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ABSTRACT. The Reeb space of a smooth function is a topological and combinatorial
object. It is important in understanding the manifold. It is a graph defined as the
quotient space of the manifold where the equivalence relation is as follows: two points
in the manifold are equivalent if and only if they are in a same connected component
of a level set. If the function is a Morse(-Bott) function for example, then this is the
graph (Reeb graph) whose vertex set is the set of all points containing some singular
points in the corresponding connected component of the level set.

The author previously constructed explicit smooth functions on suitable
3-dimensional closed and orientable manifolds whose Reeb graphs are isomorphic
to prescribed graphs and whose preimages are of prescribed types. The present
paper concerns a variant in the case where the 3-dimensional manifolds may not be
non-orientable.

IIpocrip Peba ruasikol dyHKIiil € TonosoriaanM i kombinaropauM 06’ekroM. Bin
rpa€ BaskKJIUBY POJIb JJIsl PO3YMIHHSI MHOTOBHAY. BiH € rpadom, sikuit BU3HAYAETHCS
AK (PaKTOP-IPOCTIp MHOTOBHULY, € BiIHOIIEHHS €KBiBaJE€HTHOCTI Take: ABI TOUYKHU
MHOTI'OBH/Ia €KBiBaJIEHTHI TOAI 1 TIJIbKY TO/Ii, KOJIM BOHU 3HAXOATHCS B OJTHOMY 1 TOMY 2K
3B’I3HOMY KOMITOHEHT] ToBepxHi piBus. fxmo dynkuisa € Pynruyicto Mopca(-Bomma),
Tozni 1e € rpadom (epagom Peba), MHOXKMHA BEPIIMH SIKOTO € MHOXKHHOIO BCIX TOYOK,
IO MIiCTSITH IT€BHI OCOOJIMBI TOYKHU y BiJIOBITHUX 3B’SI3HUX KOMIIOHEHTAX MHOXKUHU
piBHIB.

Panime aBrop mobynysas sBHI riagki dyukiil mHa Bignosigmwx 3 - BUMipHEX
3aMKHYTHUX 1 Opi€HTOBaHMX MHOIOBHJIaX, rpacdu Peba saxux izomopdHi 3amaHuM
rpadaM i mpoobpas3u SKUX MAKOTh 3aJaHi Tunu. Y IMiil cTarTTi PO3IJIsSJAeThCsS BapiaHT
B BUIIQIKY, KOJIU 3-MipHI MHOIOBHU/IM MOXKYTb HE OYyTH HEOPIEHTOBAHUMHU.
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1. INTRODUCTION

1.1. Reeb spaces, Reeb graphs and Main Problem. The Reeb space of a smooth
map c is defined as follows.

For a smooth map ¢ : X — Y, we can define an equivalence relation ~, on X as follows:
T~ holds if and only if they are in a same connected component of a preimage ¢~ (y).

Definition 1. The quotient space W, := X/~ is the Reeb space of c.

Hereafter, q. : X — W, denotes the quotient space. We can define a map ¢ uniquely
by the relation ¢ = ¢ o g¢.. For a manifold and a polyhedron X, its dimension is uniquely
defined and let dim X denote this. For a smooth manifold X, T, X denotes the tangent
space at p. A singular point of a smooth map ¢: X — Y is a point p € X where the rank
of the differential de, : T,X — T.(p)Y is smaller than min{dim X,dimY}. The singular
set of ¢ is the set of all singular points of ¢. For a smooth map ¢, the singular value is
a point ¢(p) which is a value at some singular point p. A regular value of the map is a
point which is not a singular value in Y.

The Reeb space of a smooth function f which is not so wild is a graph. Reeb spaces
are graphs for smooth functions on compact manifolds with finitely many singular values
for example ([18]). In the present paper we only concentrate on such smooth functions
essentially. One of pioneering papers on Reeb spaces is [15] for example. They have been
fundamental and important topological objects and tools in algebraic topological studies
and differential topological ones on differentiable manifolds. They inherit topological
information such as homology groups and cohomology rings in several cases. See author’s
works [7, 8, 9, 6, 4, 5], for example, for related expositions. They essentially concentrate
on fold maps such that preimages of regular values are disjoint unions of spheres. Fold
maps are higher dimensional variants of so-called Morse functions and the definition of
a fold map is introduced in the next section. We present another important problem,
which is our Main Problem. Before presenting this, we introduce several terminologies
and explanations on graphs. A graph G := (V, E) is an object consisting of the vertezx set
V and the edge set E. The edge set is a set consisting of a pair of a subset of V' consisting
of exactly two elements in V' and an integer. It is also a so-called multigraph with no loops.
A vertex of the graph is an element of the vertex set. An edge of the graph is an element
of the edge set. If V and FE are finite sets, then G is called a finite graph. If the following
condition is satisfied, then the graph is said to be connected: for any two distinct vertices

Loy vy

v1,v2 € V, there exists a sequence {v;},]

conditions for some integer l,, ,, > 1:

C V of length [, ., satisfying the following

o vj # vy for 1 <j <y 4, — 1.
o For the two-element set V; := {vj,vj41}, there exists an integer i(j) and
(V;,i(j)) € Efor 1 < j <ly, o, — L.

By regarding each edge as a closed interval and each vertex a point in a natural way,
we can regard a graph as a topological space. For a connected graph, the topological
space is connected and arcwise connected. For a finite graph, it is regarded as a so-called
1-dimensional finite simplicial complex.

Hereafter, we only consider finite and connected graphs as graphs essentially. We can
regard such graphs as 1-dimensional finite simplicial complexes and regard as objects in
the PL category, or equivalently, the piecewise smooth category. An isomorphism between
two such graphs G and Gs is a (PL or piecewise smooth) homeomorphism from G to
G2 mapping the vertex set of GG; onto the vertex set of Go. If there exists an isomorphism
from a graph G to G3, then they are said to be isomorphic.
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Main Problem. For a finite and connected graph with at least one edge, can we construct
a smooth function on a (compact) manifold (satisfying some good conditions) whose Reeb
graph is isomorphic to the graph?

Paper [20] is pioneering on this topic. In [3, 12, 13, 18], some related studies, among
other, were conducted. The author also obtained results in [10] and [11].

Recently Reeb graphs and Reeb spaces also became important in applications of
mathematics such as data analysis and visualizations. This problem will play important
roles in such scenes, [19] is a related article.

1.2. Notions and notation for our Main Theorems. We introduce notions and
notation we need. The k-dimensional Euclidean space R¥ including the line (R := R!)
and the plane (R?) are simplest smooth manifolds. They are also Riemannian manifolds
endowed with the standard Euclidean metrics. The sphere S* which is centered at the
origin of R¥*1 and whose radius is 1 is the k-dimensional unit sphere. The disk D* which
is centered at the origin of R¥ and whose radius is 1 is the k-dimensional unit disk.

A height function of the unit disk is a Morse function with exactly one singular point
p with i(p) = 0 in the interior. In other words, a height function is a smooth function
having the form (x1,--- ,z,,) — iijlij + ¢ for suitable coordinates and a constant
value ¢ € R.

Definition 2. Let m > n > 1 be integers. A smooth map from an m-dimensional
manifold with no boundary into an n-dimensional manifold with no boundary is said to
be a fold map if:

(1) for each singular point p, there exists an integer satisfying 0 < i(p) < "“2”“;
(2) around each singular point p, the map has the form
m—i(p)—n+1 i(p)
(.1?1,"' ;xm) = (1‘1,"' sy Tn—1, Z xj‘i"ﬂ—lz _ijer*i(p)z)
j=1 j=1

for suitable coordinates.

The case where the manifold of the target is the line R is for Morse functions on
manifolds with no boundaries. Together with Morse functions, we mainly consider Morse
functions on compact smooth manifolds with non-empty boundaries or non-compact
manifolds with no boundaries in the present paper.

Proposition 1. For a fold map in Definition 2, the following properties are satisfied.

(1) The integer i(p) is unique for any singular point p and the set of all singular
points of an arbitrary fixed i(p) is a smooth regular submanifold of dimension
n — 1 with no boundary. If the manifold of the domain is closed, then the set of
the singular points is compact.

(2) Furthermore, the map obtained by restricting the original map to the previous
(n — 1)-dimensional submanifold is a smooth immersion.

(3) Around each singular point, the fold map is locally represented as the product
map of a Morse function and the identity map on a small open neighborhood of
the singular point for suitable coordinates. Here the small open neighborhood is
chosen in the singular set.

In this proposition, we call i(p) the indez of p.

Definition 3. A fold map is said to be special generic if the index of a singular point is
always 0.

For fundamental theory on singularity theory and differential topological properties of
fold maps, see |2, 16, 17, 18] for example.
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Definition 4. A continuous real-valued function g on a graph G is said to be good if it
is injective on each edge.

1.3. Main Theorems. In our arguments, for graphs, we consider a graph G with a
good function g and an integer valued function r on the edge set E of G. Note that we
do not consider the notion of an isomorphism and the notion of isomorphic graphs for
such graphs with functions. The triplet (G, g, r) is called a graph associated with a good
function g and a family r of integer labels to edges.

Main Theorem 1. Let G := (V, E) be a connected and finite graph satisfying E # ().
Let (G, g,rc) be a graph associated with a good function g and a family r¢ of integer
labels. Assume also that for each edge e € E, either of the following two conditions holds:

o rg(e) > 0.
o rg(e) is even and negative.

Then there exist a 3-dimensional closed, connected and orientable manifold M and a
smooth function f: M — R enjoying the following four properties.

(1) The Reeb graph Wy of f is isomorphic to G and we can take a suitable isomorphism
o: Wf - G.

(2) For each point ¢(p) € G (p € Wy) in the interior of an arbitrary edge e, the
preimage q¢ ' (p) is a closed, connected, and orientable surface of genus rg(e) if
ra(e) > 0 and a non-orientable one of genus —rg(e) if ra(e) < 0.

(3) For a point p € M mapped by g5 to a vertex v, = qr(p) € Wy, we have
f(p) =goo(vp).

(4) Around each singular point p, locally, the function has either of the following
forms.

(a) Assume that at the vertex q;(p), g does not have a local extremum. Then
the local function is a Morse function.

(b) Assume that the vertex qs(p) is of degree 1, that at the vertex, g has a local
extremum and that at the edge e containing the vertex, rg(e) = 0 is satisfied.
Then the local function is a height function.

(c) Assume that the vertex q;(p) is of degree greater than 1 and that g has a
local extremum there. Then the local function is the composition of a Morse
function with a height function.

(d) Assume that the vertex q¢(p) is of degree 1 and that g has a local extremum
there. Assume also that at the edge e containing the vertex, rg(e) = —2 is
satisfied. In this case, the local function is obtained in the following way.

(i) Define a smooth function h of a well-known type and enjoying the
following properties: h(z) := 0 for x <0 and h(z) := ene" = for x > 0
with a real number e, > 0. ~

(ii) Consider a special generic map f, : St x S? — R? on the total space
St x §2 of a mon-trivial smooth bundle over a circle whose fiber is
diffeomorphic to the 2-dimensional unit sphere enjoying the following
three properties.

(A) The restriction to the singular set is a smooth embedding.

(B) The image of the singular set is the disjoint union of two circles
centered at (0,0) and of radii 3 and 3, respectively.

(C) The image of the map is the closure of the domain surrounded by
the two embedded circles just before.

(iii) We consider the restriction of the previous map to the preimage of the
unit disk D* C R%. After that we compose this map with the height
function mapping (w1, 2) to x12 + 122
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(iv) We compose the resulting function with a smooth function mapping
a real number x to th(x — i) h is as before. Furthermore, here the
domain is restricted suitably.

(v) We consider the sum of the previous function and a (suitable) real-
valued constant function. This is our desired local function.

Furthermore, for example, for this local function, the preimage of qr(p) is a
circle.

(e) Assume that the vertex q¢(p) is of degree 1 and that g has a local extremum
there. Assume also that at the edge e containing the vertez, ra(e) # 0, —2 is
satisfied. In this case, the composition of a fold map into the interior of the
unit disk with a height function is a desired local function. Furthermore, the
fold map is constructed as a map enjoying the following properties.

(i) Each connected component of the preimage of each point in the interior
of the unit disk of the target is either of the following three.

(A) A circle. This case is for connected components of the preimage
of each regular value or connected components of the preimage of
some singular value having no singular points.

(B) The bouquet of two circles. This case is for some connected
component of the preimage of some singular value.

(C) A 1-dimensional polyhedron obtained by an iteration of identifying
two points whose small open neighborhoods are homeomorphic to
an open interval in distinct connected 1-dimensional polyhedra,
starting from finitely many circles. This case is for some connected
component of the preimage of some singular value.

(ii) For the singular set of the fold map, remove suitable finitely many sin-
gular points and consider the restriction to the resulting 1-dimensional
manifold. Then we have an embedding. The finitely many singular
points removed before are all in the preimage of (0,0) (where the space
of the target of the presented fold map is considered).

As Remark 1 says, it was announced that we could immediately show this. However,
we need additional arguments. As another result, we also show the following result.
Hereafter, let X denote the size of a finite set X.

Main Theorem 2. Let G := (V, E) be a connected and finite graph E # 0. Let (G, g,7q)
be a graph associated with a good function g and a family ra of integer labels. We also
assume the following two conditions.

o For each vertex v, the difference D, 1= §Ayp » — HAiow,0 Of the sizes of the two
following finite sets is even.
— The set Aupv of all edges satisfying the following conditions.
* e € Aypp contains v as a point.
* The restriction of the function g to e € Ayp . has the minimum at v.
* rg(e) is odd and negative for e € Ayp .
— The set Aiow, of all edges satisfying the following conditions.
* e € Alow,v contains v as a point.
* The restriction of the function g to e € Ajow o, has the mazimum at v.
x ra(e) is odd and negative for e € Ajow,y-
o Let v be an arbitrary vertex of G satisfying D, # 0 such that g does not have a
local extremum at v.
— Let D, > 0. Let Biow,, denote the set of all edges satisfying the following
conditions.
* € € Biow,y contains v as a point.
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* The restriction of the function g to e € Biow,, has the mazimum at v.
x ra(e) is negative for € € Blow y-
For e € Biow v, define rg’(e) as the greatest even number satisfying ra'(e) <
Ira(e)|. The sum Yeep,,, ,rc’(e) satisfies Dy < Yeep,,, 7’ (€).
— Let D, < 0. Let Byp,, denote the set of all edges satisfying the following
conditions.
* e € Byp,y contains v as a point.
* The restriction of the function g to e € Byp, has the minimum at v.
% rg(e) is negative for e € Byp .
For each edge e € By, define v’ (€) as the greatest even number satisfying
ra'(e) < |ra(e)|. The sum Yeep,, ,ra’(e) satisfies |Dy| < Yeep,, ,ra’(e).

Then there exist a 3-dimensional closed and connected manifold M and a smooth function
f: M — R enjoying the properties (1)—(4) in Main Theorem 1.

1.4. Additional comments. Paper [10] concerns cases where the 3-dimensional mani-
folds and preimages of regular values are orientable. Main Theorems extend this and this
says that the author has a good idea for the present problem (Problem 3). Paper [1§]
generalizes the main result of [10] partially and can be regarded as a paper motivated by
it. This also generalizes Main Theorems partially. More precisely, [18] generalizes the
manifold assigned to each edge to a general compact (closed) manifold. For edges con-
taining a vertex, the manifolds satisfy a condition from theory of cobordisms of manifolds
there. On the other hand, explicit classes of smooth functions are not considered and
used functions are essentially ones obtained by integrating smooth functions which are
not-real analytic.

In [10] and the present paper, explicit functions with mild singularities are used.

Moreover, other related studies introduced before are essentially ones for smooth
functions on surfaces or Morse functions such that preimages of regular values are disjoint
unions of spheres.

We prove Main Theorems in the next section.

2. PROOFS OF MAIN THEOREMS.

A proof of Main Theorem 1. We need to add several arguments to the proof of Theorem
1 of [10].

First we introduce several smooth functions. Let a < b be real numbers and {t; }3:1
be a sequence of real numbers in (a,b) of length [ > 0 such that either of the following
holds: tj, < t;, for any pair j; < js or t;; > t;, for any pair j; < j2). Let fp,{t].}’[ayb]
denote a function satisfying the following six.

o The manifold of the domain is diffeomorphic to the manifold obtained in the
following way.
— Prepare a manifold represented as a connected sum of [ copies of the real
projective plane.
— Remove the interiors of two copies of the 2-dimensional unit disk smoothly
and disjointly embedded in the previous manifold.
o The Reeb space is (PL) homeomorphic to a closed interval.
o The preimage of {a,b} and the boundary of the manifold of the domain agree.
o There exist exactly [ singular points. We can take the sequence {s; }221 of all
singular points so that fp,{tj},[a7b](5j) =t; holds.
o Around each singular point, the function is locally a Morse function.
o Preimages of regular values are always circles.
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Let fK,up,t,[a,b] ( leOW’t’[a,b]) denote a function on a 3-dimensional compact and con-
nected manifold satisfying the following:

o The function has exactly one singular point and ¢ is the singular value. The
function is a Morse function there.

The Reeb space is (PL) homeomorphic to a closed interval.

The preimage of {a,b} and the boundary of the manifold of the domain agree.
The preimage of a (resp. b) is diffeomorphic to the 2-dimensional unit sphere.
The preimage of b (resp. a) is diffeomorphic to the Klein bottle.

O O O O

We also need several fundamental arguments on relationship among Morse functions
and singular points, and the manifolds, to know the existence of these functions. The
theory of so-called handles will help us to understand the structures of the presented
functions and other smooth functions in the present paper. In the proof of Main Theorem
2, we present the theory of handles in short with a short proof on the construction of
another new function fp70,t7[a7b}. For systematic theory on relationship between handles
and singular points of Morse functions, see [14] for example.

We come back to the proof. Besides the original proof of Theorem 1 of [10], we need
construction of a local function around a vertex v € V' C G in the following four cases.

Case 1 We consider the following case.

o v is contained in some edge e satisfying rg(e) < 0.
o At v, g does not have a local extremum.

We consider a small regular neighborhood N(v) C G. We can regard this as a graph
whose edge set consists of closed intervals being subsets of edges of G and containing v.
Furthermore, this satisfies the following.

o Mutually distinct edges of the graph N(v) are always closed intervals in mutually
distinct edges of G.

o For each edge of G containing v, there exists a unique edge of N(v) being also a
closed interval in the edge of G.

By using methods of Michalak ([13]) and the author ([10]), we construct a local smooth
function f, ¢ onto a small closed interval [g(v) — €,, g(v) + €,] enjoying the following five
properties where €, > 0 is a sufficiently small real number.

o f;o is a Morse function with exactly one singular value g(v).

o The preimage of {g(v) — €,,9(v) + €, } and the boundary of the manifold of the
domain agree.

o The Reeb space ngo has the structure of a graph such that the vertex set

consists of the following two.
= -1
— All elements in (fy0) ({g(v) — €, 9(v) + €, }).
= —1
— The unique element in (f,0) (g(v)).
There exists a suitable isomorphism ¢,, ¢ from the graph W~ onto N (v) mapping

(f;,o)_l(g(v)) C Wy, , to the one-point set {v}.

o Consider the edge €’ 3 v of N(v) contained in the edge e of G. For each point
xee —{v}, (ppoo qfv—,o)fl(:c) is a closed, connected and orientable surface of
genus rg(e) if rg(e) > 0.

o Consider the edge €’ 3 v of N(v) contained in the edge e of G. For each point
z€e —{v} (P00 qf;,o)_l(x) is diffeomorphic to the 2-dimensional unit sphere
if ra(e) < 0.
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We change this function to a desired local smooth function f;. We can choose finitely many
trivial smooth bundles over the image [g(v) — €,, g(v) + €,] whose fibers are diffeomorphic
to the unit disk D? disjointly and which are apart from the singular set of the function.
We apply such arguments throughout the present paper. We can do this is due to the
structures of Morse functions with a relative version of an important theorem in [1]. It
says that smooth submersions with compact preimages give smooth bundles. We can
attach new functions instead. We do this procedure according to the following rules and
steps around each edge of N (v).

o Around an edge ¢’ 3 v of N(v) contained in the uniquely defined edge e of G
satisfying rg(e) < 0 and f,o(¢’) = [g(v) — €0, g(v)].

— We can choose W trivial smooth bundles over the image [g(v) — €, g(v) +
€,] whose fibers are diffeomorphic to the unit disk D? disjointly and which
satisfy the following conditions. We remove them.

* They are apart from the singular set of the function.

* For the total space B. ; of each of the ‘TG?M trivial smooth bundles

before, the image of the restriction of ¢,- ~to Be ; N f;o_l([g(v) -
o g)]) is '

— We prepare a function fK’IOW’g(U)V[g(U),EU,g(v)JrEU] before. We can choose a
trivial smooth bundle over [g(v) — €,, g(v) + €,] whose fiber is diffeomorphic
to the unit disk D? and which is apart from the singular set. As before, we
can do this due to the structure of the function with the relative version of
the important theorem. We remove this and we have a new smooth function.

— We attach V%ﬂ copies of the previously constructed function here to
the function obtained first here. We glue the functions one after another
preserving the values at all points of the manifolds of the domains.

o Around an edge €’ 3 v of N(v) contained in the uniquely defined edge e of G
satisfying r¢(e) < 0 and f, o(e’) = [g(v), g(v) + €4].

— We can choose W trivial smooth bundles over the image [g(v) — €, g(v) +
€,] whose fibers are diffeomorphic to the unit disk D? disjointly and which
satisfy the following conditions. We remove them.

o They are apart from the singular set of the function.
o For the total space B, ; of each of the \rczi)\ trivial smooth bundles

before, the image of the restriction of ¢~ to Ber N fv0 1([g(v), g(v)+
€y]) is €.

— We prepare a function fK,up,g(v),[g(v)—ev,g(v)+ew] before. We can choose a
trivial smooth bundle over [g(v) — €,, g(v) + €,] whose fiber is diffeomorphic
to the unit disk D? and which is apart from the singular set. We can do this
due to the structure of the function with the relative version of the important
theorem as before. We remove this and we have a new smooth function.

— As the first case here, we attach W copies of the previously constructed
function in the present case to the function obtained first in the present case.
We glue the functions one after another preserving the values at all points of
the manifolds of the domains.

Thus we have a desired local smooth function onto [g(v) — €,, g(v) + €,].

Hereafter, we omit rigorous notation and expositions on identifications of original abstract
graphs and Reeb graphs of local or global smooth functions. We naturally identify them
in similar arguments.
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Case 2 We consider the following case.

o v is of degree greater than 1.
o v is contained in some edge e satisfying rg(e) < 0.
o At v, the function g has a local extremum.

As in [10], we can construct a local function as Case 1 and we compose this with a
suitable smooth embedding into R?. We can take the smooth embedding before as one
enjoying the following properties and we choose this as the embedding.

o The image is a parabola {(t,g(v) &t?) | t € [~€,, €,]} C R? for a sufficiently small
positive number ¢, > 0.
o The embedding maps the unique singular value of the local function to (0, g(v)).

We compose the resulting map into the R? with the canonical projection to the second
component. By doing the construction of the smooth function like one in Case 1 suitably
first, we have a desired local function. We choose the sign 4+ (—) according to the condition
that g(v) is the local minimum (resp. maximum) of g.

Case 3 We consider the following case.

o v is of degree 1.
o v is contained in the edge e satisfying rg(e) = —2.
o At v, the function g has a local extremum.
We can have a special generic map on the total space of a non-trivial smooth bundle
over a circle whose fiber is diffecomorphic to the 2-dimensional unit sphere into R%Z. We
can construct one enjoying the following properties.

o The restriction to the singular set is a smooth embedding.

o The image of the singular set is the disjoint of the following two circles: they are
centered at (0,0) and their radii are % and %, respectively.

o The image of the map is the closure of the domain surrounded by the previous
two embedded circles.

We consider the restriction of the map to the preimage of the unit disk D? in R? and
compose this with a height function mapping (21, z2) to 212 + 222. We compose this with
a smooth function mapping z to +h(z — i) with the domain restricted suitably. Here
the sign + (—) is chosen according to the condition that g(v) is the local minimum (resp.
maximum) of g. We consider the sum of the resulting function and the constant function

whose values are always g(v). We thus have a desired local function.

Case 4 We consider the following case.

o v is of degree 1.
o v is contained in the edge e satisfying rg(e) # —2 and rg(e) = —2(lp + 1) for a
positive integer [y > 0.
o At v, the function g has a local extremum.
For this case, see also our proof of Theorem 1 in [10]. Arguments there are somewhat
similar. However, functions and maps are different in preimages for examples.
Let €, > 0 be a small real number. Let P be the surface of the domain of fp7{tj}7[_6m€v]
such that {t; }3-021 is of length Iy and defined in the following way.
o For lo = 1, let t]’ =t :=0.

o Forlp>1,lett; := —% and t;, := § and t; := =% + (j — l)l(fjl for 1 < j < lp.

for —1 <t <1 and set

We can define fP (ot

1 1
%(tl0*1+17t]‘)}]‘0:11[7€71’51)]

Fot 3= fo f4 5 (05—t} eores]
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for —1 <t < 1 suitably to define a smooth deformation F, : P x [-1,1] = R x [-1,1]
enjoying the following properties.
o Fy(x) = F,(x,t) for (z,t) € P x [—1,1].
o The singular set consists of all points of the form (s; ;,t) where s; ; is a singular
point of the Morse function F, ;.
o On the interior of P x [—1,1], represented as Int P x (—1,1), the map F, is a
fold map.
o For the fold map before, the restriction to the subset of the singular set obtained
by removing all singular points in the preimage of (0,0) is a smooth embedding.

We consider the restriction of this map to the preimage of the following open disk:
the open disk is centered at (0,0) and its radius is % We compose the restriction with a
height function mapping (z1,22) to £(x12 + 222). We consider the sum of the resulting
function and a constant function whose values are always g(v). Thus we have a desired
local function.

For a sufficiently small real number x4,y > 0, the preimage of g(v) £ () is diffeo-
morphic to a closed, connected and non-orientable surface obtained by identifying the
two connected components of the boundary of the surface of the domain of fp,{t].}’[a’b]
with [ := 2ly. The genus is 2 4 2ly. The sign + (—) is chosen according to the condition
that g(v) is the local minimum (resp. maximum) of g.

For this exposition, see also [18]. This is on differential topological theory on structures
around preimages of smooth maps whose codimensions are —1. This is theory of so-called
fibers.

This completes the proof. O

Remark 1. In an earlier version of [10], it was announced that we immediately have a
similar answer to Problem 3 of [10]. However, the answer is not so trivial. In fact we
need Case 3 in our proof for example.

We prepare two important lemmas.

Lemma 1. Let m > 1 be an integer. Suppose there exist two smooth functions fl and fg
on m-dimensional smooth, compact, and connected manifolds onto a small closed interval
[a—€q,a+€,] enjoying the following three properties with a and €, > 0 being real numbers.

o fl and fg are both Morse functions with exactly one singular value a.

o The preimages of a — €, are diffeomorphic to closed manifolds Fiow,1 and Fiow 2
respectively. The preimages of a + €, are diffeomorphic to closed manifolds Fyp 1
and Fyp 2 respectively.

= — = —1
o The preimages f1  (a) and fo (a) are both one-point sets.

Then we have a smooth function fig on an m-dimensional smooth, compact, and connected
manifold onto [a — €,,a + €, enjoying the following properties.

(1) f1~72 is a Morse function with exactly one singular value a.
(2) The preimage of a — €, is diffeomorphic to the disjoint union of Fiow,1 and Figy 2.

The preimage of a + €, is diffeomorphic to the disjoint union of Fup1 and Fyp 2.
= —1
(3) The preimage f12 (a) is a one-point set.

Proof. Besides fl and fg, we construct a similar smooth function fs on an m-dimensional
smooth, compact and connected manifold onto the small closed interval [a — €4, a + €]
enjoying the following three properties. We can do this as in Case 1 of the proof of Main
Theorem 1.

o This is a Morse function with exactly one singular value a.
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o The preimages of a — ¢, and a + ¢, are diffeomorphic to the disjoint union of two
copies of the (m — 1)-dimensional unit disk.

o The preimage f:si (a) is a one-point set.
For fs, we can choose two trivial smooth bundles over the image [a — €4,a + €,] whose
fibers are diffeomorphic to the unit disk D™~! disjointly and which are apart from the

singular set of the function. We can do as in Case 1 of the proof of Main Theorem 1. We
can also choose them so that the following two conditions hold.

o The total spaces are mapped to the unions of two edges by the quotient map to
the Reeb space.
o The sets of the two edges are mutually disjoint for these two bundles.

We remove the interiors of the total spaces of the trivial bundles. We have a new function.
Note that the resulting Reeb space is regarded as a graph with exactly four edges.

For fj ( =1,2), we can choose a trivial smooth bundle over the image [a — €,, a + €]
whose fiber is diffeomorphic to the unit disk D™~ and which is apart from the singular
set of the function similarly.

We remove the interiors as before. We have another two functions. We glue these three
resulting functions together to obtain a desired smooth function preserving the value at
each point as in Case 1 of the proof of Main Theorem 1. This completes the proof. [

Lemma 2. Let m > 1 be an integer. Suppose two smooth functions fi and fg on
m-dimensional smooth compact and connected manifolds onto a small closed interval
[a — €q,a+ €] enjoying the following three properties exist where a and €, > 0 are real
numbers.

o fl and fg are both Morse functions with exactly one singular value a.

o The preimages of a — €, are diffeomorphic to closed manifolds Fiow,1 and Fiow 2
respectively. Let Fiow.1,0 C Flow,1 and Fiow,2,0 C Fiow,2 be connected components
of the manifolds. The preimages of a + €, are diffeomorphic to closed manifolds
Fup,1 and Fyup, 2 respectively.

~ — ~ 71
o The preimages f1 (a) and fo (a) are both one-point sets in the Reeb spaces.

Then we have a smooth function f1~,2 on an m-dimensional smooth, compact and connected
manifold onto [a — €4, a + €, enjoying the following properties.

(1) fig is a Morse function with ezactly one singular value a.

(2) The preimage of a — €, is diffeomorphic to the disjoint union of a manifold
diffeomorphic to Fiow,1 — Fiow,1,0, ¢ manifold diffeomorphic to Fiow,2 — Fiow,2,0;
and a manifold represented as a connected sum of the two manifolds Fiow 1,0 and
Flow,2,0: the connected sum is considered in the smooth category. The preimage
of a + € is diffeomorphic to the disjoint union of Fup1 and Fupo.

(3) The preimage figi (a) is a one-point set.

Proof. Besides f1 and f,, we construct a similar smooth function fS:up on an m-dimensional
compact, connected and smooth manifold onto the small closed interval [a — €4, a + €]
enjoying the following three. We can do this as in Case 1 of the proof of Main Theorem 1.

o This is a Morse function with exactly one singular value a.

o The preimages of a — ¢ and a + € are diffeomorphic to the (m — 1)-dimensional
unit sphere and the disjoint union of two copies of the (m — 1)-dimensional unit
sphere respectively.

o The preimage fSTup (a) is a one-point set.

For fS’:up; we can choose two trivial smooth bundles over the image [a — €4, a + €¢,] whose
fibers are diffeomorphic to the unit disk D™ ! disjointly and which are apart from the
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singular set of the function. We remove the interiors. We can do this as in Case 1 of the
proof of Main Theorem 1. We can also choose the trivial bundles so that the following
two properties hold.

o The two total spaces are mapped to the unions of two edges by the quotient map
to the Reeb space.
o The pairs of the two edges before are distinct for these two bundles.

We have one new function. Note that the resulting Reeb space is regarded as a graph
with exactly three edges.

We identify Fiow,1,0 C Flow,1 and Fiow,2,0 C Flow,2 with the preimages of a — € for
functions f; and f; in a suitable way. We can choose a trivial smooth bundle over the
image [a — €4, a+¢€,] enjoying the following properties for j = 1,2. We remove the interiors.
We can also do this as in Case 1 of the proof of Main Theorem 1 for j =1, 2.

o The fiber is diffeomorphic to the unit disk D™!.

o The fiber of this bundle is smoothly embedded in Fiow,j,0 C Fiow,;-

o The total space of the bundle is apart from the singular set of each of these two
functions.

We have another two functions.

Thus we have three functions. We can glue the resulting functions together to obtain
a desired smooth function preserving the value at each point as in Case 1 of the proof of
Main Theorem 1. This completes the proof. O

A proof of Main Theorem 2. We first define several smooth functions.
Let a <t < b be real numbers and let [ > 0. Let fp g [q,0) denote a smooth function
on a 3-dimensional compact and connected manifold enjoying the following properties.

The Reeb space is homeomorphic to a closed interval.

The preimage of {a,b} and the boundary of the manifold of the domain agree.
The preimages of a and b are both diffeomorphic to the real projective plane.
There exist exactly two singular points. ¢ is the unique singular value.
Around each singular point, the function is a Morse function.

O O O O o

We present the structure of such a function, since this needs a non-trivial argument. We
consider the product of a copy Ps of the real projective plane and a closed interval [0, 1].
We attach a so-called 1-handle. It is diffeomorphic to D? x [0,1] D D? x {0,1}. We attach
this to a smoothly and disjointly embedded two copies of the unit disk D? in Pg x {0}.
We also attach a so-called 2-handle. 1t is diffeomorphic to D? x [0,1] D 9D? x [0,1]. We
can find a smoothly embedded surface which is diffeomorphic to 9D? x [0,1] and apart
from the two embedded copies of the disk D? before, in Ps x {0}. We attach the 2-handle
to the surface. Furthermore, we can do this in such a way that the following properties
are satisfied.

o After removing the interior of the surface diffeomorphic to dD? x [0, 1] from
Pgs x {0}, remaining two connected components are diffeomorphic to the 2-
dimensional unit disk and the Mobius band respectively.

o The two embedded copies of the disk D? before are in different connected compo-
nents. This is a non-trivial argument on this construction and this produces a
desired function.

This exposition is based on well-known fundamental correspondence between singular
points of Morse functions and so-called (k-)handles where k is a non-negative integer
smaller than or equal to the dimension of the manifold of the domain. This exposition is
also used in the proof of our Main Theorems and propositions in [13]. (An earlier version
of) [10] adopts expositions using terminologies and notions of this theory. For this theory,
consult [14] as presented in the proof of Main Theorem 1.
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Let a <t < b be real numbers. Let fN,11p7l,t7[a7b] (fN710W7l,t7[a7b]) denote a function on a
3-dimensional compact and connected manifold enjoying the following properties. This
function can be also understood by a fundamental argument on 1-handles and we omit
the exposition.

o The Reeb space is homeomorphic to a finite and connected graph.

o The preimage of {a,b} and the boundary of the manifold of the domain agree.

o The preimage of a (resp. b) is diffeomorphic to the disjoint union of I + 1 copies
of the real projective plane.

o The preimage of b (resp. a) is diffeomorphic to a closed, connected, and non-
orientable surface of genus 1+ 1.

o There exist exactly [ singular points. ¢ is the unique singular value.

o Around each singular point, the function is locally a Morse function.

Proving that we can construct a desired local function around a vertex v in the following
cases and our proof of Main Theorem 1 will be completed.

Case 1 v is contained in some edge e € Ajow Or € € Ayp,. In addition at v, the
function g does not have a local extremum.

Case 2 v is contained in some edge e € Ajgw,w Or € € Ayp . In addition at v, the
function g has a local extremum.

We construct our desired local functions.

Part 1 Case 1.

We present the construction of Case 1. First take a sufficiently small real number
€, > 0. Hereafter, let E, denote the set of all edges containing v. Let Ejoy , denote the
set of all edges containing v as the point at which the restrictions of the function g to the
edges have the maxima. Let F\; , denote the set of all edges containing v as the point at
which the restrictions of the function g to the edges have the maxima.

Part 1-1 The case where D, = 0 (Aup» = $Aiow,v)-
First prepare §A,up , = fAiow,» copies of the function fp o g(v),[g(v)—eo,g(v)+e,] Defore.

Part 1-1-1 The case Eiow,o — Alow,o and Eyp o — Aup,o are empty.

We can apply Lemma 1 one after another and apply Case 1 of the proof of Main Theorem
1 to complete the construction. The latter argument increases the genus of a closed,
connected and non-orientable surface in the preimage of a point in the interior of an edge
by 2. Note that here we regard the Reeb spaces naturally as graphs.

Part 1-1-2 The case where Ejow o — Alow,w and Eyp o, — Aup,, are both non-empty.

We first construct a function as the previous case such that the Reeb space is homeo-
morphic to a graph with exactly 2§ A, , vertices of degree 1, 1 vertex of degree 2§A,p.
and 2§ Ay, edges. Only the preimage of the vertex of degree 244,y , has some singular
points. The genus of each connected component of the preimage of each point in the
interior of each edge respects rg as the previous case.

Eiow,v — Alow,w and Eyp , — Ayp,, can be regarded to play roles played by Elgy,., and
Eyp,» in the case of Main Theorem 1. We restrict the original r¢ in a natural way and
apply the proof of Main Theorem 1 to obtain another function. We can then apply
Lemma 1 to these obtained two functions to complete the costruction.

Part 1-1-3 The case where either Ejow v — Alow,w OF Eyp .y — Ayp,v i non-empty.
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We first construct a function as we do in Part 1-1-1 and Part 1-1-2. The Reeb space
is homeomorphic to a graph with exactly 284, . vertices of degree 1, exactly 1 vertex
of degree 2§A,;,, and exactly 284, , edges. Only the preimage of the vertex of degree
24A,p » has some singular points. The genus of each connected component of the preimage
of each point in the interior of each edge respects rg as we do in Part 1-1-1 and Part
1-1-2.

We choose the empty set between Ejow ., — Alow,v and Eyp o, — Aup,n. We replace the
chosen set by a one-element set. We have two sets: one of them does not change and the
other is the one-element set. Note that we can argue similarly in both cases here.

The resulting two sets can be regarded play roles played by Eiow,, and Fyp . in the
case of Main Theorem 1. We restrict the original r¢ in the natural way and define the
value at the element of the one-element set before as 0. After that we apply the proof of
Main Theorem 1 as before. We can then apply Lemma 2 in a suitable way to complete
the construction.

This completes the construction of a desired function in Part 1-1.

Part 1-2 The case where D, # 0 (HAup.» 7 $Aiow,v)-

Without loss of generality, we may assume fAup » > §Aiow,v-

By the assumption on D, and rg'(e) for e € Bigy,, we can choose some edges of
Bigw,v, define the subset Clow,, C Biow,v, and choose an even integer rg”(e) > 0 for
e € Clow,» under the following rules.

o EGECIOW,UTGN(B) =D,.
o rg"(e) < rg'(e).
We prepare a copy of the function fx 1ow,re (e)—1,(v),[g(v)—ev,g(v)+e,] Defore for e € Cloy p-
To construct a smooth function we do the following procedure.

o We remove D, edges in A,y , from E\, ., without changing Ejow . Aup’v’ denotes
the subset of A, , obtained after the D, edges being removed.

o We restrict r¢ to the set of edges obtained after the D, edges being removed. We
change the values of rg on Ayp ' L Ajow,» to —1 and those on ((Bup.y — (Aup.v —
Aup ")) U Bioww) — (Aupo’ U Alow,w) to 0 and do not change the values elsewhere.
Let 7 denote the resulting function on the resulting set of these edges. We can
also have a new good function g canonically.

Respecting this new graph associated with the new good function g and the family
r¢ of integer labels, we construct a desired function as in Part 1-1. Let f/:;mo denote the
resulting function.

We apply Lemma 2 one after another. At the j-th step, we do the following two where
we do this for 1 < j < #Ciow,ov-

o Define the preimage of g(v)—e, for the copy of the function fN,lowymu(ej),1’g(v),[g(v),ev,g(v)+€v]
before for the j-th edge e; € Clow,. This is for the connected component identified
with Fiow,1,0 in the situation of Lemma 2.

o Consider the intersection of the preimage of g(v) — €, and the preimage of e;
for the quotient map onto the Reeb space of the function va:j71~ This can be
regarded as the connected component identified with Fiy 20 in the situation
of Lemma 2. We regard the intersection before as the connected component
identified with Fiow 2,0 in Lemma 2.

o We apply Lemma 2 and define fDNU,j as the resulting function.

We have a function va,ﬂ~Clow,v- Last we apply arguments in Case 1 of the proof of Main

Theorem 1. For any integer k. > 0, this can decrease the Euler number of the preimage
for each edge e in the resulting Reeb space, regarded as a graph in a natural way, by 2k..
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By virtue of definitions of notions, conditions and properties related to Ciow v, 7, TG,
rg’ and rg”, this completes the proof.
More precisely, for e € Ciow v [ Alow,v, We have

—1—rg"(e) > =1 —1rg'(e) =rg(e)
and for e € Ciow,v [ )(Blow,o — Alow,v), We have
0—rg"(e) >0—rg'(e) =ragle)
as inequalities. This implies that applying the arguments in Case 1 of the proof of
Main Theorem 1 to edges (if we need) completes the proof. We can show similarly if
fAup,v < BAiow,o- We use [N up,ra’(e)—1,9(v),[g(v)—ev,g(v)+e,] iNStead for example.
This completes the construction of a desired function of Part 1-2.

Part 2 Case 2.

We present the construction of Case 2. We apply technique in Case 2 of the proof
of Main Theorem 1. We first construct a local function as in Part 1. We can and must
construct the map regarding "#A,p » = fAiow,»" there by the conditions on r¢. We can
apply the presented technique to complete the construction.

Last, we glue the local functions as in the proof of Main Theorem 1.
This completes the proof. O

We end the present paper by the following remark.

Remark 2. In obtaining results similar to Main Theorems, for example, the first con-
straint that D, is even in Main Theorem 2 is a necessary condition. This is due to
constraints from the cobordism theory of closed manifolds. Consult [18].

There remain several cases satisfying the condition on this theory. For example,
consider the following case for a vertex v.

(1) E, consists of exactly 3 edges.
(2) Eyp,v consists of exactly 2 edges. The values of r¢ there are odd and negative.
(3) At the unique edge of Elow. v, the value of r¢ is non-negative.

By fundamental discussions on handles we can see that we cannot construct Morse
functions. In the situation of [18], we have a positive result. On the other hand, we do
not use explicit functions such as Morse(-Bott) functions there.

Remark 3. In Main Theorems, functions we have obtained are Morse functions around
singular points where the functions do not have local extrema. Related to Remark 2, we
do not know whether we can weaken the conditions on the family r¢ of integer labels or
preimages of regular values to obtain a Morse function.

REFERENCES

[1] C. Ehresmann, Les connezxions infinitesimales dans un espace fibre differentiable, Colloque de
Topologie, Bruxelles (1950), 29-55.

[2] M. Golubitsky and V. Guillemin, Stable mappings and their singularities, Graduate Texts in
Mathematics, vol. 14, Springer-Verlag, 1974.

[3] I. S. M. S. J. Martinez-Alfaro and R. Oliveira, Topological classification of simple Morse Bott
functions on surfaces, Contemp. Math. 675 (2016), no. 4, 165-179.

[4] N. Kitazawa, Constructing fold maps by surgery operations and homological information of their
reeb spaces, submitted to a refereed journal, arziv:1508.05630 (the title has been changed).

[5] N. Kitazawa, Notes on fold maps obtained by surgery operations and algebraic information of their
reeb spaces, arxiv:1811.04080.

[6] N. Kitazawa, Round fold maps and the topologies and the differentiable structures of manifolds
admitting explicit ones, submitted to a refereed journal, arziv:1304.0618 (the title has changed).

[7] N. Kitazawa, On round fold maps (in japanese), RIMS Kokyuroku Bessatsu B38 (2013), 45-59.



72

NAOKI KITAZAWA

[8] N. Kitazawa, On manifolds admitting fold maps with singular value sets of concentric spheres, Ph.D.

thesis, Tokyo Institute of Technology, Doctoral dissertation, 2014.

[9] N. Kitazawa, On round fold maps (in japanese), Hokkaido Mathematical Journal 43 (2014), no. 3,

327-359.

[10] N. Kitazawa, On Reeb graphs induced from smooth functions on 3-dimensional closed orientable

manifolds with finitely many singular values, Topol. Methods in Nonlinear Anal. 57 (2022), no. 2B,
897-912.

[11] N. Kitazawa, On Reeb graphs induced from smooth functions on closed or open surfaces,

arziv:1908.04340, Methods of Functional Analysis and Topology 28 (2022), no. 2, 127-143,
arXiv:1908.04340.

[12] Y. Masumoto and O. Saeki, A smooth function on a manifold with given Reeb graph, Kyushu J.

Math. 65 (2011), 75-84.

[13] L. P. Michalak, Realization of a graph as the Reeb graph of a morse function on a manifold, Topol.

Methods Nonlinear Anal. 52 (2018), no. 2, 749-762, arXiv:1805.06727.

[14] J. Milnor, Lectures on the h-cobordism theorem, Math. Notes, Princeton Univ. Press, vol. 14,

Princeton, N.J., 1965.

[15] G. Reeb, Sur les points singuliers d “une forme de Pfaff complétement integrable ou d “une fonction

numérique, Comptes Rendus Hebdomadaires des Séances de 1”Académie des Sciences 22 (1946),
847-849.

[16] O. Saeki, Notes on the topology of folds, J. Math. Soc. Japan 44 (1992), no. 3, 551-566.
[17] O. Saeki, Topology of special generic maps of manifolds into euclidean spaces, Topology Appl. 49

(1993), 265-293.

[18] O. Saeki, Reeb spaces of smooth functions on manifolds, Intermational Mathematics Research

Notices 2022, maa301, https://doi.org/10.1093/imrn/maa301 (2022), no. 11, 8740-8768,
arXiv:2006.01689.

[19] D. Sakurai, O Saeki, H. Carr, H Wu, T. Yamamoto, D. Duke and S. Takahashi, Interactive

visualization for singular fibers of functions f : R3 — R2, IEEE Transactions on Visualization and
Computer Graphics 22 (2016), no. 1, 945-954.

[20] V. Sharko, About Kronrod-Reeb graph of a function on a manifold, Methods of Functional Analysis

and Topology 12 (2006), 389-396.
Institute of Mathematics for Industry, Kyushu University, 744 Motooka, Nishi-ku Fukuoka 819-0395,

Japan. TEL (Office): +81-92-802-4402, FAX (Office): +81-92-802-4405 .

Naoki Kitazawa: n-kitazawa@imi.kyushu-u.ac.jp, naokikitazawa.formath@gmail.com
Webpage: https://naokikitazawa.github.io0/NaokiKitazawa.html

Received


http://arxiv.org/abs/1908.04340
http://arxiv.org/abs/1805.06727
http://arxiv.org/abs/2006.01689
mailto:n-kitazawa@imi.kyushu-u.ac.jp, naokikitazawa.formath@gmail.com

	1. Introduction
	1.1. Reeb spaces, Reeb graphs and Main Problem.
	1.2. Notions and notation for our Main Theorems.
	1.3. Main Theorems.
	1.4. Additional comments.

	2. Proofs of Main Theorems.
	References

