS]). Let us recall the definition of the normal Euler number
of a closed non-orientable surface M embedded in S*, where S* is considered to
be oriented. (Throughout this section, we use the letter “M” for 2n-knots rather
than “K”, since the letter “K” will be used for another purpose.) The tubular
neighborhood N of M may be regarded as a normal disk bundle over M. Let
p: M — M be the orientation double cover of M. Consider the induced bundle N
over M so that we have the commutative diagram

N 2, N

M —2— M.
We orient N so that the induced map p : N >N preserves the orientatiAo/ns.A/The
normal Euler number e(M) of the surface M is then defined by e(M) = (M -M)/2,
where M - M denotes the self-intersection number of M in N , which is always even.

Let us denote by N, the closed connected non-orientable surface of non-orientable
genus g. For a closed connected non-orientable surface M = N, embedded in S4,
it is known that e(M) € {—2¢,4 — 29,8 — 2g, ..., 2g}. Furthermore, all the values
in the set can be realized as the normal Euler number of some N, embedded in S*
(see [W1, Ms, Km]).

In [BS2] we characterized those closed connected surfaces embedded in S* which
are the boundary of a handlebody properly embedded in D5. For this purpose, we
need to use Pin~ structures on manifolds.

A Pin~ structure on a manifold X is the homotopy class of a trivialization of
TX @ detTX @ eN over the 2-skeleton X2 of X, where TX denotes the tangent
bundle, det TX denotes the orientation line bundle, and e¥ is a trivial vector bundle
of dimension N sufficiently large. A Pin™ structure is equivalent to a Spin structure
when X is orientable.

When M is a closed surface embedded in S*, there is a canonical Pin~ structure
defined on M. More precisely, since M is characteristic, i.e., as a submanifold of
5% it represents the Zs homology class dual to the second Stiefel-Whitney class of
54, there exists a unique Spin structure on S* ~. M which cannot be extended to
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any normal 2-disk of M. This Spin structure on S* \. M induces a unique Pin~
structure on M (see [KT1]).

We denote by H, the orientable handlebody of dimension three which is obtained
by gluing g orientable 1-handles to a 0-handle. The boundary of Hj, is the closed
connected orientable surface of genus g, denoted by »,. Furthermore, we denote by
1, the non-orientable handlebody of dimension three which is obtained by gluing g
non-orientable 1-handles to a 0-handle. Then the boundary of I, is identified with
Nyg. In the following we will denote by K, the handlebody H, or I,.

Definition 10.1 ([BS2]). Let M be a closed connected surface embedded in S*.
Suppose that M has genus g if M is orientable and 2g if M is non-orientable. Let
Y : 0Ky — M be a diffeomorphism. We say that v is Pin™ compatible if the Pin™
structure on 0K, induced by 9 extends through K.

When M is oriented, there always exists a compact oriented 3-dimensional sub-
manifold V of S* such that V = M as oriented manifolds (see, for example, [E]).
Such a manifold V' is again called a Seifert manifold associated with M (see the
definition of Seifert manifolds associated with odd dimensional knots in §2). When
M is non-orientable, a compact 3-dimensional submanifold V of §* with 0V = M
is also called a Seifert manifold. Such a (non-orientable) Seifert manifold exists for
M if and only if e(M) = 0 (see [GL, Km]). When a surface M admits a Seifert
manifold V, the unique Spin structure on S* induces a Pin~ structure on V and this
induces a Pin™ structure on M, which coincides with the Pin™ structure described
above (see [F1i]).

In [BS2] we proved the following theorem.

Theorem 10.2. Let M be a closed connected surface embedded in S* = 0D®, and
v 0Ky — M a diffeomorphism, where K, denotes the 3-dimensional handlebody
with g 1-handles. Then, there exists an embedding {/;: K, — D5 with zZ|aKg = if
and only if e(M) =0 and v is Pin~ compatible.

Remark 10.3. Since every closed connected 3-dimensional manifold admits a Hee-
gaard splitting of genus g > 0, as a consequence of Theorem 10.2 we have a new
proof of Rohlin’s theorem [Rh2] on the existence of an embedding of an arbitrary
closed 3-dimensional manifold into R® (see also [W1, WZ] and [GM, p. 90]). For
details, see [BS2].

Let us give a sketch of a proof of Theorem 10.2. First, it is easy to see that
the vanishing of e(M) and the Pin~ compatibility of ¢ are necessary conditions.
The proof of the sufficiency is based on embedded surgeries inside the disk D® on a
Seifert manifold V of M. To do that we start with the abstract closed 3-manifold
V' =V Uy K, obtained by attaching V' and K, along their boundaries by using .
Since the 3-dimensional cobordism group Qgpin (resp. Q) of Spin (resp. Pin")
manifolds is trivial (see [M1], [K1, Lemme IIL.7, p. 265], [GM, p. 91], [MK] or [Ki]
for Q5P and [ABP, KT1, KT2] for Q5" ), there exists a compact (oriented if
sois M) Pin~ 4-manifold W such that W = V' as (oriented) Pin™ manifolds. Let
f be a Morse function f : W — [0, 1] which extends the projection to the second
factor OW = (V x {0}) Uy (0K, x [0,1]) U (K4 x {1}) — [0,1]. Note that f can
be chosen so that all its critical values lie in the interval (g,1 — ¢) for € > 0 small
enough. Moreover, we may assume that the critical points have index 1,2 or 3.

Consider the handlebody decomposition of W associated with this Morse func-
tion. We can remove handles of index 1 and 3 using modifications described by
Wallace in [Wc], respecting the Pin™ structure. Then we get a new (oriented)
Pin~ manifold W’ such that OW = OW’. Since the handlebody decomposition of
the manifold W’ has only handles of index 2, we can attach the handles to V' x [0, 1]
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inside D® to get an embedding of W’ into D®. Finally we have a proper embedding
of K, = (0K, x [0,1]) U (K, x {1}) C OW' into the disk D® such that K, = M.
As a corollary to Theorem 10.2 we have

Corollary 10.4 ([BS2]). Let M be a closed connected surface embedded in S° =
OD5. Then there exists a 3-dimensional handlebody embedded in D° such that its
boundary coincides with M if and only if e(M) = 0.

Using Theorem 10.2, we can characterize cobordism classes of closed connected
surfaces embedded in S* as follows.

Theorem 10.5 ([BS2]). Let My and M be two closed connected surfaces embedded
in S*. Then they are cobordant if and only if they are diffeomorphic as abstract
manifolds and have the same normal Fuler number.

Remark 10.6. The above theorem in the orientable case is proved by Ogasa [O],
although his proof is slightly different from ours explained below.

When two closed connected surfaces embedded in S* are cobordant, it is clear
that they are diffeomorphic as abstract manifolds and have the same normal Euler
number (for details, see [BS2]). Thus we have the necessity in Theorem 10.5.

For the sufficiency, start with two closed connected surfaces My and M; in S*
which are diffeomorphic as abstract manifolds and have the same normal Euler
number. In the following, we consider the case where M, and M; are non-orientable
of non-orientable genus g. (For the orientable case, the proof is similar. For details,
see [BS2].)

By changing M, and M; by isotopies, we may assume that for a 4-disk D* in
S%, we have MoN D* = M; N D* = D? and (D*, D?) is the standard disk pair. Set
A = (S*\Int D*) x [0,1] = D5 and

M = (My ~ Int D*) U (9D? x [0,1]) U (M; ~ Int D?) = MytM; C 9A,

where M), denotes the mirror image of My. Since e(My) = e(M;), we have e(M) =
0. Furthermore, one can prove that there exists a Pin~ compatible diffeomorphism
between 9((N, ~ Int D?) x [0,1]) = 91, and M which sends (N, \ Int D?) x {i}
diffeomorphically onto M; ~ Int D2

According to Theorem 10.2 we can embed I, in A so that MM, = 0l,. The
cobordism between My and M; is then obtained by gluing back D* x [0,1] to A
and by replacing I, = (N, . Int D?) x [0,1] by Ny x [0, 1].

As a consequence of Theorem 10.5 we have that two closed connected orientable
surfaces embedded in S* are cobordant if and only if they have the same genus.
Hence, the monoid of cobordism classes of closed connected orientable surfaces
embedded in S* is isomorphic to the monoid of non-negative integers Z>.

Let us consider non-orientable surfaces. First note that by adding the cobordism
class of an embedding of S? into S* to the associative groupoid (or the associative
magma or the semigroup) of cobordism classes of closed connected non-orientable
surfaces embedded in S*, we get a monoid denoted by M. We can also describe
the monoid structure of I as follows. Let RPJQr (or RP2) be the projective plane
standardly embedded in S* with normal Euler number being equal to +2 (resp. —2)
(see [HK]). For a pair of non-negative integers (k,!) such that k +1 > 1, let My,
be the non-orientable surface embedded in S* obtained by taking the connected
sum of k copies of RP? and [ copies of RP2. Then we have e(Mj,;) = 2(k — 1)
and the genus of My ; is equal to k +{. Hence, the set of non-orientable surfaces
{My, : k,l€Z,k1>0,k+1> 1} constitutes a complete set of representatives
of the cobordism classes of closed connected non-orientable surfaces embedded in
54, Therefore, 91 is isomorphic to the monoid of pairs of non-negative integers
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Z>o x Z>o. If we denote by [M] the cobordism class of a closed connected non-
orientable surface M embedded in S*, and by g(M) the genus of M, then the
isomorphism M — Z>( x Z>g is given by mapping [M] to

(29(M) +e(M) 29(M) — e(M))
4 ’ 4 '

10.2. Concordance of embeddings of a surface. In this subsection, we consider
the concordance classification of embeddings of closed connected surfaces into S*.
For the definition of the concordance, see Definition 2.10.

Examining the proof of Theorem 10.5 carefully, we see that the following char-
acterization of concordant embeddings of surfaces into S* holds.

Theorem 10.7 ([BS2]). Let ¥ be a closed connected surface. Two embeddings
of ¥ into S* are concordant if and only if the Pin~ structures induced by these
embeddings coincide and the normal Euler numbers of these embeddings coincide.

When the knots are spherical of dimension two, the notions of cobordism and
concordance coincide with each other, since every diffeomorphism of S? which pre-
serves the orientation is isotopic to the identity [Sm1]. However, when g > 1, for
an arbitrary embedding f : ¥, — S? there exists an orientation preserving diffeo-
morphism h : ¥, — 3, which does not preserve the Pin~ structure induced by
f. Therefore, the embeddings f o h and f are not concordant. This means that
contrary to the spherical case, the notions of cobordism and concordance differ for
orientable surfaces of genus g > 1.

The group of orientation preserving diffeomorphisms of a closed connected ori-
ented surface acts transitively on the set of Pin™ structures with trivial Brown
invariant (see, for example, [BS2]). This set is naturally identified with the set
of Spin structures with trivial Arf invariant, since the surface is assumed to be
orientable. This implies that the number of concordance classes of embeddings
of a closed connected oriented surface is equal to the number of Spin structures
with trivial Arf invariant on this surface. According to [J] this number is equal to
2971(29 + 1), where g is the genus of the surface. If we denote by w, the number
of concordance classes of embeddings of 3, then we have w, = 2971(29 + 1).

Let us denote by v, the number of concordance classes of embeddings of the
closed connected non-orientable surface N, of non-orientable genus g. According to
[Ms, Km], the set of possible normal Euler numbers for such embeddings coincides
with {—2g,4 — 29,8 — 2g,...,2g}. Hence, we have

g
Vg = E :’/9,72g+4z'a
i=0

where vy _2444; denotes the number of concordance classes of embeddings of N,
into S* with normal Euler number equal to —2g + 4i. Moreover, according to
[KT1, Theorem 6.3], V4 _24+4; is equal to the number of Pin~ structures with
Brown invariant equal to —g + 2¢ modulo 8. Such numbers can be calculated as in
Table 1 (see [DP]).

Using the values given in Table 1, we get

[ 297%(g+1) if g is odd,
Y97 2972(g + 1) + 20972/2if g is even.

10.3. Cobordism of 4-knots. In the study of cobordism of embeddings of even
dimensional manifolds, the only case which remains to be studied is the case of
4-dimensional manifolds embedded in S®. In [BS3] we proved the following
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| I] || g: odd | g: even |

0 0 2(9-2)/2(2(9=2)/2 4 1)
1| 200=3)/2(209-1)/2 4 q) 0

2 0 292

3| 29=3)/2(2le-1/2 _ 1) 0

4 0 2(9—2)/2(2(9—2)/2 —1)
5 2(9—3)/2(2(9—1)/2 —1) 0

6 0 2972

7 || 209-3)/2(209-1)/2 4 1) 0

TABLE 1. Number of Pin~ structures on the non-orientable surface
Ny with Brown invariant 3 € Zg

Theorem 10.8. Let M be a closed simply connected 4-dimensional manifold. Then
all the embeddings of M into S® are concordant.

In particular, two 4-knots in S, i.e., two closed simply connected 4-dimensional
manifolds embedded in S°, are (oriented) cobordant if and only if they are ab-
stractly (orientation preservingly) diffeomorphic to each other.

One can prove Theorem 10.8 by imitating the proofs of Theorems 10.2 and 10.5,
and the proof is based essentially on Kervaire’s original idea [K1].

Remark 10.9. It is known that a closed connected orientable 4-dimensional manifold
M can be embedded in S if and only if it is Spin and its signature vanishes (see
[CS2]). If in addition M is simply connected, then it can be embedded in S if and
only if it is homeomorphic to a connected sum of some copies of S? x S? by the
homeomorphism classification of closed simply connected 4-dimensional manifolds
due to Freedman [Fr].

Remark 10.10. By Park [P], for any sufficiently large odd integer m, there exist
infinitely many smooth manifolds which are all homeomorphic to the connected
sum of m copies of S? x S? but which are not diffeomorphic to each other. Let us
denote by 9,4 the monoid of (oriented) cobordism classes of closed simply connected
4-manifolds embedded in S% and by Z>o the monoid of non-negative integers.
Then the homomorphism ¢ : O4 — Z>( which associates to a 4-knot one half of its
second Betti number is an epimorphism. The above result of Park shows that this
homomorphism is far from being an isomorphism. Compare this with the result
of Vogt [V1, V2]: the corresponding homomorphism O3, — Zx>¢ for n > 3 is
an isomorphism, where s, denotes the monoid of (oriented) cobordism classes of
2n-knots in S22,

Remark 10.11. When n # 2, for an arbitrary 2n-knot M, its orientation reversal
—M is oriented cobordant to M. For n = 2, there exists a closed 4-dimensional
manifold N homeomorphic to a connected sum of some copies of S? x S? such that
N is not oriented diffeomorphic to —N. In fact, by Kotschick [Ko2], every simply
connected compact complex surface of general type which is Spin and has vanishing
signature gives such an example. Such a complex surface has been constructed by
Moishezon and Teicher [MT1, MT2, Kol]. Hence, there exists a closed simply
connected oriented 4-dimensional manifold embedded in S® which is not oriented
cobordant to its orientation reversal.
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11. OPEN PROBLEMS
To conclude this survey article, we would like to list some open problems.

Problem 11.1. In Definition 2.1, if we remove the connectivity condition on the em-
bedded manifolds, then is it still possible to characterize their isotopy and cobordism
classes?

Problem 11.2. Construct efficient invariants of algebraic cobordism.

Problem 11.3. Is the algebraic cobordism an equivalence relation on the whole set
of integral bilinear forms?

See Theorem 5.7, Example 5.8, Remarks 5.9 and 6.10 for the above problem.

Problem 11.4. TIs it true that two simple (2n — 1)-knots, n > 3, are cobordant if
and only if their Seifert forms associated with (n — 1)-connected Seifert manifolds
are weakly algebraically cobordant? In particular, is there a pair of two simple
(2n—1)-knots, n > 3, which are cobordant, but whose Seifert forms are not (weakly)
algebraically cobordant?

Note that for C-algebraically fibered simple knots, the above equivalence is true
(see Remark 5.9).

Problem 11.5. Is the Spin cobordism of Seifert forms associated with non-free 3-
knots a sufficient condition of cobordism?

Problem 11.6. Does Theorem 9.3 (a characterization of the pull back relation for
simple fibered (2n — 1)-knots) hold for n = 27

As noted in Remark 9.4, the above characterization does not hold for n = 1.

Problem 11.7. Let us fix an oriented simple homotopy type (or an oriented dif-
feomorphism type) of manifolds, and consider the set of all embeddings of such
manifolds into a sphere in codimension two. Then, does there exist a minimal
element with respect to the pull back relation?

As mentioned in §9, for spheres, the trivial knot is such a minimal element.

Problem 11.8. Is Cy,/ F,, isomorphic to Z3° @ Z3° @& Z> for odd n? Determine the
group structure of F;, for odd n. Is F}, a direct summand of C,,?

Problem 11.9. Is the multiplicity of a complex holomorphic function germ at an
isolated singular point a cobordism invariant of the associated algebraic knot?

This is known to be true for the case of algebraic 1-knots. See also [Z2].

Problem 11.10. Let us consider Brieskorn type polynomials of the form
22y 2

If two algebraic knots associated with Brieskorn type polynomials are cobordant,
then do their exponents coincide?

A related result is obtained in [S3]. Note that the associated Seifert matrix has
been explicitly determined (for example, see [Sk]). It is also known that two alge-
braic (2n—1)-knots associated with Brieskorn polynomials with the same Alexander
polynomial have the same exponents [YS].

Problem 11.11. Two fibered n-knots in "2 are said to be fibered cobordant if there
exists a cobordism X C S"*2 x [0, 1] between them whose complement S"*2 \ X
fibers over the circle in a sense similar to Definition 2.4. Is there a pair of two
fibered knots which are cobordant but are not fibered cobordant?

28



[Al]
[ABP]
(B1]
(B2]
(B3]
[BMS)]
BM]
[BS1]
[BS2]
[BS3]
[Bo]
[Br]
[Bul]
[Bu2|
[Cs1]

[CS2]

[CG]

[CF]

[DP]
[DM]

[D]
(E]

[Fi]

[FM1]
[FM2]
[Fr]

[GL]

REFERENCES

N. A’Campo, Le nombre de Lefschetz d’une monodromie, Indag. Math. 35 (1973), 113—
118.

J. W. Alexander, Topological invariants of knots and links, Trans. Amer. Math. Soc. 30
(1928), 275-306.

D. W. Anderson, E. H. Brown, Jr. and F. P. Peterson, Pin cobordism and related topics,
Comment. Math. Helv. 44 (1969), 462-468.

V. Blanleeil, Cobordisme des entrelacs fibrés simples et forme de Seifert, C. R. Acad. Sci.
Paris Sér. I Math. 320 (1995), 985-988.

V. Blanlekil, Cobordism of nonspherical links, Internat. Math. Res. Notices 2 (1998),
117-121.

V. Blanleil, Cobordism of non-spherical knots, Singularities—Sapporo 1998, pp. 21-30,
Adv. Stud. Pure Math., Vol. 29, Kinokuniya, Tokyo, 2000.

V. Blanleil, Y. Matsumoto and O. Saeki, Pull back relation for non-spherical knots, J.
Knot Theory Ramifications 13 (2004), 689-701.

V. Blanleeil and F. Michel, A theory of cobordism for non-spherical links, Comment.
Math. Helv. 72 (1997), 30-51.

V. Blanlceil and O. Saeki, A theory of concordance for non-spherical 3-knots, Trans. Amer.
Math. Soc. 354 (2002), 3955-3971.

V. Blanleeil and O. Sacki, Cobordisme des surfaces plongées dans S*, to appear in Osaka,
J. Math.

V. Blanleil and O. Saeki, Concordance des neuds de dimension 4, to appear in Canad.
Math. Bull.

S. Boyer, Simply-connected 4-manifolds with a given boundary, Trans. Amer. Math. Soc.
298 (1986), 331-357.

K. Brauner, Zur Geometrie der Funktionen zweier komplexer Veranderlicher. II., III.,
I1V., Abh. Math. Sem. Hamburg. 6 (1928), 1-55.

W. Burau, Kennzeichnung der Schlauchknoten, Abh. Math. Sem. Hamburg. 9 (1932),
125-133.

W. Burau, Kennzeichnung der Schlauchverkettungen, Abh. Math. Sem. Hamburg. 10
(1934), 285—297.

S. E. Cappell and J. L. Shaneson, The codimension two placement problem and homology
equivalent manifolds, Ann. of Math. 99 (1974), 277-348.

S. E. Cappell and J. L. Shaneson, Embeddings and immersions of four-dimensional man-
ifolds in RS, Geometric topology (Proc. Georgia Topology Conf., Athens, Ga., 1977),
pp- 301-303, Academic Press, New York, London, 1979.

A. J. Casson and C. McA. Gordon, On slice knots in dimension three, Algebraic and
geometric topology (Proc. Sympos. Pure Math., Stanford Univ., Stanford, Calif., 1976),
Part 2, pp. 39-53, Proc. Sympos. Pure Math., XXXII, Amer. Math. Soc., Providence,
R.I., 1978.

R. H. Crowell and R. H. Fox, Introduction to knot theory, Based upon lectures given
at Haverford College under the Philips Lecture Program, Ginn and Co., Boston, Mass.,
1963.

L. Dabrowski and R. Percacci, Diffeomorphisms, orientation, and pin structures in two
dimensions, J. Math. Phys. 29 (1988), 580-593.

P. Du Bois and F. Michel, Cobordism of algebraic knots via Seifert forms, Invent. Math.
111 (1993), 151-169.

A. Durfee, Fibered knots and algebraic singularities, Topology 13 (1974), 47-59.

D. Erle, Quadratische Formen als Invarianten von Einbettungen der Kodimension 2,
Topology 8 (1969), 99-114.

S. M. Finashin, A Pin™-cobordism invariant and a generalization of the Rokhlin signa-
ture congruence (in Russian), Algebra i Analiz 2 (1990), 242-250; English translation in
Leningrad Math. J. 2 (1991), 917-924.

R. H. Fox and J. W. Milnor, Singularities of 2-spheres in 4-space and equivalence of knots,
Bull. Amer. Math. Soc. 63 (1957), 406.

R. H. Fox and J. W. Milnor, Singularities of 2-spheres in 4-space and cobordism of knots,
Osaka J. Math. 3 (1966), 257-267.

M. Freedman, The topology of four-dimensional manifolds, J. Diff. Geom. 17 (1982),
357-453.

C. McA. Gordon and R. A. Litherland, On the signature of a link, Invent. Math. 47
(1978), 53-69.

29



([GM]
[Ha]

[Hi]
[HK]

[J]

[Km]
[Kt]

[Kf]
[Kel]
[Ke2]
[K1]

(K2]

[KM]
[Ki]

[KT1]

[KT2]

[Kol]

[Ko2]
[La]

(Lé]
(L1]

(L.2]
(L3]
(L4]
(LM]

[Ms]
[Mt1]

[Mt2]

[MK]
[Mc]

[M1]
[M2]

[M3]

L. Guillou and A. Marin, A Ia recherche de la topologie perdue, Progress in Mathematics,
Vol. 62, Birkhauser, Boston, 1986.

A. Haefliger, Differential embeddings of S™ in S™T9 with ¢ > 2, Ann. of Math. 83 (1966),
402-436.

J. A. Hillman, Simple locally flat 3-knots, Bull. London Math. Soc. 16 (1984), 599-602.
F. Hosokawa and A. Kawauchi, Proposals for unknotted surfaces in four-spaces, Osaka J.
Math. 16 (1979), 233-248.

D. Johnson, Spin structures and quadratic forms on surfaces, J. London Math. Soc. 22
(1980), 365-373.

S. Kamada, Nonorientable surfaces in 4-space, Osaka J. Math. 26 (1989), 367-385.

M. Kato, A classification of simple spinnable structures on a 1-connected Alexander man-
ifold, J. Math. Soc. Japan 26 (1974), 454-463.

L. Kaufflman, Branched coverings, open books and knot periodicity, Topology 13 (1974),
143-160.

C. Kearton, Blanchfield duality and simple knots, Trans. Amer. Math. Soc. 202 (1975),
141-160.

C. Kearton, Cobordism of knots and Blanchfield duality, J. London Math. Soc. 10 (1975),
406-408.

M. Kervaire, Les neeuds de dimensions supérieures, Bull. Soc. Math. France 93 (1965),
225-271.

M. Kervaire, Knot cobordism in codimension two, Manifolds—Amsterdam 1970 (Proc.
Nuffic Summer School), pp. 83-105, Lecture Notes in Math., Vol. 197, Springer-Verlag,
Berlin, 1971.

M. Kervaire and J. Milnor, Groups of homotopy spheres. I, Ann. of Math. 77 (1963),
504-537.

R. C. Kirby, The topology of 4-manifolds, Lecture Notes in Math., Vol. 1374, Springer-
Verlag, Berlin, 1989.

R. C. Kirby and L. R. Taylor, Pin structures on low-dimensional manifolds, Geometry of
low-dimensional manifolds, 2 (Durham, 1989), pp. 177-242, London Math. Soc. Lecture
Note Ser., Vol. 151, Cambridge Univ. Press, Cambridge, 1990.

R. C. Kirby and L. R. Taylor, A calculation of Pint bordism groups, Comment. Math.
Helv. 65 (1990), 434-447.

D. Kotschick, Non-trivial harmonic spinors on certain algebraic surfaces, Einstein metrics
and Yang-Mills connections (Sanda, 1990), pp. 85-88, Lect. Notes in Pure and Appl.
Math., Vol. 145, Dekker, New York, 1993.

D. Kotschick, Orientations and geometrisations of compact complex surfaces, Bull. Lon-
don Math. Soc. 29 (1997), 145-149.

T. Lawson, Trivializing 5-dimensional h-cobordisms by stabilization, Manuscripta Math.
29 (1979), 305-321.

D. T. L&, Sur les neeuds algébriques, Compositio Math. 25 (1972), 281-321.

J. Levine, Polynomial invariants of knots of codimension two, Ann. of Math. 84 (1966),
537-554.

J. Levine, Knot cobordism groups in codimension two, Comment. Math. Helv. 44 (1969),
229-244.

J. Levine, Invariants of knot cobordism, Invent. Math. 8 (1969), 98-110; addendum, ibid.
8 (1969), 355.

J. Levine, An algebraic classification of some knots of codimension two, Comment. Math.
Helv. 45 (1970), 185-198.

C. Livingston and P. Melvin, Algebraic knots are algebraically dependent, Proc. Amer.
Math. Soc. 87 (1983), 179-180.

W. S. Massey, Proof of a conjecture of Whitney, Pacific J. Math. 31 (1969), 143-156.
Y. Matsumoto, Knot cobordism groups and surgery in codimension two, J. Fac. Sci. Univ.
Tokyo Sect. IA Math. 20 (1973), 253-317.

Y. Matsumoto, Note on the splitting problem in codimension two, unpublished, circa 1973.
P. Melvin and W. Kazez, 3-Dimensional bordism, Michigan Math. J. 36 (1989), 251-260.
F. Michel, Formes de Seifert et singularités isolées, Knots, braids and singularities (Plans-
sur-Bex, 1982), pp. 175-190, Monogr. Enseign. Math., Vol. 31, Enseignement Math.,
Geneva, 1983.

J. Milnor, Spin structures on manifolds, Enseignement Math. (2) 9 (1963), 198-203.

J. Milnor, Lectures on the h-cobordism theorem, Notes by L. Siebenmann and J. Sondow,
Princeton University Press, Princeton, N.J., 1965.

J. Milnor, Singular points of complex hypersurfaces, Ann. of Math. Stud., Vol. 61, Prince-
ton Univ. Press, Princeton, N.J.; Univ. of Tokyo Press, Tokyo, 1968.

30



[MS]
[MT1]
[MT?2]
(O]

[P]

Ql
[Re]
[Rh1]

[Rh2]

[R1]
[S1]

[S2]
(S3]

[S4]
Sk
[Se]
[Sm1]
[Sm2]
St]

[Sg]
[Sf]

[Sz]
[Th]

[T]
(V1]

(V2]

(W1]
(W]
(WZ]
(W1]
(W2]
[Y]
[YS]

[Z1]
(Z2]

(Ze]

J. W. Milnor and J. D. Stasheff, Characteristic classes, Ann. of Math. Stud., Vol. 76,
Princeton Univ. Press, 1974.

B. Moishezon and M. Teicher, Ezxistence of simply connected algebraic surfaces of general
type with positive and zero indices, Proc. Nat. Acad. Sci. USA 83 (1986), 6665-6666.

B. Moishezon and M. Teicher, Simply-connected algebraic surfaces of positive index, In-
vent. Math. 89 (1987), 601-643.

E. Ogasa, The intersection of three spheres in a sphere and a new application of the
Sato-Levine invariant, Proc. Amer. Math. Soc. 126 (1998), 3109-3116.

J. Park, The geography of spin symplectic 4-manifolds, Math. Z. 240 (2002), 405—421.
F. Quinn, The stable topology of 4-manifolds, Topology Appl. 15 (1983), 71-77.

J. E. Reeve, A summary of results in the topological classification of plane algebroid
singularities, Univ. e Politec. Torino. Rend. Sem. Mat. 14 (1954/1955), 159-187.

V. A. Rohlin, A three-dimensional manifold is the boundary of a four-dimensional one
(in Russian), Dokl. Akad. Nauk SSSR 81 (1951), 355-357.

V. A. Rohlin, The imbedding of non-orientable three-dimensional manifolds into a five-
dimensional Euclidean space (in Russian), Dokl. Akad. Nauk SSSR 160 (1965), 549-551;
English translation in Soviet Math. Dokl. 6 (1965), 153-156.

D. Rolfsen, Knots and links, Mathematics Lectures Series, Vol. 7, Publish or Perish, Inc.,
Berkeley, Calif., 1976.

O. Saeki, On simple fibered knots in S° and the existence of decomposable algebraic 3-
knots, Comment. Math. Helv. 62 (1987), 587-601.

O. Saeki, Knotted homology 3-spheres in S®, J. Math. Soc. Japan 40 (1988), 65-75.

0. Saeki, Cobordism classification of knotted homology 3-spheres in S°, Osaka J. Math.
25 (1988), 213-222.

O. Saeki, Theory of fibered 3-knots in S° and its applications, J. Math. Sci. Univ. Tokyo
6 (1999), 691-756.

K. Sakamoto, The Seifert matrices of Milnor fiberings defined by holomorphic functions,
J. Math. Soc. Japan 26 (1974), 714-721.

H. Seifert, Uber das Geschlecht von Knoten, Math. Ann. 110 (1935), 571-592.

S. Smale, Diffeomorphisms of the 2-sphere, Proc. Amer. Math. Soc. 10 (1959), 621-626.
S. Smale, On the structure of manifolds, Amer. J. Math. 84 (1962), 387-399.

J. R. Smith, Complements of codimension-two submanifolds. I1I. Cobordism theory, Pa-
cific J. Math. 94 (1981), 423-484.

J. Stallings, On topologically unknotted spheres, Ann. of Math. 77 (1963), 490-503.

N. W. Stoltzfus, Unraveling the integral knot concordance group, Mem. Amer. Math. Soc.
12, No. 192, 1977.

S. Szczepanski, Cobordism of algebraic knots, Invent. Math. 96 (1989), 185-204.

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

H. F. Trotter, On S-equivalence of Seifert matrices, Invent. Math. 20 (1973), 173-207.
R. Vogt, Cobordismus von Knoten, “Knot theory” (Proc. Sem., Plans-sur-Bex, 1977),
pp- 218-226, Lecture Notes in Math., Vol. 685, Springer-Verlag, Berlin, 1978.

R. Vogt, Cobordismus von hochzusammenhingenden Knoten, Dissertation, Rheinische
Friedrich-Wilhelms-Universitdat, Bonn, 1978, Bonner Mathematische Schriften, 116, Uni-
versitdt Bonn, Mathematisches Institut, Bonn, 1980.

C. T. C. Wall, All 3-manifolds imbed in 5-space, Bull. Amer. Math. Soc. 71 (1965),
564-567.

A. H. Wallace, Modifications and cobounding manifolds, Canad. J. Math. 12 (1960), 503—
528.

S. Wang and Q. Zhou, How to embed 3-manifolds into 5-space, Adv. in Math. (China)
24 (1995), 309-312.

H. Whitney, On the topology of differentiable manifolds, Lectures in Topology, pp. 101-
141, Univ. of Michigan Press, Ann Arbor, Mich., 1941.

H. Whitney, The self-intersections of a smooth n-manifold in 2n-space, Ann. of Math.
45 (1944), 220-246.

M. Yamamoto, Classification of isolated algebraic singularities by their Alexander poly-
nomials, Topology 23 (1984), 277—287.

E. Yoshinaga and M. Suzuki, On the topological types of singularities of Brieskorn-Pham
type, Sci. Rep. Yokohama Nat. Univ. Sect. I 25 (1978), 37-43.

O. Zariski, On the topology of algebroid singularities, Amer. J. Math. 54 (1932), 453-465.
O. Zariski, Some open questions in the theory of singularities, Bull. Amer. Math. Soc. 77
(1971), 481-491.

E. C. Zeeman, Unkontting combinatorial balls, Ann. of Math. 78 (1963), 501-526.

31



DEPARTEMENT DE MATHEMATIQUES, UNIVERSITE LOUIS PASTEUR STRASBOURG I, 7 RUE RENE
DESCARTES, 67084 STRASBOURG CEDEX, FRANCE
E-mail address: blanloeil@math.u-strasbg.fr

FacuLty OF MATHEMATICS, KYUSHU UNIVERSITY, HAKOZAKI, FUKUOKA 812-8581, JAPAN
E-mail address: saeki@math.kyushu-u.ac.jp

32



