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Abstract

Let # : X — R be a Morse function on a connected closed manifold X. We denote
by C(7) the fiber product of two copies of . For Morse functions f : M — R and
¢ : N — R, we define the function fx¢ : M x N — Rby (f*g)(p,q) := f(p)-g(q).
The purpose of this paper is twofold: Firstly, we study the sufficient condition for which
X(C(f*g)) = x(C(f)) - x(C(g)) holds, where x denotes the Euler characteristic. Secondly,
for the case that f is the well-known Morse function on CP", we determine x(C(f * f)).

Keywords: fiber product; Morse function; Euler characteristic; product of functions;
projective space; orientable closed surface

1. Introduction
1.1. Motivation

We consider the following question: Let
p:S" =R (1)
be the height function defined by
P(X1, - Xpt1) = Xnp1-

Assume that two particles u and v on 5" move satisfying the condition p(#) = p(v). Let
C(p) be the space that is formed by all possible positions of u and v. What is the topology
of C(p)?

The answer is that there is a homeomorphism

W) Check for updates C(P) ~ S(Sn_l X Sn_l), ()
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Morse function. For the convenience of some readers, we recall the essence of Morse theory
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o A be a smooth function on a connected closed manifold X. The following apply:
conditions of the Creative Commons

Attribution (CC BY) license. *  Wessay that a point u € X is a critical point of y if dy,, is the zero map.
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*  We say that a critical point u is non-degenerate if the Hessian matrix of # at u is non-
singular with respect to some coordinate system at u.

¢ Wesay that Equation (3) is a Morse function if every critical point of 7 is non-degenerate.

*  The underlying idea of Morse theory is to study the topology of X by analyzing
the Morse function #. The theory allows one to find CW structures and handle
decompositions on X.

1.3. A Generalization of C(p) in Section 1.1

As in Equation (3), let 7 : X — R be a Morse function on a connected closed manifold
X. We denote by C(7) the fiber product of two copies of . More precisely, we set

C(n) :={(u,0) € X x X | y(u) = 5(v)}.

About C(7), the following results (i) and (ii) are already known:

(i) In [3], we proved a formula that describes x(C(7)) in terms of the information on
the critical points and their indices of # (see Lemma 2 for more details). Here throughout
this paper, for a finite CW-complex K, let x(K) denote the Euler characteristic of K.

(ii) Using the formula in (i), we determined x(C(#)) when 7 is the well-known Morse
function on the unitary group ([3]), and when 7 is the well-known Morse function on the
Grassmannians ([4]).

1.4. Product of Morse Functions

Let f: M — Rand g: N — R be Morse functions, where M and N are connected
closed manifolds. We define the map

fxg: MxN—=R

by
(f*8)(p.q9) = f(p)-g(q), ¥(p,q) € MxN.

Remark 1. (i) It is to be noted that the notation f x g is unrelated to the convolution in analysis.
(ii) It is well-known that if min f > 0 and ming > 0, then f * g is a Morse function (see
Lemma 1 for more details).
(iii) It is clear that there is a homeomorphism

C(f*g) =~ C(gx*f)

1.5. A Famous Example of f x f
We recall a famous example of f * f below. We define f : S' — Rby f(e') = 2+ cos 6.
Then f * f is given by

(f % f) (e, e%) = (24 cos6;) (2 + cos by). (4)
Note that Equation (4) is the well-known Morse function on the torus such that the

critical values of the two index-one critical points are the same (see, for example, (Ref. [1]
p- 72, Exercise 2.4 and its answer in p. 205).)

1.6. A Question

From Section 1.4, we can construct a new Morse function f * ¢ from known Morse
functions f and g. Assume that the following equation holds:

x(C(f*g)) = x(C(f)) - x(C(g)) )

https:/ /doi.org/10.3390/ijt3010004
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Then we can compute x(C(f * g)) from x(C(f)) and x(C(g)). But the following example
shows that Equation (5) does not hold in general.

Example 1. Fori = 1or 2, we define {; : S — R as follows:
§1(X1,XZ) =x1+2 and gz(xl,XQ) = 2x1 4 3. (6)

It is easy to see that

X(C(G1%C1)) = x(C(L2x02)) =6 but x(C({1x02)) =4 7)

(see also Example 3). The difference in Equation (7) is due to the fact that the critical values of the
two index-one critical points of {; * {; are the same, but that of {y * (o are different.

1.7. Purpose

From Example 1, we naturally encounter the following Questions 1 and 2: Let f and g
be as in Section 1.4.

Question 1. Does there exist a sufficient condition for which Equation (5) holds?
Question 2. Let f and g be the well-known Morse functions which do not satisfy the
sufficient condition in Question 1. Then, what are the both sides of Equation (5)?

The purpose of this paper is to study Questions 1 and 2.

1.8. The Organization of This Paper

This paper is organized as follows. In Section 2 we recall auxiliary lemmas. In Section 3
we state our main results. In Section 4 we prove the main results. In Section 5 we state
further numerical results.

2. Auxiliary Lemmas

Definition 1. Let #7 be a Morse function as in Equation (3).
(i) We denote by V(1) the set of critical values of 1.
(ii) If u is a critical point of 17, then we denote the index of 17 at u by p, (u).

Lemmal. Let f : M — Rand g : N — R be Morse functions, where M and N are connected
closed manifolds. We assume that
min f >0 and ming > 0. ®)
Then the following results hold:
(i) A point (p,q) € M x N is a critical point of f x g if and only if p is a critical point of f

and q is a critical point of g.
(ii) Let (p,q) be a critical point of f * . Then

Hreg(P,q) = wp(p) + pg(q)-

Proof. The lemma is well-known (see, (Ref. [1], p.72, Exercise 2.3 and its answer in
p-204)). O

Lemma 2 ([3] Theorem A). Let 17 be a Morse function as in Equation (3). For & € V(n), let k
be the number of the critical points contained in 1~ (&). We write the critical points contained in
N E) by u; for1 <i<k

https:/ /doi.org/10.3390/1jt3010004
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We write iy (u;) by A; and we define the integer Q)(1,¢) by
L A
O@n,¢) =) (-1)"
i=1
Then we have
X(Cln)) = (=% 3 (Q,)*
¢evin
Example 2. (i) Let p : S" — R be the Morse function in Equation (1). Then
x(Clp)) = (=1)"-2. )

Note that Equation (9) is in agreement with Equation (2).
(ii) For F = R,C or H, let 57 : FP" — R be the well-known Morse function (see Equation
(12)). Then

x(COp)) = (=)™ (n+1),
where d := dimp F.

3. Statement of the Main Results

Assumption 1. Hereafter, we always assume that f and g satisfy Equation (8).
Firstly, modifying Lemma 2, we give a formula to compute x(C(f * g)).

Theorem 1. For & € V(f * g), let k be the number of the critical points contained in (f * g) ().
We write the critical points contained in (f * ¢) V(&) by (p;, q;) for 1 <i < k.
We write .o (pi, qi) by A; and we define the integer Q(f * g, ) by
: A
O(f xg,¢) =Y (-1

i=1

Then we have .
X(C(fxg)) = (—~1)mMN) %™ (O (fxg,¢))2
ZeV(fxg)

Remark 2. Theorem 1 is useful. In fact, using Lemma 1, we can determine (p;, q;) and A; from the
information on the critical points of f and g.

Example 3. We define the Morse functions F and Gy : S* — R by
Fk(xl, .. .,ka) =x1+2 and Gk(xl,. . .,karl) =2x1+3.

(Note that Fy and Gy equal to {1 and {p which are defined in Equation (6).) Then we have

6, if m + n is even,
X(C(F+ F2)) = fon (10)
-2, if m+nis odd,
and
X(C(Fy % Gp)) =(—=1)"t" . 4, (11)

https://doi.org/10.3390/ijt3010004
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Proof of Example 3. Note that V(F,, * F,) = {1,3,9}. The indices of the critical points in
(Ey * Fy)~1(3) are m and n. Hence

Q(Fy +x F,,3) = (D)™ 4+ (—1)™.

Now Equation (10) follows from Theorem 1.
On the other hand, the critical values of the critical points of F, * G, are mutually
distinct. Hence Equation (11) follows. [

Secondly, in order to give an answer to Question 1 in Section 1, we introduce the
following:

Assumption 2. We define the map
P:V(f)xV(@g) —R

by P(a,b) = ab. Then we assume that P is injective.
Now the following Theorem 2 is an answer to Question 1:

Theorem 2. Let f : M — Rand g : N — R be Morse functions which satisfy Assumptions 1 and
2. Then Equation (5) holds.

Example 4. We give an example for which Assumption 2 holds. We regard CP" = S?"+1/51. We
define f, : CP" — R by

(20,21, 2n]) == Xn:(i—l— 1)|zi % (12)
i=0

On the other hand, we fix a positive transcendental number «. (For example, we can set & = e
or 1t.) We define g, : CP" — R by

n .
en([z0,21, .-, 2n]) 1= thl|zi|2.
i=0

By [2], fu and g, are Morse functions. Moreover, f, and gy satisfy Assumption 2: In fact,
note that
V(fn) ={1,2,...,n+1} and V(gn) = {1, a,...,a"}.

Since « is a transcendental number, Assumption 2 is in fact satisfied.
Thirdly, we consider Question 2. The following Theorems 3 and 4 are our results:

Definition 2. Let n be a positive integer.
(i) We set

(5(11) = {(‘Pll ¢12>
P P
Here

(a) For1 <1i,j <2, ¢;isaninteger such that 1 < ¢;; <n+1.

(b) 11922 = P12¢21.
(ii) We set A(n) := |6(n)|, where | | denotes the cardinality.

the following conditions (a) and (b) hold}. (13)

https://doi.org/10.3390/ijt3010004
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Theorem 3. For f, in Equation (12), we have

X(C(fn* fn)) = D(n).

Remark 3. (i) The values of A(n) for small n are given in [5]. Using the result, we obtain the
following Table 1 about x (C(fu * fu)) for n < 10.

Table 1. x(C(fn * fn)) for n < 10.

n 1 2 3 4 5 6 7 8 9 10
x(Cfuxfa) 6 15 32 49 8 111 160 209 278 319

We have from Example 2 (ii) that x (C(f,)) = n + 1. Hence Table 1 shows that Equation (5)
does not hold when f = g = f, forn > 1.

(i) We set 12
](7’1) = X(C(fn *fn)) — ﬁnZ IOng.
Then using the result in [6] (see also [5]), we obtain
lim @ = —0.51131....
n—oeo n

Remark 4. The RP"-version of Table 1 will be given in Table 2. But the results are not so simple.

Theorem 4. For f, in Equation (12), we have

3n+3, if nis odd,

(14)
3n+2, if n is even.

X(C(fr fn)) = {

Remark 5. The right-hand side of Equation (14) is introduced in [7] as the sequence of integers
which are congruent to 0 or 2 mod 6.

4. Proofs of the Main Results

Proof of Theorem 1. If we consider f * ¢ for 77 in Lemma 2, then Theorem 1 follows. [J

Proof of Theorem 2. Let ¢ € V(f x g). Recall that in Theorem 2, we assume the truth of
Assumption 2. Then there exists uniquely (a,b) € V(f) x V(g) such that ab = ¢.
We shall prove that

Q(f xg,¢) = Q(f,a) - Qg b). (15)

In fact, we write the critical points in f~1(a) by p; for 1 < i < /. Similarly, we write
the critical points in g~ (b) by qjfor1 < j < m. Then Lemma 1 tells us that the critical
points in (f * g) (&) are given by (pi,gj) for1 <i</land1<j<m.

We set a; := p¢(p;) and B := pg(q;). Then

O(fxg &)= Y, (=1)%hi
1<i</t
1<j<m

{ m
(Eo) (B)
i=1 j=1
=Q(f,a) - Q(g,b).

Hence Equation (15) holds.

https:/ /doi.org/10.3390/ijt3010004
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Now we complete the proof of Theorem 2. Combining Theorem 1 and Equation (15),
we have

X(C(f+g)) =(~)ImMN Y= (Q(f +g,8))?

ZeV(f+g)
Z((l)‘hmM Y (Q(f,a))2> : ((UdimN Y (O(g,b))2)
aeV(f) bev(g)

= x(C(f)) - x(C(g))-
Hence Equation (5) holds. O

Proof of Theorem 3. Note that
minV(fy % fu) =1 and maxV(fy, * fn) = (n +1)2
For & € V(fu * fu), we set
Ie:={(a,b)eZxZ |1<ab<n+1 and ab=_{}.
Since the critical values of the critical points of f;, are mutually distinct, we have
Tl = Qfn* fn, )- (16)

On the other hand, we set

o(n,g) = { (4)11 ¢12> €o(n) | pr1¢n = Pr2¢pn = s’},
$21 P2

where (1) is defined in Equation (13).
We claim that there is a bijection

R:ngl"g—uS(n,C). (17)

In fact, if we define R by

R((a1,b1), (a2, b2)) = <Z; Zi)

then R is a bijection. Hence Equation (17) holds.
Combining Equations (16) and (17), we have

(Qfu* fu,6))* = 16(n, ). (18)

https://doi.org/10.3390/ijt3010004
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Then combining Theorem 1 and Equation (18), we have

(n41)2

X(C(fux fn)) = 521 (Qfn* fn 2))?

(n+1)2

= ) [6(n Q)]

=1
= [6(n)]
= A(n).

This completes the proof of Theorem 3. [J
Proof of Theorem 4. We set
I,:={1,2,3,...,n+1} and J,:={2,4,6,...,2(n+1)}.

It is clear that
V(fi* fu) = In U Jn. (19)

Let ¢ be an element of Equation (19). Then

2, ifée Ny,
7 lfgglnm]n

—_

Q(f1* fn, §) = {

(i) The case that n = 2m + 1.
Since I, N ], = {2,4,6,...,2m + 2}, we have from Theorem 1 that

X(C(fL%fa)) =4-(m+1)+2m+2=3n+3.

(ii) The case that n = 2m.
Since I, N J, = {2,4,6,...,2m}, we have from Theorem 1 that

X(C(fixfu) =4m+2m+2=3n+2. O
5. Further Numerical Results
Proposition 1. Similarly to Equation (12), we define h,, : RP" — R by
n
ha([x0,x1, ..., xn]) i= Y (i +1)x7.
i=0

Then the following Table 2 holds:

Table 2. x(C(hy * hy)) for n < 10.

n 1 2 3 4 5 6 7 8 9 10
x(Clhyxhy)) 6 15 24 4 62 8 104 145 182 223

Proof. Using Theorem 1, we can prove Proposition 1 easily. [

Remark 6. We explain why Tables 1 and 2 are different for n = 3. There are three critical points
in (fs* f3) "1 (4) and (h3 x h3)~1(4). The critical points correspond to the expressions of 4 as a

https:/ /doi.org/10.3390/1jt3010004
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product of two positive integers: 1 x 4, 2 x 2 and 4 x 1. The indices of these critical points are
3d,2d and 3d, where

2,  for the case f3 * f3,
1, for the case h3 * h3.

d:.=
This implies that
Q(fs % f3,4) =3 and Q(hs * h3,4) = —1.

This is the reason why the tables are different for n = 3.

Proposition 2. For n > 1, let T(n) be the connected sum of n copies of (S')?. Let k : T(n) — R
be the usual height function. More precisely, k, has 2n + 2 critical points such that the critical
values of any two critical points are distinct. Then the following Table 3 holds:

Table 3. x(C(k, x ky)) for n < 10.

n 1 2 3 4 5 6 7 8 9 10
x(Clky*ky)) 32 62 112 182 264 406 592 734 944 1326

Proof. Using Theorem 1, we can also prove Proposition 2 easily. [

6. Conclusions

Let f : M —+ Rand g : N — R be Morse functions. We define the function f + g :
M x N — Rby

(f+8)pq) = f(p) +8(q), V(p.q) € MXN.

Then f 4 g is also a Morse function. We can use f + ¢ when we prove the Kiinneth formula
using the Morse homology (see, for example, [8]).

It may be interesting to study how the results in this paper are changed when we
consider f + g instead of f * g. This is our further task.
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