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Statistical Killing vector fields on the Hopf
hypersurfaces in the complex space forms

EsMAIEL ABEDI, MOHAMAD ILMAKCHI, NASIBEH MOGHANNIAN,
AND NAJMA MOSADEGH

ABSTRACT. Statistical Killing vector field is introduced and Hopf hyper-
surfaces of complex space forms with the condition of being structural
statistical Killing vector field are studied. It is shown that these hyper-
surfaces have at most three distinct constant principal curvatures.

1. Introduction

The geometry of statistical manifolds is in the intersection of some re-
search areas such as information geometry, affine differential geometry and
Hessian geometry. It has been shown that this branch of geometry has
emerged from the study of the geometric structure of the natural differential
on the manifolds of the probability distribution and includes a Riemannian
metric, which is defined by Fisher information and a one-parameter fam-
ily of symmetric connections, called statistical connections, dependent on
the Levi-Civita connection. That is an interesting relationship between two
types of connections.

In 1980, statistical structure was introduced and it has played an impor-
tant role in information geometry research. Then, Furuhata [3] surveyed
the hypersurfaces in the statistical manifolds, he presented the curvature
condition of a statistical manifold to accept a standard hypersurface as the
first step in the theory of statistical manifolds, after which he wrote about
submanifolds in statistical manifolds. Sasakian statistical manifolds were
studied by Furuhata et al. in [4], where a notion of Sasakian statistical
structure was introduced and a real hypersurface in holomorphic statistical
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manifold was given to accept such a structure. In addition, Milijevic [7]
discussed about statistical hypersurfaces with shape operators by one or two
constant eigenvalues. Moreover, in [8], she studied C'R statistical submani-
fold of maximal C R-dimension with umbilical shape operator in holomorphic
statistical manifolds and stated an extension of results in the C'R statistical
submanifolds in complex space forms.

The C'R-submanifolds of complex manifolds, with particular emphasis
on C R-submanifolds of complex projective space were classified by Mirjana
and Masafumi [2]. One of the significant cases here is the creation of a link
between Riemannian and statistical manifolds, in order to generalize some
features and results found in Riemannian manifolds to statistical manifolds
under a few conditions.

In 2021, Deshmukh and Belova [10] studied Killing vector fields, the in-
filtration of unit Killing vector field on Riemannian manifolds, to show the
necessary and sufficient conditions for a hypersurface M to be isometric to
sphere.

In 1986, Kimura [6] showed that M is a homogeneous hypersurface if
and only if M has constant principal curvatures and he also obtained a
characterization of certain complex submanifolds in a complex projective
space CP™. Then Niebergall and Ryan [9] studied real hypersurfaces in
complex space forms and discussed about the number of principal curvatures
in these hypersurfaces. In 2006, Berndt and Diaz-Ramos [5] classified all of
the real hypersurfaces in the complex hyperbolic space with three distinct
constant principal curvatures. Then Chen and Maeda [I] collected all these
spaces in Theorems A and B, when they are Hopf hypersurfaces by constant
principal curvatures, and stated that these hypersurfaces are tubes of radius
r over a hyperplane CP"~! where 0 < r < 5, totally geodesic CPF(1<k<
n — 2) where 0 < r < 7, complex hyperquadric CQ™ ! where 0 < r < T

CP!x C’PnT_1 where 0 < r < 7 and n > 5 is odd, complex Grassmann CGa 5
where 0 < 7 < 7 and n = 9, Hermitian symmetric space SO(10)/U5 where
0 <r < 7% and n = 15, in the complex projective space. Also they are tubes
of radius  over CH* (k = 0,n — 1) where 0 < r < oo, CH* (1 <k <n—2)
where 0 < r < 0o, RH"™ where 0 < r < 0o and a horosphere in CH" in the
complex hyperbolic space.

In recent years much more attention is paid to statistical structure not
only by applied mathematicians but also in other sciences such as physics
and computer science, because of interdisciplinary research.

In this paper, we introduce statistical Killing vector fields and we study the
statistical contact Hopf hypersurfaces in the complex space forms, such that
the structural vector field € is a statistical Killing vector field. We show that
these types of hypersurfaces have three distinct constant principal curvatures
in the non-flat complex space forms which are classified in references [3] [6]
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and [9]. Then, in a particular case, we discuss about these hypersurfaces in
the Euclidean space.

2. Preliminaries

Prior to presenting the main result, we recall and introduce some defini-
tions and lemmas which are used intensively in our study.

Let (M, g) be an n-dimensional Riemannian manifold, V be a symmetric
connection on M and let I'(T'M') denote the sections of tangent bundle. The
torsion tensor of V is defined by

TV(X,Y)=VxY - VyX — [X,Y],

for any X,Y € I'(T'M).
A pair (V, g) is called a statistical structure on M if

(Vxg)(Y; Z) = (Vyg)(X, Z)

holds for X,Y,Z € I'(T'M). Then (M,V,g) is called a statistical manifold.
The dual connection V* of V is defined by

Xg(Y,Z) =9(VxY,Z) +g(Y,VxZ),

forany X,Y,Z € T'(T'M). Tt is not difficult to see that if (V, g) is a statistical
structure on M, so (V*,g) is as well. Let K be a tensor field of type (1,2).
We define

KxY = VxY — V%Y, (1)

where Kx is a self-adjoint operator, that is g(KxY,Z) = ¢g(Y,KxZ) and
VY is the Levi-Civita connection in which

1 *

Let (M, g, J) be a complex manifold with the complex structure J, where
J? = —1 and the Hermitian metric g. Let (M, g) be a Riemannian submani-
fold of M, that is ¢ induces a metric on M. In addition, H,M = JT,M N
T, M is the holomorphic tangent space of M at x € M.

The submanifold M of M is called a C R-submanifold if H,M has constant
dimension for any x € M, and the constant complex dimension is called the
CR-dimension of M.

The complex manifold (M, g) with Hermitian metric is a Kahler manifold
when V% J = 0 for any X € T'(M).

From [2] we recall that the Riemannian curvature tensor for any X,Y, Z €
[(TM) is defined by

RIUX,Y)Z =V Z = VIV Z = Vg 3 2. (2)
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Let R be a curvature tensor. The sectional curvature of (M,g) for I =
span{X,Y} is defined by

B g(R(X,Y)Y,X)
HEY) = Sx X0507.Y) = 5K,V

for any X,Y € I'(TM).

A Kihler manifold M is called a complex space form, when, for any X €
['(TM), the holomorphic sectional curvature plans spanned by {X, JX} are
constant.

Let (M?"*1 g) be a Riemannian hypersurface of the complex space form
(M*+2(k),g,J), V9 be the Levi-Civita connection of M?"*1 and V be
a statistical connection; that is (M2"*1 V, g) is a statistical hypersurface
of M?"*2(k). A quadruple (g, p,&,n) is called an almost contact metric
structure on M?" 1 if ¢ = —JN is the structural vector field, N is a local
unit normal vector field on the hypersurface, 1 is a 1-form on M?"*! where
n(X) = g(X, &) and ¢ is a skew-symmetric tensor field, where (JX)T = pX.
We clearly have

PPX = —X +n(X)E,
so (M?"F1 g, p,&,m) is called an almost contact manifold.

The hypersurface M?"+1 is called a Hopf hypersurface if the structural
vector field £ is the eigenvector of A; that means, A¢ = a&, where A is the
shape operator of M?"*! and o € C®°(M?"+1).

A vector field U on a Riemannian manifold (M, g) is called a Killing vector
field if we have Lyyg = 0, where Lirg is the Lie-derivative of the metric g
with respect to U. We have

0 = (Lug)X.,Y)
= g(VLU,Y) + g(X,V{U). (3)

Let a skew-symmetric tensor field ¥ of type (1,1) be defined by
U(X,Y) = g(VU,Y) - g(X, VU,
Clearly, equation is equivalent to
29(V4U,Y) = 29(¢ X, Y),

where
U(X,Y) = 29(X, V).

Therefore, the existence of a Killing vector field on a manifold is equivalent
to

VU = X,
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Definition 1. Let (M?""! ¥V, g) be a statistical manifold. Then the
vector field U on M?"t! is called a statistical Killing vector field when
VxU = ¢X for any X € M?"+1,

Clearly we have
VU =¢X — Ky X, (4)
where X € Tp,(M?"*!) and K is defined in (I]).
We have the following Gauss and Wingarten formulas:

vg(Y = Vg(Y +h(X,Y), (5)

Vg(N =—-AX + DxN, (6)
where D is a normal connection and h is the second fundamental form of
M? 1, Furthermore, we have h(X,Y) = g(AX,Y)N

By taking the covariant derivative from both sides of JX = X +n(X)N
and as this structure is Kahlerian, we obtain

Vi = pAX. (7)
Based on these relations, we have
VL(IY) = JVLY = (VLY +h(X.Y))
= Q(V4Y) + (VYN + J(h(X,Y))
= o(VXY) +n(VEY)N —g(AX,Y)E.  (8)
On the other hand

V4IY) = V(eY +n(Y)N)
V(@Y ) + g(VEEYIN + (6, VYN +n(Y)VEN
= (V)% (@Y) +h(X,0Y) + g(VLEYIN + (€, VYN
+n(Y)(—AX + DxN). (9)

By comparing the tangential parts of and @D we have
P(V4Y) —g(AX,Y)E = Vi(pY) —n(Y)AX
= (VX9)Y +o(VLY) —n(Y)AX.
Therefore,
(V&)Y =n(Y)AX — g(AY, X)¢. (10)
If M?"*! is a hypersurface from the complex space form M?"*2(k), the
following (well-known) Gauss equation is [2]

g(R(XaY)va) = g(R(X,Y)Z,W)—{g(AY,Z)g(AX,W)
—g(AX,Z)g(AY,W)},
where
R(X,Y)Z = k{g(Y,Z)X—g(X,Z)YJrg(JY,Z)JX—g(JX,Z)JY
f2§(JX,Y)JZ},
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and k is a constant sectional curvature for X,Y, Z € I'(TM?*"*!). We obtain
the Codazzi equation

(VA — V4AX,Z) = kg({3(Y. 2)X - §(X. Z)Y + §(JY, Z)JX
—-g(JX,2)JY —29(JX,Y)JZ},N), (11)

where N is a local unit normal vector field in M?"+1,
At the end of this section, we bring a lemma that is used to obtain the
important results.

Lemma 1 ([2]). If M?"*1 s o Hopf hypersurface from the complex space
form M?2(k) and if X € &% is an eigenvector of the shape operator A with

eigenvalue X, then JX is an eigenvector of A with eigenvalue p and we have
2k + aX = p(2A — a).

3. The statistical hypersurfaces of complex space forms

We prove the following lemmas which are significant for the proof of the
main theorem.

Lemma 2. Let_(MQ"‘H, V) be a statistical Hopf hypersurface in the com-
plex space form M?"*2(k) and & be a statistical Killing vector field. Then
the curvature tensor

R(X,Y)§ = RY(X,Y)eHVx K) (Y, HVy K) (X, O-K (VxY, EHK (Vy X, €)
holds for any X,Y € T'(TM).
Proof. By directly applying
Vx§=V5E+ Kx§
in , we have
RX,Y)E = Vx(VEE+Ky€) = Vy (Ve + Kx€) = Vi 1€ — Ky
= RI(XY){+ (VxE)(Y,§) = (VyK)(X,§) — K(VxY,§)
+K(Vy X, §),
which finishes the proof. O

Remark 1. In the above Lemma, RI(X, Y )¢ is the Riemannian curvature
tensor, where

RI(X, V) = (V)Y — (V{0)X — (ViKY + (Vi K)X.

Lemma 3. LezZ(MQ”H, V) be a statistical Hopf hypersurface in the com-
plex space form M?"*2(k) and & be a statistical Killing vector field. Then
K& = 0.
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Proof. By applying and , if we insert X = &, then
0 = Ve§— K¢
= Y&— K¢,
therefore, 9§ = K¢&.
On the other hand, from the equations and we have
0=g(pAX,§) = g(V%E &) = g(¥X — KX, §),
hence
Since 9 is skew-symmetric, we have K¢{ = —1&. Therefore, K¢£ = 0. g

Lemma 4. Let (M?" L V) be a statistical Hopf hypersurface in the com-
plex space form M*"2(k). Then we have
traceVe¢ K¢ = 0.
Proof. Let {e; fﬂ'l be a parallel frame field on M?"*! such that the shape

operator A is diagonal on the frame field. Then, from and Lemma (3, we
obtain

traceVeKe = trace(VgKg + Ke€) = traceVgKg

2n+1 2n+1

= > 9(ViKeeie) = Y g(Vi(—pAei + i), e:)
=1 =1
2n+1

= > —9((VipA)ei, &) + g((Vip)es, e).
i=1
Considering that A is symmetric and @, are skew-symmetric, it is easy to
conclude that the above equation is zero. O

Lemma 5. Let (M?" 1 V) be a statistical Hopf hypersurface in the com-
plex space form M?*"*2(k). Then

¥ = AP — a® — | K[

Proof. Let {e;}?"T! be a parallel frame field on M?"*1 then we have

2n+1 2n+1
Z g(pAe;, pAe;) = Z —g(<p2Aei,Aei)
i=1 i=1
2n+1
= ) —g(—Ae; + n(Ae)E, Ae;)
i=1
= |A]P — |4

= AP -2
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On the other hand,

2n+1 2n+1
Y glpde pAes) = Y glve; — Keei e; — Keei) = |97 + [Kel*.
=1 =1

Therefore, by comparing, we have
[W? = AP = o® — | K¢[*.
O

Lemma 6. Let (M1 V) be a statistical Hopf hypersurface from C™H1
and & be a structural vector field. Then we have the equation

Ric(§,€) = Za)\ + ).
i=1

Proof. Let {e;, pe;, £}, be an adopted frame field on M?"*1 in which
e1,...,e, are principal directions, also the shape operator A on M?2"t!
satisfies Ae; = N\e;, Ape; = pipe; and A6 = of. If the ambient man-
ifold is C™*1, from the Codazzi formula for X,Y € T(M?"*1) we have
©(VLA)Y —p(V§A)X = 0. On the other hand, from the equations (7)) and

, we have

RI(X,Y)E = (Vip)AY — (VI9)AX + o(VEA)Y — (VI A)X.  (12)
Then, by taking into account the equations and , the Ricci tensor
is given by

ch(fvé‘) = Zg 61, fvei)

= Zg((VeM)Aé = (Ve, K)AE ) — g(Vep) Aes — (Ve K) Aei, ¢:)
+9(p((Ve, A)E = Ke, AL), ei) — g(p((VeA)ei — KeAei), i)

= Z n(Af)g(Aei, 61‘) - ﬁ(Aei)g(Aga ei)
i=1

n

= Za(/\i + p;).

i=1
g

Proposition 1. Let (M?"+1 V) be a statistical Hopf hypersurface in the
complex space form M*"+2(k). Let the structural vector field & be a statistical
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Killing vector field on M?"*1, and X € & be an eigenvector of the shape
operator A, that is, AX = AX. Then Xa = &A= 0.

Proof. From we obtain
VX (AY AV X V-Vy (AX WHAVy X = k{g(X, €)Y —g(Y, €)pX-29(X, Y)E}.
If we insert Y = £ in the above equation, it yields
Vx(AL) — AVxE+ Ve(AX) — AV X = —kpX. (13)
If we multiply both sides of in X, we have
g(Vx(AE) — AVxE{+ Ve(AX) — AVX, X) =0,
thus
9((Xa)e+apAX, X)— g((EN)X +A(VeX — KeX) — A(VeX — KeX), X) =0,

and therefore €\ = 0. Similarly, by multiplying both sides of in &, we
have Xa = 0. O

Theorem 1. Leti(MQ”H,V) be a statistical Hopf hypersurface in the
complex space form M?"*2(k), where the structural vector field € is a statis-
tical Killing vector field. Then we have

2|K¢|? > —(2n + 1)k. (14)

Proof. Let {e;, pe;, £}™; be an adopted frame field on M?"*1. Now ap-
plying Lemma [2] Lemma [4] and Lemma [5] the Ricci tensor is computed as
follows:

Ric(6,6) = > g(R9(e;, )¢, e:)

i=1
= > {(VLDE €)= g(VID)ei, e5) — g((VE Ke)é, e5)
i=1
+9((ViKe)ei,ei)}
= [0 — K¢l
= AP —a® - 2|K¢|”. (15)
Furthermore, from and we obtain the Ricci tensor
Ric(¢,€) = Y {k{a(es e)a€ &) — ale, a6, i) + (¢, §)a( Jes e:)
i=1
_g(J€i7 f)g(J£7 61‘) - QQ(JCi, g)g(‘]& el>}
+{ag(Aei, e;) — g(Ae;, §)g(AE €i)}}

= (2n+3)k+ i (i + i)

=1
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= @n+Dk+2) i (16)
i=1
Then, by comparing the coefficients of Ric(&,§) in and , we arrive
at

n
AP = o® = 2|K¢ = 2n+ DE+2> N,
=1

and therefore .

D (i — ) =2|K> + (2n + 1)k,
i=1
s0 2|K¢|* > —(2n + 1)k. O

Corollary 1. Let (M?"*1 V) be a statistical Hopf hypersurface in the
complex space form M>"*2(k), where the vector field & is a statistical Killing
vector field. If the equality holds in , then (M?"t1 V) has at most three
distinct constant principal curvatures.

Proof. If we have \; = p;, from Lemma [I| we obtain
M —a)\—k=0. (17)

Hence we have at most 3 eigenvalues. If we take the derivative from
with respect to £, we get —(€a)\; = 0. Because of A\; # 0, {& = 0. From
Proposition [1| we deduce that « is a constant. Since « is a constant and the
eigenvalues of A span T),(M?**1), the result is valid. It is worth noting that
these hypersurfaces are classified in references [5l [6, 9. O

Corollary 2. Let (M*"1 V) be a statistical Hopf hypersurface of C" 1,
and & be a statistical Killing vector field. If K(.,&) = 0, then M?"*! is either
a totally umbilical hypersurface or M1 is a totally geodesic hypersurface.

Proof. If the ambient manifold is C"*! from Theorem [l we have

n
0< Y (Ni—mi)® =2|Ke[”.
i=1
Then, from [2], if the ambient manifold is a Euclidean space and M?" ! has
two distinct constant principal curvatures, then one of them must be zero.
From (17), in the Euclidean space we have \;(A; — ) = 0, where we deduce
that A\; = 0 or A; = . Then we have one of the following.

1. When \; # 0, then \; = a for any ¢ = 1,2, ..., n, hence the hypersur-
face is totally umbilical and isometric to a sphere.

2. When \; = 0 and « # 0 for some i = 1,2, ..., n, then the hypersurface
is isometric to a cylinder.

3. When \; =0 and a = 0 for any ¢ = 1,2, ..., n, then the hypersurface
is totally geodesic.
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0

Let P"(H) be a Hyperbolic projective space. Then we have the following
corollary.

Corollary 3. There exists no totally umbilical statistical Hopf hypersur-
face with the statistical Killing vector field £ in the P™(H) by the sectional
curvature k < ﬁ | K¢ |2
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