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ABSTRACT

In this paper, almost product-like Riemannian manifolds are investigated. Basic properties
on tangential hypersurfaces of almost product-like Riemannian manifolds are obtained. Some
examples of tangential hypersurfaces are presented. Some relations involving the Riemannian
curvature tensor of a tangential hypersurface are computed.
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1. Introduction

The concept of statistical manifolds has important application areas and various properties of statistical
structures in geometric and physical terms have been studied intensively recently. In physics, there exist
various application areas of statistical manifolds such as neural networks, machine learning, artificial
intelligence, black holes [7, 11, 19, 27]. Statistical manifolds were firstly introduced by S. Amari [4] in 1985.
Later, these structures drew attention of several authors. Some basic properties of hypersurfaces of statistical
manifolds were presented by H. Furuhata, I. Hasegawa, N. Hu and L. Vrancken in [15, 16, 18], hypersurfaces
of Sasakian statistical manifolds were investigated by F. Wu, Y. Jiang, and L. Zhang in [14], hypersurfaces of
almost Hermitian statistical manifolds were investigated by H. Akbari and F. Malek in [3], etc.

As a new perspective on Hermitian statistical manifolds, the second author was firstly introduced the notion
of Hermite-like manifolds in [23, 24]. The most important aspect of this point of view is that it reveals to us
a more general form of Hermitian geometry, which has a long history and on which many mathematicians,
physicists, and engineers have investigated. In fact, a Hermite-like manifold becomes a Hermitian manifold
when two almost complex structures J and J* are equal.

Inspired by the definition of Hermite-like manifolds, contact-like manifolds were studied in [5, 12, 23, 24],
para-Kaehler-like and quaternionic-like Kaehler manifolds were investigated in [25, 26], the Wintgen-like
inequality on statistical warped product manifolds was computed in [21], etc.

The main purpose of this paper is to present the basic properties of almost product-like Riemannian
manifolds and their hypersurfaces. With these reviews and using some obtained properties for hypersurfaces
of almost product-like Riemannian manifolds, we will be able to the opportunity to give some basic definitions
of para contact-like Riemannian manifolds.

2. Preliminaries

Let (]T/f ,g) be a Riemannian manifold. Denote a torsion-free affine connection by V. The triple (M .3, V) is
called a statistical manifold if Vg is symmetric. For the statistical manifold, we define another affine connection
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V* by

Z9(X,Y) =g(X,VzY) +g(VzX,Y), 2.1)
for any vector fields X,Y and Z on M. The affine connection V* is called dual of V with respect to g. The
affine connection V* is torsion-free and satisfies (V*)* = V. It is clear to see that V° = z (% + %*) is a metric

connection. The pair (g, V) is a statistical structure on M is and only if so (g, V*). Therefore the triple (]\7 .3, V%)
is a statistical manifold, too. We denote by R and R* the curvature tensors on M with respect to the affine
connection V and its conjugate V*, respectively. Then we find

JR(X,Y)Z,W) = —g(Z, R*(X,Y)W), (2.2)

where R(X,Y)Z =Vx(VyZ) —Vy(VxZ) — %[Xy]Z. Therefore R vanishes identically if and only if so is R*.
We call flat if R vanishes identically. If the curvature tensor R with respect to the affine connection V satisfies

RX,Y)Z=c{g9(Y,Z2)X —g(X,2)Y},

then the statistical manifold (M .3, V) is called a space of constant curvature c.
Suppose that J and J* are almost complex structures of type (1, 1) satisfying the condition

J(JX,)Y)=—g(X,JY) (2.3)

for any tangent vector fields X,Y € F(TM ). Then (]\7 ,g,J) is called an almost Hermite-like manifold.

Let F be a tensor field of type (1,1) on M.1f
F? =1, (2.4)

where I denotes the identity map, then the pair (M, F) is called an almost product manifold with almost
product structure F'. For any almost product manifold, there exist two projections P and @ satisfying

F=P-Q.

If F=1I(resp. F = —1I),wefind P=1,Q =0 (resp. P = 0, @ = I). We discuss the case of F' # %1 in this paper.
If an almost product manifold admits a Riemannian metric g such that the condition

JFXY) =g(X, FY)
or, equivalently,

is satisfied for any X,Y € I‘(TM ), then (]T/f , g, F') is called an almost product Riemannian manifold [28].

Let (M , g, F') be an almost product Riemannian manifold and V° be the Levi-Civita connection of (]Tf , G, F).
In particular, if VeF =0, then (M ,g, F) is called a locally product Riemannian manifold [28].

For any hypersurface (M, g) of (M, g, F), the Gauss and Weingarten formulas are given as follows:

V&Y = V&Y + g(AL X, Y)N, (2.5)

V&N = —AS X (2.6)

forany X,Y € I'(TM), where N is the unit vector field, V° is the induced linear connection and A, is the shape
operator on (M, g).
The hypersurface is called totally geodesic if A}, vanishes identically, and it is called totally umbilical if there
exists a smooth function p° on M such that
AYX =p°X (2.7)

for any X € I'(T'M). Furthermore, (1, g) is called minimal if
trace A, = 0. (2.8)

For more details related to hypersurfaces and submanifolds, we refer to [8].

dergipark.org.tr/en/pub/iejg 436


https://dergipark.org.tr/en/pub/iejg

E. Erkan, K. Takano & M. Giilbahar

3. Almost product-like Riemannian manifolds

Definition 3.1. If the Riemannian manifold (M ,g) with the almost product structure F' which has another
tensor field F* of type (1, 1) satisfying
J(FX,Y) = §(X,F'Y) (3.1)

forany X,Y € F(T]T/f ), then the triple (]\A/f . g, F) is called an almost product-like Riemannian manifold.
We see that (F*)* = F, (F*)? = I and
J(FX,F*'Y)=¢(X,Y). (3.2)
Lemma 3.1. The triple (M, g, F) is an almost product-like Riemannian manifold if and only if so is (M, g, F*).

Example 3.1. Let R* be a smooth manifold with local coordinate system (x1, 22,23, 24), which admits the
following almost product structure F'

0 010
0 0 01
F_1000
01 00

Thus the pair (R?, F) is an almost product manifold. If we put

14+ e m1tas 0 0 0
- 0 er1TTs 0 0
g = 0 0 e—T1tTs 0
0 0 0 er1 s
and
0 0 (1+€$17I3)71 0
. 0 0 0 1
= 1+e"17% 0 01’
0 1 0 0

then the triple (R*, g, F) is an almost product-like Riemannian manifold and so is (R, g, F'*).

Definition 3.2. If F' is parallel with respect to V, then (]\7 . J, %, F) is called a locally product-like statistical
manifold.

From (3.1), we get
7 ((VxFY,2) =5 (Y. (Vi F)2).
Hence we have
Lemma 3.2. (M .3, V, F) is a locally product-like statistical manifold if and only if so is (M .3,V F*).

Lemma 3.3. Let (M y 0, %, F) be a locally product-like statistical manifold. If M is of constant curvature ¢, then ¢ = 0,
that is, M is flat.

Proof. From R(X,Y)FZ = FR(X,Y)Z, we find

Y. F2)X —§(X,FZ)Y} = E{3(Y, Z)FX — §(X, Z)FY}.

If ¢# 0, then we get mFX — (trF)X =0, where m = dimM and trF = > g(Feq,eq) for local orthonormal

a=1

basis {ej1,...,em} of M. Tt is clear that trF = Fm, which yields that F' = I holds. Thus, we obtain ¢ = 0. O
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Example 3.2~. Let (R*, g, F) be an almost product-like Riemannian manifold of Example 3.1. We put the affine
connection V as follows:

Vo,01 = Vo, 03 = Vg, 01 = Vo, 03 = e~ "1773(9; + 83),

Vo,02 = V,00 = V,04 = Vo, 03 = —e "1 30, — (14 ¢ "17%3)9,,

Vo, 01 = V,01 = Vo, 03 = Vo, 0o = —(1 4+ e751773) 8y — e~ "1+939,

Vo,00 = V,04 = —™1 7538, + 8y — €™ 7385 — 8,

Vo,04 = Vo, 0y = —e"17730, — 8y — e*177305 + .

Then we find
e~ T1tz3 (2 + e*$1+x3)
1+ e 1tzs
V3,00 = V5,00 = Vi, 0s = Vi, 01 = (1 + e 21F%) (5 + ),
672(I1713)
Tremimd
1 14 e Trtes
— 0+
V02(93 Va 82 V3364 V3433 =€ —T1tas (82 + 84)
v8264 = V8432 = €170 4 0y + €"1 7203 — Oy,

672({1}171}3)

V5,0 = — A — (14 e ™11%3)9,,

V5,05 = Vo1 = — — (14 e ™1+28) 9y,

VBQ({?Q = V?}484 = 71 ap—r— 03 + Oy,

V5,05 = — A1+ (1 — e~ ™11%3),.

1+ e 21t2s
Therefore (R*, g, F, 6) is a locally product-like statistical manifold and so is (R*, g, F*, %*).

Next, let (M, g) be a submanifold of the statistical manifold 1. The Gauss and Weingarten formulas with
respect to affine connections V and V* are denoted by

VxY = VxY +0(X,Y),
VxV = —AvX + DxV,
ViY = VY +0*(X,Y),
ViV = —ALX + D4V
for any vector fields X,Y tangent to M and V normal to M, respectively, where VxV, Ay X (resp.

VY, A}, X) are tangential and o(X,Y), DxV (resp. 0*(X,Y), DX V) are normal components of VxY,VxV

(resp. v LY, v % V). Because of v (resp. V*) is torsion-free, the affine connection V (resp. V*) is torsion-free and
the second fundamental form o (resp. c*) is symmetric. Affine connections V and V* are dual each other. The

triple (M, g, V) (resp. (M, g, V")) is a statistical submanifold of M. Also,, D and D* are dual affine connections
each other. From (V*)* =V, we find (V*)* =V, (6*)* =0, (A*)* = Aand (D*)* =D.If 6 =0 (resp. o* =0),

then M is said to be totally geodesic with respect to V (resp. V*). H. Furuhata and I. Hasegawa [17] studied
statistical submanifolds.

Lemma 3.4. For any vector fields X,Y tangent to M and V normal to M, we get
9(0(X,Y), V) = (Y, Ay X),
90" (X,Y), V) = g(V, Av X).
The second fundamental form o (resp. o*) vanishes if and only if the shape operator A* (resp. A) so is.
Corollary 3.1. We find

9(Ay X, Y) = (X, AVY),
g(AvX, Y) = g()(7 Avy)
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For any vector field X tangent to M, we put ([28])
FX =fX+hX, F*X = f"X +h"X, (3.3)

where fX (resp. f*X) is the tangent part of FX (resp. F*X) and hX (resp. h*X) the normal part of F'X (resp.
F*X). For any vector field V normal to M, we set

FV =tV +5sV, F'V =¢V+s', (3.4)

where tV (resp. t*V) is the tangent part of F'V (resp. F*V) and sV (resp. s*V) the normal part of F'V (resp.
F*V).From (F*)* = F, F? =] and (F*)? = I, we get

=1 (h*)* =h, )" =t, ()" =, (3.5

=X —thX, + s =0, ftV+itsV =0, sV=V-ht .
f°X =X —thX, hfX+shX =0, ftV+4+tsV=0, sV=V-hV (3.6)

and
(f*)QX =X —-th*X, X +sh*X =0, TV 455"V =0, (s*)QV:V—h*t*V. (3.7)

Because of g(FE,G) = g(E, F*G) for any vector fields £ and G on M, we find

g(fX’ Y) = g(X7 f*Y)’ g(fX7 f*Y) = g(va) - g(hX’ h*Y)a
’gv(hX,V)Zg(X,t*V), g(h*X,V):g(X7tV)7
g(sU, V) =g(U,s"V), 9(sU,s"V) = g(U, V) — g(tU,t"V).

Thus f (resp. s) vanishes identically if and only if f* (resp. s*) so is and h (resp. t) vanishes identically and only
if t* (resp. h*) so is. Hence we have

Lemma 3.5. We find for each p € M
(1) F(T,M) C T,M if and only if F* (T,M)" c (T,M)",
(2) F(T,M) C (T,M)" ifand only if F* (T,M) C (T,M)™,
(3) F(T,M)" C T,M ifand only if F* (T,M)" C T,M,
(4) F(T,M)" c (T,M)" ifand only if F* (T,M) C T, M.
If F(T,M) C T,M (resp. F* (T,M) C T,M) for each p € M, then M is said to be F-invariant (resp. F*-

invariant) in M. Then h and t* (resp. h* and t) vanish identically. Because of > = I and g(fX, f*Y) = g(X,Y),
the triple (M, g, f) is an almost product-like Riemannian manifold. Hence we have

Theorem 3.1. Let M be a submanifold of an almost product-like Riemannian manifold M. If M is F-invariant or
F*-invariant, then the triple (M, g, f) is an almost product-like Riemannian manifold.

Proof. Let M be an F— invariant submanifold. From statement (1) of Lemma 3.5, we obtain » = 0 and ¢t* = 0.
Using these facts in (3.3) and (3.6), we get X = fX and F*X = f*X. This implies that (M, g, f) is an almost
product-like Riemannian manifold.

Let M be an F*— invariant submanifold. From (4) of Lemma 3.5, we obtain h = 0 and t* = 0. Using these
facts in (3.3) and (3.6), we get FX = fX and F*X = f*X. This implies that (), g, f) is an almost product-like
Riemannian manifold. O

Example 3.3. Let (R%, g, F) be an almost product-like Riemannian manifold of Example 3.1. We define the

immersion f: M — R*by f(z1,73) = (z1, 22,73, 24). Then the induced metric g is given by

14+ e~ T1tT3 0
9= 0 e~ Ti1tTs :
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We find
00 1 0 00 0 0
00 0 0 00 0 1
F=1 1000 =0 t=0 5= 9300 0
00 0 0 010 0
and
0 0 (1+em—23)"" 0 0000
= 1yem= g 0 o | MO E=0=1 5 g 0 o
0 0 0 0 01 0 0

Therefore the triple (M, g, f) is F-invariant and F*-invariant of R*.
Moreover, we get
9((Dxs)U, V) = g(U, (Dxs")V).
Thus we have

Lemma 3.6. The structure f (resp. s) is parallel with respect to V (resp. D) if and only if f* (resp. s*) is parallel with
respect to V* (resp. D*).

Lemma 3.7. In the locally product-like statistical manifold, we get

(Vxf)Y = Apy X —t(o(X,Y)) =0,
(Dxh)Y +0(X, fY) —s(o(X,Y)) =0,
(Vxt)V — Ay X + f(AvX) =0,
(DXs)V + O’(X, f,V) + h(AvX) =0,
where we put
(Vx )Y =Vx(fY) = f[(VxY), (Dxh)Y = Dx(hY) — h(VxY),
(vxt)v == VX(tV) — t(DXV), (D_)(S)V = Dx(SV) — S(DXV)
Proof. We find
(%XF) Y = (Vx/)Y — A X —t(0(X,Y)) + (Dxh) Y +o(X, fY) — s(o(X,Y)),
(%XF) Vo= (Vxt)V—AwX — f(AyX) + (Dxs)V + o(X,tV) + h(Ay X).
From VF = 0, we have the results. I

Corollary 3.2. In the locally product-like statistical manifold, we get
(VXY = Ajoy X = 7 (07(X,Y)) = 0,
(E}h*) Y + 0" (X, f*Y) — s* (0*(X,Y)) =0,
(V}}t*) V= A%, X+ fHALX) =0,
(Dxs*)V 4+ o*(X,t"V) + h* (A} X) =0,
where we put
(Vif)Y = Vx(/'Y) = [*(ViY), (D) Y = Dy (0'Y) = 1" (Vi Y),

(V;t*) V = Vi (V) — t*(D% V), (D s™)V = D (s*V) — s* (D% V).
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Example 3.4. (R*, g, F, V)bea locally product-like statistical manifold of Example 3.2 and (M, g) be a statistical
submanifold of Example 3.3. If 0, 05 is tangent to M and 0, 0, is normal to M, then we find

vaiaj = e—w1+13(81 + 83), U(aivaj) =0, (7’»] € {173})7

Aazal = Aa463 = O, Dal 82 = D8364 = —€_x1+x382 — (1 + e_x1+x3)84,

A3263 = A6481 = O, Dala4 = D8382 = —(1 + €7x1+13)82 — 67x1+m3647

and
e T “+x e T +x —x x *
V5,00 =~ ) (14 e )0y, 07 (01,0)) = 0,
* * e 2(@1—=3) —z14w *
v8183:v8381 :—W&—(l—ke 1+ 3)83, ag (81763):0,
* e 2(=1—=3) —z1+T *
V03 = =Sy 01+ (1 — 7 71F72) 8y, 0"(05,03) =0,

ABQal = Ag481 = O7 Dglag = D5184 = (1 + €_x1+x3)(82 + 84),
A(’§283 = Ag4a3 = O7 D3382 = D;5364 = 67$1+m3 (82 + 84)

Thus the triple (M, g, V) (resp. (M, g, V*)) is totally geodesic relative to v (resp. V*). Also, the structure f (resp.
f*) is parallel with respect to V (resp. V*). Therefore (M, g, f, V) is a locally product-like statistical manifold
and sois (M, g, f*,V*).

Example 3.5. Let (R* g, F,V) be a locally product-like statistical manifold of Example 3.2. We define the

immersion f : M — R* by f(z1,22,73) = (21,22, 73, 74). Then the induced metric g is given by

14 e~@1tes 0 0
g= 0 er1Tos 0
0 0 e~ %1taes

If 01, 05, 05 is tangent to M and 0, is normal to M, then we find

Vo, 0; = e ™17 (9) + 03), 0(8,0;) =0, i,j€{1,3},
Vo, 0y = Vo, 01 = —e 211739, 0(01,02) = —(1 + e~ "17%3)9,,
Vo,02 = —€™1 7730, 4 8y — 177303, 0(82,05) = —04,

Vio,03 = V,00 = —(1 + e 1773)9,, 0(02,05) = —e~ "1 T39,
Ap, 01 = (14 e 1173) 9y Dy, 0y = e "117%39,,

Ap,0p = " 7730 + 0y + €172 03, Dp,04 = 04,

Ap, 03 = e~ "1 FT30,y, Dp,0y = —(1 +e71773),

and

e—x1+x3 (2 + e—x1+x3)

v?;lal = 14 e—r1tzs o —(1+ e—x1+x3)83’ o*(0r,01) =0,
V5,02 = Vp,00 = (1+ e )9y 0% (01,02) = (1 + e *1173)9,,

* * 6—2(1'1—x3) —z1+T *
V8183=V3381:_m31—(1+e 179)03,0"(01,05) = 0,

. 1 1+ e %rtas .
V5,02 = mal — 0+ ma& 0" (0g,02) = 04,

Vg283 = Vgsﬁg = 67I1+w382, 0*(82, (93) = 67w1+m384,
6—2(.@1—.@3)
_Wal + (1 - e_x1+$3)837 0'*(83, 83) =0,
A5481 = _(1 + 6721+I3)82a D5184 = (1 + 6711+m3)84’
A0y = —e™ Ty — 0y — €M 0y, D}y, 0y = —0,

A§483 = —€_x1+x382, D3384 = €_x1+x384.

V3,05 =

Thus the triple (M, g, V) is a statistical hypersurface of R* and so is (M, g, V*).
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For any vector fields X,Y, Z tangent to M, we get

R(X,Y)Z = R(X,Y)Z — Ayiv,2) X + As(x,2)Y + (Dx0o)(Y,Z) — (Dyo)(X, Z),
ﬁ*(X, Y)Z =R (X,Y)Z — ALy X + Ase (x,2)Y + (Dx0")(Y, Z) — (Dy0")(X, Z),
where we put
(Dxo)(Y,Z) = Dx{o(Y,Z)} —o(VxY,Z) - o(Y,VxZ),
(Dxo")(Y, Z) = Dx{o* (Y, Z2)} = 0" (VXY, Z) = 0" (Y, Vx Z).
Hence we have the equation of Gauss relative to V and the equation of Codazzi relative to v [17].

Proposition 3.1. For any vector field W tangent to M, we get

9(R(X,Y)Z,W) = g(R(X,Y)Z,W) = g(o(Y, Z),0" (X, W)) + g(0(X, Z), 0" (Y, W)),
(R(X,Y)2)* = (Dx0)(Y, Z) = (Dyo)(X, 2).
Also, we have the equation of Gauss relative to V* and the equation of Codazzi relative to V*.
Proposition 3.2. For any vector field W tangent to M, we get
R (X,Y)Z,W) = g(R*(X,Y)Z,W) = G0 (Y. Z),0(X, W) + (o™ (X, Z), 0 (Y, W),
(R'(X,Y)2)* = (Dxo")(Y, Z) — (Do")(X. 2).
For any vector fields X, Y tangent to M and V normal to A, we obtain
R(X,Y)V = —(VxA)vY + (Vy Ay X + RH(X,Y)V — o(X, AyY) + o(Y, Ay X),
R*(X,Y)V = (VXA )WY + (V3 AWV X + (RN (X, Y)V - 0" (X, A}Y) + o (Y, A} X),
where we put
(VxA)yY = Vyx(AvY)—Ap.yY — Ay(VxY),
RY(X,Y)V = Dy — Dy (DxV) — Dix 1V,
(VXA WY = Vi(ADY) = Ap. ¥ — Ap(ViY),
(R (X,Y)V = Dx(DyV)—Dy(DxV) = DixyV.

Hence we have equation of Ricci relative to V.

Proposition 3.3. For any vector field U normal to M, we get
JRX,Y)V,U) = G(R*(X,Y)V,U) + g([A}, AV]X,Y).
Also we have the equation Ricci relative to V*.

Proposition 3.4. For any vector field U normal to M, we get
GR (X, Y)V,U) = G(R") (X, Y)V,U) + g([Av, A} ] X, Y).
From R(X,Y)FZ = FR(X,Y)Z and R(X,Y)FV = FR(X,Y)V, we find

Proposition 3.5. Let (M, g) be the submanifold of the locally product-like statistical manifold M. For any vector fields
X,Y, Z tangent to M and any vector field V normal to M, we have

RX,Y)FZ = Avy g X + Agix.p2)Y — (VxAzY + (Vy Az X

= f(R(X,Y)Z) - f(Asv,2)X) + f(Asx,2)Y) +t{(Dx0)(Y, Z) — (Dyo)(X,Z)},
RY(X,Y)hZ — o(X, AnsY) + 0 (Y, Anz X) + (Dx0)(Y, fZ) — (Dyo)(X, [ Z)
=h(R(X,Y)Z) — h(Ag(v,2)X) + h(A(x,2)Y) + s{(Dx0)(Y, Z) — (Dyo)(X, Z)},
RX, V)V — Asyey X + Aoxiv)Y — (VxA)svY + (Vy A)sy X

= —f(VxAWY) + f(Vy Ay X) + LR (X, Y)V) = t(o(X, AyY)) + t(o(Y, Ay X)),
RE(X,Y)sV — 0(X, Ay Y) + 0(Y, Ay X) + (Dx0)(Y,4V) — (Dyo)(X, V)

= s(R(X,Y)V) = s(o(X, AvY)) + s(o (Y, Av X)) = h((Vx A)vY) + h((Vy A)v X).
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Corollary 3.3. Let (M, g) be the submanifold of the locally product-like statistical manifold M. For any vector fields
X,Y, Z tangent to M and any vector field V normal to M, we have

RNX YV Z = Apeiy oy X + Avux poz)Y — (VXA ) zY + (VY A" )pez X

= [M(RY(X,Y)Z) = [ (A (v, X) + [T (Age (. 2)Y) + EH{(Dx0")(Y, Z) = (Dyo™)(X, 2)},
(RO)MX Y Z = 0™ (X, Ay 2Y) + 0™ (Y, A} 2 X) + (Dx o) (Y, f*Z) = (Dyo™) (X, f*Z)

= (R (X, Y)Z) = B (Al .y X) + 07 (V) 5 (D) (Y, 2) — (Do) (X, 2)},

R (X, Y)WV = ALy oy X + A x o) Y — (VXA ) ov Y + (VE AT ) v X

[ UVEAWY) + F(VEA )y X) + (R (X, Y)V) = (0" (X, AYY)) + (0" (Y, A} X)),
(R)H(X,Y)s*V — 0" (X, AL Y) + 0" (Y, ALy X) + (Do) (Y, t*V) — (D3 o*) (X, t*V)

= s ((R)H(X,Y), V) = " (0" (X, AVY)) + 5" (0" (Y, A7 X)) = h* (VX A )W Y) + (V3 A)v X).

Next, in the almost product-like statistical manifold (M ., v, F), we put for any vector fields X,Y, Z on M

R(X,Y)Z =¢lg(Y,2)X — §(X,Z2)Y + §(Y,FZ)FX — §(X,FZ)FY + {§(FX,Y) - §(X,FY)}FZ],  (3.8)

where ¢ is a constant. Then the tensor R is satisfied the Bianchi’s 1st and 2nd identities, and FR(X,Y) =

R(X,Y)F. From (2.2), we have

GR* (X, Y)W, Z) = ¢{g(Y,W)§(X, Z) — §(X,W)G(Y, Z) + G(Y, F*W)G(F* X, Z) — §(X, F*W)G(F"Y, Z)
T9(F" X, Y)g(F*W, Z) — g(X, F*Y)g(F*W, Z)} .

Thus, we obtain

E*(X,Y)Z =gV, 2)X —g( X, 2)Y + gV, F*2)F*X —g(X,F*2)F*Y + {g(F*X,Y) —g(X,F*Y)} F*Z].
(3.9)

We discuss the statistical submanifold M of the almost product-like statistical manifold (M y 0, %, F)
satisfying the condition (3.8). For any vector fields X, Y, Z tangent to M and V normal to M, we get

R(X,Y)Z =¢cg(Y,2)X —g(X,2)Y +g(Y, f2)fX — g(X, f2) 1Y + { g(f X,Y) — g(X, fY)} f Z]
+As v, )X — Asix,2)Y,

(Dxo)(Y,Z) — (Dyo)(X, Z) =clg(Y, fZ)hX — g(X, fZ)hY +{ g(fX.Y) — g(X, fY)} hZ],

(VxAWY = (Vy Ay X =c[—g(YV,tV)fX + g(X, tV) Y = { g(fX,Y) — g(X, fY)} V],

RE(X,Y)WVo(X, AvY) + oY, Ay X) = dg(Y, tV)hX — g(X,tV)RY + { g(fX,Y) — g(X, fY)} sV].

If the second fundamental form o is parallel with respect to D, then we find from (3.8)
cg(Y, f2)hX — g(X, f2)hY +{g(fX,Y) — g(X, fY)} hZ] = 0.
From this equation, we get ¢ = 0 or
hg(Y, f2)X —g(X, f2)Y +{g(fX,Y) —g(X, fY)} Z] = O,
We assume ¢(Y, f2)X — g(X, f2)Y + { g(fX,Y) — g(X, fY)} Z = 0, which implies that f = 0 if dimM > 2.

Theorem 3.2. Let (M, g) be the statistical submanifold of the locally product-like statistical manifold M satisfying the
condition (3.8). If the second fundamental form o is parallel with respect to D, then we get

(1) ¢ =0, that is, Ml’sﬂat, or
(2) M is F-invariant of M, or

(3) M is F-anti-invariant.

Corollary 3.4. Let (M, g) be the statistical submanifold of the locally product-like statistical manifold M satisfying the
condition (3.8). If M is totally geodesic with respect to V, then we get
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(1) ¢ =0, that is, M is flat, or
(2) M is F-invariant of M, or
(3) M is F-anti-invariant, which is of constant curvature ¢.

Corollary 3.5. Let (M, g) be the statistical submanifold of the locally product-like statistical manifold M satisfying the
condition (3.8). If the second fundamental form o* is parallel with respect to D*, then we get

(1) =0, that is, M is flat, or
(2) M is F*-invariant of M, or
(3) M is F*-anti-invariant.

Corollary 3.6. Let (M, g) be the statistical submanifold of the locally product-like statistical manifold M satisfying the
condition (3.8). If M is totally geodesic with respect to V*, then we get

(1) ¢ =0, that is, Misﬂat, or
(2) M is F*-invariant of M, or
(3) M is F*-anti-invariant, which is of constant curvature ¢.

4. Hypersurfaces of almost product-like Riemannian manifolds

Let (M , g, F') be an almost product-like Riemannian manifold and (3, g) be a hypersurface of M. If N is the
unit normal vector field of M, then we put

FN:f+M1N
and
F*N =€ + N,

where § and {* are tangential parts of FN and F* N, respectively. Here, ;11 and po are smooth functions on M.
Considering (3.1) in the last two equations, we obtain z1; = 9. Thus, we can write

FN =¢+uN 4.1)
and
F*N =& + uN, (4.2)
where p is a smooth function on M. Using (4.1) and (4.2) in (3.2), we derive
1—p? =g(,6). (4.3)

Based on (4.3), we obtain the following lemma:

Lemma 4.1. Let (M, g) be a hypersurface of M. Then we have the following statements:

i) If p=1then ¢ and £ are orthogonal,
it) If p =0 then g(§,&*) = 1.

Definition 4.1. Let (M, g) be a hypersurface of M. If FN and F*N lie on I'(TM), then (M,g) is called a
tangential hypersurface.

Now, let (M, g) be a tangential hypersurface of M. Then we find

FN=¢ and F*N =¢*. (4.4)
From Lemma 4.1, we note that £ is not perpendicular to £* and (£*)* = £. For any X € I'(T'M), we write
FX =pX +n"(X)N (4.5)
and
F*X =¢*X +n(X)N, (4.6)
where X, ¢* X € I'(T'M), n and n* are 1— forms on M. Then we get
n"(X) = g(X,€%),  n(X) =g(X,¢) (4.7)

and (n*)* = n. Moreover, it is easy to see from Lemma 4.1 that n({*) = 1 and 1*(£) = 1 hold.
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Lemma 4.2. For any tangential hypersurface, we have the following relations:

e’ X = X —n"(X)§, (4.8)
n(¢X) =0, (4.9)
(¢")?X = X —n(X)¢%, (4.10)
n(e*X) =0, (4.11)
p§=0 and ¢*& =0. (4.12)

Lemma 4.3. Let (M, g) be tangential hypersurface of M. Then we have the following relations for any X, Y € T(TM):
9(eX,Y) = g(X,¢"Y),
9(pX, ¢"Y) = g(X,Y) = 0" (X)n(Y).
Moreover, (¢*)* = ¢ holds.

Example 4.1. Let (R* g, F) be an almost product-like Riemannian manifold of Example 3.1 and f be an
immersion of Example 3.5. If we set

N = e-bmag,,

then N is an unit normal to R* and ¢ = e~ 2(@1-73)9,. We obtain

0010 000 0 000 0
000 0 000 0 000 1
=l1000]'"™loooo|['"™=|loo0o0o0] =9
000 0 0100 000 0
and
0 0 (1+em—23)"1 0 000 0 000 0
. 0 0 0 0 . o000 ., oo o1 .
=1 1 pem—as g 0 ol "= 1ooool'"=loooo] =9
0 0 0 0 010 0 000 0

which implies from s = O that the pair (M, g) is a tangential hypersurface. Moreover, we find ¢ = f, n*(01) =0,
n*(0q) = ez (@1—23) and n*(d3) = 0.

5. Tangential hypersurfaces of locally product-like statistical manifolds

Let (M, g) be a tangential hypersurface of an almost product-like statistical manifold M. The Gauss and
Weingarten formulas with respect to V and V* are given by

VxY = VyY + 'o(X,Y)N,
VxN = —AnX + &(X)N,
ViY = ViY + ¢*(X,Y)N,
Vi N = —AyX 4+ k*(X)N,

where x and x* are 1—forms. Then we find ‘o(X,Y) = g(A%X,Y), 0*(X,Y) = g(AnX,Y), K(X) + &*(X) = 0.
Thus, we get

VxY =VxY + g(A4X,Y)N, (5.1)
VxN = —AxX + k(X)N, (5.2)
ViY = VY + g(AnX,Y)N, (5.3)
Vi N = —A% X — k(X)N. (5.4)
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Proposition 5.1. Let (M, g) be a tangential hypersurface of a locally product-like statistical manifold M. Then we have
the following relations:

Vx€ = —p(AnX) + £(X)¢, (5.5)

Vx&" = =" (AN X) — w(X)E7, (5.6)
n(ANX) +n"(AnX) =0,  An& + ARE=0, (5.7)
K(X) =n"(Vx§) = —n(Vx&"). (5.8)

Proof. Using FN =¢, F*N = ¢*, (4.5) and (5.3), we can write
(VxF)N = Vx&+ p(AnX) — K(X)E + {n(AyX) + 0" (AN X)}N,
(VRF)N = Vi€ + " (A X) = w(X)E" + {n(ARX) + 0" (AN X},

which implies from VF = V*F* = 0 that the proof is completed. O
Proposition 5.2. Let (M, g) be a tangential hypersurface of a locally product-like statistical manifold M. Then we have

(Vx@)Y = g(ARX,Y)E + 17 (V) A X, (59)

(Vxe")Y = g(AnX,Y)E +n(Y) AN X. (5.10)
Proof. Using (5.1) and (5.3), we get

(VXF)Y = (Vx@)Y — g(Ay X, Y)E = " (Y)An X,
(VXE)Y = (Vi)Y = g(ANX,Y)E = n(Y)AR X,

which yields from VF = V*F* = 0 that (5.9) and (5.10) hold. O

Example 5.1. Let (R*, g, F) be a locally product-like statistical manifold of Example 3.2 and (M, g) be a
tangential hypersurface of Example 4.1. By straightforward calculate we find

1 .
Vo, & =V, = 7(1 + 2~ T3¢ Vo, & = —e2@1773)(9, 4 95) + ¢
and
1
(Va, )01 = 0, (Va,)01 = —2cosh 5(% — x3)¢, (Va,0)01 =0,
(Vo, )02 = 0, (Vo,p)02 = €™ 7% (01 + 03), (Va, )02 =0,
(Va, )05 =0, (Vo,p)03 = —e~ 3 (17 3)¢ (Vo,0)03 = 0.
Also, we get
1
ANOL = A0 = (L+e M Hm)e, A(01) = —5 (1 +2e7"17),
AnOy = — A0y = e3@1778) (9 4 83) + €, K(D2) =1,
. 1
AN@;), = —A*Nag = €_x1+$3§, [i(@g) = _5(1 + 26581—:83)’

which yields that Proposition 5.1 and Proposition 5.2 hold.

From Proposition 3.5 and Proposition 5.1, we have
Proposition 5.3. Let (M, g) be a tangential hypersurface of a locally product-like statistical manifold M. Then we obtain
RX,Y)E=—p (VxANY) + ¢ (Vy AnX) =" (ANY)ANX + 7" (AN X)ANY
—{9([An, AN]X,Y) = (dr)(X, )€,
R(X,Y)E" = =" (T A)nY ) + " (Ty A )W X) = n(ANY)ARX + (A5 X) Ay Y
+{g([An, AN]X,Y) = (dr) (X, Y)} €7,
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where we put
(VXA)NY = Vx(ANY) — A@XNY — AN(V)(Y),
(Vxr)(Y) = X {r(Y)} = w(VxY).

Proposition 5.4. Let (M, g) be a tangential hypersurface of a locally product-like statistical manifold M. Then we obtain

R(X.Y)Z = R(X.Y)Z — g(AYY. Z)ANX + g(AN X, Z)ANY + {g((Vx A )NY, Z) - g(Vy A )N X, Z)}N,
ROX YN — (T Al + (Ty Ay X — {g(( Ay AIX,¥) — (@)X, 7)) N
FE(4Y)Z = R(X.Y)Z — gAY, Z)ARX 4+ g(AxX. Z2)A5Y + {g((Tx AV, 2) — o((Ty A X 2}
R (X,Y)N = ~(Vi A)NY + (Vo AT)n X + {g([Ax, AXIX,Y) — (dr)(X, Y)} N.

From R(X,Y)FZ = F(R(X,Y)Z) and R*(X,Y)F*Z = F*(R*(X,Y)Z), we get
Proposition 5.5. Let (M, g) be a tangential hypersurface of a locally product-like statistical manifold M. Then we obtain
R(X,Y)Z + g(Ay X, Z) ANY — g(ARY, pZ) AxX — *(Z) {(Vx A)NY — (Vy A)x X }
= 9(R(X,Y)Z) = g(ARY, 2)p(AnX) + 9(AN X, Z)o(AnY) + {g(Vx A )NY. Z) = g(Vy AT )N X, Z) )€,
and
R (X,Y)9"Z + g(An X, 6" 2)ARY — g(AnY,o" 2) A5 X = n(Z) { (Vx4 )wY = (T A7) X |
= o*(R*(X,Y)Z) + {9(Vx AnY, Z) = g(Vy AN X, Z) } € = g(ANY, Z2) 0" (AN X) + 9(AN X, Z) " (ANY).
From R(X,Y)FN = F(R(X,Y)N) and R*(X,Y)F*N = F*(R*(X,Y)N), we get
Proposition 5.6. Let (M, g) be a tangential hypersurface of a locally product-like statistical manifold M. Then we obtain
(VXA INY) = n(Vy A )nX) = =" (Vx ANY) + 1" (Vy A X).

Next, we discuss the tangential hypersurface (1, g) of an almost product-like statistical manifold satisfying
(3.8). Then we find from Proposition 5.5

R(X,Y)pZ =cl[g(Y,2)X — g(X, Z2)Y + g(Y,0Z)pX — g(X,0Z)pY + {g(pX,Y) — 9(X,¢Y ) }pZ]

+9(ANY, Z)ANX — g(AN X, Z)ANY, (5.11)
I(VxAINY. Z) = g(Vy A" )N X, Z) = eln"(X)g(Y, 0Z) = 0" (Y)9(X, ¢ 2)

+ 1" (Z2){g(eX,Y) — g(X,0Y)}], (5.12)

(VxANY = (VY A)n X = ¢[n(X)eY —n(Y)eX +{g(X,0Y) — g(¢X,Y)}¢], (5.13)

9([An, AN]X,Y) = (dr)(X,Y) = e{n(X)n"(Y) = n(Y)n"(X)}. (5.14)

If M is totally geodesic with respect to V, that is, ‘o = 0, then we get from (5.13)

" (X)g(Y,0Z) =" (Y)g(X,0Z) + 1" (2){g(pX,Y) — g(X,pY)}] =

which denotes that ¢ = 0 or

n*(X)g(Y,0Z) =" (Y)g(X,0Z) + n*(Z2){9(¢X,Y) — g(X,9Y)} = 0. (5.15)

Therefore we get g(¢X,Y) = g(X, ¢Y), namely, ¢* = ¢. It is east to see from (5.15) that n*(X)pZ = g(X, pZ)&*
holds. Thus X = n*(X){ = n(X )& holds. Because of any vector field X tangent to M is parallel to £ and £*, we
can not select to the nth linearly independence vector fields, where n = dimAM (> 2). Hence we have

Theorem 5.1. Let (M, g) be the tangential hypersurface of the locally product-like statistical manifold M satisfying the
condition (3.8). If M is totally geodesic with respect to V, then M is flat.
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6. Conclusions and future works

The theory of hypersurfaces of Riemannian manifolds admitting various differentiable structures includes
comprehensive geometric properties. For example, every hypersurface of an almost complex space form
possesses a contact structure (cf. [1, 9, 20]), every hypersurface of an almost contact space form possesses a
natural f-structure (cf.[6, 13]) and every hypersurface of almost product Riemannian manifolds admits a para
contact structure under some conditions (cf. [2, 10]). With the help of these features, each hypersurface of an
almost complex space form becomes a contact metric manifold, each hypersurface of an almost contact space
form becomes a metric f-manifold and some special hypersurfaces become a para contact manifold. Thus,
the basic relations and properties of contact metric manifolds, metric f-manifolds, and para contact metric
manifolds can be constructed by examining the basic properties of the geometry of these hypersurfaces. In this
study, as a result of examining tangential hypersurfaces of almost product-like Riemannian manifolds, para
contact-like structures have coincided.

Para contact manifolds firstly defined by K. Sato and K. K. Matsumoto in [22] as follows:

Let (M, g) be a m-dimensional Riemannian manifold, zbe a (1, 1) tensor field, £ be a tangent vector field and
7 be a 1-form on M. Then (M,g,%,&,7) is called an almost para contact Riemannian manifold if the following
relations are satisfied for any X,Y € I'(T'M):

PX=X-7(X)E, 7€) =1, p£€=0, 7(EX)=0
and

9(@X,9Y) =g(X,Y) = n(X)n(Y).

Considering the definition of almost para contact manifolds, it is possible to give the following definitions:

Definition 6.1. A Riemannian manifold (24, g) is called an almost para contact-like manifold if there exists a
differentiable structure (¢, ¢*,&,£*,n,7*) consisting of tensor fields ¢ and ¢* of type (1,1), vector fields £ and
¢*, 1-forms n and n* such that the following relations are satisfied

pP=1-n"®¢ ¢£=0, n)=1, noyp =0,
(") =1-n®, @€ =0, n"(€)=1 n"op=0,
where I denotes the identity map.

Definition 6.2. An almost para contact-like manifold (M, g, , ¢*, £, £, 1, n*) is called a para contact-like metric
manifold if the following relation is satisfied for any X,Y € I'(TM):

9(pX,¢"Y) = g(X,Y) =" (X)n(Y).
From Lemma 4.2, Lemma 4.3, Definition 6.1 and Definition 6.2, we get
Corollary 6.1. Every tangential hypersurface of an almost product-like manifold is a para contact-like metric manifold.

Considering Definition 6.1 and Definition 6.2, the problem of examining the geometric and physical
properties naturally arises in para contact-like manifolds and their submanifolds.

Funding

The first and third authors of this paper is supported by the Scientific and Technological Research Council of
Turkey (TUBITAK) with project number 122F326.

Availability of data and materials

Not applicable.

dergipark.org.tr/en/pub/iejg 448


https://dergipark.org.tr/en/pub/iejg

E. Erkan, K. Takano & M. Giilbahar

Competing interests
The authors declare that they have no competing interests.

Author’s contributions

All authors contributed equally to the writing of this paper. All authors read and approved the final
manuscript.

References

[1] Adachi, T., Kimura, M., Maeda, S.: Real hypersurfaces some of whose geodesics are plane curves in non flat complex space form. Tohoku Math. J.
57 (2), 223-230 (2005).
[2] Adati, T.: Submanifolds of an almost product Riemannian manifold. Kodai Math. ]. 4 (2), 327-343 (1981).
[3] Akbari, H., Malek, F.: On the hypersurfaces of almost hermitian statistical manifolds. Bull. Iran. Math. Soc. 48, 26692684 (2022).
[4] Amari, S.: Differential-geometrical methods in statistics, Lecture Notes in Statistics. vol. 28. Springer-Verlag, New York (1985).
[5] Aytimur, H. B., Ozgiir, C.: Inequalities for submanifolds of Sasaki-like statistical manifolds. Turk. J. Math. 42 (6), 3149-3163 (2018).
[6] Blair, D. E., Ludden, G. D.: Hypersurfaces in almost contact manifolds. Tohoku Math. J. 21 (3), 354-362 (1969).
[7] Calin, O., Udriste, C.: Geometric modeling in probability and statistics. Springer, Berlin, Germany (2014).
[8] Chen, B.-Y.: Geometry of Submanifolds. Marcel Dekker, New York-Basel (1973).
[9] Chen, B.-Y., Maeda, S.: Hopf hypersurfaces with constant principal curvatures in complex projective or complex hyperbolic spaces. Tokyo J. Math.
24 (1), 133-152 (2001).
[10] Deshmukh, S., Sharfuddin, A., Husain, S.I.: Hypersurfaces of almost product manifolds. Tamkang J. Math. 10, 169-181 (1979).
[11] Efron, B.: Defining the curvature of a statistical problem (with applications to second order efficiency). Ann. Statist. 3, 1189-1242 (1975).
[12] Erken, I. K., Murathan, C., Yazla, A.: Almost cosympletic statistical manifolds. Quaest. Math. 43 (2), 265-282 (2020).
[13] Eum, S. S.: On complex hypersurface in normal almost contact spaces. Tensor N. S. 19, 45-50 (1968).
[14] Feng, W. U., Jiang, Y., Zhang, L.: Some results on statistical hypersurfaces of Sasakian statistical manifolds and holomorphic statistical manifolds.
Int. Electron. J. Geom. 14 (1), 46-58 (2021).
[15] Furuhata, H.: Hypersurfaces in statistical manifolds. Differ. Geom. Appl. 27 (3), 420-429 (2009).
[16] Furuhata, H.: Statistical hypersurfaces in the space of Hessian curvature zero. Differ. Geom. Appl. 29 Suppl.1, S86-590 (2011).
[17] Furuhata, H., Hasegawa, I.: Submanifold theory in holomorphic statistical manifolds, in: S. Dragomir, M.H. Shahid, ER. Al-Solamy (Eds.),
Geometry of Cauchy-Riemann Submanifolds. Springer, Singapore, 179-215 (2016).
[18] Furuhata, H., Hu, N., Vrancken, L.: Statistical hypersurfaces in the space of Hessian curvature zero II. Pure and Applied Differential
Geometry-PADGE 2012 In Memory of Franki Dillen, Shaker Verlag GmbH, Germany, 136-142 (2013).
[19] Gucht, J.V.D., Davelaar, ]., Hendriks, L., Porth, O., Olivares, H., Mizuno, Y., Fromm, C.M., Falcke, H.: Deep Horizon; a machine learning
network that recovers accreting black hole parameters. Astronomy-Astrophysics 636, A94 (2020).
[20] Kon, M.: A characterization of totally n-umbilical real hypersurfaces and ruled hypersurfaces of a complex space form. Czech. Math. J. 58 (4),
1279-1287 (2008).
[21] Murathan, C., Sahin, B.: A study of Wintgen like inequality for submanifolds in statistical warped product manifolds. J. Geom. 109 (2), 1-18 (2018).
[22] Sato, I., Matsumoto, K.: On P-Sasakian manifolds satisfying certain conditions. Tensor, New Ser. 33, 173-178 (1979).
[23] Takano, K.: Statistical manifolds with almost contact structures and its statistical submersions. J. Geom. 85, 171-187 (2006).
[24] Takano, K.: Statistical manifolds with almost complex structures. Tensor, New Ser. 72 (3), 225-231 (2010).
[25] Vilcu, A.D., Vilcu, G.E.: Statistical manifolds with almost quaternionic structures and quaternionic Kihler-like statistical submersions. Entropy 17
(9), 6213-6228 (2015).
[26] Vilcu, G.-E.: Almost product structures on statistical manifolds and para-Kihler-like statistical submersions. Bull. Sci. Math. 171, 21 (2021).
[27] Vos, P. W.: Fundamental equations for statistical submanifolds with applications to the Bartlett correction. Ann. Inst. Statist. Math. 41 (3), 429-450
(1989).
[28] Yano, K., Kon, M.: Structures on manifolds. Ser. Pure Math. 3, World Scientific Publishing Co., Singapore (1984).

Affiliations

ESRA ERKAN

ADDRESS: Harran University, Dept. of Mathematics, 63300, Sanliurfa-Turkey.
E-MAIL: esraerkan@harran.edu.tr

ORCID ID:0000-0003-0456-6418

KAZUHIKO TAKANO

ADDRESS: Shinshu University, Dept. of Mathematics, 390-8621, Nagano-Japan.
E-MAIL: ktakano@shinshu-u.ac.jp

ORCID ID:0000-0002-5247-2531

449 dergipark.org.tr/en/pub/iejg


https://dergipark.org.tr/en/pub/iejg

Locally Product-like Statistical Manifolds and Their Hypersurfaces

MEHMET GULBAHAR

ADDRESS: Harran University, Dept. of Mathematics, 63300, Sanliurfa-Turkey.
E-MAIL: mehmetgulbahar@harran.edu.tr

ORCID ID: 0000-0001-6950-7633

dergipark.org.tr/en/pub/iejg

450


https://dergipark.org.tr/en/pub/iejg

	1 Introduction
	2 Preliminaries
	3 Almost product-like Riemannian manifolds 
	4 Hypersurfaces of almost product-like Riemannian manifolds
	5 Tangential hypersurfaces of locally product-like statistical manifolds
	6 Conclusions and future works

