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ABSTRACT

In this paper, we first define the notion of Lagrangian statistical submersion from a Kahler-like
statistical manifold onto a statistical manifold. Then we prove that the horizontal distribution
of a Lagrangian statistical submersion is integrable. Next, we establish Chen-Ricci inequality for
Lagrangian statistical submersions from Kihler-like statistical manifolds onto statistical manifolds
and discuss the equality case of the obtained inequality through a basic tensor introduced by
O’Neill that plays the role of the second fundamental form of an isometric immersion. At the end,
we give a nontrivial example of a Kidhler-like statistical submersion.

Keywords: Statistical submersions, Lagrangian statistical submersions, Kihler-like statistical submersions, statistical manifolds, Chen-Ricci Inequality.

AMS Subject Classification (2020): 3B20; 53C43; 53C05; 53C40.

1. Introduction

A statistical manifold (M, V, gyr) is a Riemannian manifold if Vg, is symmetric, where V is a torsion-free
affine connection. For (M, V, gur), we define another torsion-free affine connection V* satisfying [2]

Xgu(Y,2) = gu(VxY, Z) + gu (Y, Vx Z),
forany X,Y, Z € I'(TM). The connections V and V* are called dual connections and satisfy (V*) =V,

If (V,gum) is a statistical structure on M, then (V*, gar) is also a statistical structure. Any torsion-free affine
connection V always has a dual connection given by [2]

2V =V 4+ V*,
where V0 is the Levi-Civita connection on M.

Takano [18] defined a semi-Riemannian manifold (M, gys) with almost complex structure J which has
another tensor field J* of type (1, 1) satisfying

gM(JX,Y) JrgM(Xr7 J*Y) =0,

for X, Y € I'(T'M). Then (M, g, J) is called an almost Hermite-like manifold. It is easy to verify the following
relations [18]:

(I =J, (J)?=-Id, g(JX,J'Y)=g(X,Y).

Since, J? = —1Id, the tensor field J is symmetric to g.
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Let (M,V, gy, J) be an almost Hermite-like statistical manifold. Then (M, V, g, J) is called a Kéhler-like
statistical manifold [18] if .J is parallel with respect to V. Also, we have

g (Vx )Y, Z) + gu(Y,(VxJ*)Z) = 0.

On a Kéhler-like statistical manifold (M, V, gas, J), Takano [18] introduced the curvature tensor Rie with
respect to V such that

Rie(X,Y)Z = z{gM(Y, DX —gu(X, 2)Y — g (Y, JZ)IX 4 gu(X, T 2)JY
+ lgm (X, JY) — g (Y, JX)| T Z }, (1.1)

where c is a constant.

To find relationship between the extrinsic and intrinsic invariants of a submanifold has been very popular
in the recent twenty five years (for example [5, 13, 14]). The first study in this direction was initiated by B.-Y.
Chen in 1993. M.E. Aydin et al. [6] studied and proved inequalities for the scalar curvature and the Ricci
curvature for statistical submanifolds in statistical manifolds of constant curvature associated with the dual
connections. A.N. Siddiqui et al. [15, 16] worked with the statistical curvature tensor field, instead of the
curvature tensor fields with respect to the dual connections and obtained geometric inequality by treating
it as an optimization problem. On the other hand, statistical submersions between statistical manifolds are
introduced and investigated by Abe and Hasegawa in [1]. In [17], Chen inequalities for statistical submersions
between statistical manifolds are studied. Such inequalities derived by many authors (for instance, see,
[4, 8, 9]) for Riemannian submersions.

Motivated by the affirmative studies, in the present paper, first we study some results on Lagrangian
statistical submersions. Then we obtain the Chen-Ricci inequality for Lagrangian statistical submersions and
characterize a basic tensor introduced by O’Neill and its dual introduced by Takano for which the equality case
holds.

2. Statistical Submersion

The study of Riemannian submersions is a topic of great interest in differential geometry. Foundational
works of O’Neill [10] and Gray [7] stated the fundamental tensors and equations relating the geometry of the
total space, the base and the fibers of the submersion. Several generalizations of Riemannian submersions play
a role in physics, particularly in Yang-Mills theory, String theory and Kaluza-Klein theory (cf. M. Falciteli, S.
Ianus, A.M. Pastore, Riemannian submersions and related topics, World Scientific, 2004). Later, Riemannian
submersions between manifolds endowed with various geometric structures were studied by many authors
(see, [4, 8, 9]).

Let ¢ : (M, gax) — (B, gp) be a Riemannian submersion between two Riemannian manifolds (M, gps) and
(B,gB). We set dim(M) =m, dim(B) = n. For each point ¢ € B, 9/"!(g) is an n-dimensional Riemannian
submanifold with the induced metric g, called a fiber and denoted by M. The dimension of each fiber is always
(m —n) = r. Avector field on M is vertical if it is tangent to fibers and horizontal if orthogonal to fibers. For any
p € M, in the tangent space T),M of M, the vertical and horizontal spaces are respectively denoted by V,(M)
and H,(M). Then the tangent bundle 7'M is decomposed as

T(M)=V(M)®H(M),
where V(M) and H (M) are the vertical and horizontal distributions. Moreover, let
V:TM = VM), H:TM—H(M)

be the projection mappings. We call a vector field X on M projectable if there exists a vector field X, on B such
that

Vs (Xp) = X*w(p%
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for each p € M, in this situation X and X, are ¢-related. A vector field X is said to be basic if it is projectable
and horizontal [10, 11].

The geometry of Riemannian submersions is characterized by O’Neill’s [10] tensors 7 and A of type (1,2),
which are defined as follows.

TeF =VVygHF + HVyEVEF, (21)

ApF = VVypHF + HVpVF, 2.2)

forany E, F € I'(T'M). It is easy to see that 7g and Ag are skew-symmetric operators on the tangent bundle of

M reversing the vertical and the horizontal distributions. We summarize the properties of the tensor fields 7
and A. Let U, V be vertical and X, Y be horizontal vector fields on M, then we have [18]

1
ToV =TvU, AxY =-AyX = §V[X, Y]. (23)

We recall that if 7y V =0, for all U,V € V(M), then ¢ is said to be a statistical submersion with isometric fibers
[18].

Let (M, V, gy ) and (B, 6, gB) be a statistical manifold and Riemannian manifold, respectively. Lety : M — B
be a Riemannian submersion. Then the affine connections induced on fibers by the dual connections V and V*
from M are respectively denoted by V and V. Notice that both the affine connections V and V" are defined
by

VoV =VVyV, V,V=VViV.

Also, we observe that V and V' are torsion free and conjugate to each other with respect to g. We put
S =V — V¥, then is a symmetric tensor.

Statistical manifolds with almost complex structure and its statistical submersions, statistical submersion
of the space of the multivariate normal distribution, statistical manifolds with almost contact structures and
its statistical submersions were studied by Takano in [18, 19, 20]. Recently, remarkable statistical submersions
such as cosymplectic-like statistical [3], quaternionic Kdhler-like statistical [23] and para-K&hler-like statistical
submersions [22] have been investigated till now.

Definition 2.1. [18,20] Let (M, V, g) and (B, V, g5) be two statistical manifolds. Then+ : (M, V,g) — (B, V, g5)
is a statistical submersion if i) satisfies

(8 (VXY)p = (%w*XQZ)*Y)w(p) )
for basic vector fields X,Y on M and p € M.

By changing V for V* in (2.1), (2.2), and (2.3), ones respectively define 7* and A* (see [18, 20]). We remark
that A and A* are equal to zero if and only if H (M) is integrable with respect to V and V*, respectively. For
X, Y e H(M)and V,W € V(M), we turn up [18]

gm(TvW, X) = —gu (W, Ty X),  gu(AxY,V) = —gu (Y, A% V). (24)

In [18], Takano provided the following lemmas which are useful for this study. Therefore, for a statistical
submersion ¢ : (M,V,g) = (B, V,gp), we have

Lemma 2.1. [18] If X and Y are horizontal vector fields, then
AxY = -AV X.
Lemma 2.2. [18] For X,Y € H(M ) and U,V € U(M), we have
VoV =TuV+VuV, ViV =TV +V,V,
VoX =TuX +HVuX, ViX=TiX +HVuX,
VxU=AxU+UVxU, VXU =AU +UVLU,
VxY =HVxY + AxY, VXY =HVLY + ALY.

Furthermore, if X is basic, then HVy X = AxU and HV;X = ALU.
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Let Rie (resp. Rie*) be the curvature tensor with respect to V (resp. V*) of M and Rie (resp. Rie ) be the
curvature tensor with respect to the induced affine connection V (resp. V') of each fiber. The Gauss equations
are given by [18]

gum (Rie(U, V)W, W) = gus (Rie(U, V)W, W) + gn (To W, Ty W)
= g (TvW, Ty W), (2.5)
g(Rie* (U, V)W, W') = gas(Rie (U, V)W, W') + gar (TG W, Ty W)
= gu(TyW, TuW’),
The mean curvature vector fields of the fibre with respect to the affine connection V, its conjugate connection

V* and Levi-Civita connection V° are given by the horizontal vector fields N' = >~ | Ty, Us, N* = > _ T5 U
and N° = 37" | 7% U,, respectively, [18]

1 — 1 1 — 1
H==- «=-N, H"=- 7 Ua = -N7,
=Y ToUa=-N r;:leUaU N

a=1

On the other hand, we have

Toab = Z 9(Tu, Up, X5). (2.6)

Let (M,V,gnm,J) and (B, %, 9B, J ) be two almost Hermite-like statistical manifolds. Then a semi-Riemannian
submersion ¢ : M — B is said to be an almost Hermite-like submersion [18] if ¢...J = J,. The horizontal and
vertical distributions are J-invariant if and only if are J-invariant. If X is basic on M which is y-related to X,
on B, then JX (resp. J*X) is basic and y-related to JX, (resp. J*X.), where J and J* are tensor fields of type
(1,1) such that

98(JX.,Y.) + gp(X., J'Y.) = 0.

Takano [18] considered that a statistical submersion v : (M, V, gxr) — (B, v, gp) is a Kahler-like statistical
submersion if (M, V, gar, J) is a Kdhler-like statistical manifold and each fibre is a J-invariant semi-Riemannian
submanifold of M.

Theorem 2.1. [18] If ¢ : (M,V,gn) — (B, 6793) is a Kihler-like statistical submersion, then the base (B, V.95, J)
and each fibve (M, V,g, J) are Kihler-like statistical manifolds.

On combining (1.1) and (2.5), we obtain [18]
g (Rie(UVIYW,W') + grt(ToW, TyW') — gt (Ty W, Tp W)
= Hom (V. 2)X — gu(X, 2)Y — gu (Y, T2)TX + a1 (X, T2)TY
+ [gm (X, TY) — gu (Y, TX)]TZ}. (2.7)

3. On Lagrangian Statistical Submersion

Similar to the classical definition of anti-invariant Riemannian and Lagrangian Riemannian submersions
from a Kdhlerian manifold M onto a Riemannian manifold B (see [12], [21]), we give the following definitions.

Let (M,V, g, J) be an Hermite-like statistical manifold and (B, %, gB) be a statistical manifold. Suppose
that there exists a statistical submersion ¢ : M — B such that ker(1,) is anti-invariant with respect to J, then
1 is called an anti-invariant. On the other hand, an anti-invariant statistical submersion is called a Lagrangian
statistical submersion, if dim(ker(v,)) = dim((ker(t.))*). In this case, J (respectively, J*) of M reverses the
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vertical and the horizontal distributions.

In this section, we prove that the horizontal distribution of a Lagrangian statistical submersion from a Kéhler-
like statistical manifold M is integrable. First, we give the following lemmas:

Lemma 3.1. Let ¢ : (M,V,gy) — (B,V,gp) be a Lagrangian statistical submersion from a Kihler-like statistical
manifold M onto a statistical manifold B. Then we have Ty JE = JTyE, forany E € T(TM) and U € T (V(M)).

Lemma 3.2. Let ¢ : (M,V,gy) — (B,V,gp) be a Lagrangian statistical submersion from a Kihler-like statistical
manifold M onto a statistical manifold B. Then we have AxJY = JAxY, and A% J*Y =T A%Y, for any X,Y €
L(H(M)).

Proposition 3.1. Let ¢ : (M, V, gy) — (B,V, gp) be a Lagrangian statistical submersion from a Kihler-like statistical
manifold M onto a statistical manifold B. Then we have

AxJY = —ALJX, (3.1)
forany X, Y € T(H(M)).
Proof. By Lemma 3.2 and Lemma 2.1, we have
AxJY = JAxY = —JALX = — A} JX,
forany X,Y € I'(H(M)). Thus, we get our assertion. O
Similarly, the above result holds for A%.

Theorem 3.1. Let ¢ : (M,V,gy) — (B,V, gp) be a Lagrangian statistical submersion from a Kihler-like statistical
manifold M onto a statistical manifold B. Then AxY = ALY =0, for any X, Y € I'(H(M)), provided that rank(J +
J") coincides with the dimension of the fibers.

Theorem 3.1 gives the following results.

Corollary 3.1. If ¢ : (M,V,gm) — (B, 6, gB) 1s a Lagrangian statistical submersion from a Kihler-like statistical
manifold M onto a statistical manifold B such that J =T, then AxY = A%Y =0, for any X,Y € D(H(M)).

The following result follows immediately from Corollary 3.1 and (2.3).

Corollary 3.2. If ¢ : (M,V,gnm) — (B, %, gB) is a Lagrangian statistical submersion from a Kihler-like statistical
manifold M onto a statistical manifold B such that J =T, then the horizontal distribution H is completely integrable.

4. Chen-Ricci Inequality

In this section, we derive Chen-Ricci inequality for Lagrangian statistical submersions from Kéahler-like
statistical manifolds onto statistical manifolds and discuss the equality case of the obtained inequality through
O’Neill’s tensor (and its dual introduced by Takano) that plays the role of the second fundamental form of an
isometric immersion.

Now, we assume a Lagrangian statistical submersion ¢ : (M, V, gar) — (B, v, gp) from a Kéhler-like statistical
manifold M (c) whose curvature tensor Rie is of the form (1.1) onto a statistical manifold B. Then, for each
p € M, the local orthonormal bases of horizontal #,(M) and vertical V, (M) subspaces are respectively given
by {Xi,...,Xp}and {U; =U,...,U,}.

From (1.1), we have

> gu(Rie(Ua, U)Us, Us) = 5 Z {gn Ua, Ua) g1 (Us, Us) = gas (Ua, Un)gar (U, Us)
a,b=1 a,b=

) (UMJU )+gM(Ua77Ub)gM(Ua,jUb)
) (UQ,JU(,) g]u(Ub,jUa)gM(Ua,jUb)}. (41)

- gM(

Uy, JU,
+ gm Uy j
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By the relations (4.1), (2.7) and the symmetry of 7 and 7%, we get

ET(T —1)=2R —r?gy(H, H*) + Z gm(Tu, Uy, Tir, Us), 4.2)
a,b=1

where R is the scalar curvature of each fibre with respect to the induced affine connection.

Since 27° =7 + 7T* and 2H® = H + H*, then equation (4.2) becomes
¢ - 2 0 70 r? 2 *)12
17— 1) =2R = 2r%gn (H°, HY) + ([ H|” + [|H"]]7)

+ Z {200(TE. Uy, TE. Uy) — ;[gM(ﬂ Uy, T Us) + gai (T3, U, T2, Us) | }

a,b=1

2 n r
¥5) r * i
= 2R = 2r*||H°|]* + (1 H[]* + || H*[]*) + {2(7)”
2

i=1 a,b=1

LT+ (T},

4.3)
For local orthonormal frame {X;, U, }1<i<n,1<a<r ON M, one can derive
—~ < i\2 r? 9 1 - i i12
S (T = TIHIP + 5 ST — = T
i=1 a,b=1 i=1
LYY T2 Y (T 7).
i=1 b=2 1=1 2<a<b<lr
and
- - 712 * 1 . kG xi) 2
= ZIHIP 3 > (T = = T)
1=1 a,b=1 =1
n s
Y2 Y (T - T,
i=1 b=2 i=1 2<a<b<r
Combining the above two equalities, we find
SO U+ (T =2 > TaTii+>, >
i=1 a,b=1 i=1 2<a<b<lr i=1 2<a<b<lr
Z Yo (Taa+ 7o) (Toy + 7o)
1=1 2<a<b<lr
r? 2 (12
+5(\|H\| +|[H*]]?) . (4.4)
Substituting (4.4) into (4.3), it follows that
c . n T
o —1) < 2R — 22| 1O + (1A + (1) + 2
=1 a,b=1
=D D TTw -5l Dl T+ (T
i=1 2<a<b<r i=1 2<a<b<r
+2Z o1y bz—*(IIH|I2+|IH*I| )- (4.5)

1=1 2<a<b<lr
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Using (2.5), we derive

C — — — —
100 =2+ > [~ 90U, TU)ga (Uay TUa) + gt (Ua, TUs)grs (Ua, TUs)
2<a<b<r

+ 90 (Ua, JUp) gn1 (Ua, JUs) — gra (Us, JU, )QM(Ua,jUb)]

= Z g]w(RZG(Ua,Ub Ub, Z Z 7:;(1 — Jab a*bi).
2<a<b<r 1=1 2<a<b<lr
(4.6)

With the help of (4.6), the equation (4.5) can be written as

n T

2
T *
+7 (|[H|]? + || H*|*) +2§

i=1 a,b=1

(r(r —1)) < 2R — 2r*||H°||?

=10

+23 0 Y TUTY - Y gu(Rie(Ua, Uy)Us, Ua)

=1 2<a<b<r 2<a<b<r

15N i *i ¢
—52 Z (Tay + ab)2+1(7ﬂ_1)(r_2)
i=1 2<a<b<r
c — — — —
T > = 9 U, TU)gM (Ua, TUa) + 921 (Uas TUs)gar (Ua, TUS)
2<a<b<lr
+ 90 (Ua, JU) gas (Ua, JU) — gas (U, JUo) gas (U, JU)] .- 4.7)

Thus, we have
21 770(2 r? 2 * —~ <
(= 1))+ 2N = (1P 1)) -

i=1 a,b=

Ric(U) > 2
(4.8)

3

> TETE - (TS,
<a<b<lr

=12

where Ric is the Ricci curvature of each fibre with respect to the induced affine connection

Again, by the Gauss equation with respect to the Levi-Civita connection, we arrive at

3" gar(Rie®(Ua, Uy)Us, Uy) = 2R — 2|\H°\|2+Z Z (Ta)? 49)
i=1 a,b=1

1<a<b<r

. ———0
> gu(Rie" U, U)U, Ua) = > gu(Rie (Ua, Uy)Uy, Ua)
2<a<b<r

2<a<b<lr
(4.10)

_Z Z 7:10a bb 7-Ob)]7

1=1 2<a<b<lr

where R is the scalar curvature of each fibre with respect to the induced Levi-Civita connection

On substituting (4.9) and (4.10) into (4.8), we obtain

C 7’2 -
Ric(U) > 2R’ (U) + § (r = 1)) = = (H |2 + 1 |[P) = 23" KU A U,
a=2

where Ric is the Ricci curvature of each fibre with respect to the induced Levi-Civita connection

By summing up, we have the Chen-Ricci inequality for a Lagrangian statistical submersion as follows
dergipark.org.tr/en/pub/iejg
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Theorem 4.1. Let ¢ : (M,V,g) — (B,%,gB) be a Lagrangian statistical submersion from Kdihler-like statistical
manifold whose curvature tensor Rie is of the form (1.1) onto a statistical manifold. Then, for each unit vector field
U € V,(M), we have

Ric(U) > 2Ric (U) + z(r —1)— §(||H||2 + | H*[*) = 2(r — 1) max K°(U A -), (4.11)

where max K°(U A -) denotes the maximum of the sectional curvature function of M with respect to V restricted to
2-plane sections of V,,(M), p € M, which are orthogonal to U. The equality holds in the inequality (4.11) if and only if

(1) 274U =rH(p), TuV =0,V € V,(M) orthogonal to U.
(2) 275U =rH*(p), TV =0,V € V,(M) orthogonal to U.
An immediate consequence of Theorem 4.1 is the following;:

Corollary 4.1. Let ¢ : (M,V,g) — (B,V,gg) be a Lagrangian statistical submersion from Kihler-like statistical
manifold whose curvature tensor Rie is of the form (1.1) onto a statistical manifold. If

Ric(U) < 2Ric (U) + Z(r — 1) —2(r — 1) max K°(U A ),

then neither H # 0 nor H* # 0.

Remark 4.1. Similar inequalities can be stated for the Ricci curvature Ric .

Now, we give the following non-trivial example of a Kéhler-like statistical submersion:

Example 4.1. The Euclidean space R* = { {z1, 29,23, 24}, T1, 22 > 0} is a Kadhler-like statistical manifold with

the following almost complex structures:

0 0 10 0 0 % 0
[ 0o 0 01 ) 0 0 0 3
=l-1 000 77| 2 0 00|

0 -100 0 -2 00

the metric on R*? is defined as
oo = <x1>1{<dx1>2 ¥ <dx3>2} ¥ <x2>1{<dx2>2 ¥ <d:c4>2}

and the affine connection V¥ is given by

R* R* R* R*
Vamlaxl = Vaz2a$€2 = 0, Vax?)axg = Var481’4 = O,

Vﬂg;axg = V]g;axl = (x1) 'Oz, V]g;am = V]g;&vg = (z2) 102y4.
Now, we define a Kihler-like statistical submersion
b (RY V™ ga) = (BR%, V™, gge)
as the projection mapping
(1, 2,3, 24) = (T3,74).

Then 1 has isometric fibers.
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5. Relevant problems

In section 3, we deal with Chen-Ricci inequality for a Lagrangian statistical submersion ¢ : (M,V,g) —
(B,V, gp), that is, the estimate of the Ricci curvature Ric of each fibre (M, V, g, J) with respect to the induced
affine connection. And we also consider equality case. As future projects, we can use these results to study
the properties of the total space M and the base space B and also investigate other equality cases and
their applications. We will also estimate Ric by changing M. The results stated here motivate further studies
to obtain similar relationships for many kinds of invariants of similar nature for several statistical submersions.

We have the following question:

1. Is the converse of Theorem 4.1 true ?
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