Vassiliev type invariants for generic mappings, revisited

Toru Ohmoto

ABSTRACT. We discuss Vassiliev-type invariants for isotopy classes of generic
maps M™ — R™ (m,n > 2) using a kind of infinite dimensional Alexander
duality. First we describe a general framework based on Mather’s stratification
of the space C°°(M,R"™) of smooth mappings, and then deal with finite type
invariants for generic maps in an axiomatic way. Also we mention about a
relation with characteristic classes of manifold-bundles with fiber M as a sort
of degeneracy loci problem.

Introduction

In this short note, we revisit an ‘old and new’ theme on the topology of the
discriminant hypersurface T' in the infinite dimensional space M of smooth map-
pings from an m-dimensional manifold M to Euclidean space, initiated by R. Thom
27, 28],

M = C®(M,R") DT := {C* unstable maps}.
In particular we are interested in

(A) H°(M —T) as the space of all isotopy invariants of generic maps;

(B) the space M as a linear representation of the group Diff M;

(C) the space of all invariants of smooth oriented closed d-manifolds belonging
to a fixed cobordism class.

The topic (A) leads us to the theory of Vassiliev-type invariants for generic
maps [30, 3, 6, 7, 20, 31, 22, 5, 9, 13, 14]. We focus on an elementary common
feature of the theory in general dimensions m,n of the source and target manifolds
greater than or equal to 2. That would be much different from the theory of knot
invariants. For instance, according to the A-classification theory of map-germs,
first order invariants of generic maps M™ — R™ (m,n > 2) can be quite rich,
while the first order invariant for knots S' — R3 is trivial.

First we overview a general framework based on an invariant stratification of
the mapping space M due to J. Mather [18] and a characteristic spectral sequence
due to V. A. Vassiliev [29]. Second, in case of m,n > 2, naive finite type invariants
for generic maps are introduced in an axiomatic way similar to the case of knots
(Definition 3.2). We then show that such naive finite type invariants are basically
reduced to polynomials of first order invariants (Theorem 3.7). In some particular
dimensions (e.g. in case of generic immersions of a surface into R*), similar results
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have been reported in [14, 13, 9], but the common essential reason has not been
quite clear so far. Our purpose is to figure it out in most general form.

The main point is as follows: (i) The transverse k-th self-intersection locus of
I' consists of irreducible components I'(a) labeled by k-tuples @ = (¢;) of local
singularity types of generic 1-parameter families of maps, and each I'(a) turns to
be connected but not simply-connected in general; (ii) the value of the jump V*v
of any invariant v of order k vanishes on coherence relations for local invariants,
i.e., the relations determined by local data of adjacencies around singularity types
of codimension 2. Contrarily, in case of knots [30], (i) the k-th self-intersection
locus consists of many contractible components labeled by different ‘k-chord dia-
grams’, and (ii) the value of the jump V¥v vanishes on the so-called 1- and 4-term
relations, which are in fact the coherence relations associated to adjacencies to
cusps and triple points, respectively. That is to say, in our case, the complexity of
combinatorics among local singularity types much increases, while the complexity
of chord-diagrams (=configurations of unstable singular points) is much simpli-
fied, because such a configuration space on M is connected. The lost information
must be hidden beyond the first cohomology groups H!(I'(a)), non-transverse self-
intersection loci, some combinatorial data on the global configuration of critical
point sets, ... etc, which may suggest further studies on true finite type invariants
for generic maps.

As for (B) we describe an equivariant version of some tools used in (A) in
order to obtain a geometric presentation of characteristic classes of manifold-
bundles with fiber M and group Diff(M), based on Kazarian [15, 16, 17]. We
will briefly discuss a few examples and proposals.

Finally, we remark about a counterpart under global contact equivalence
(C) which has already been suggested in Thom [27]. For instance, consider Mg =
C>(8"+4 S™)p4se (n > 0) and the discriminant D consisting of maps having crit-
ical value at a fixed point 0. Then H°(Mgy — D) may be regarded as the space
of invariants of null-cobordant smooth closed manifolds of dimension d. In case of
d =1 Saeki [23] has worked out some details on the classification of singular fibers.
In case of d = 3, Otsuki’s theory of finite type invariants [21] for Z-homology 3-
spheres is the case when restricted to an open set of Mg — D so that f~1(0) have
the fixed Betti numbers. There still remain further researches in this area.

All spaces and mappings are of class C*° throughout this paper.

The author would like to thank the organizers of the 11th International Work-
shop on Real and Complex Singularities at ICMC-USP, Sao Carlos in 2010. In fact
this work was prepared for the conference. This was supported in part by JSPS
grant No.21540057.

1. Mapping space and Discriminant

1.1. A-equivalence and invariant stratification. Let M be a compact m-
dimensional manifold without boundary, and N an n-dimensional manifold without
boundary. Denote the space of smooth maps, equipped with C'°° topology, by
M :=C>®(M,N).

We say a map ¢ : U — M from a finite dimensional manifold to M is smooth
if the evaluation map M x U — N is a C* map. This gives a Frechet manifold
structure on M.
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The A-equivalence group or the right-left group is the direct product of diffeo-
morphism groups, Ay, := Diff(M) x Diff(IV), which acts on M by (¢, 7).f =
7o fop . Put A}, v to be the connected component containing (idyz, idy ).

DEFINITION 1.1. C* maps f,g : M — N are A-equivalent if Ay n.f =
A n.g, ie., there exists (¢, 7) € Ay n so that the following diagram commutes:

M4f>N
@lN NlT
g
M——N

Further, f,g are C'°°-isotopic if A(])W,N'f = A?w’N.g.

DEFINITION 1.2. We say f is a C*°-structurally stable map if the orbit Ay n. f
is an open set in M. If the pair of dimension (m,n) is in so-called Mather’s nice
range, C*-structurally stable maps form a residual open subset in M, that is
known as the C°-Structural Stability Theorem proved by J. Mather. In this paper
we often call such f by a generic map for short.

We are interested in Aps, y-orbits (or families of orbits) of finite codimension in
M, which are invariant Frechet submanifold of M. By definition, f is C*°-stable
if and only if codim Az n.f = 0. Put

Fw:={feM|codim Ay n.f =00}, Uy:=M—-T.

An Ay n-invariant subset K of M is called to be pseudo-algebraic if for any
f € KNy and for any smooth map ¢ : U — M with ¢(ug) = f which is transverse
to the A ny-orbit of f at ug, the preimage = (K) C U is a semi-algebraic subset
in some local coordinate centered at ug. A pseudo-algebraic set K is said to be of
codimension s if the semi-algebraic subset ¢ ~!(K) is of codimension s around wug.

THEOREM 1.3. (Mather [18])
Assume that (m,n) belongs to the nice range. Then T's has infinite codimension,
and there exists a filtration

MDODT': =11 DI D DIy D+ DI,

by Anr,n-invariant closed pseudo-algebraic subsets I's of codimension s such that it
admits a topologically locally trivial fibration s : U's —'s11 — Yy so that each fiber
is an Apr, n-orbit and Ys is a finite dimensional manifold.

REMARK 1.4. 1) In Theorem 1.3, I'y — I's41 is a disjoint union of single Aps n-
orbits of codimension s or moduli strata of Ay ny-orbits whose base (parameter)
spaces are components of Yy, see §1.2 below.

2) By the definition, the complement M —T" consists of all stable maps. An isotopy
invariant of stable maps is a locally constant function over M — I'; thus we regard
the 0-th singular cohomology group H°(M —T') as the space of all isotopy invariants
of stable maps.

3) The ranks of H'(M —T') and of H°(I'y — TI's41) are at most countable.



4 TORU OHMOTO

1.2. Multi-singularity types. We outline the construction of the Az n-
invariant filtration in Theorem 1.3.

A multi-germ is a map-germ ¢ : M,S — N,p at finite points S mapped to
a single point p = ¢(S) (including a mono-germ as the case when S consists of a
single point). We denote by «, 3, -+, A-equivalent classes (or A-moduli families)
of multi-germs, and also denote by @ = (a1, -, ;) an I-tuple of those A-classes
of multi-germs. The codimension |a| is given by the sum of A.-codimension of «;.
Note that « is a stable (multi-)singularity if and only if its A.-codimension = 0.

Wesay f: M — N has multi-singularities of type a (at S) if there are mutually
disjoint finite subsets Sy,---,.S; in M (S =[] S;) and [ distinct points p1,--- ,p; €
N so that f(S;) = p; and the germ f: M, S; — N,p; is of type a; for each j.

For a multi-singularity type « of codimension > 1, we put

I'(a) :=Cl{ f € T'| f has a multi-singularity of type a }
(Cl stands for the closure), and for a I-tuple @ = (aq,- -+, aq) with || > 1

1
I'(a) :== CI{ f € I | f has multi-singularities of type a } = ﬂ I'(ay).
j=1

The locus I'y in Theorem 1.3 is given by

.= JT(a)

taken over all multi-singularity types a of codimension > s. In particular we obtain
a stratification
Fs =Tap1 = |_| (I'(@) = Ps41).
la]=s
Note that

e I'(a) is a closed pseudo-algebraic subset of codimension s;
e feT'(a)— T4 if and only if f has multi-singularities of type a at some
S, any point in f~1(f(S)) — S is not critical, and f is infinitesimally
C*-stable at any finite points in M — S;
e I'(a) —T's14 is a Frechet submanifold of codimension s in M having pos-
sibly countably many connected components: Each component is a single
./49\47 y-orbit (if a consists of simple singularity types), or a moduli family
of orbits (if a contains a moduli singularity type);
e I'(a) —'s1; is the transverse intersection of submanifolds I'(a;) — I'q 41
in M.
The filtration in Theorem 1.3 is obtained by the above definitions and properties. A
technical detail in the proof belongs to the geometry of real algebraic group action
[18].

DEFINITION 1.5. We say a multi-singularity type « is coorientable if the normal
bundle of I'(at) — I} |41 is orientable. Also @ = (a1, -+, a;) is coorientable if each
a; is so.

DEFINITION 1.6. We define the s-th transverse self-intersection locus of the
discriminant hypersurface T to be a union of I'(a) of all s-tuples a = (aq, -+, as)
with |a| = 1 (Vj); The rest is the non-transverse self-intersection locus of T', that
is a union of I'(a) for @ where some «; has codimension greater than one.
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ExXAMPLE 1.7. Any f € I'y — I'3 has either
- only a couple of multi-singularities of codim = 1 with distinct two critical values
(i.e., f belongs to the transverse double point locus of I'); or
- only one multi-singularity of codim = 2 with a single critical value (i.e., f belongs
to the non-transverse intersection locus of T').
For instance, if m = 1 and n = 3, a map in the former case is an immersion with two
double points (two crossing changes), and a map in the latter case is an embedding
except for one ordinary cusp point.

2. Vassiliev complex

2.1. Characteristic spectral sequence. Let us think of the situation as in
Theorem 1.3. Put
L{S = M — FS+1,

then we have invariant open subsets of M:
M-T=UCU CUsC--CU; C-- ClUse CM.
The cohomology spectral sequence associated to this filtration is called the Vassiliev-
Kazarian spectral sequence for M [15, 29, 30]. The E;-term is
EPY = H P (U, Us—1; R) «— H'(Ts — Tyi1; R)

with a coefficient ring R. The arrow indicates the Alezander duality for functional
spaces in the sense of Eells [8], that is, the Thom isomorphism for coorientable com-
ponents of the s-codimensional Frechet manifold I'y — I';11 (for a non-coorientable
connected component the Thom class within integer coefficients vanishes, but it
works within Zs-coefficients). Thus Ef ¥ is the R-module generated by coorientable
connected components in I'y — I's 41, especially,

EYY = HO(Uy) = HO(M —T).
The first cochain complex is
0— EY - Bl — EB» — ...

where the operator d, : E{* — E;T"' is the connection homomorphism 9 of
cohomology exact sequence for the triple (Usy1,Us,Us—1). As usual, we put for
r>1,

st ker[dr . Eﬁ’t . Eﬁ+r,t7r+1]

r+1 * Im [dr . Eﬁ—r,t+r—1 _ Eﬁ’t]
with d,4 1, and we have a natural homomorphism E%' — H*(M).

Instead, we may take
0— EyY — EYY — EYY — -

and E2? (s > 1), that approximates H*(U,Uy) = H*(M, M —T), the cohomology
with support on T'.

REMARK 2.1. The main technical invention in Vassiliev’s original approach [30]
is a simplicial resolution TV — T of the discriminant hypersurface, constructed in
M x R in a purely combinatorial way. A natural filtration of I produces a spec-
tral sequence converging to a subspace in H(M — T'). That spectral sequence is
an entirely different one from the characteristic spectral sequence described above,
so the readers should not confuse them. In this paper we wouldn’t develop such



6 TORU OHMOTO

a simplicial resolution technique, although it might be possible theoretically. In-
stead we use a more easier cochain subcomplex of our Ej " given by data of local
singularity types and some additional semi-global data of configurations of singular
points/values, [29, 19, 23]. A substitute to the ‘Fj-term’ A, for the simplical reso-
lution I'” will be given in §3.3 by (the dual to) some cochain complex of singularities,
cf. [30, 2].

2.2. Local Vassiliev complex of multi-singularities. Let CY(A) = 0 and
for s > 1 let

C*(A) =P R-a
the R-module generated by coorientable A-classes a of multi-singularities of codi-
mension s (for a technical detail, see [29, 19]). This is regarded as a submodule

C*(A) c B = HY(Ty — Doy 15 R)

by identifying a with the constant function on I'(a) — I's ;1 (taking 1, otherwise 0).
The coboundary operator 9 : C*(A) — C*T1(A) is induced from d;.

DEFINITION 2.2. The cochain complex (C*(.A), 9) is called the local Vassiliev
complex for A-classification of multi-singularities.

The operator 9 : C*(A) — C*T1(A) can explicitly be written down as follows.
Let a € C%(A) and b € C**1(A) (we fix coorientations of a, b in advance). Take
a versal deformation of b. On the parameter space, the bifurcation diagram ¥(a)
of type a is defined: It is either empty or 1-dimensional semi-algebraic curves
approaching the origin (That corresponds to that the stratum I'(a) is pseudo-
algebraic and of codimension s). Count the incidence coefficient [a; b], defined by
the algebraic intersection number of ¥(a) with a small oriented sphere centered at
the origin. Then da = ) [a;b] b, the sum taken over all generators b.

We use the A%-classification when the source and target manifolds M, N are
oriented. Its Vassiliev complex is denoted by C(AY).

REMARK 2.3. Notice that the local Vassiliev complex is determined only by
the local classification of singularities. In fact, although there are possibly many
connected components in each I'(a) — I's;1, they are regarded as just ‘one stratum’
in the complex C*(A). Instead, a more finer subcomplex can be considered by
adding some ‘non-local’ data to C*(A), which we provisionally call an enriched
Vassiliev complex,

Cs,(A) C B
The additional data in consideration would be, for instance, types of configurations
of subsets Sy,---,S; on M at each of which a local bifurcation occurs (in case of
knots in 3-space, these data are called chord-diagrams or weight systems), the place-
ment of the singular set in M and of the singular value sets in N, the topological
types of singular fibers (if . > n), and so on. E}° itself can be regarded as the
finest refinement among all the enriched complexes.

2.3. Local invariants for generic maps. There is a natural homomorphism
H*(C(A) — E3° — B0 — H¥ (M, M —T) — H*(M).
In particular, if H**1(M) = 0, we have
p: H* N (C(A)) — H*(M —T) modulo H*(M).
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This map is explained as follows. For simplicity, assume that M is contractible
(e.g., M is connected and N = R"). Let ¢ = >_ Ag - a be a cocycle of C¥*1(A), and
D**! and S* = 9D**! denote the standard oriented disk and the sphere. Given
any smooth map f : S¥ — M — T, we can take a smooth map v : D**1 — M
which is an extension of f, i.e., v|gpr+1 = f, and is transverse to I'y+1. Then the
value of p([¢]) on the cycle [f] is given by

PN =D Aa- ¢ [T(a)n].

Here # [['(a) N ] stands for the intersection number, that is, the number of points
b € DF'! taking into account the sign £1 so that the C>®-map v, : M — N
admits multi-singularities of type a at some finite points in M. The sign means
the coincidence between a given orientation of D¥*1 and the coorientation of a.

DEFINITION 2.4. An element p(c) € H*(M —T') (determined up to H*(M))
is called a local invariant for k-cycles in M — I'. In particular, in case of k = 0,
a local invariant for generic maps is a locally constant function v : M —T' — R
determined by some element of H'(C(A)) = kerd; up to constants (Goryunov
[6]). If we take some enriched Vassiliev complex instead, then we say v = p(c) is
semi-local or enriched-local.

EXAMPLE 2.5. For generic plane curves, there are Arnold’s basic invariants: J*
are local, while St is enriched-local in our sense, because its definition involves the
cyclic order of the preimage of a triple point. There are several higher dimensional
analogies to JT,J—, St: local invariants for M2 — R? are related to inverse self-
tangencies and quadric points [6]; for generic immersions M3 — R® the Smale
invariant is related [9], and so on. A list of some works is noted below (this list is
not complete!).

object/singularities

functions on circle bundles/global max.-min. [15]
generic immersed curves, wavefronts [2, 1]
knots and links [30)]

Morse function/singular fibers [23]

generic maps [20, 12]

generic maps [6]

generic immersions [14, 13], ribbon knots [11]
generic maps [31]

geneirc maps [22, 7|

generic immersions [5]

generic immersions [9]

generic maps/singular fibers [23, 32|

E
2

B0 W W W NN N =
WU = W N WD W -~

—~~ |~~~ [~~~

P N NI N NN 2 N N N

EXAMPLE 2.6. For instance, look at the case of m = n = 2, studied in [20].
In that case, stable singularity types (codimension 0) are of fold, cusps and dou-
ble folds, and there are 10 multi-singularities of codimension one and 20 multi-
singularities of codimension two (Here couples of codimension one singularities are
omitted, since they do not effect coherence relations for local invariants):

00— CH(Ayp) ~ 710 —% 5 C2(Ay o) ~ 720
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It turns out that H*(C(A);Z) = ker d has rank 3 (the generators are denoted by
Al (i = 1,2,3) in [20]) and local invariants (over R > 1) are generated modulo
constants by

Ac = 2A14 : f of cusps;
Ad = AL + Al3 : g of double folds;
Av = Al — Al, + Al3: projective Bennequin invariant.

The last one is an interesting invariant for apparent contours obtained as a variant
of the Bennequin number for Legendre curves (e.g., [4] for a computer program to
compute Av).

When we take the A%-equivalence instead of A, Ac breaks into two independent
invariants Ac4 for the numbers of positive and negative cusps.

Further, note that type B (beak-to-beak) of codimension one can be separated
into two types according to how components of contour curves are mutually con-
nected. This yields an enriched-local invariant [12]:

Aly = Al — Aby + Aby ;1 of components of critical set C'(f).

3. Finite type invariants for generic maps

3.1. A naive approach. A path transverse to the discriminant I' is a smooth
homotopy which causes a generic local bifurcation, say of type a. We denote such
a path by

2@ [-1,1] — M, ¢ — E@

—e1
so that it is transverse to I'(«) — T'y at € = 0. For cooriented o, we always assume

that (@) is compatible with the coorientation, i.e., the path is directed to the given
normal orientation.

Let @ = (ajg,---,as), all a; being of codimension one. A normal slice to
I'(a) —T's41 is a smooth family of maps which causes local bifurcations of type ¢;
(j=1,---,s) around s distinct points in N independently. We denote it by

=a . [-1,1)° — M, (€1, -+ ,€5) — Eg...es

so that Eg,,,es € I'(«ay) if and only if ¢; = 0. If @ is cooriented, 22 is assumed to
be compatible with the coorientation for each ;.

ExAMPLE 3.1. In case of maps S' — R3, there is only one singularity type
of codimension one, § := crossing change. Then Z% for the s-tuple of § means
a family which causes crossing changes at s distinct points in R? independently;
In particular Egs : 81 — R3 is an immersion with s double points. In case of
maps M? — R2, there arise 10 different types of singularities of codimension one

(Example 2.5).

To define ‘finite type invariants’ in general case, we take in mind an analogy to
partial derivatives of functions in several variables.

DEFINITION 3.2. For a locally constant function v : M —I' — R, we define
the s-th partial derivative Vv := V1 ...V %y with respect to a = (ay,-- - ,ay),
laj| =1, to be a locally constant function over I'(a) — I's;1 given by

VO (28.0) = ety u(=D )
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the sum taken over 2° combinations of ¢, = £1. We say that v is an invariant of
order at most r if the following condition (T) is satisfied:

V% =0 (Va of codimension s > r + 1). (T)

In particular, in case that m > 2, such an invariant is called a naive finite type
tmvariant.

REMARK 3.3. The partial derivative
V& (Ep) =v(E4) —v(EL)
defines an operator V : H*(I'(a) — T's41) — H°(T'(@ U a) — Tyyo).

Denote by V,. the R-module generated by invariants of order < r:

oo
VoCViCoor C Vo= | J Vi CH' (M -T;R).
r=0
Obviously, an invariant of order zero is a function which is constant over each
connected component of M, therefore Vo = H°(M; R).

LEMMA 3.4. V. is a graded R-algebra: If vi € V, and vo € Vp, then vivy €
Vite, where viva(f) == v1(f)va(f) for f e M =T.

PROOF. Similarly as in the case of knots, a Leibniz type formula holds:
VA (1v2)(Eo) = vi(E4)v2(E4) — v1(E-)v2(E-)
v1(E4) (v2(E4) = v2(E2)) + (01(E4) — v1(E-))v2(E-)
= vi(Ey) - V02 (Eg) + V01 (Eo) - v2(E-).
By the induction, we observe that any value of V@ vy is written by a linear
combination V& 1,V vy with a = a’ Ua”. ]

3.2. (Non-)transverse self-intersection. Let a = (o), |a;| = 1. In gen-
eral the manifold I'(a) —T's 1 has many connected components separated by the dis-
criminant hypersurface I'(a) NT's41. Any transverse self-intersection locus I'(aU«),
where |a| = 1, is a top stratum of I'(a) N T's;1, but it can happen that some non-
transverse self-intersection locus also becomes a top stratum. Provisionally we make
an additional strong condition:

DEFINITION 3.5. We say that an invariant v : M —I" — R satisfies the non-
transverse loci condition (NT) if for any a = (a1, - ,a;s) with |a;| = 1 the value
of Vv does not change when passing through any non-transverse self-intersection
loci of codimension one in I'(a). We denote by V! (r > 1) the subspace of V,
consisting of invariants satisfying (NT) (for r = 0, Vg = V).

LEMMA 3.6. Any polynomial of local invariants is a naive finite type invariant

with (NT).

ProOOF. By Lemma 3.4, it is enough to see the case r =1. If v, : M -1 — R
is a local invariant corresponding to a Vassiliev 1-cocycle ¢ = | cq - v, then Vv,
is a constant function with value ¢, over I'(a) — I'y. Obviously v, is of first order
and satisfies (NT), since any jump of V*v, on I'y is zero. O

The converse is also true: We will show that our operators V® are linearly
dependent in the relation corresponding to the coherence condition @ = 0 of local
invariants: Let R = Q for simplicity.
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THEOREM 3.7. Let m,n > 2 and the pair (m,n) be in Mather’s nice range. Let
M be connected, oriented and of dimension m, and N = R™, oriented. Then,

o Ifn > m+1, naive finite type invariants are polynomials of local invariants
modulo constants:

V,/V,_1 =Sym"(V1/Vq), Vi/Vo = H'(C(A%).

o Ifn < m+1, naive finite type invariants with non-transverse loci condition
are polynomials of local invariants modulo constants.

REMARK 3.8. A similar theorem has already been known by different arguments
for generic immersions in cases of n = 2m(> 4) in [14, 13], and for n = 2m—1(> 5)
in [9]: For instance, naive finite type invariants of generic immersions M? — R*
are generated by the number of double points and the normal Euler number [14].
Notice that when taking n much less than 2m — 1, the number of unavoidable
singularities rapidly increases and the situation would be much more complicated.

3.3. Irreducibility. An elementary fact is that the locus T'(a) is irreducible
in the sense that any fo, fi € I'(a) — I's41 are joined by generic paths within the
locus T'(a):

LEMMA 3.9. Under the same assumption as in Theorem 3.7, the following
properties hold:

(1) Letv € V/, then Vv is a constant for each r-tuple a.
(2) Ifn>m+1, V) =V,.
(3) Vi/Vg = H'(C(A%).

PROOF. (1) Let v € V/. By definition the r-th partial derivative V@ is a
locally constant function I'(a) — I';41 — Q. We show that V% is constant.

Let fo € I'(a) — I';41, which has multi-singularities of type a at S C M and
T := fp(S) C R™ and no more complicated singularities. Put

T(a; fo) :=={ g € M| g = fo on some neighborhood of S },

which is an affine subspace of M contained in I'(a). For any g € I'(a; fo) — T'yy1,
we can take a generic path v from fy to ¢ in I'(a; fo). Since v satisfies conditions
(NT) and (T), any jump of Vv along v; is zero, hence V@®u(fy) = V®u(g). Now
take another f; € T'(a) — T',4; with multi-singularities of type a at some S; and
T, = f1(S1). Since M™ and R™ are connected and m,n > 2, there exists an
I-parameter family (o, 7;) € A}, 5 so that

e 0y =1idy and 79 = idgn (trivial),
b 01(51) =8, n(h)="T,
e gy =710 f10 Ufl coincides with f on a neighborhood of S.

Since f1 and g1 are isotopic and g; € I'(a; fo) — I'y41, we have
V(f1) = V(1) = VP(fo).

Thus V@ is constant on I'(@) — I';41.

(2) Let n > m + 1. Then, in the proof of (1) above, we can choose the path ~
so that the image ~v;(M — S) does not pass through any point of T = fy(.9), i.e.,
~¢ does not create any new multi-singularity mapped to a point of 7. Namely, the
path v; meets only transverse self-intersection locus of T', thus V,. = V.
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(3) Let v € V{. Tt follows from (1) that V*®v is constant for each « of codimension
one. Put

Cy 1= Z(V“v) ca € CH(AY).
Since v is a locally constant function M —I' — @Q, the coherence relation around
each I'(8) of codimension 2 is automatically satisfied:

> e 8] Vv =0, ()

i.e., dc, = 0, that means that v is a local invariant modulo constant. Lemma 3.6
shows local implies order one, thus the claim follows. O

PROOF. (Theorem 3.7): By Lemma 3.9 (1), one can define a functional V& :
V! — Q for each r-tuple a. Note that v € V,/_; if and only if V@ = 0 for all
r-tuples a@. Given a (r — 1)-tuple a’ and a singularity type § of codimension 2, the
relation (*) in the proof of (3) generates a linear relation

3 s8] VY =0 (%)

[e3%

among functionals V& = V&Y — v . V@ (That means a coherence relation for
locally constant functions V& v on T'(a’) — T, around I'(a’ U (), where v € V).

Consider the vector space spanned by the functionals indexed by a (|a| = r),
and let A, denote the quotient modulo the relations (x,) for all a’ and 3:

— @\a\:r Q Ve

relations (x),
Then

e A natural pairing A, X V! — Q induces an injective linear map
V//Vi_y — Hom(4,,Q)

e A, is naturally isomorphic to the Q-vector space of homogeneous differ-

ential operators of order r on the space V{/Vj.
So we have an injective linear map V,/V)/_; — Sym"(V{/Vy). It follows from
Lemma 3.6 that this map is surjective, thus it is an isomorphism. This completes
the proof. O

REMARK 3.10. Theorem 3.7 says that the naive definition of finite type invari-
ants for generic maps is somehow irrelevant. For improving the definition, there
come up several difficulties which depend on the pair of dimensions m, n. In case of
n <m+1 (m,n > 2), for instance, (m,n) = (2,2) or (2,3), the next task would be
to define ‘second order’ invariants for stable maps from M? to R? (or R?) involving
non-transverse self-intersection loci. To define ‘non-local’ invariants, we must add
some data on the global configuration of critical curves or double point curves of
maps: Those data are used to identify connected components of I'(a) — I'sy1. In
case of n > m + 1 (m > 2), for instance, (m,n) = (2,4), the difficulty is different
from the above, and we need some completely new idea for ‘finite type’.
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REMARK 3.11. Case of knots in 3-space (n = 1, m = 3).
(1) In case of knots, we should replace r-tuples a in the above argument by equiv-
alent classes of r-chord diagrams on S', and A, is generated by those classes of
r-chord diagrams divided by all 1- and 4-term relations, which are a sort of coher-
ence relations like (x,.) (see (2) below). As well-known, it holds that

V,/V,—1 = Hom(4,,Q),

proved by M. Kontsevich. A purely combinatorial construction of knot invariants
using Actuality Table was given by Vassiliev [30], that might be applicable to our
setting.

(2) We have seen that if n > m + 1 and m > 2, (NT) is automatically satisfied.
For maps S!' — R3, it’s not true. The triple point stratum T'(7), consisting of
immersions with a triple point 7, belongs to the non-transverse self-intersection
locus of I' in our sense of Definition 1.6. Further, any path on the strata I'(§2)
of maps with two double points may come across I'(7) generically, so we can not
ignore this triple point stratum. In fact, the value of the jumps of invariants vy
at T'(7) yields a coherence relation, that is the 4-term relation, see [2, 30].

4. Characteristic classes for fiber bundles

4.1. Classifying space. Let M be a compact, connected oriented manifold.
We regard the affine space M = C°(M,R"™) as a representation of the diffeomor-
phism group G = Difft M.

First, we shall recall a well-known construction (e.g., [8]) of the classifying space
of the topological group G = Diff M of orientation preserving diffeomorphisms. If
n is quite high, C*°(M,R") — T' = Emb(M,R"), the space of all embeddings of
M in R™. Sending n — oo, we may identify the classifying space of G with the
topological quotient

BG = BDiff M = Emb(M, R*) /Diff M.

Put EG = Emb(M,R*), then EG is highly connected, thus the canonical map
EG — BG gives the universal principal bundle for the group G. Let BM :=
(EG x M)/G, the associated manifold-bundle with fiber M, then any manifold-
bundle ¥ — B (B paracompact), with fiber M and structure group G, can be
obtained up to isomorphisms from the universal bundle BM — BG via a classifying
map p : B — BG. Any element of H*(BG) is called a universal G-characteristic
class: G-characteristic classes of E — B are defined by their p*-image in H*(B).

4.2. Degeneracy loci and universal polynomials. We are concerned with
the “geometric realization problem” of a given characteristic class for a manifold-
bundle £ — B.

A Singularity Theory approach to this problem is as follows: Let us think of
the composition of an embedding of M and a projection onto R™ for some n small
enough,

incl

M —— R*®

\ lpm

R’n
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Put M = C*°(M,R") and BM — BG to be the associated bundle with fiber
M and group G. Now M is a contractible space, hence the Borel cohomology
HE(M) := H*(BM) is isomorphic to Hf(pt) = H*(BG). The Vassiliev complex
has much meanings in this equivariant setting: There is a natural homomorphism
Tp: H(C(A)) — E% — HE(M) ~ H*(BG).
We denote by Tp. € H*(BG) the G-characteristic class associated to a Vassiliev
cocycle ¢ = Y Na; € C*(A), Oc = 0. This means the following: Suppose that we
are given a bundle 7 : F — B with fiber M over a manifold B and a smooth map
f : E — R™ over the total space of the bundle. Denote by p = p, : B — BG the
classifying map associated to the bundle.

E*fﬂR” <= BM
| e
B B—p>BG

To any multi-singularity type a we associate the bifurcation locus Bq(f) C B,
which is a locally closed submanifold consisting of points b € B so that the map
fv : By =~ M — R™ obtained by the restriction to a fiber E, = 7—1(b) admits the
multi-singularity of type a at some finite points in F}. Given a Vassiliev cocycle ¢ :=
> X;a; and appropriately generic f : E — R™, we can define the bifurcation cycle
B.(f) to be the geometric cycle > \;Bq,(f) in B: It is a geometric presentation
of the G-characteristic class so that

Dual (B(F)] = p* T..
The Thom polynomial theory for A-equivalence of map-germs (e.g. [19, 16, 17,
29]) says that for a Vassiliev cocycle of mono-singularities ¢ = > Aqa, Tp. is
written by a universal polynomial in the relative Novikov-Landweber classes

Tocl (Ty) = mu (el (Tyr) - - - cli* (Tr))

where T (= kerdm) is the relative tangent bundle of 7 : E — B and ¢l means
a certain characteristic class of vector bundles, e.g., Pontrjagin class, Euler class
(with Z-coefficients), Stiefel-Whitney class (with Za-coefficients). For cocycles of
A-multi-singularities, the same conjecturally holds, cf. Kazarian [16].

Here n should be reasonably small: For if we take n to oo, any cocycles of BG
live in M — T, thus there is no chance to obtain nontrivial geometric presentations
by bifurcation loci.

We may think of the same story for some enriched Vassiliev complex instead
of the local complex of singularities. Some natural questions are, e.g., to find

- the precise forms of T'p. for given classes [c] € H*(C(A)),
- nontrivial relations among those T'p.’s,
- elements in H*(C,,(A)) representing torsion elements of H*(BG;Z).

EXAMPLE 4.1. For example, in case that M is oriented circle S*,
H*(BS') = H*(BU(1)) = Z|c1]
where ¢; is the first Chern class of complex line bundles. In [15] it is shown that
the class ¢; can be realized by some bifurcation locus of functions £ — R or maps

E — R? over total space E of a S'-bundle, and also universal polynomials Tps; in
¢ for several types ¥ are computed. When taking the target space R™ (n > 3),
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it seems that ¢; can not be realized by any bifurcation points, i.e., ¢; lives in the
space of embeddings.

EXAMPLE 4.2. Recall that for an oriented C'*°-surface bundle 7 : E — B with
fiber a closed oriented surface M, the r-th Morita-Miller-Munford class e,(E) €
H?"(B;Z) is defined to be the pushforward m.e(T,)"*! where T} is the relative
tangent bundle over the total space E and e(T,) € H?(E;Z) is the Euler class. It
is easy to see that for r > 1

Tpsalf : B — R = e,(E),
that is, the class e,(F) is realized by the X2-bifurcation locus of generic maps

E — R"*! where ¥2 means corank 2 singularities of germs R?,0 — R"*1 0 (the
differential has kernel dimension > 2):

[Bs2(f)] = m[Z2(f)] = mee(T; @ fre7) = mee(T7) = e (E).

For instance, the first Morita-Miller-Mumford class e (E) is geometrically observed
by using generic maps f : E — R2. If B is a closed surface, Bx2(f) consists of
finite points in B, over which f : E — R? has the singularity of type

Loy + 12z« (2,y50,b) — (2° £y* + 2° + ay, xy + bz)

where x,y are local coordinates of fiber M and a, b are some local coordinates of the
base space B. As another example, there is a work by Saeki-Yamamoto [24] which
shows that e;(F) is realized by the codimension 2 bifurcation locus corresponding
to a special topological type of singular fiber of generic functions f : E — R: The
singular fiber contains three circle components each two of which meet at a nodal
point.

5. Contact equivalence for mappings

5.1. Global contact equivalence. Let M be a compact manifold of dimen-
sion m = n+d and N of dimension n+ k. Let B be a k-dimensional compact closed
(regular) submanifold of N and p: M x N — M the projection to the first factor.
If f: M — N is transverse to B, then f~!(B) is a d-dimensional submanifold of
M; If f is tangent to B at some points, then the preimage f~!(B) has singularities
of contact (K-)type at those points. Let p € f~1(B) be a singular point, then the
contact singularity type at p is determined by the contact equivalence class of the
germ

mof:R" 0> R"0
where we take local coordinates of M and N centered at p and f(p) respectively,
and 7 : R"** 0 — R", 0 denotes a submersion-germ defining B = 771(0) locally.

We introduce an equivalence relation on M = C*°(M, N) to measure how a
map f : M — N is tangent to B: Define Ky n 5 (or Kp for short) to be the
subgroup of Diff(M x N) consisting of diffeomorphisms H which preserves both
the submanifold M x B and the fiber structure of p : M x N — M. C°-maps
f,9: M — N are said to be Kpg-equivalent if there exists H € Kp such that H
sends the graph of f to the graph of g. Then, in particular, f~1(B) and g~'(B)
are isomorphic via some diffeomorphism of the ambient manifold M.

Let Do := {f € M,codim Kp.f = oo} and Uy := M — Ds. f € Uy if and
only if f~1(B) has finitely many singular points, each of which is of type K-finite.
In entirely the same way as in the case of Theorem 1.3, we have
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THEOREM 5.1. Do, has infinite codimension in M, and there exists a filtration
MDD:=D;DDy3D---DDy DD Dy,

by Kp-invariant closed pseudo-algebraic subsets Dy of codimension s such that it
admits a topologically locally trival fibration ms : Dy — Dsy1 — Y. so that each fiber
is an Kg-orbit and Y] is a finite dimensional manifold.

EXAMPLE 5.2. 0) f € M — D if and only if f is transverse to B.
1) D; — D, consists of maps f having one Morse singularity A; on f~!(B), whose
contact type is K-equivalent to

Ak (21, Tag1, 2) — (—a] —---—xi—kl‘i_,_l +---+$§+1,z),
for some 0 < k <[], Ay, is coorientable, except for d odd, k = [9£%]. This is
the surgery to attach a k-handle to a smooth fiber.
2) Also Dy — D3 cousists of maps f having either of
- two Morse singularities, or
- one As-singularity (=cancelation of handle surgeries) :

Ag g (T1, , Zag1,Y,2) — (xzf +yx j:x% :t"'iw?hrlayvz)'

5.2. Thom-Pontrjagin construction. The classical construction is as fol-
lows: Now let M be a compact oriented d-manifold, and embed it in Euclidean
space R¥™ (n > 0). Let B := BSO(n), the Grassmannian of oriented n-planes in
R+ and let p: M — B the map sending p € M to the orthogonal plane to TM,,
i.e., the classifying map of the normal bundle of rank n. p is extended to a C'*°-map
f from S%*" = R4*" U 0o to the Thom space N,, := MSO(n) (a neighborhood of
oo mapped to the base point of N,,), then M = f~(B). Let us consider the space
of such maps S+ — N,, (stationary around oc), and denote it by

M = C%®°(8" Ny)pase, B:=BSO(n)C N,  (n>0).
It follows from Theorem 5.1 that there is a K g-invariant stratification
MDD =Dy DDy D---.

If two points f,g € M — D are joined by a generic path v in M, then d-manifolds
f~1(B) and g~1(B) are cobordant, that is, each connected component of M corre-
sponds to a cobordism class: Q°"(d) = mo(M) (n — 00). That was a basic theorem
of R. Thom.

More generally, a sort of global version of Martinet’s versality theorem holds,
see Kazarian [16, 17] (also [24]): Let e : S¥" x M — N,, be the evaluation map
e(p, f) = f(p), and H := e 1(B) the preimage of B. Denote by g : H — M
the restriction of the second factor projection. Then, we may regard mp as the
“universal C'*° stable map”, and D as the “discriminant set of wg”:

incl

Qder —H

PP —M

gd+n M _° o N,

That is, a suitably generic map g : @ — P corresponds to a smooth map P — M
which is transverse to each Dy.
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In case of d = 1, Saeki [23] has studied a cochain complex for topological
types of singular 1-dimensional fiber, which is an enriched Vassiliev complex for
K g-invariant filtration of D.

5.3. Naive invariants. Let us take a connected component M; of M, which
corresponds to a cobordism class of oriented closed d-manifolds. Then H°(M; —D)
is regarded as the space of invariants of all such d-manifolds belonging to the fixed
cobordism class.

ExAMPLE 5.3. The ‘null-cobordant’ component in M can be replaced by
Mo = C®(S™ S pase, B =1{0}CS", n>0.
Note Q°7(1) = Q°"(2) = Q°"(3) = 0. So, in these cases, M = M.

Naive finite type invariants can be defined in the same way as in §3.1. However,
by entirely the same reason as seen in Theorem 3.7, the naive finite type invariants
are reduced to polynomials of local invariants, such as the Euler characteristics
X:M=D 2, frsx(f 1 (B)), cf. [25].

Instead, in order to keep the information of glueing maps of handle surgeries,
we need more restrictions, i.e., not to be allowed to make other surgeries freely.
A choice is to restrict us to a smaller mapping space: For instance, take an open
subset Myess; of Mg so that f=1(B) has fized Betti numbers. In case of d = 3, it
is nothing but the theory of finite type invariants for homology 3-spheres (Ohtsuki
[21]) and its generalization. We don’t know any result at all in this direction for
other dimensional cases.

References

[1] Aicardi, F., Dicsriminants and Local Invariants of Planar Fronts, The Arnold-Gelfand math.
seminars : geometry and singularity theory, edited by V.I.Arnold etc, Birkh&user, 1997, 1-76.

[2] Arnol’d, V. 1. Topological invariants of plane curves and caustics, Univ. Lect. Series, vol. 5,
AMS, (1994).

[3] Arnol’d, V. 1. The Vassiliev Theory of Discriminants and Knots, First European Congress
of Math., Paris, July 1992, Vol. 1, Birkh&user, (1994), 3-29.

[4] Bellettini, G., Beorchia, V. and Paollini, M., An ezplicit formula for a Bennequin-type in-
variant of apparent contours Topology and its Applications vol.156, 4, (2009), 747-760.

[5] Casonatto, C., Romero Fuster, M. C. and Wik Atique, R., Topological invariants of stable
immersions of oriented 3-manifolds in R*, to appear in Proceedings of the Workshop on
Singularities in Generic Geometry and Applications, Topology and its Applications (2011).

[6] Goryunov, V. V., Local invariants of mappings of surfaces into three-space, The Arnold-
Gelfand math. seminors: geometry and singularity theory, edited by V.I.Arnold etc,
Birkhauser (1997), 223-255.

[7] Goryunov, V. V., Local invariants of maps between 3-manifolds, Talk in Workshop on Singu-
larities in Geometry and Application, Banach center, (Bedlewo, Poland) May 16-20, 2011.

[8] Eells, J., A setting for global analysis, Bull. AMS, 1966, 751-807.

[9] Ekholm, T., Immersions and their self intersections, Dissertation, Dept. Math., Uppsala
University 1998.

[10] Ekholm, T., Regular homotopy and Vassiliev invariants of generic immersions S® —
R2k—1 k> 4, Jour. Knot Theory and its Ramifications, 1998.

[11] Habiro, K., Kanenobu, T. and Shima, A., Finite type invariants of ribbon 2-knots, In Low-
dimensional topology (Funchal, 1998), Contemp. Math. 233, AMS (1999), 187-196.

[12] Hacon, D., Mendes de Jesus, C., Romero Fuster, M.C., Global topological invariants of stable
maps from a surface to the plane, Proceedings of the 6th Workshop On Real and Complex
Singularities, 2001. Lect. Notes in Pure Appl. Math., vol. 232, Marcel Dekker, (2003).



(13]

(14]

(15]

[16]
(17)
(18]
(19]
20]
(21]
(22]
(23]
24]

[25]
[26]

27]
28]
29]
30]
(31]

(32]

VASSILIEV TYPE INVARIANTS FOR GENERIC MAPPINGS, REVISITED 17

Januszkiewicz, T, Swiatkowski, J., Finite type invariants of generic immersions of M™ into
R2™ gre trivial. Differential and symplectic topology of knots and curves, 61-76, Amer.
Math. Soc. Transl. Ser. 2, 190, Amer. Math. Soc., Providence, RI, 1999.

Kamada, S., Vanishing of a certain kind of Vassiliev invariants of 2-knots, Proc. AMS, 127,
11, (1999), 3421-3426.

Kazarian, M. E., Classifying spaces of singularities and Thom polynomials, New devel-
opments in Singularity Theory (Cambridge 2000), NATO Sci.Ser. II, 21, Kluwer Acad.
Publ.,Dordrecht, 2001, 117-134.

Kazarian, M. E., Multisingularities, cobordisms and enumerative geometry, Russian Math.
Survey 58:4 (2003), 665-724 (Uspekhi Mat. nauk 58, 29-88).

Kazarian, M. E., Thom polynomials, Proc. sympo. “Singularity Theory and its application”
(Sapporo, 2003), Adv. Stud. Pure Math. vol. 43 (2006), 85-136.

Mather, J. N., Infinite dimensional group actions, Cartan Fest. Analyse et topologie,
Astérisque 32, 33, Paris, Soc. Math. de France, 1976, 165-172.

Ohmoto, T., Vassiliev complex for contact classes of real smooth map-germs, Rep. Fac. Sci.
Kagoshima Univ., (1994), pp.1-12.

Ohmoto, T. and Aicardi, F., First order local invariants of apparent contours, Topology, vol.
45 (2006) pp.27-45.

Ohtsuki, T., Finite type invariants of integral homology 3-spheres, Jour. Knot Theory and
its Ramification, vol. 5, Issue 1, 1996, pp.101-115.

Oset-Sinha, R., Topological invariants of stable maps from 3-manifolds to three-space, Dis-
sertation, Universitat de Valéencia, 2009.

Saeki, O., Topology of Singular Fibers of Differentiable Maps, Lect. Notes Math. 1854,
Springer, 2004.

Saeki, O and Yamamoto, T., Singular fibers and characteristic classes, Topology and its
Applications, vol. 155, 2 (2007), 112-120.

Sirokova, N., The space of 3-manifolds, C. R. de I’Acad. Sci. 331, 2, 15 (2000), 131-136.
Saeki, O, Sziics, A and Takase, M., Regular homotopy classes of immersions of 3-manifolds
into 5-space, Manuscripta Math., 108 (2002), 1432-1785.

Thom, R., The bifurcation subset of a space of maps, Manifolds - Amsterdam, Lect. Notes
Math. 197 Springer, (1971), 202-208.

Thom, R., Structural Stability and Morphogenesis, W. A. Benjam, (1972).

Vassiliev, V. A., Lagrange and Legendre characteristic classes, Gordon and Breach, 1988.
Vassiliev, V. A., Cohomology of knot spaces, Adv. Soviet. Math., vol. 21, AMS, Providence,
RI. (1990), pp. 23-69.

Yamamoto, M., First Order Semi-Local Invariants of Stable Maps of 3-Manifolds into the
Plane, Proc. London Math. Soc. 92 (2) (2006), 471-504..

Yamamoto, T., Singular fibers of two-colored maps and cobordism invariants, Pacific J.
Math. 234 (2) (2008), 379-398.

DEPARTMENT OF MATHEMATICS, FACULTY OF SCIENCE, HOKKAIDO UNIVERSITY, SAPPORO

060-0810, JAPAN

E-mail address: ohmoto@math.sci.hokudai.ac.jp



