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SIMPLIFYING STABLE MAPPINGS INTO
THE PLANE FROM A GLOBAL VIEWPOINT

MAHITO KOBAYASHI AND OSAMU SAEKI

ABSTRACT. Let f : M — R? be a C™ stable map of an n-dimensional manifold
into the plane. The main purpose of this paper is to define a global surgery
operation on f which simplifies the configuration of the critical value set and
which does not change the diffeomorphism type of the source manifold M. For
this purpose, we also study the quotient space Wy of f, which is the space of
the connected components of the fibers of f, and we completely determine its
local structure for arbitrary dimension n of the source manifold M. This is
a completion of the result of Kushner, Levine and Porto for dimension 3 and
that of Furuya for orientable manifolds of dimension 4. We also pay special
attention to dimension 4 and obtain a simplification theorem for stable maps
whose regular fiber is a torus or a 2-sphere, which is a refinement of a result
of Kobayashi.

1. INTRODUCTION

Let f: M — R2 be a proper stable map of an n-dimensional manifold into the
plane (n > 3). It is often an important problem to change f by some process to
obtain another stable map ¢ : M — R? which is simpler than the original stable
map f. For example, Levine [L1] has shown that, if M is orientable, we can change
f by a homotopy so that the new map g has at most one cusp point. In this paper,
we will define a new surgery operation, called an R-operation, which converts a
given stable map to another one which is simpler than the original one in the sense
that the configuration of the critical value set is simpler. This is motivated by the
work of the first author [Kob1], who defined two surgery operations on certain
stable maps of simply connected 4-manifolds. Unfortunately, one of the operations
he defined, called an S-operation, does not preserve the diffeomorphism type of the
source manifold in general, although it preserves the homeomorphism type. Our
R-operation is defined in a totally different manner, but has the same effect as
an S-operation without changing the diffeomorphism type of the source manifold.
Furthermore, our R-operation is also defined for certain higher dimensions.

In order to define an R-operation in a general context, we will need to define
a pseudo quotient space W and a pseudo quotient map q : M — W, which are
generalizations of the quotient space W and the quotient map gy : M — Wy of a
stable map f : M — R? respectively (see, for example, [BdR, L2, KLP, Sa2]).
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For this reason, we need to completely determine the local structure of the quotient
space Wy of a stable map f into the plane. This will be done in §2 (Theorem 2.2
and Corollary 2.12). Note that the local structure of a quotient space has already
been determined by Kushner, Levine and Porto [KLP, L2] for dimension 3 and by
Furuya [Fu, PF] for the orientable case of dimension 4. Our result is a completion
of their results for arbitrary dimensions. In particular, we will see that the quotient
space of a stable map into the plane is a locally finite polyhedron such that each
point has a standard conic neighborhood. This is a fundamental result in itself,
and it is important in studying the global topology of stable maps into the plane.

The paper is organized as follows. In §2, we study the topology of the quotient
space of a stable map and we determine its local structure. In §3, we define pseudo
quotient spaces and pseudo quotient maps, which are generalizations of quotient
spaces and quotient maps of stable maps respectively. One of the advantages of this
generalization is that, in this generalized category, we can define a surgery opera-
tion, called an R-operation, which is defined in §4. We also obtain our simplification
theorem of mappings (Theorem 4.13) in §4. In §5, we consider the existence problem
of an “immersion” into the plane of a given pseudo quotient space so that we can
define the R-operation in the category of stable maps, not in the category of pseudo
quotient maps. Finally in §6, we study stable maps of 4-dimensional manifolds and
we obtain a refinement of a result of [Kob1]. We also obtain some important corol-
laries of this refinement on 4-dimensional topology. In §7, as an example which well
illustrates our simplification theorem, we consider pseudo quotient maps with only
spherical regular fibers and we completely determine the diffeomorphism type of
the source manifold of such a map.

Throughout the paper, all manifolds are in C'° class and the symbol “2=” de-
notes a diffeomorphism between manifolds or an appropriate isomorphism between
algebraic objects.

2. LOCAL STRUCTURE OF A QUOTIENT SPACE

In this section, we study the topology of the quotient space of a stable map
into the plane and we completely determine its local structure. Note that the case
where the dimension of the source manifold is equal to 3 has already been studied
by Kushner, Levine and Porto [KLP, L2], and the case where the source manifold
is orientable of dimension 4, by Furuya [Fu, PF].

Let f: M — R? be a proper smooth map of an n-manifold into the plane. We
denote the set of such maps by C°°(M,R?), which is equipped with the Whitney
C*>-topology. We say that f is stable if the orbit of f by the natural action of A =
Diff(M) x Diff(R?) is an open set of C°°(M,R?). Note that the set of stable maps
is open and dense in C*° (M, R?) ([Ma]) and that the following characterization is
known (see, for example, [L1, L2, GG]). In the following, S(f) denotes the singular
set of f.

Proposition 2.1. Let f : M — R? be a proper smooth map. Then f is stable if
and only if the following local and global conditions are satisfied.

For every p € S(f), there exist local coordinates (u,z1,- - ,2n—1) centered at p
and (U,Y) centered at f(p) such that

n—1
(L1) Uof=u, Yof=Y %z (p: a fold point)
=1
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or there exist local coordinates (u,x, 21, ,2n—2) centered at p and (U,Y") centered
at f(p) such that

n—2
(Ly) Uof=u, Yof= Z:I:zf—kxu—kx?’ (p: a cusp point),
i=1

and

(G1)  for every cusp point p € S(f), f*(f(p)) NS(f) = {p} and,

(G2)  fl(s(f)\{cusp points}) @5 an immersion with normal crossings.

We call a fold point p a definite fold point if all the signs appearing in the
summation in (Lq) are the same. Otherwise, we call p an indefinite fold point. We
denote by So(f) the set of the definite fold points of f. Note that if f is stable,
S(f) is a closed regular 1-dimensional submanifold of M.

Now we recall the notion of the Stein factorization of a smooth map (see [BdR,
KLP, L2]). Let g : M — N be a smooth map of an n-manifold into a p-manifold
(n > p). For z,y € M, define z ~ y if g(z) = ¢g(y) and z,y are in the same
connected component of ¢g7!(g(x)) = ¢ '(g(y)). We denote by W, the quotient
space of M by the equivalence relation ~ and by g4 : M — W, the quotient map.
Note that there exists a unique map g : W, — N such that g = g o g4. The space
Wy or the commutative diagram

M 2 N
QQ\ /g
Wy

is called the Stein factorization of g.
The following theorem has been proved by Kushner, Levine and Porto [KLP,
L2] for n = 3 and by Furuya [Fu, PF] for n = 4.

Theorem 2.2. Let f: M — R? be a proper stable map of an n-manifold into the
plane (n > 3). Then the quotient space Wy is a Hausdorff space and every point
x € Wy has a conic neighborhood as in Figure 1, where the thick lines indicate

q7(S(f))-

Remark 2.3. We can replace the target manifold R? by arbitrary 2-dimensional
manifolds and Theorem 2.2 still holds for this larger class of mappings. Note that
stable mappings into 2-dimensional manifolds are defined in the same way as in the
case of R? and that Proposition 2.1 is also valid. In this paper, for simplicity, we
almost always consider stable mappings into the plane.

Lemma 2.4. Let f be as in Theorem 2.2. Then the quotient space Wy of f is a
Hausdorff space.

Remark 2.5. The above lemma does not hold for non-proper maps in general. For
example, consider the map u = «|(R?\{0}) : R?\{0} — R, where 7 : R? — R is
the standard projection. Then the quotient space of u is not a Hausdorff space.
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Proof of Lemma 2.4. Take two distinct points z,y € Wy. If f(z) # f(y), then
there exist disjoint open neighborhoods U, and U, of f(z) and f(y) respectively in
R2. Set V,, = f~1(U,) and V,, = f~1(U,). Then we see that V, and V,, are disjoint
open sets of W; which separate  and y. Thus we suppose f(z) = f(y) = a € R2.
The following lemma is proved in [L2, p.7] for n = 3 and the same argument works
also for general n. Hence we omit the proof here.

Lemma 2.6. Set I = (—1,1) and J = [-1,1]. For each point a € f(M), there
exists an embedding 1 : I x J — R? such that a = (0, 0) and that the composition

he fo (I x T)) <o p(Ix ) Lo T g 2o

is a trivial bundle, where py is the projection to the first factor.

Let Z be the interior of ¢(I x J) and let U, and U, be the connected components
of f~1(Z) containing qJZl(:c) and qJZl(y) respectively. Note that ¢¢(U;) and ¢¢(Uy)
are open sets of Wy, since qJZl(qf(Um)) = U, and qJZl(qf(Uy)) = U, are open sets
of M. Recall that q?l(x) N q?l(y) = (), since ¢ # y. For the proof of Lemma 2.4,
it suffices to show that U, N U, = 0.

Case 1. The case where qj?l(x) contains a cusp point.
By the global condition (G1) of Proposition 2.1, q}l(y) contains no singular

point of f, and hence f|U, : U, — Z is a submersion by the proof of Lemma 2.6.
In particular, U, contains no cusp points, and hence U, N U, = 0.

Case 2. The cases other than Case 1.

Set T, = (h|f~1(Z))"*(0) N U, and T, = (h|f~*(Z))~*(0) N U,. Note that T,
(resp. Ty) is connected since U, (resp. Uy) is diffeomorphic to T, x (—1,1) (resp.
T, x (—=1,1)) by Lemma 2.6. Now suppose that a point z; in q?l(x) is connected
by a path in f~(Z) to a point y; in q?l(y). Since h|f~1(Z) is a trivial fibration,
we see that x1 and y; are connected by a path in Tp = (h|f~(Z))~*(0). Since Z
does not contain the image of a cusp point, we see that the composition

-1
g1 : To —5 (I x IntJ) 2 I x IntJ 22 IntJ

is a Morse function with at most two critical points and at most one critical value
¢, where po is the projection to the second factor and ¢ = g1(x1) = g1(y1). Then,
by an argument using a gradient like vector field ([Mi]), we see that there exists a
retraction r : Ty — g; 1(0). Thus we see that x; and y; are connected by a path
in g;*(c). Since g;'(c) € f~(f(x)), this is a contradiction. This completes the
proof. ||

Proof of Theorem 2.2. Take a point x € Wy. Let ¢ : I x J — R? be an embedding
for a = f(z) as in Lemma 2.6 and let h be the map defined in the lemma. Let
T denote the connected component of h~1(0) containing q?l(x). Note that T is
a compact (n — 1)-manifold with boundary. Since h : f~Y(y(I x J)) — I is a
trivial fibration, there exist an embedding ¢ : I x T' — M and a smooth map
g:IxT — Jsuchthat fop =1o(id x g) : [ x T — R?, where ¢(I x T) is
the connected component of f~1(¢)(I x J)) containing q}l(x) (see [L2, Definition
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(p- 9)]). Then by [L2, Lemma 2 (p.11)], there exists an embedding 6 : Wiqxg — Wy
such that the following diagram is commutative:

IxT LN M
\ Gidxg ar

idxg | Wiasg > Wy Lf
S idxyg I\

IxJ 2, R2.

Note that we can prove the above lemma for every dimension n, by using the same
argument as in [L2] for n = 3. Note also that U = 6 o giax4(I x IntT) is an open
set of Wy, since q?l(U) is an open set Int ¢(I x T') of M.

The following lemma is not difficult to prove.

Lemma 2.7. There exists an embedding 1 : D* — (I x Int.J) such that 1(0) =
f(x) and the composition

& 17 n(D*\{0})) L n(D?\{0}) = D\ {0} % " x (0,1] 22 (0,1]

is a triwial bundle, where v is an appropriate diffeomorphism and ps is the projection
to the second factor. In particular, there exists a diffeomorphism 7 : f~1(n(D*\{0}))
— 71 (n(0D?)) x (0,1] such that the following diagram commutes:

“tmDA\{0}) —— [T ((0D?) x (0,1]

fl lfxid

n(DA\{0}) D92y (0,1]

nfll J{nilxid

(e}

D2\ {0} N oD% x (0,1].

Set S =n(0D?) and X = f~1(S)N¢(I xT). Furthermore, set k = f|X : X — S
and let S be the connected component of f~!(n(D?)) containing qJZl(:c). Note
that S = f~1(n(D?)) N¢(I x T) and that 7 maps S’\q?l(x) diffeomorphically onto
X x (0,1]. Now define v : X x [0,1] — Wy by v(p,t) = qr(77*(p,t)) if t # 0 and
1(p,0) =z (p € X).

Lemma 2.8. v is continuous.

Proof. Take an open set U of Wy contained in gr(¢(I x T)). If x ¢ U, then
it is easy to see that v~1(U) is open in X x[0,1]. If z € U, then v }(U) =
(X x {opHu T(qf (U\{x})) Since q; L(U) is an open neighborhood of qJZl(:E) in
S, (X x (0,8)) Ugy Yz) n L(U) for a small positive real number ¢. Thus
X x (0,e) C T(qf (U\{z})), and hence y~(U) is open in X x [0,1]. ||
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It is easy to see that v induces an injective continuous map 7 : Wy, x [0, 1]/ W}, x
{0} — Wy such that the following diagram commutes:

X x [0,1]
qr X id | Ny
Wi, x [0,1] Wy
m | A

Wk X [O, 1]/Wk X {0},

where 7 is the natural projection. Since W}, x [0,1]/W), x {0} is compact and Wy
is a Hausdorff space by Lemma 2.4, 4 is an embedding. Note that the image of ¥
is a neighborhood of z in W};. Thus we have proved the following.

Lemma 2.9. There exists a neighborhood of x in Wy which is homeomorphic to
the cone over Wy, where k : X — S is the proper stable map of the (n—1)-manifold
X into S(=2 S1).

Note that Theorem 2.2 has been proved in [L2] for n = 3. Thus in the following,

we assume that n > 4. Note that we do not assume that M is orientable.

Lemma 2.10. There exists a point a' € n(D>)\f(S(f)) such that f~'(a’)N S is
connected.

Proof. If q?l(:lc) NS(f) =0, then the result is obvious.

If q?l(:lc) contains a cusp, set o’ = ¥(0,¢) for a sufficiently small non-zero real
number €. Near the cusp point, the composition

F7H0 x ) g0 x ) LS 0% T

has the normal form
n—2
2
(xazlv e 7zn—2) = Z :l:Zi —+ ZZZ'B
i=1

(see (Lg) of Proposition 2.1). Then it is not difficult to see that f~!(a’) NS is
connected.

Now suppose that qul(:r) contains a singular point which is not a cusp point.
Then q}l (x) contains at most two singular points p; and po, which are fold singular
points. For a point b € R? close to f(z), f~*(b) NS and qJZl(:c) differ topologically
only near p; and ps. For pp, there exists a “half disk region” A; in n(D?) such
that, for b € A \f(S(f)), f~1(b) NS is “connected near p;”, since n > 4. We also
have a similar half disk region Ag for pa. Then a point @’ € A; N A\ f(S(f)) is a
required point. ||

Now we continue the proof of Theorem 2.2.

Case 1. = & q¢(S(f)).
In this case k is just a smooth fiber bundle over S with connected fibers. Thus

W}, is homeomorphic to S* and z has a neighborhood as in Figure 1 (a).
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Case 2. qul(:r) contains exactly one singular point which is not a cusp point.
In this case k has exactly two critical points. Then it is not difficult to see that
Wi is as in Figure 1 (b).

Case 3. q?l(x) contains a cusp point.

In this case k£ has two critical points. By using the same arguments as in the
proof of Lemma 2.10, we see easily that Wy is as in Figure 1 (c) or as in Figure 2.
Suppose that Wy, is as in Figure 2. Then for some § € I\{0}, the function

Lo Y x I NI X T) Lo (6 x J) Lo s x

has exactly two critical points. Note that [ is a Morse function and its quotient space
W, is homeomorphic to the space as in Figure 3. In particular m (W;) = Z whose
generator does not come from the regular fiber [=1(§ x 1) of . On the other hand, by
Lemma 2.6, f~(¢(6 x J))Ng(I x T is diffeomorphic to f=1(y(—6x J))Nep(I x T),
which is diffeomorphic to I71(§ x 1) x J, since the map corresponding to [ for —&
in place of § has no critical point. Let 7y : f~Y (6 x J))Np(I x T) — 171(§ x 1)
be the natural projection. Then we see that the induced homomorphism (7 ), on
the fundamental groups has kernel containing Z by the above observation. This is
a contradiction. Thus Wy, is not as in Figure 2.

Case 4. q?l(x) contains two singular points of f.

Firstly note that the two singular points are indefinite fold points and that a
small neighborhood of f(z) is divided into 4 regions by C(f) = f(S(f)). Note
also that a regular fiber f=1(b) (b € R?\C(f)) of f is a closed (n — 2)-dimensional
manifold and that, every time b passes through f(S(f)\So(f)), the regular fiber
changes by a surgery along an embedded i-sphere (0 < i < n — 3) in general.
When 1 < ¢ < n — 4, the number of components of the regular fiber is obviously
unchanged. Denoting by F the connected component f~!(a’)N Sofa regular fiber
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as in Lemma 2.10, we denote by S; and S5 the two surgery spheres embedded in F
corresponding to the two singular points. If the dimension of S and/or S is equal
to 0, then we can choose another connected component of a regular fiber so that
both of the surgery spheres have dimension greater than 0. Thus we may assume
that dim .S7; > dim Sy > 1.

Firstly we consider the case where dim S7 = dim S5 = n — 3. In this case, since
the indices of the corresponding handles are equal, we may assume that S; N Sy =
. Furthermore S; and Sy have trivial normal bundles N(S7) and N(S2) in F
respectively. We denote by A; and B; (j = 1,2) the two connected components of
ON(S;). The four connected sets Ay, B1, A2 and By are divided into some classes
by the equivalence relation defined by the existence of an arc in F\(IntN(S7) U
IntN(S2)) which connects given two sets. Since F' is connected, we may assume
that A; and As belong to the same class.

Case 4-1. When Aj, As, By and By all belong to the same class.

A surgery along S; and/or Se does not affect the connectivity of F'. Hence, by
Lemma 2.9, we see that a neighborhood of x in W is homeomorphic to the space
as in Figure 1 (d-2).

Case 4-2. When the four sets are divided into the two classes { A1, A2} and { By, Ba}.
We see that a single surgery along Sy or Sy does not affect the connectivity of F'.
However, the successive surgeries along S; and S; make F' disconnected. Hence,

we see that a neighborhood of = in Wy is homeomorphic to the space as in Figure
1 (d-4).

Case 4-3. When the four sets are divided into the two classes {4, A3, B;} and
{Ba}.

By an argument similar to that in Case 4-2, we see that a neighborhood of z in
W is homeomorphic to the space as in Figure 1 (d-3).

Case 4-4. When the four sets are divided into the three classes {A1, A2}, {B1} and
{B2}.

Similarly we see that a neighborhood of = in W} is homeomorphic to the space
as in Figure 1 (d-5).

When dimS; =n —3 and 1 < dim Sy < n — 4, the situation is the same as in
Case 4-1 or 4-3 above. If both of the surgery spheres S; and Ss have dimensions
between 1 and n — 4, the situation is as in Case 4-1.

Thus we have shown that a neighborhood of z in Wy must be homeomorphic to
one of the spaces as in Figure 1 (d). This completes the proof of Theorem 2.2. ||

For a future reference, we call the conic neighborhood as in Figure 1 (c¢-1) a
cuspidal branch, (d-1) a double cone and (d-5) a trident. Note that the double
cone does not occur for n > 4.

Remark 2.11. We do not know if a similar result holds also for stable maps into
RP with n > p > 3. If a result like Lemma 2.9 holds also in this case, we would be
able to prove such a result by the induction on the target dimension p.

Theorem 2.2 has an immediate corollary as follows.
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Corollary 2.12. Let f : M — R? be a proper stable map of an n-manifold into
the plane (n > 3). Then W is a locally finite polyhedron.

Remark 2.13. Note that all conic neighborhoods as in Figure 1 actually arise for
some stable map. For example, see [ML, MPS].

Remark 2.14. Note that every conic neighborhood as in Figure 1 is equipped with a
natural map into R?, which corresponds to the map f : W; — R? for a stable map
f: M — R? We also note that every component of W\gs(S(f)) is canonically
oriented by the local homeomorphism f, once an orientation of R? is fixed, and
that their orientations are consistent along q;(S(f)).

In the next section, we define generalizations of quotient spaces and quotient
maps so that we have more freedom in changing a given map.

3. PSEUDO QUOTIENT MAPS AND CONFIGURATION TRIVIALITY

In this section, we first define a generalization of quotient maps, namely pseudo
quotient maps, and then we introduce a notion of configuration triviality of the
critical value set of a pseudo quotient map. The advantage of this generalization
is that we can define a surgery operation, which simplifies a given map in the
generalized category, which will be seen in §4.

Definition 3.1. Let W be a 2-dimensional locally finite polyhedron. We say that
W is a pseudo quotient space if every point x of W has a conic neighborhood as
in Figure 1 in §2. Furthermore, we denote by X (W) the set of the non-manifold
points of W, including the boundary points.

A pseudo quotient space W is said to be oriented if each connected component
of W\X(W) is oriented and the orientations are consistent along 3(W) in the sense
of Remark 2.14.

The quotient space Wy of a proper stable map f : M — R? of an n-manifold M
is always a pseudo quotient space in the above sense by Theorem 2.2 and Corollary
2.12. Furthermore, it is oriented, once an orientation of R? is fixed. Furthermore, a
branched surface as defined in [Sa2] is a pseudo quotient space in the above sense.

Definition 3.2. Let ¢ : M — W be a proper continuous surjective map of an
n-manifold into a pseudo quotient space W (n > 3). We say that ¢ is a pseudo
quotient map if for every point x € W, there exist a conic neighborhood U as
in Figure 1 and a continuous map ¢ : U — R? as in Remark 2.14 such that
b =poqlg (U): ¢ 1(U) — R? is a proper stable map and that its quotient map
is C%-left equivalent to g|l¢g~'(U); i.e., there exists a homeomorphism o : U — W,
such that a=! o gy, = q|¢~1(U).

In the above definition, the following diagram is commutative.

¢ '(U)
/7 Ny
U = Wy
A"

R2.
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Note that the map ¢ is finite-to-one, since v is proper. Note also that the quotient
map gy : M — Wy of a proper stable map f : M — R? is always a pseudo quotient
map.

For example, a fold map as defined in [Sa2] is a pseudo quotient map in the
sense of Definition 3.2.

For a pseudo quotient map g : M — W, we define its singularities as the union
of the corresponding singularities of the stable maps ¢ o ¢l¢~1(U) as in Definition
3.2. We denote by S(q) the set of the singularities of ¢ and by Sp(g) the set of the
definite fold points. Furthermore, we set C(q) = ¢(S(q)), which is the set of the
critical values of ¢. It is not difficult to see, with the help of the above commutative
diagram, that W\C(q) admits a unique smooth structure so that ¢|(U\C(q)) is an
immersion for every pair (U, ¢) as in Definition 3.2.

For a pseudo quotient map q : M — W, if S(q) = (), then W is a smooth
nonsingular surface and ¢ is a smooth bundle projection. Thus, in this paper, we
always assume that a pseudo quotient map has nonempty singular set.

In the next section we will introduce a geometric operation on pseudo quotient
maps which simplifies the configuration of the critical value set in the following
sense.

Definition 3.3. Let ¢ : M — W be a pseudo quotient map of an n-manifold. A
component R of W\C(q) is said to be a spherical region if, for every point x € R,
¢~ (z) is diffeomorphic to the standard sphere S™~2. Note that if RN¢q(So(q)) # 0,
i.e., if R is adjacent to ¢(So(q)), then R is a spherical region.

Definition 3.4. We say that a pseudo quotient map q : M — W is configuration
trivial with respect to the spherical regions if for every spherical region R such that
R is compact and that R N ¢(So(q)) =0, R is homeomorphic to the open 2-disk.

Remark 8.5. The above definition may seem a little strange. However, for stable
maps of simply connected 4-manifolds studied in [Kobl], it coincides with the
definition of the configuration triviality defined in [Kob1].

Lemma 3.6. Suppose that q : M — W is a pseudo quotient map of an n-manifold.
If q is configuration trivial with respect to the spherical regions and W is connected,
then W\ (U, R:) is connected, where R; runs over the spherical regions R of W\C(q)
such that R is compact and that RN q(So(q)) = 0. Furthermore, if Hi(M;Z2) =
0 and W\(U,; R:) is connected, then q is configuration trivial with respect to the
spherical regions.

Note that when M is compact, the condition that R is compact is not necessary
in Definition 3.4 and Lemma 3.6.

Proof of Lemma 8.6. Suppose that q : M — W is configuration trivial. Then
each R; is homeomorphic to the open 2-disk. Now take two arbitrary points z,w €
WA\ (U; Ri)- Then, since W is connected, we can find a path « in W which connects
z and w. By transversality on each R;, we may assume that there exists a point
r; in each R; which does not intersect . Then we can deform « on each R;\{r;}
fixing the end points of « so that R,NaC Ei\Ri. This implies that z and w are
connected by a path in W\ (|J; R;). This completes the first part of Lemma 3.6.
Suppose that Hi(M;Z,) = 0 and that W\ (|J, R;) is connected. Take a spherical
region R such that R is compact and that RN¢q(So(q)) = (). There exists a compact
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surface R with boundary whose interior is homeomorphic to R. (For example,
R\IntN is such a compact surface, where N is a small regular neighborhood of
C(q) in W. Note that R may not be homeomorphic to R.) We will show that
R is homeomorphic to the 2-disk. Suppose that OR is not connected. Then we
have a properly embedded arc « in R and a simple closed curve 3 in IntR which
intersect each other transversely in one point. Let o’ and 8’ be the corresponding
curves in R. Since W\(|J; R;) is connected, we can connect the end points of o’
in W\(U, Ri) by a curve of. Let o be the closed curve in W which is the union
of o and . Set V = ¢~1(8’), which is a compact codimension-1 submanifold of
M. Then it is not difficult to see that we have a smooth closed curve & in M such
that ¢(&) = o and that & and V intersect each other transversely in one point, by
modifying o] if necessary. This implies that

[V]-la] # 0,

where [V] € H,_1(M;Z5) and [&] € H1(M;Zs) are the homology classes repre-
sented by V' and & respectively and [V] - [a] € Z3 denotes the intersection number.
This contradicts the assumption that Hy(M;Zs) = 0. Hence AR should be con-
nected. Next suppose that R is not homeomorphic to the 2-disk. Then we have two
simple closed curves v and 6 in R which intersect each other transversely in one
point. Then an argument similar to the above one leads to a contradiction. Hence
Ris homeomorphic to the 2-disk. This completes the proof. ||

In the following sections, we will be mainly interested in the case where M is
simply connected. In this case, by the above lemma, the configuration triviality is
equivalent to the connectedness of the complement of certain spherical regions.

For two pseudo quotient maps ¢; : M; — W; (i = 1,2) such that M; and W; are
possibly oriented, that n = dim M; = dim M3 and that Sp(q1) # 0 # So(q2), we de-
fine a new pseudo quotient map qifiqe : M1Ms — W1hWs, called the connected sum
of ¢1 and ¢3, as follows, where “f” means the connected sum and “f” the boundary
connected sum. Let a; (i = 1,2) be a point in OW; = ¢;(So(¢;)) and U; its small
regular neighborhood in W;. Let A; (i = 1,2) be the closure of OU;\0W;, which is
an arc joining two points in OW,. Note that, when W; is oriented, A; is naturally
oriented as a part of the boundary of W;\U;. We take U; so that \; is normal to
OW;. Tt is not difficult to see that ¢; ' (U;) is diffeomorphic to the n-disk and that
gi ' (\) = 0(q; ' (U:)). Let ¢ : O(M2\qy ' (U2)) — (Mi\g; * (U1)) and 4 : Ag — Ay
be (orientation reversing) diffeomorphisms satisfying the equation (¢1 /gy Y(A1))op =
Yo (g2]gy *(X2)) on g3 *(X2). Refer to [Kobl, p. 336] for the existence of such

diffeomorphisms ¢ and 1. Set MigM, = (Mi\g; ' (U1)) U, (M2\gy ' (Us)) and
Wlhal,ag W2 = (Wl\Ul) U¢ (WQ\UQ) Now we define

Giflar 0092 * MitMo — Willa, 0, Wa

by

(1far.a:02) | (Mi\a; ' (U2) = @il (Mi\g; ' (U:) (i =1,2).

The map qitlq, q,92 is obviously a pseudo quotient map. It is also obvious from the
construction that if b; (i = 1,2) is a point in the same connected component of
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OW; as a;, then iy, b,q2 is right-left equivalent to ¢ifa, ¢,¢2- Following [Kob1l],
we use the notation

(M1§M2, q1fay ,0,92) = (M1, q1)la; > (M2, g2)-

We often omit the subscripts a; and as if there is no confusion, for instance, in the
case that W; and W5 have connected boundaries. Note that the above operation
is commutative and associative up to right-left equivalence.

In the next section, we will define a global surgery operation, called an R-
operation, on a pseudo quotient map, which simplifies the configuration of the
critical value set. Unfortunately this operation can be defined only for certain di-
mensions n of the source manifold. In order to describe this restriction, we prepare
some notations. For the standard (n — 2)-sphere S™~2, Diff*(S"~2) denotes the
group of the orientation preserving diffeomorphisms of S®~2, and o (Diff ¥ (S"~2))
denotes its identity component. It is known that mo(Difft(S™~2)) is isomorphic
to the group of homotopy (n — 1)-spheres ©,,_; ([KM, C2]) for n > 7 and that
7o (Diff 7 (S"72)) = 0 for n = 2,3,4,5,7,13,--- ([C1, Sm, H]). The R-operation
mentioned above will be defined for n > 4 with 7o(Diff¥(S"~2)) = 0 in the next
section.

The following lemma will be helpful for getting a geometric interpretation of the
configuration triviality.

Lemma 3.7. Suppose that mo(Difft(S"=2)) = 0 and n > 3. A pseudo quotient
map q : M — W of a closed connected n-manifold M with Hi(M;Z3) = 0 is
configuration trivial with respect to the spherical regions if and only if there exists
a decomposition of the form

(Mv Q) = (M17 Q1)h(M27 qQ)h T u(Mkv qk),

where each q; : M; — W; is a pseudo quotient map such that each spherical region
not adjacent to q;(So(q;)) is homeomorphic to the open 2-disk and that each spher-
ical region adjacent to q;(So(q;)) is homeomorphic to the open annulus or the open
2-disk.

Proof. Firstly suppose that ¢ is configuration trivial with respect to the spherical
regions. Take a spherical region R of W\C(g). Since W is compact in our case,
R is always compact. If RN q(So(q)) = 0, then R is homeomorphic to the open
2-disk. If RNq(So(q)) # 0, then R is an open planar surface by the proof of Lemma
3.6. Let R be the compact surface with boundary whose interior is diffeomorphic
to R. If OR is connected, then R = W\q(So(q)), and we have easily the conclusion
(k =1 and (M,q) = (My1,q)). If OR has exactly two components, then R is
homeomorphic to the open annulus. If OR has three or more components, let C'
be a component of R which has a 1-dimensional intersection with R N ¢(So(q)).
Then there exist properly embedded disjoint arcs 41, - - ,~; in R such that the end
points of 7; are in CNg(Sp(q)) and that the closures of each connected component of
R\(Uj:l i) is homeomorphic to the annulus. We may assume that ~; are normal
to OR. Furthermore, we may assume that -; are embedded in R C W. Then
X; = ¢ *(v;) is a smooth closed (n—1)-dimensional manifold which admits a Morse
function with exactly two critical points. Then, by our dimension assumption, we
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see that X; is diffeomorphic to the (n — 1)-sphere. Furthermore, by an argument
similar to the proof of Lemma 3.6, we see that each ; separates W and that each
X, separates M. In other words, M\ Ué:l X; has (I + 1) connected components,
whose closures we denote by Mj,---,M; ;. Note that each boundary component
of M} is diffeomorphic to the (n — 1)-sphere by our assumption on n. Then by a
standard argument, we can construct pseudo quotient maps q;- : M ]' — W]' such

that MJ’ is the closed manifold obtained by attaching n-disks to the boundaries of
M and that

(M, q) = (Mj,q1)q- - 4(M/, 1, q]11)-

(For example, see [Sal].) If we apply the same operation to all the spherical regions
adjacent to ¢(So(q)), then we obtain a desired decomposition.

Conversely, if ¢ has the decomposition as above, it is clear that ¢ is configuration
trivial with respect to the spherical regions. This completes the proof. ||

Remark 3.8. We note that the above decomposition lemma is valid for all n > 3,
without the assumption on 7o (Diff*(S™~2)), in the C%-category; i.e., (M, q) is C°-
right-left equivalent to (M7, ¢1)h(Ma, q2)8 - - - i( My, g ), where each ¢; : M; — W is
a “C° pseudo quotient map”. In this case, M; is just a topological manifold and
may not have a smooth structure.

4. R-OPERATION

In this section we introduce a surgery operation, called an R-operation, of pseudo
quotient maps of compact manifolds, an operation which does not change the dif-
feomorphism type of the source manifold and which simplifies the configuration of
the critical value set C(q) of a given pseudo quotient map ¢ : M — W in a global
sense.

Let ¢ : M — W be a pseudo quotient map of a closed connected n-manifold
(n > 3) into a pseudo quotient space W. We assume that Hy(M;Zs) = 0. Take a
simple closed curve ¢ in a spherical region R.

Lemma 4.1. W\c has exactly two connected components.

Proof. Suppose that W\c¢ is connected. Then we can find a simple closed curve in
M which intersects ¢! (c) transversely in one point, as in the proof of Lemma 3.6.
This contradicts the assumption on Hy (M;Zs). ||

We denote by A and B the closures of the two connected components of We.

Lemma 4.2. Suppose that Hi(M;Z) = 0 and Hy(W;Z) = 0. Then either
Hy(A;Z) or Hy(B;Z) vanishes, and the other is isomorphic to the infinite cyclic
group 7.

For the proof of Lemma 4.2, we need the following.

Lemma 4.3. Suppose that q : M — W is a pseudo quotient map. Then the induced
homomorphism qs : 11 (M) — 71 (W) is surjective.

Proof. Take a loop [ in W. We may assume that [ does not pass through the image
of the cusps and that N q(So(q)) = @, by moving [ by a homotopy. Then it is easy
to see that [ can be lifted to a loop in M. This completes the proof. ||
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Proof of Lemma 4.2. By Lemma 4.3 and our assumption, we see that Hy(W;Z) = 0.
Consider the following Mayer-Vietoris exact sequence with coefficients in Z:

Since H1 (W) = 0= Ho(W) and AN B = ¢, we see that Hy(A) ® H1(B) = Z. This
completes the proof. ||

In what follows, we adopt the convention that H;(A;Z) = 0 and hence that
H1(B;Z) = Z. We also assume that mo(Diff*(S"72)) = 0 and n > 3. Set
A = ¢ '(A) and B = ¢~(B), which are codimension 0 submanifolds of M with
boundary. It is obvious that M = A U B. Furthermore AN B = 9A = 9B and
qlANB: AN B — cis an orientable smooth fiber bundle with fiber $”~2, since ¢
lies in a spherical region. Then, by our assumption on n, we see that it is a trivial
bundle and that A N B is diffeomorphic to S* x §7~2,

Now we define two manifolds M, My and two pseudo quotient maps g1, g2 of
My, My respectively as follows. Since q|8f~1 and hence q|(’“)§ are the trivial S"~2-
bundles, there exist diffeomorphisms ¢; and ¥; (i = 1,2) which make the following
diagrams commutative:

(St x D1y £ 9A d(D? x §"2) 2, 9B
(4.4) pll qml le q\agl
g1 %, . g1 ¥,

where p; and py are the obvious projections. Let g1 : ST x D"~ — S x [0, 1] be the

map defined by g1 (t,z) = (¢, ||z||?), where D"~ ! is the unit disk in R"~! and ||z||

denotes the usual norm of z € R"~!. Note that g; has definite fold points along

S1x {0} c S* x D"~1 and that g;]0(S* x D"~1) = p; : 9(S* x D"~1) — St x {1}.

Furthermore, let g, : D? x §"~2 — D? be the projection to the first factor. Set
My =AU, S*x D' and Wi = AUy, S* x[0,1],

where 1); is regarded as a diffeomorphism from S! x 1 to ¢ € A. We define the
pseudo quotient map ¢1 : M7 — Wi by

q|A=¢qlA and q|(S' x D"Y) = g.
Furthermore, set
My = BU,, D> x S""2 and W, = BUy,, D*.
We define the other pseudo quotient map ¢o : Ms — W5 by

@B =q/B and g¢|(D*x 5"7?) =g,.
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Definition 4.5. Let ¢ : M — W be a pseudo quotient map of a closed connected
n-manifold M. We assume that 7o(Diff*(S"=2)) = 0, n > 3, Hy(M;Z) = 0 and
Hy(W;Z) = 0. Let ¢1 : M1 — Wy and g2 : My — Ws be the pseudo quotient
maps which were constructed in the previous paragraph. We also assume that
So(g1) and Sp(g2) are both non-empty. Then, an R-operation is the procedure
which converts ¢ to the pseudo quotient map qifla g2 : MifMe — Wil zWa for
some points a € W1 = ¢1(So(q1)) and b € OWs2 = ¢2(So(g2)). For the change of
the target pseudo quotient space and the configuration of the critical value set, see
Figure 4 as an example.

We note that the reverse operation of an R-operation can also be defined.

Remark 4.6. When o (Diff*(S"72)) # 0, we cannot define an R-operation in the
C*°-category. However, it is known that mo(Homeo™(S"72)) = 0 for all n > 2,
where Homeo™(S"72) is the group of the orientation preserving homeomorphisms
of S"~2. By using this, we can still define an R-operation in the C%-category; i.e., in
a situation as in Definition 4.5, without the assumption on n, we can find topological
manifolds M; and “C° pseudo quotient maps” ¢; : M; — W; (i = 1,2) and we can
construct a new CY pseudo quotient map ¢; fa.0G2 1 MitMsy — Wil sWa.

Note that an R-operation preserves the diffeomorphism type of the source man-
ifold provided that it is simply connected, which will be verified by the lemmas
below.

Lemma 4.7. Assume that m(M) = 1 and that n = dimM > 4. Then an R-

operation performed on a pseudo quotient map q : M — W as in Definition 4.5
preserves the diffeomorphism type of M ; namely M = Mi4Ms.

To show the above lemma we need the following.

Lemma 4.8. Ifm(M)=1 and n = dim M > 4, then m (A) = 1.
Proof. In the following, we consider homology groups with Z-coefficients. Firstly
consider the Meyer-Vietoris exact sequence:

(4.9) Hi(An B) Y29 g () o H(B) — Hi(M),

where j; : ANB — A and j, : AN B — B are the inclusion maps and H; (M) =0
by our assumption. Furthermore we have the commutative diagram

H(AnB) 2 1 /(B)
(@linB). | | @
H) -2 ms),

where iy : ¢ — A and iy : ¢ — B are the inclusion maps, (¢/A N B), is an
isomorphism and (i2), is also an isomorphism, by the proof of Lemma 4.2. To-

gether with the exact sequence (4.9), this implies H1(A4) = 0,H1(B) = Z and
(j2)« : H1(ANB) — H;(B) is an isomorphism. Consider the commutative diagram

m(AnB) 2 1B
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FIGURE 4

where 7 and 7’ are the abelianizations. Since 7 and the lower (j2).« are isomor-
phisms, we have wo(j2)« = id,, (45, Wherew = 7 o(ja) ot : m(B) — m (ANB).
Then, by using van Kampen theorem, we see that there exists a homomorphism
€ m(M) = 1 (A) * ey (ANB) m1(B) — m1(A) such that & o (k1), = id : m(A) —
71 (A), where k1 : A — M is the inclusion map. Since 71 (M) is trivial, this implies
that 7 (4) = 1. ||
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Remark 4.10. The above proof shows that 71 (B) is normally generated by (j2).(c),
where a € m (AN B) & Z is a generator. This implies that

m(Ms) = 71 (B U,, D* x S"7%) = 1.

Note also that 1 = 71 (A) 2 7 (A Uy, ST x D"~ 1) = m; (My).

Proof of Lemma 4.7. Firstly set ¢ = @7 0 @g : O(D? x S"72) — 9(S* x D" 1),
which is a diffeomorphism, where ¢; and @9 are the diffeomorphisms as in diagram
(4.4). Then it is easy to see that (S' x D"~1) U, (D? x S"~2) is diffeomorphic to
Sm.

By Lemma 4.8 and van Kampen theorem, we see that M; = A Up, St x pn—t
is simply connected. Set K = S' x D"~! C M;. Then, since n = dimM; > 4, we
see that there exists an embedded n-disk D in M; such that K C Int D. Then we

see that ~
A = Mi\IntK

= (Mi\IntD) U (D\IntK)
>~ My((D™ U D)\IntK)
=~ M#(S™\S* x D" 1)
=~ My$D? x S"2.
Here, A and (M §D? x S"2) = 9(D? x §"~2) are identified by the diffeomor-
phism ¢~ ! o gpl_l. Hence we see that
M =AUy B
= (MifD? x §"7?) Up-top7toid
= Mi§(D?* x 5" U1 B)
= Mi{M>.

B

This completes the proof of Lemma 4.7. ||

Recall that we have assumed that Ho(W;Z) = 0 in order to define an R-operation
for a pseudo quotient map g : M — W. Furthermore, if 71 (M) = 1, then 7 (W) =1
by Lemma 4.3. Since W is a 2-dimensional polyhedron, this implies that W is
contractible.

Lemma 4.11. Let Wi and W5 be the pseudo quotient spaces as in Definition 4.5.
If W is contractible, then so are W1 and Ws.

Proof. In the following, we consider homology groups with Z-coefficients. Consider
the Mayer-Vietoris exact sequence:

HQ(C) — HQ(A) () HQ(B) — HQ(W) — Hl(C) — Hl(A) () Hl(B) — Hl(W)

Since Ha(c), Ho(W) and Hy(W) vanish, we see that Hy(A), Ha(B) and H; (A) also
vanish and that Hy(B) = Z. Then, by the same argument as in the proof of
Lemma 4.8, we see that m1(4) = 1 and that 71(B) is normally generated by the
class [c] € m1(B). Then we see that

Wy =AUy, S* x[0,1] and Wy = BUy, D?
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are simply connected. Furthermore, since Wj is homeomorphic to A, we have
Hy(Wh) = Ho(A) = 0, and by the Mayer-Vietoris exact sequence

Hy(B) ® Hy(D?) — Hy(Wa) — Hi(c) — Hi(B) & Hi(D?),

we also see that Ha(W3) = 0. Hence Wi and Wa are contractible. This completes
the proof. ||

The following lemma will be proved in the next section.

Lemma 4.12. Let ¢ : M — W be a pseudo quotient map of a closed connected
n-manifold into a compact pseudo quotient space such that

H.(W;Zs) = H,({point}; Zs)

and that W contains no trident (Figure 1 (d-5)). Then W contains a boundary
point (Figure 1 (b-1)).

Now we state the main theorem of this section as follows.

Theorem 4.13. Letq: M — W be a pseudo quotient map of a closed connected n-
manifold such that mo(Difft(S"=2)) = 0,n > 4,7 (M) = 1, Hy(W;Z) = 0 and that
W contains no trident (Figure 1 (d-5)). Then, by a finite iteration of R-operations
performed on q, we can convert q to a pseudo quotient map q : M — W which is
configuration trivial with respect to the spherical regions.

Proof. Take a spherical region R of W\q(So(g)) such that RN¢q(So(q)) = 0. Firstly
note that R is an open planar surface by the proof of Lemma 3.6. Let R be
the compact surface with boundary whose interior is homeomorphic to R. In the
following, we identify R with IntR. Furthermore, we define the number of boundary
components of R to be that of R. Now, if R is not homeomorphic to the open 2-disk,
take a simple closed curve ¢ in R which is parallel to a component of OR. Then
perform the R-operation along c to obtain a new pseudo quotient map ¢’ : M — W',
Here we note that, by Lemma 4.11, the two target pseudo quotient spaces of the two
pseudo quotient maps constructed just before Definition 4.5 for ¢ are contractible
and contain no trident. Thus, by Lemma 4.12, we can perform the R-operation
as desired. Note that, by this procedure, the number of spherical regions not
adjacent to ¢(Sp(q)) is unchanged and that the new spherical region not adjacent
to ¢'(So(q’)) corresponding to R is homeomorphic to the open 2-disk or it has fewer
boundary components than R. Furthermore, the new pseudo quotient map satisfies
the conditions as in the theorem.

Since M is compact, W has a finite number of spherical regions. Thus, by
performing the above operations finitely many times, we finally obtain a pseudo
quotient map § : M — W such that each spherical region not adjacent to G(So(§))
is homeomorphic to the open 2-disk, i.e., ¢ is configuration trivial with respect to
the spherical regions. This completes the proof. ||

Remark 4.14. By the proof of Theorem 4.13, ¢ and ¢ have the same number of
spherical regions. Furthermore, the numbers of spherical regions not adjacent to
the images of the definite fold points are also the same.
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5. IMMERSING Zs-ACYCLIC PSEUDO QUOTIENT SPACES INTO R?2

Definition 5.1. Let W be a pseudo quotient space. A proper continuous map
n: W — R? is a topological immersion if, for each point x € W, there exists a
conic neighborhood as in Figure 1 on which 7 is C° right-left equivalent to the
canonical map into R? as mentioned in Remark 2.14.

Let ¢ : M — W be a pseudo quotient map of an n-manifold into a pseudo
quotient space. We say that a proper topological immersion n : W — R? is a
generic smooth immersion with respect to g if the map nogq: M — R? is a C®
stable map.

For a pseudo quotient space W, we denote by BR(W) the set of the points
in W which have a conic neighborhood as in Figure 1 (b-2). We call a point in
BR(W) a branch point. It is easy to see that BR(WW) consists of some open arcs and
circles. Note that for every branch point © € BR(W), its regular neighborhood V.
is homeomorphic to the trivial Y-bundle over a closed interval, where Y = {re?™% ¢
C;0<r<1,0=0,1/3,2/3}. Suppose that there exists a pseudo quotient map
q: M — W of an n-manifold into W. Then, by the definition of a pseudo quotient
map, we have a continuous map ¢ : V, — R? as in Definition 3.2. If V,, is sufficiently
small, then the three components A;, Ay and Az of V,,\ BR(W) are mapped by ¢
homeomorphically into the plane and two of them, say A; and As, are mapped
on the same side of p(V, N BR(W)). We call a point in A1 U Ay an arm point
and a point in A3 a stem point. Note that this definition does not depend on the
choice of the map ¢, provided that the regular neighborhood V, is sufficiently small.
Furthermore, we call the set of the arm points the arm of W with respect to ¢ and
the set of the stem points the stem. Note that the arm and the stem satisfy a
certain consistency condition in the neighborhoods of the non-simple points of W
(i.e., the points of W which have conic neighborhoods as in Figure 1 (d)).

Let W be a pseudo quotient map. Suppose that a structure of arm and stem
around BR(W) which satisfy the consistency condition at non-simple points is al-
ready given. Furthermore, we suppose that W is oriented (see Definition 3.1). Then
it is not difficult to see that the regular neighborhood of (W) can be topologically
immersed into R? so that the structure of arm and stem is respected.

Let ¢ : M — W be a pseudo quotient map. If there exists a topological immersion
n : W — R? which respects the structure of arm and stem of W with respect to
q, then we can find another topological immersion ' : W — R? which is an
approximation of 1 and which is a generic smooth immersion with respect to q :
M —W.

The purpose of this section is to prove the following.

Proposition 5.2. Let W be a compact pseudo quotient space such that
H.(W;Zs) = H.({point}; Zs). We suppose that a structure of arm and stem which
satisfies the consistency conditions at mnon-simple points is given to W. Further-
more, suppose that W contains no cuspidal branch (Figure 1 (c-1)) and no trident
(Figure 1 (d-5)). Then there exists a topological immersion n : W — R? which
respects the structure of arm and stem.

By using Proposition 5.2, we can prove Lemma 4.12 as follows.

Proof of Lemma 4.12. Firstly note that a structure of arm and stem it is already
given to W, since we have a pseudo quotient map ¢ : M — W. Suppose that W
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(d—4')
FIGURE 5

contains no boundary point. Then W contains no cuspidal branch. By Proposition
5.2, there exists a topological immersion  : W — R2. Since W contains no
boundary point, we easily see that 7 is an open map. Thus n(W) is a nonempty
open compact set, which is a contradiction. ||

Proof of Proposition 5.2. First, for each point in W which has a conic neighborhood
as in Figure 1 (d-1) or (d—4), replace the conic neighborhood with the space as in
Figure 5 (d-1') or (d-4’) respectively. Denote by W’ the resulting polyhedron.
Then W’ is a pseudo quotient space and inherits a structure of arm and stem
induced from that of the original space W, since the original structure satisfies the
consistency conditions at non-simple points. Note that W' is homotopy equivalent
to W and that, if W’ is immersed into R? respecting the structure of arm and stem,
then so is W. Thus we may assume that each point of W has a conic neighborhood
as in Figure 1 (a) or (b). Since it has a structure of arm and stem, W is a branched
surface in the terminology of [Sa2]. Then we can represent W by its associated
graph Gy (for details, see [Sa2, §3]). In the following, we use the terminology and
notations introduced in [Sa2].

The following lemma is easy to prove by using the Mayer-Vietoris exact sequence
of homology groups in Zs-coefficients.

Lemma 5.3. If H1(W;Zs) = 0, then the associated graph Gy is a tree.

Now we go back to the proof of Proposition 5.2. By the above lemma together
with the assumption Hy(W;Z3) = 0, we see that W is orientable. Then we see
that, if Gy has no double edge, W can be immersed into R? by [Sa2, Corollary
3.9]. (In [Sa2], Ho(W;Z) = 0 is assumed. However, the same argument works also
under the assumption Hy(W;Zs) = 0.) We will prove the proposition by using the
same argument as in the proof of Corollary 3.9 of [Sa2]. When the number n of
vertices of Gy is greater than or equal to 3, we have to consider the forms as in
Figure 6 (d), (e), (f) and (g) of Gw other than the three forms (a), (b) and (c) of
[Sa2, p. 90].

Suppose that Gy is of the form (d). Let R be the component of W\X(W)
corresponding to the white vertex, where 3(W) is as defined in Definition 3.1 or
in [Sa2]. Then we see that there exists a non-zero element v € H;(R;Z2) which
cannot vanish in Hy(W;Zs3). This is a contradiction. Thus the case (d) does not
occur in our case.



2628 MAHITO KOBAYASHI AND OSAMU SAEKI

FIGURE 6

Suppose that Gy is of the form (e). Then we see that the pseudo quotient space
(or branched surface) whose associated graph is I" is homotopy equivalent to W and
hence that T' is appropriately directed as in [Sa2, Proposition 3.7] by the induction
hypothesis. Thus Gy is also appropriately directed.

Suppose that Gw is of the form (f). Then we see that the pseudo quotient
space whose associated graph is I' satisfies our homological hypothesis, by using an
argument similar to the proof of Lemma 4.11. Then, by our induction hypothesis,
T" is appropriately directed and hence Gy is also appropriately directed.

Suppose that Gy is of the form (g). Then we easily see that Ho(W;Zs) # 0.
This contradicts our assumption. Thus this case does not occur.

Thus, we have shown that Gyy is appropriately directed and hence that W is
immersed into R? by [Sa2, Proposition 3.7]. This completes the proof. ||

By using Definition 5.1, we can formulate the R-operation in the category of
stable maps, not in the category of pseudo quotient maps, as follows.

Definition 5.4. Let f : M — R? be a stable map of a closed n-manifold (n > 3)
into the plane. We assume that mo(Diff7(S"72)) = 0,n > 3, H;(M;Z) = 0,
Hy(W¢;Z) = 0 and that the pseudo quotient map ¢’ : M — W' is obtained from
gr : M — Wy by an R-operation in the sense of Definition 4.5. Furthermore, we
suppose that there exists a generic smooth immersion i : W/ — R? with respect
to ¢’. Then we say that the stable map g =no¢’ : M — R? is obtained from f by
an R-operation.

As a corollary to Theorem 4.13 and Proposition 5.2, we have the following.

Theorem 5.5. Let f : M — R? be a stable map of a closed connected n-manifold
such that mo(Diff*(S"2)) = 0,n > 4, m (M) = 1, Ho(Wy;Z) = 0 and that Wy
contains no cuspidal branch (Figure 1 (c—1)) and no trident (Figure 1 (d-5)). Then,
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by a finite iteration of R-operations performed on f, we can convert f to a stable
map g : M — R? such that q; : M — W, is configuration trivial with respect to the
spherical regions.

The proof is easy and is left to the reader.

Remark 5.6. By the elimination theorem of cusp points by Levine [L1], every stable
map f : M — R? of a closed orientable n-manifold M (n > 3) with even Euler
characteristic is homotopic to a stable map ¢ : M — R? which has no cusp points.
In particular, Wy contains no cuspidal branch as in Figure 1 (c-1). In addition,
by looking to the homotopy which was constructed by Levine, we see that we can
arrange so that W, is homotopy equivalent to W;. However, unfortunately, this
homotopy may create a trident as in Figure 1 (d-5).

We do not know whether, in Theorems 4.13 and 5.5, we can remove the condition
on conic neighborhoods or not.

6. 4-DIMENSIONAL CASES

In this section, we concentrate on stable maps of 4-dimensional manifolds, and
we give some applications of Theorems 4.13 and 5.5 to the simplification of certain
stable maps from simply connected closed 4-manifolds into the plane. The main
result Theorem 6.8 of this section is a refinement of Theorem B in [Kob1].

Definition 6.1. Let M be a C*° n-manifold and N a C* surface. A proper stable
map f : M — N is called a stable fibration if each fiber f~!(a) (a € N) is connected.

Note that if f : M — N is a stable fibration, its quotient space Wy is always a
topological manifold by Theorem 2.2 and Remark 2.3.

Remark 6.2. Let g : M — N be a proper stable map of an n-manifold into a
surface. Suppose that the associated quotient space Wy is a topological manifold
(with boundary). Then, we see that

(1) g : Wy — N is a local homeomorphism, and we can give to W, a unique
C*>-structure which makes g an immersion, and

(2) for a proper smooth embedding h : W, — N’ to a smooth surface N’ without
boundary, the map hog, : M — N’ is a stable fibration.

In other words, studying a stable map into a surface whose quotient space is a
topological manifold is equivalent to studying a stable fibration.

Definition 6.3. Let f : M — R? be a stable fibration of an n-manifold. A
connected component R of R?\C(f) is said to be a spherical region if the fiber
f~1(a) over each point a € R is diffeomorphic to the (n — 2)-sphere. Furthermore,
we say that f is configuration trivial with respect to the spherical regions if each
bounded spherical region R with RN f(So(f)) # 0 is homeomorphic to the open
2-disk. This is equivalent to the condition that the quotient map g : M — Wy
is configuration trivial with respect to the spherical regions as a pseudo quotient
map.

The following lemma states that if M is simply connected, a stable fibration is
in fact a map onto the 2-disk D?.
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Lemma 6.4. Let f : M — R? be a stable fibration of a closed connected n-
manifold. If mi (M) =1, then the quotient space Wy is homeomorphic to the 2-disk
D2,

Proof. Since f is a stable fibration and M is compact, Wy is a compact surface
with boundary. Furthermore, by Lemma 4.3, we see that m1(Wy) = 1. Thus Wy is
homeomorphic to the 2-disk. ||

Proposition 6.5. Let f : M — R? be a stable fibration of a closed orientable
n-manifold (n > 4). Then there exists a homotopy fi : M — R? (¢t € [0,1]) with
fo = f such that

(1) each fiber of f: is connected,

(2) except for a finite number of t’s, fi is a stable fibration,

(3) Wy, is homeomorphic to Wy, and

(4) f1 is a stable fibration with at most one cusp point.

The above proposition is a consequence of Levine’s theorem on elimination of
cusp points [L1]. One can prove the above proposition by examining the homotopy
given in [L1] carefully. Recall that the number of cusp points has the same parity
as the Euler characteristic of the source manifold. We should also note that, when
we eliminate the extra cusp points, the homeomorphism types of the fibers may
change.

In view of Proposition 6.5, we assume in the following that all stable fibrations
have at most one cusp point.

Now we consider the 4-dimensional case. Suppose that f : M — R? is a stable
fibration of a closed orientable 4-manifold. Note that, in this case, each fiber of f
is an orientable closed connected surface.

Definition 6.6. Let f : M — R? be a stable fibration of a closed orientable 4-
manifold with at most one cusp point. We say that f is of torus type if each regular
fiber of f is homeomorphic either to the torus or to the sphere.

In what follows we deal with stable fibrations of torus type with at most one cusp
point, of simply connected 4-manifolds into the plane, or onto a closed 2-disk by
Lemma 6.4. Note that standard 4-manifolds such as 5%, CP?, 52 x §2,5%2% 52, and
their connected sums admit stable fibrations as mentioned above, where S?x S? is
the nontrivial S%.-bundle over S? (see [Kob1] for their constructions).

Lemma 6.7. Let f : M — R? be a stable fibration of torus type, where M
is an orientable closed j-manifold. Then f|S(f) is a topological embedding and
FIS(f)\{cusp points}) is a C°° embedding.

Proof. Suppose that f|S(f) is not a topological embedding. Then, by [Fu] or [PF,
Theorem 1.13], we see that f should have a fiber with genus greater than or equal
to 2, since the quotient space Wy is a topological manifold. This is a contradiction.

The following is a refinement of Kobayashi’s result [Kob1] on simplifying stable
fibrations of torus type.

Theorem 6.8. Let M be a simply connected closed 4-manifold, and let f : M — R?
be a stable fibration of torus type with at most one cusp point. Then, we have the
following.
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(1) By a finite iteration of R-operations defined in §5, we can convert the map f
to a stable fibration f' : M — R? of torus type with at most one cusp point which
is configuration trivial with respect to the spherical regions, without changing the
diffeomorphism type of the source manifold M.

(2) Besides the above operations, by performing a finite iteration of C-operations
defined in [Kobl, §6] to f’, we can convert f to a stable fibration h : M — R?
of torus type with at most one cusp point which is configuration trivial with re-
spect to the spherical regions and which satisfies the following, without changing the
diffeomorphism type of the source manifold M :

65(h) =1 (if b2 (M) = 0),
8S(h) < ng(M) +1 (if b2(M) is even and non-zero),
1S(h) < g(bg(M) 1) (i ba(M) is odd),

where $S(h) denotes the number of connected components of S(h) and bo(M) the
second Betti number of M.

Remark 6.9. If we replace the words “R-operation” and “diffeomorphism” by
“S-operation” and “ homeomorphism” respectively, then the above result has been
obtained in [Kob1, Theorem B]. Furthermore, by the same argument as in the proof
of [Kobl, Theorem B (2)], we see that, in the above theorem, the pair (M, h) has
a decomposition

(M,h) = (My, h1)4(Ma, h2)g- - - §( My, hy),

such that each map h; : M; — R? is a stable fibration with the same property as h
and that, in addition, h; has at most one connected component R of Wy, \gp, (S(h;))
with f~!(a) (a € R) homeomorphic to the torus (see Lemma 3.7). Here we have
used the same notation as in [Kob1], although in the present paper, we have only
defined connected sums of pseudo quotient maps.

Proof of Theorem 6.8. Firstly note that, by Lemma 6.4, the quotient space W} is
homeomorphic to the 2-disk, which is contractible. Then we can apply Theorem
5.5 to obtain part (1). Part (2) is proved by the same argument as in [Kob1]. Note
that, by Lemma 6.7, the maps here satisfy all the necessary conditions assumed in
[Kob1]. ||

Corollary 6.10. Let M be a simply connected closed 4-manifold with Euler char-
acteristic x(M) = 2. If M admits a stable fibration of torus type f : M — R?
without cusp points, then M is diffeomorphic to S*.

Proof. By Theorem 6.8, we see that there exists a stable fibration h : M — R?
without cusp points such that S(h) is made up of a single closed curve. Hence the
curve must consist of definite fold points.

Then Wi\gn(So(h)) is an open 2-disk by Lemma 6.4. This implies that M is
decomposed as D? x S2US! x D3 according to the decomposition of W}, into a collar
neighbourhood N(C) of C' = ¢x(So(h)) in W, and W, \N(C). Then we see that
M is diffeomorphic to S%, by using a result of Gluck [G1] about diffeomorphisms
of 9(S x D3).
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Alternatively, we can use a result of [PF], since h is a special generic map. ||

We note that a simply connected closed 4-manifold M with x(M) = 2 is always
homeomorphic to S* by [Fr].

Let f : M — R? be a stable fibration of a closed orientable 4-manifold. In the
following we say that a connected component R of R?\C(f) is a 1-region if the
fiber f~1(a) over each point a of R is homeomorphic to the torus, or the closed
connected orientable surface of genus 1.

Corollary 6.11. Let f : M — R? be a stable fibration of torus type with at most
one cusp point of a closed simply connected 4-manifold M. Assume that f is a
trivial T?-bundle when restricted over each 1-region. Then M is diffeomorphic
either to 852 x S2 or to ##5%2%.S? for some k > 0, where the connected sum over
an empty set is assumed to be S*.

Proof. By Theorem 6.8, we may assume that f is configuration trivial with respect
to the spherical regions. Note that, in the course of the R-operations performed on
f, the triviality of the T2-bundle over the l-regions is preserved. Then the result
follows from [Kob2, Theorem B] and Remark 6.9 of the present paper. ||

We note that the 4-manifolds £* 52 x S? and #¥52 x S? admit such stable fibrations
as in the above corollary ([Kob2]).

Now we consider the Moishezon-Teicher surface X7 4 ([MT1]), which is a simply
connected compact complex surface of general type with zero signature. Since it is
simply connected, has zero signature and is spin ([Kotl, Kot2]), it is homeomor-
phic to ##52 x S2 for some k by a result of Freedman [Fr], where k is a high enough
positive integer (see [MT2]). However, it is not diffeomorphic to #¥5? x S? by a
result of Donaldson [D]. Thus we have the following.

Corollary 6.12. The Moishezon-Teicher surface X774 is homeomorphic to
jij2~>< S? for some k, which admits such a stable fibration as in Corollary 6.11,
but X7 4 never admits such a stable fibration itself.

If we compare Corollary 6.12 with the examples mentioned just after Definition
6.6, it seems to be an interesting problem to characterize those closed orientable
4-manifolds which admit stable fibrations of torus type with at most one cusp point.
The following problem is left to a future investigation.

Problem 6.13. (1) Does there exist a closed simply connected 4-manifold which
does not admit a stable fibration of torus type with at most one cusp point?

(2) Let M be an arbitrary closed simply connected 4-manifold. Does there exist
a smooth 4-manifold N homeomorphic to M which admits a stable fibration of
torus type with at most one cusp point?

(3) Does the K3 surface admit a stable fibration of torus type without cusp
points?

We note that the answer for Problem 6.13 (2) is yes, provided M is not spin.

7. PSEUDO QUOTIENT MAPS WITH ONLY SPHERICAL REGULAR FIBERS

In this section, as an application of our simplification theorem, we consider
pseudo quotient maps which have only spherical regions. The following theorem
illustrates a typical example in which our simplification theorem is useful in deter-
mining the diffeomorphism type of the source manifold.
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Theorem 7.1. Letq: M — W be a pseudo quotient map of a closed n-dimensional
manifold (n > 4) such that n is even, 7 (M) = 1, Hy(W;Z) = 0, q has no cusp
points, and W contains no trident. Suppose that every component of W\C(q) is a
spherical region. Then M is a homotopy n-sphere and, if n < 6, M is diffeomorphic
to the n-sphere.

Proof. First note that no point of W has a conic neighborhood as in Figure 1 (b—
3). This is seen as follows. If there exists such a point x € W, then we see that
there exists a compact (n — 1)-dimensional manifold X such that X counsists of
two (n — 2)-spheres and that there exists a Morse function h : X — R with exactly
one critical point (consider the transverse manifold X at ¢~1(x) N S(q)). This is a
contradiction, since X is odd dimensional.

The above observation implies that every point of W has a conic neighborhood as
in Figure 1 (a), (b-1) or (b—2), since ¢ has no cusp points and a conic neighborhood
as in Figure 1 (d-1) (double cone) does not occur for n > 4 as remarked in the
proof of Theorem 2.2.

First we prove the theorem when 7o (Diff(S"~2)) = 0. By Theorem 4.13, we
may assume that ¢ is configuration trivial with respect to the spherical regions.
Furthermore, we may assume that each spherical region adjacent to ¢(So(q)) is
homeomorphic to the open annulus or to the open 2-disk by Lemma 3.7, since
the connected sum of (homotopy) n-spheres is diffeomorphic to the n-sphere (or
a homotopy n-sphere). On the other hand, the Euler characteristic of W is equal
to one, since it is contractible by Lemma 4.3. Together with the observation in
the previous paragraph, this implies that W has at most one region which is not
adjacent to ¢(Sp(g)) and that this region must be homeomorphic to the open 2-
disk. Furthermore, the other regions are homeomorphic to the open annulus or to
the open 2-disk. Thus we see that W is homeomorphic to one of the polyhedrons
as in Figure 7 (a)-(c). Here, the polyhedron of Figure 7 (a) is homeomorphic to
the 2-disk, that of (b) is homeomorphic to the union of the 2-disk D? and Y x S!
attached along 9D? and {1} x S1, and that of (c) is homeomorphic to the union
of the 2-disk D? and the twisted Y-bundle over S' with monodromy 7 :Y — Y
attached along D? and {1} x S', where Y is the subset of C defined just after
Definition 5.1, and 7 is the complex conjugation restricted to Y.

If W is as in Figure 7 (a), then the result follows from [PF, Sal], since there
exists an embedding 1 : W — R? such that the map f = noq: M — R?is a
special generic map whose quotient space W is contractible.

If W is as in Figure 7 (b) or (¢), let N(C W) be a closed disk neighborhood of
a point in the spherical region homeomorphic to the open 2-disk. Then it is not
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difficult to see that ¢~'(V) is diffeomorphic to D? x S"~2 and that ¢~ }(W\N)
is diffeomorphic to an orientable D" !-bundle over S'. If n = 4, then the latter
is known to be diffecomorphic to S* x D*~!. If n > 6, then we can show that
every orientable D™~ !-bundle over S! is diffeomorphic to S' x D"~!, by using the
s-cobordism theorem. Then we see that M = ¢~ 1(N) U ¢~ 1(W\N) is a homotopy
n-sphere.

When 7o (Diff+(S"72)) # 0, by using a similar argument in the C%-category (see
Remark 4.6), we see that M is homeomorphic to the n-sphere and hence that M is
a homotopy n-sphere. This completes the proof. ||

Note that S* and every homotopy n-sphere (n > 5) admits a pseudo quotient
map as in Theorem 7.1 (see [Sal]). Furthermore, we can construct such a pseudo
quotient map which is as much complicated as we want. For this, we firstly construct
a pseudo quotient map into a pseudo quotient space as in Figure 7 and apply the
connected sum of some copies of these maps and then apply the converse of the
R-operation as mentioned just after Definition 4.5. Note also that Theorem 7.1 can
be regarded as a generalization of [PF, Proposition 2.6] and [Sal, Proposition 4.1]
concerning special generic maps with contractible quotient spaces.

Remark 7.2. Theorem 7.1 does not hold for n odd in general. For example, we
can construct a counterexample for n = 5 as follows. Let g : CP?\Int D* — [0, 1]
be a Morse function with one critical point ¢y of index 0, one critical point c¢o of
index 2 and no other critical points. We suppose that g(cp) = 0,g(cz) = 1/2 and
g~ 1(1) = 9(CP:\Int D). Define ¢; : (CP?\IntD*) x St — [0,1]x St by ¢1 = g xid.
Furthermore, define ¢ : S2 x D? — D? to be the projection to the second factor.
Then we set

M = (CP:\IntD*) x S'U S3 x D?

and

W =D?ul0,1] x S,

where 9D? and {1} x S! are identified. Note that M is simply connected and
that W is homeomorphic to the 2-disk D?. Finally we define ¢ : M — W by
q(z) = q1(z) for x € (CP?\IntD*) x S and q(y) = q2(y) for y € S3 x D%, Note
that ¢ is a pseudo quotient map such that every connected component of W\C(q)
is a spherical region, that ¢ has no cusps, that W contains no trident and that W
is contractible. However, we easily see that Ho(M;Z) is isomorphic to Z, which
shows that M is not a homotopy 5-sphere. Hence, Theorem 7.1 does not hold for
n =>.

As an immediate corollary to Theorem 7.1, we have the following.

Corollary 7.3. Let f : M — R?2 be a stable map of a closed n-dimensional mani-
fold (n > 4) such that n is even, m (M) =1, Hy(Wy;Z) =0, f has no cusp points,
and that Wy contains no trident. Suppose that every component of f~'(a) is dif-
feomorphic to S*=2 for all a € f(M)\C(f). Then M is a homotopy n-sphere and,
if n <6, M is diffeomorphic to the n-sphere.
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