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ABSTRACT

The Ricci tensor field, p-Ricci tensor field and the characteristic Jacobi operator on almost
Kenmotsu 3-manifolds are investigated. We give a classification of locally symmetric almost
Kenmotsu 3-manifolds.
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1. Introduction

This article is the third one in our series [26, 54] on the study of characteristic Jacobi operators on almost
contact 3-manifolds.

Tanno [103] classified complete almost contact Riemannian manifolds with automorphism group of
maximum dimension. Those almost contact Riemannian manifolds are classified as (1) Sasakian space forms,
(2) cosymplectic space forms and (3) warped products of the form R x ..+ C" (see Example 5.1). Kenmotsu
clarified the almost contact Riemannian structures of R x..: C" (the warped product model of the hyperbolic
space H?" ! = H2?"+1(—1) of constant curvature —1). Kenmotsu introduce a class of almost contact Riemannian
structure modeled on R x..: C™ [69]. The structure introduced in [69] is named as "Kenmotsu structure” by
Janssens and Vanhecke [68]. Janssens and Vanhecke introduced the notion of almost Kenmotsu manifold
in [68]. Kenmotsu manifolds are characterized as normal almost Kenmotsu manifolds. Here we recall that
Sasakian manifolds (resp. cosymplectic manifolds) are characterized as normal contact Riemannian manifolds
(resp. normal almost cosymplectic manifolds). In this sense, almost Kenmotsu manifolds constitute a class of
almost contact Riemannian manifolds which should be compared with contact Riemannian manifolds and
almost cosymplectic manifolds.

After the publication of the seminal paper [69], a huge number of articles concerning on Kenmotsu manifolds
have been published. As is well known the unit sphere S?"*! = §?"*1(1) is the standard model of Sasakian
manifolds. In other words, the notion of Sasakian manifold is modeled on S?*t!. Thus Kenmotsu manifolds
are regarded as "opposite correspondents” of Sasakian manifolds.

In our previous papers [26, 54], we studied characteristic flow invariance of the characteristic Jacobi operator
¢ on contact Riemannian 3-manifolds and cosymplectic 3-manifolds.

The present work has three aspects. The first aspect is to give an expository article on 3-dimensional almost
Kenmotsu geometry (Section 2-Section 9).

Next, the second aspect is the classification of locally symmetric almost Kenmotsu 3-manifolds. Some
literature claimed that locally symmetric almost Kenmotsu 3-manifolds are locally isomorphic to either
hyperbolic 3-space H?* = H?*(—1) of curvature —1 equipped with a homogeneous Kenmotsu structure or
the product space H?(—4) x R equipped with a non-normal homogeneous Kenmotsu structure [22, 109].
Unfortunately, this claim has remained unverified and has been used as the correct classification in other
studies. In this paper, we point out that this claim is incorrect. More precisely, this claim is correct under the
assumption the characteristic vector field is an eigenvector field. There exit locally symmetric almost Kenmotsu
3-manifolds whose characteristic vector fields are not eigenvector fields of Ricci operators. Those examples are
discovered by Perrone [93, Theorem 1.2 Case (IV)].

We give the correct classification theorem of locally symmetric almost Kenmotsu 3-manifolds (Theorem 10.1).

The third aspect concerns characteristic Jacobi operator. As a continuation of previous works [26, 54],
we study almost Kenmotsu 3-manifolds whose characteristic Jacobi operator is invariant under the flows
generated by the characteristic vector field. In addition we propose some unsolved problems.

Differential geometry of curves in almost Kenmotsu 3-manifolds is a very active research area. We do not
discuss curves in almost Kenmotsu 3-manifolds in this article. For interested readers we refer to [59, 60, 61, 62].

This paper is organized as follows. Section 2 to Section 9 are devoted to the first aspect of this article.

In Section 2 we recall basic facts on local symmetry and semi-symmetry of Riemannian manifolds. The
next section devotes to discuss fundamental properties of pseudo-symmetry of Riemannian manifolds. In
addition we recall fundamental theory of harmonic maps (Section 3.3). One can consider the harmonicity of
unit vector fields on a Riemannian manifold as maps into the unit tangent sphere bundles. The harmonicity
of unit vector fields will be used to introduce the notion of H-almost Kenmotsu manifold (Definition 5.10).
We prepare fundamental structure theory of 3-dimensional Lie groups in Section 4. We start our discussion
on almost contact Riemannian manifolds from Section 5. We specialize our discussion to almost Kenmotsu
3-manifolds in Section 6. The H-almost Kenmotsu property is characterized by certain nullity condition. We
discuss the generalized almost Kenmotsu (x, i1, v)-nullity condition in 7. We exhibit some explicit examples of
generalized almost Kenmotsu («, 11, v)-spaces. We also discuss ¢-Einstein condition in 8. In Section 9 we study
homogeneous almost Kenmotsu 3-manifolds. We give explicit models for all homogeneous almost Kenmotsu
3-manifolds.

The second aspect of this article is developed in Section 10. We study the system of local symmetry in Section
10.2. We give the correct classification theorem of locally symmetric almost Kenmotsu 3-manifolds (Theorem
10.1). In addition, we discuss (strong) n-parallelism (Section 10.4) and the characteristic flow invariance (Section
10.5) of the Ricci operator of almost Kenmotsu 3-manifolds.
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As the third aspect of this article, in Section 11, we give our new results on characteristic Jacobi operator.
In the final section, we discuss relationship between harmonic maps and Ricci operator in almost Kenmotsu
geometry.

Conventions
In this paper we use the following definition for exterior differentiation of differential forms:
* Let M be a manifold and 7 a 1-form on M. Then the exterior derivative d7 is defined by
2dn(X,Y) = X(n(Y)) = Y(n(X)) —n([X,Y]), XY €X(M).

Here X (M) denotes the Lie algebra of all smooth vector fields on M.
¢ The exterior derivative d® of a 2-form ¢ is defined by

de =X(®(Y,2))+Y(®(Z, X))+ Z(®(X,Y)) - ®([X,Y],Z2) — (Y, Z], X) — ([Z, X],Y).

® On an oriented Riemannian manifold (M, g), dny and d® are rewritten as
1 1
dn(X,Y) = 5 (VxmY — (Vyn)X), d2(X,Y,Z) = 36xyz(Vx2)(Y,2)

in terms of Levi-Civita connection V.
* The codifferential 6,7 and ¢, are given respectively by

dgn = —tr(Vn), (6,@)X = —tr(V.®)(-, X).

¢ The Lie differential operator by a vector field X is denoted by £x.
¢ Throughout this paper we denote the space of all smooth sections of a vector bundle E by I'(E).

2. The local symmetry and semi-symmetry

2.1. The Riemannian curvature

Let (M, g) be a Riemannian manifold with its Levi-Civita connection V. Then the curvature tensor field R of
V is called the Riemannian curvature of M = (M, g). In this article we use the sign convention:

R(X,Y) =[Vx,Vy] = Vixy.
Throughout this article we denote by R; the curvature-like tensor field defined by

On a Riemannian manifold (M, g), the sectional curvature K of a tangent plane IT = X A Y is measured by the
formula

 G(RX. Y)Y, X)
K = mx X

As is well known, sectional curvature functions determine the Riemannian curvature. In other words, the
knowledge of the full curvature tensor R is equivalent to the knowledge of the sectional curvatures K. For
instance M is of constant curvature c if and only if R = cR;.

2.2. The Ricci tensor field and the tidal force
The Ricci tensor field p of (M, g) is a symmetric tensor field defined by
p(X,Y) =tr (Z — R(Z,Y)X).
The Ricci operator S is a self-adjoint endomorphism field metrically equivalent to p, that is
p(X,Y) =g(SX,Y) = g(X, SY).

The smooth function s = tr p = tr S is called the scalar curvature of (M, g).

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


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

Characteristic Jacobi Operator on Almost Kenmotsu 3-manifolds

Example 2.1. Let M = (M, j) be a Riemannian 2-manifold of constant curvature ¢. Consider the Riemannian
product M = M x R equipped with the product metric g = 7*g + dt*. Here 7 : M — M is the projection. Then
the Riemannian curvature R of M has the form

R(X,Y)Z = R\(X,Y)Z — {dt(Z)R1(X,Y)d; + dt(X)g(Y, Z)d, — dt(Y)g(Z, X)8;}.

The Ricci operator is represented as
S:EI—Edt®at.

A Riemannian manifold (M, g) of dimension dim M > 3 is said to be Einstein if p = c g for some constant
c¢. One can see that on an Einstein manifold, p = (s/n)g and s is constant. Riemannian manifolds of constant
curvature are Einstein.

Let (M, g) be a Riemannian manifold. For a nonzero tangent vector v € T,,M at a point p, the tidal force operator
F, associated to v is a linear endomorphism on (Rv)* defined by F,(w) := —R(w, v)v for w L v ([83, p. 219]).
One can see that F, is self-adjoint on (Rv)! and has the trace tr F,, = —p(v,v). For a geodesic v in (M, g), a
vector field X along ~ is said to be a Jacobi field along + if it satisfies the Jacobi equation:

Vo,V X = —Fy(X).

2.3. The semi-parallelism

Every curvature-like tensor field acts on the space 7,'(M) = I'(®"T*M ® T M) of tensor fields of type (1,r)
as a derivation. For instance, the derivative F - P of P € T;'(M) = I'(End(T'M)) by a curvature-like tensor filed
F is given by

(F-P)(Z;Y,X) = F(X,Y)(PZ)— P(F(X,Y)Z), X,Y,ZeX(M).

The derivative F' - R of the Riemannian curvature R by F' is given by

(F-R)(U,V,W;Y,X) = (F(X,Y)R)U,V,W)
F(X,Y)R(U, V)W — R(F(X,Y)U,V)W
— R(U,F(X,Y)V)W — R(U,V)F(X,Y)W.

As is well known, Riemannian manifolds with parallel Riemannian curvature are called locally symmetric spaces.
Riemannian manifolds of constant curvature are locally symmetric.

As generalizations of parallelism, semi-parallelism and pseudo-parallelism are introduced. In this section
we discuss the semi-parallelism. The pseudo-parallelism will be discussed in the next section.

Definition 2.1. Let (M, g) be a Riemannian manifold. A tensor field P on M of type (1,r) is said to be semi-
parallel if it satisfies
R-P=0.

A tensor field P of type (1, ) is said to be properly semi-parallel if it is semi-parallel but not parallel.

A Riemannian manifold (M, g) is said to be semi-symmetric if R- R = 0. The tensorial equation R- R =0
has a clear differential geometric meaning. At a point p € M of a Riemannian manifold M, denote by b, the
linear subspace of so(T, M) spanned by the set {R,(X,Y) | X,Y € T,M}. Then the semi-symmetry condition
R - R = 0 is equivalent to that b, is a Lie subalgebra of so(7},A/). The connected Lie group H, with Lie algebra
b, is called the primitive holonomy group at p.

The semi-symmetry condition R - R = 0 for Riemannian manifolds was recognized by E. Cartan [17, p. 265].
At the time of Cartan, the only known examples of semi-symmetric spaces are locally symmetric spaces and
Riemannian 2-manifolds. The name "semi-symmetric space" was introduced by Sinjukov.

On a semi-symmetric Riemannian manifold M, at each point p, the Riemannian curvature R, is the same as
the Riemannian curvature of a Riemannian symmetric space which may vary with the point. For instance,
every Riemannian 2-manifolds are semi-symmetric. Szabo clarified the local structure of semi-symmetric
spaces [100] . Kowalski made a systematic study of foliated semi-symmetric 3-manifolds [76]. For more
information on semi-symmetric spaces, we refer to [9].

The semi-symmetric Riemannian manifolds are precisely the Riemannian manifolds for which, up to second
order, all the sectional curvatures are invariant under their parallel transports fully around all infinitesimal
coordinate parallelograms.
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Definition 2.2. Let (M, g) be a Riemannian manifold. The nullity vector space of the Riemannian curvature R at
a point p € M is a linear subspace

TOM = {X € T,M | R(X,Y)Z =0, WY, Z € T,M }
of T, M. The index of nullity at p is ny(p) := dim T)) M. The index of conullity at p is ups (p) := dim M — np(p).

Example 2.2. On a Riemannian product M = M x R, where M is a Riemannian 2-manifold of constant
curvature ¢. Then its tangent space T, M at p = (p,t) € M is decomposed as

T,M = H,M &V, M,

where H,M [resp. V,M] is called the horizontal space [resp. vertical space] at p. Denote by 71 : M — M and
mo : M — R the projections, then

Tiap : HpM — TyM,  Toup 2 VoM — TR

are linear isomorphisms. Thus we may identify T, M with the direct sum T, M & T;R.
The nullity space T;SM is V, M and hence identified with T, ,)R. The index of nullity is ny; = 1 on M. The
index of conullity is up; = 2 on M.

2.4. Three dimensional semi-symmetric spaces

On a Riemannian 3-manifold (M, g), the Riemannian curvature R is described by the Ricci tensor field p and
corresponding Ricci operator S by

R(X,Y)Z = p(Y, Z)X — p(Z, X)Y + g(Y, Z)SX — g(Z, X)SY — %Rl (X,Y)Z 2.1)

for all vector fields X, Y and Z on M. It should be remarked that for Riemannian 3-manifolds, Einstein property
is equivalent to constancy of sectional curvature.
The covariant derivative VR is computed as

(VwR)(X,Y)Z = (Vwp)(Y,2)X — (Vwp)(Z, X)Y (2.2)

+9Y, 2)(VwSX —g(Z, X)(VwS)Y — %(W)Rl(X,Y)Z.

Hence the covariant derivative V R satisfies the following formula:

g(VwR)(X,Y)Z,V) = g((VwS)Y,Z)g9(X,V) —g(VwS)Z,X)g(Y,V) (2.3)
+9(Y, 2)g(VwS)X, V) — 9(Z,X)g(VwS)Y,V)
ds

- SR (X.Y)Z, V)

We know that the local symmetry (VR = 0) implies the constancy of the scalar curvature, thus we confirm the
following well-known fact:

Proposition 2.1. A Riemannian 3-manifold M is locally symmetric if and only if its Ricci operator is parallel.
Take a local orthonormal frame field {e1, e2, e3} and express the Riemannian cuvature as
3
R(ei, €j)€k = Z Rlijk €r.
=1
Next we denote the sectional curvature functions of the plane section field e; A e; spanned by e; and e; by
Kij = K(ez AN ej).

Then
Kij = Rijij, 1 #J.
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The components p;; = p(e;, e;) of the Ricci tensor field p are related to the components of R by

1 1 1
Kis 25(011 + paa —p33), Kiz= §(P11 — pa2+p33), Koz = 5(—P11 + p22 + p33),

Ri213 =p23, Rizez = —p13, Rizez = p12-

Now let (M3, g) be a Riemannian 3-manifold with principal Ricci curvatures py, p2 and p3 (eigenvalues of the
Ricci tensor field ). Then the nullity vector space of R at p is rewritten as

TIM ={X € T,M | S,X = 0}.
A Riemannian 3-manifold M is is semi-symmetric if and only if [99]:

(pi = pi){2(pi + pj) —s} =0, 4,j=1,2,3,i#].
Thus at each point p € M, there are three possibilities
1. p1=p2=p3#0.
2. p1 = p2 # 0 and p3 = 0 up to numeration.

3. pr=p2=p3=0.

If p1 = p2 = p3 # 0 at p, then this relation holds on a neighborhood U of p. On U, all of principal Ricci curvatures
are non-zero constant, hence U is of constant nonzero curvature. In particular, U is locally symmetric.
Next, assume that S is of rank < 2 on M and put U = {p € M |rank S, = 2}.

Theorem 2.1. Let (M3, g) be a Riemannian 3-manifold. Then at each point p € M, the index of nullity is either
ny(p) =0, 1o0r3.

Since we are interested in non-symmetric semi-symmetric spaces, we concentrate our attention to semi-
symmetric 3-manifolds with ny; =1 on M.

Denote by T;) M the orthogonal complement of 7;) M in T, M. Then the correspondences T°M : p — T M
and T'M : p — T} M define distributions on M. The former distribution is called the nullity distribution of M.

The Riemannian curvature R satisfies:

RX,V)Z=p1(p)(XANY)Z, XY, ZeT,M,
R(X,Y)Z=0, XeT)M, Y,ZeT,M.
For any vector field V tangent to T°M, the integral curves of V are geodesics. o
Moreover one can check that R has the same form of the Riemannian curvature of the product space M x R
of a Riemannian 2-manifold M of constant curvature and the real line. In deed, the Riemannian curvature R of
the Riemannian product M = M x R where M is a Riemannian 2-manifold of constant curvature ¢ satisfies
R(X,Y)Z =X NY), X,Y,ZeT,M,
R(X,Y)Z=0, XeT)M, Y,ZeT,M.
Example 2.3 (Real cones). Let (M,5) be a Riemannian (n — 1)-manifold (n > 3). Set m(t) := (t +mg ")~
and R,,, :={t e R|t > —1/mg}, where my is a positive constant. Then the warped product M™(M;mg) :=

Ry X1/m M is called the real cone over M. The unit vector field 7' = 9, is regarded as a unit normal vector
field to each fiber. Then the shape operator 5 of a fiber derived from —T is given explicitly by

Bo(X)=VxT =m(X — g(X,T)T).
We extend B, to whole T'M.

Let us denote by 7 the projection of the second factor. Then the Riemannian curvature R is described as:

R(X,Y)Z = g(Bo(X), Z)BoY — g(Bo(Y), Z)Bo(X) + (W*E)(Xa Y)Z.
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Any semi-symmetric real cone is locally isometric to some maximal cone Mz(M;mg) over a Riemannian (n — 1)-
manifold M of constant curvature ¢. Note that if the real cone is irreducible and ¢ # 0, then at each point p, the
index of nullity is 1 and index of conullity is n — 1.

The real cone Mz(M;my) is conformally flat. The Ricci tensor field and the scalar curvature are given by

P(X,Y) = (n—2)(e = m2){g(X,Y) - g(X.T)g(Y.T)}, s=(n—1)(n—2)(—m?).

Hence M;(M;my) is never locally symmetric.
Remark 2.1. The above scalar curvature formula corrects that in [13, 14].
A real cone Mz(M;my) is said to be a Euclidean cone, elliptic cone or hyperbolic cone according asc=0,¢>0 and
¢ < 0, respectively [9, §2.2.1]. The Riemannian curvature R of a semi-symmetric real cone Mz(M;my) satisfies
R(X,)Y)=(E-m*)(XAY), X,YeT M,
R(X,Z)=0, XeT)M, ZeT,M.

When dim M = 2, then the principal Ricci curvatures of the semi-symmetric real cone M; (M;my) are

Example 2.4. A Riemannian (n + 2)-manifold is said to be of conullity two if the index of nullity is n on M. Each
tangent space of a Riemannian manifold of conullity two has splitting

T,M =T)M +T,M, dimT,M =2.

Decompose tangent vectors X, Y and Z ¢ T,M as X = Xo+ X;, Y =Yy +Y; and Z = Zy + Z; along this
spliiting, then we have
R(X,Y)Z = k(p)(9p(Y1, Z1) X1 — 9p(Z1, X1)Y1),

where k(p) = K(T, M) is the sectional curvature of 7)) M. Hence R satisfies

RIX,V)Z=k(p)(XAY)Z, XY, ZeT,M

R(X,Y)Z=0, XeT)M, Y,ZecT,M.
Every Riemannian manifold of conullity two is semi-symmetric and foliated by Euclidean and totally geodesic
leaves of codimension 2 ([9, Theorem 2.11]). Those semi-symmetric spaces are called foliated semi-symmetric
spaces [9, p. 20].

Let M be a Riemannian 2-manifold of constant curvature ¢, then the direct product space M x R and a
semi-symmetric real cone Mz(M;mg) are Riemannian 3-manifolds of conullity two.

On a semi-symmetric space M, every tangent space T,M has the irreducible and pairwise orthogonal
decomposition (V-decomposition in the sense of Szab6 [100])

T,M =TIM + VD + ..+ V"

under the action of primitive holonomy group at p. The primitive holonomy group at p acts trivially on T,) M

and irreducibly on Vi) for i > 0.
A semi-symmetric space M is called a simple leaf if its V-decomposition has the form

T,M =T9M + V.V

at every point p € M. In addition, a simple semi-symmetric leaf is said to be infinitesimally irreducible if at least
one point the infinitesimal holonomy group acts irreducibly. Those semi-symmetric spaces are classified as
follows (see e.g. [9, Theorem 2.8]).

Theorem 2.2. Let M be an infinitesimally irreducible simple semi-symmetric leaf and p € M. Then one of the following
cases occurs:

1. a Riemannian symmetric space when ny = 0 on M, or
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2. areal cone when ny = land upyy = dim M — 1 > 2 on M, or
3. a Kihler cone when ny; =2 and upy = dim M — 2 > 2on M, or

4. a Riemannian manifold foliated by Euclidean leaves of codimesnion two when ny = dim M — 2 and up; = 2 at
each point p of an open dense subset U of M.

The following local structure theorem is due to Szab6 [100] (see also [9, Theorem 2.6]).

Theorem 2.3. For every semi-symmetric space M, there exists an open dense subset U C M such that around any points
of U, the semi-symmetric space is locally a Riemannian product of the form

RfEx My x---M,, k>0, r>0
where M, . .. M, are infinitesimally irreducible simple semi-symmetric leaves or Riemannian 2-manifolds.

Note that the direct product decomposition may vary in the different connnected components of U.

Special attention should be paid for semi-symmetric 3-spaces. Indeed, as pointed out in [13, p. 29], 3-
dimensional semi-symmetric real cones exist as cones over Riemannian 2-manifolds of constant curvature.
Those semi-symmetric spaces are not appeared explicitly in the classification due to Szab6, since those are
special examples of foliated semi-symmetric 3-spaces.

3. The pseudo-symmetry

3.1. The pseudo-parallelism

The derivative R, - R is called the Tachibana tensor field. Take two tangent planesII; = X AY andIl, = U AV,
the Deszcz-sectional curvature L(I1;,11,) is defined by (see [45, 46]):

(RR)(X7KY7X7U7V)

L(H17H2) =

One can see that L(II;, II,) is independent of the choice of basis of IT; and II;.

As like the determination of R through the sectional curvatures, one can show that at any point of M, R - R
is completely determined by the knowledge of Deszcz sectional curvatures. Motivated by these observations,
the notion of pseudo-parallelism was introduced in the following mannar.

Definition 3.1. Let (M, g) be a Riemannian manifold. A tensor field P on M of type (1, r) is said to be pseudo-
parallel if there exits a smooth function L such that

R-P=LR;-P.

More precisely, ( : ( :
R(X,)Y)-P=L(XAY)-P

holds for all vector fields X and Y on M.

A tensor field P of type (1, r) is said to be properly pseudo-parallel if it is pseudo-parallel but not semi-parallel.
The notion of pseudo-symmetry is introduced by Deszcz as follows:

Definition 3.2. A Riemannian manifold (M, g) is said to be pseudo-symmetric if there exists a function L such
that
R-R=LR;-R.

In particular, a pseudo-symmetric Riemannian manifold is called a pseudo-symmetric space of constant type if L
is constant [77].

In particular, pseudo-symmetric Riemannian manifolds of constant type with L = 0 are called semi-symmetric
Riemannian manifolds.

Obviously, locally symmetric Riemannian manifolds are pseudo-symmetric. A Riemannian manifold is said
to be a proper pseudo-symmetric space if its Riemannian curvature is properly pseudo-parallel. Deszcz initiated
studies on pseudo-symmetric Riemannian manifolds [2, 28]. Note that the tensor field R, - R is called the
Tachibana tensor field [101].
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3.2. Three dimensional pseudo-symmetry

The pseudo-symmetry is introduced as a generalization of local symmetry as well as semi-symmetry. The
following characterization of pseudo-symmetry for Riemannian 3-manifolds is deduced.

Proposition 3.1. A Riemannian 3-manifold (M3, g) is a pseudo-symmetric space with R- R = L Ry - R if and only if
the principal Ricci curvatures (eigenvalues of the Ricci tensor) locally satisfy the following relations (up to numeration):

p1 = p2, p3=2L.
Note that when p; = ps = p3, (M3, g) is Einstein, i.e., it is of constant curvature.

Corollary 3.1. A Riemannian 3-manifold (M3,q) of non-constant curvature is semi-symmetric if and only if the
principal Ricci curvatures locally satisfy the following relations (up to numeration):

p1=p2, p3=0.

3.3. Harmonic maps

Let (M, g) and (N, gn) be Riemannian manifolds and f : M — N a smooth map. We denote by f*T'N the
pull-back bundle of TN by f, that is,

f*TN = | Ty N.
peM

A section of f*TN is called a vector field along f. The Levi-Civita connection V'V induces a connection V/ on
F*TN.
The second fundamental form Vd f of f is defined by

(VAH)(Y:X) = VEdf(Y) - df(VxY), XY € I(TM).
The tension field 7(f) of f is a vector field along f defined by
7(f) =try (Vdf) € I'(f*TN).

Let {e;}7>, be a local orthonormal frame field of M (m = dim M) and tr, is the metrical trace operator with
respect to g. Namely the tension field 7(f) is computed as

m

(1) = Y (Vdese) = 3 {MVageo [@f(e) = df (Vee) ) (3.1)

i=1

Definition 3.3. A smooth map f : M — N between Riemannian manifolds is said to be a harmonic map if it is a
critical point of the Dirichlet energy

BURD) = [ e(pyau,. e(r) = ISP = 5 Y av(@f(e. df(en)
i=1

over any compact region D of M. Here dv, is the volume element of M.

As is well known a smooth map f is harmonic if and only if its tension field vanishes.

3.4. Harmonic and minimal vector fields

Let (M, g) be a Riemannian m-manifold with unit tangent sphere bundle U M. We equip the Sasaki-lift metric
g°on UM. Denote by X1 (M) the space of all smooth unit vector fields on M. Every unit vector field V' € X; (M)
is regarded as an immersion of M into UM.

A unit vector field V € X, (M) is said to be minimal if it is a critical point of the volume functional on X; (M).
It is known that V' is a minimal unit vector field if and only if it is a minimal immersion with respect to the
pull-backed metric V*g°.

On the other hand, one can consider the Dirichlet energy

1
B(D) = [ SlaxPde,
D
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of a unit vector field X over a compact region D of M. When M is compact we have
m 1 2
E(X;M)=—=Vol(M)+ | =|VX|*dv,.
2 2

A unit vector field is said to be a harmonic unit vector field if it is a critical point of the Dirichlet energy through
compactly supported variations. The corresponding critical point condition is (cf. [38]):

A, X = |VX|*X,

where A is the rough Laplacian defined by

Zg - - Z (vfiiv€7‘, - Vveiei) .

=1

Here {e1,e3,...,em,} is a local orthonormal frame field of M as before.
A harmonic unit vector field is a harmonic map if is satisfies, in addition,

trg R(VX, X) =Y R(Ve, X, X)e; = 0. (3.2)

i=1

For more information on harmonic unit vector fields, see [38].

4. Three dimensional Lie groups

4.1. Unimodularity

Let G be a Lie group with a Lie algebra g and a left invariant Riemannian metric (-, -). Then the Levi-Civita
connection V of (G, (-, -)) is described by the Koszul formula:

2<VXYaZ> = _<X’ [Ya Z]> + <Y, [ZvXD + <Z7 [X’YD» XY, Z e g.

A Lie group G is said to be unimodular if its left invariant Haar measure is right invariant. Milnor gave an
infinitesimal reformulation of unimodularity for 3-dimensional Lie groups. We recall it briefly here.

Let g be a 3-dimensional oriented Lie algebra with an inner product (-, -). Denote by x the vector product
operation of the oriented inner product space (g, (-,-)). The vector product operation is a skew-symmetric
bilinear map x : g x g — g which is uniquely determined by the following conditions:

() (X,X xY)=(Y,X xY) =0,
(i) (X x Y, X xY) = (X, X)(Y,Y) — (X,Y)?,
(iii) if X and Y are linearly independent, then det(X,Y, X xY) >0

for all X,Y € g. On the other hand, the Lie-bracket [,-]:gx g — g is a skew-symmetric bilinear map.
Comparing these two operations, we get a linear endomorphism Ly which is uniquely determined by the
formula

[X,Y]=Lg(X xY), X,Y eq.

Now let G be an oriented 3-dimensional Lie group equipped with a left invariant Riemannian metric. Then the
metric induces an inner product on the Lie algebra g. With respect to the orientation on g induced from G, the
endomorphism field L is uniquely determined. The unimodularity of G is characterized as follows.

Proposition 4.1. ([78]) Let G be an oriented 3-dimensional Lie group with a left invariant Riemannian metric. Then G
is unimodular if and only if the endomorphism Ly is self-adjoint with respect to the metric.

Let G be a Lie group with Lie algebra g. Denote by ad the adjoint representation of g,
ad: g — End(g); ad(X)Y =[X,Y].

Then one can see that tr ad;
X — trad(X)
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is a Lie algebra homomorphism into the commutative Lie algebra R. The kernel
u={X eg|trad(X) =0}

of tr ad is an ideal of g which contains the ideal [g, g].

Now we equip a left invariant Riemannian metric (-, -) on G. Denote by u' the orthogonal complement of u
in g with respect to (-, -). Then the homomorphism theorem implies that dim u* = dim g/u < 1.

The following criterion for unimodularity is known (see [78, p. 317]).

Lemma 4.1. A Lie group G with a left invariant metric is unimodular if and only if u = g.

Based on this criterion, the ideal u is called the unimodular kernel of g.

4.2. Non-unimodular Lie groups

For a 3-dimensional non-unimodular Lie group G, its unimodular kernel u is commutative and of 2-
dimension. On a non-unimodular Lie algebra g, we can take an orthonormal basis {E1, Es, E3} such that Ej is
orthogonal to u. The representation matrix A of ad(Es) : u — u relative to the basis { E1, E» } is expressed as

A:<011 a12>7é0.

a1 a22
Then the commutation relations of the basis are given by
(B3, Er] = anEr + a1 Ba,  [Es, Es] = ainEr + axnks,  [Er, Eo] =0

with tr A = a11 + a2 # 0. These commutation relations imply that g is solvable.

Remark 4.1. Milnor [78] chose the following orthonormal basis { £y, E», Es} for a non-unimodular Lie group G
with left invariant Riemannian metric.
Es cut, (ad(E3)Ey,ad(Es3)Ey) = 0.
Under this choice, the representation matrix A = (a;;) satisfies
tr A =ai1 +ax #0, aia2 +azaz =0.
Moreover {E,, E;, E3} diagonalises the Ricci operator (cf. [49]). In this paper we do not assume this
orthogonality condition (ad(E3)E1, ad(Es)Es) = 0 (cf. [50]).

Non-unimodular Lie algebras g = g4 are classified by the Milnor invariant D := det A. More precisely we
know the following result (see [78, Lemma 4.10, p.320]).

Proposition 4.2 ([78]). For any pair of real 2 by 2 matrices A and A’ which are not scalar matrices, the non-unimodular
Lie algebras g 4 and g 4 are isomorphic if and only if tr A = tr A’ and their Milnor invariants D and D’ agree.

Corollary 4.1. Let G 4 and G 4/ be 3-dimensional non-unimodular Lie groups equipped with left invariant Riemannian
metrics. Assume that both A and A" are not scalar matrices. Then G 4 and G 4: are isometric and isomorphic as Lie groups
each other if and only if tr A = tr A’, D = D’ and the sets of principal Ricci curvatures are coincide.

Remark 4.2. In [105] Tasaki and Umehara introduced an invariant of 3-dimensional Lie algebras equipped with
inner products. Their invariant x(g4) for the non-unimodular Lie algebra g4 is 4/D. Note that in case D = 0,
X(g4) is regarded as oco.

The Levi-Civita connection V is described as

a1z + a1 a12 + a2

Vi By =an B3, Vg, By = 9 Es, Vg, B3 = —a11 By — 5 by,
Ve E = % E3, Vg, By =ax E3, Vg, FE3 = —%fﬁ — aga By, (4.1)
91 — a 12 — a
Vi, Bl = %Em Vi, Eo = %Eh Ve, E3=0.
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The Riemannian curvature R is described as

R(E1, E2)E1 = — K12Ey, R(Ey,E2)Ey = K12FE>, ,R(F1,E2)E; =0,
R(E3, E3)Ey =(a1a12 + agia22) B3,  R(E, E3)Ey = —Ko3Es,

R(E3, E3)E3 = — (a11012 + ag1a22) B + Ka3Es,

R(E3,E1)E1 =Ki3E3, R(ES,El)Ez = —(a11a12 + a21022)E3,
R(E3,Er)E3 = — Ki3E) + (a1a12 + az1022) B,

where

1
Ko = K(E1 A E3) = — annage + Z(am + ag1)?,

1 a
Kis = K(Ey A E3) = —aj, + 1(0?2 —a3) — %(012 + az1),
1 a
Koz = K(E\ A E3) = — a3y — Z(G%Q —aj3y) — %(alz + az1).
The Ricci tensor field p has components p;; = p(E;, Ej);
L 5 2
pi1 =—aii(air + az) + 5(%2 —aj3), pi2 = —a11012 + aza2, piz =0,
L 5 2
P22 = — a22(a11 + Cl22) - i(am - a21), p23 =0,
1
ps3 = — (af; + a3y) — 5(@12 + as)?.

Remark 4.3. 1f we choose {E1, E», Es} satisfying the orthogonality condition (ad(E1)E1, ad(E1)Es) = 0, then the
Ricci operator S is diagonalized by {E, Ez, E3}.

The Lie algebra g4 is realized as a Lie subalgebra of gl;R spanned by the basis

0 0 1 0 0 O a1 aiz 0
E1 = 0 0 O , E2 = 0 0 1 , E3 = 21 422 0
0 00 0 00 0 0 O

The simply connected Lie group G 4 corresponding to the non-unimodular Lie algebra g 4 is given explicitly by

_ a11(2) aia(z) =
GA = a21(Z) 0622(2) Yy €, Y,z € R ) (42)
0 0 1

where «;;(z) is the (4,j)-entry of exp(zA). This shows that G, is the semi-direct product R? x R with
multiplication

(z,y,2) - (",y,2') = (x + on1(2)2" + a2(2)y,y + a21(2)2" + an(2)y, 2+ 2'). 4.3)
These vectors E;, E, and Es are regarded as left invariant vector fields
0 0 0 0 0
Elzan(z)%%-agl(z)a—y, Eg:alg(z)%%-agg(z)a—y, Elzg.

The normal subgroup U = R? x {0} of G'4 with Lie algebra u will be called the canonical normal subgroup of G 4
[67]. .
Let us choose E3 as a unit normal vector field of U in G 4. Then the shape operator Ay derived from E3 has

components
A = ai (a12 + a91)/2
U7\ (12 + a21)/2 a22

relative { £, F»}. The extrinsic curvature Kgy¢(U) of U is

1
Kext(U) = det Ay = arraz — (a2 + az)?/4=D — Z((llg —ag1)? <D.

Hence the Gauf$ curvature Ky is 0. The canonical normal subgroup U is a flat surface with constant mean
curvature tr A/2.
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Example 4.1 (Hyperbolic 3-space). When A is a nonzero scalar matrix A = kI, then G 4 is isometric to the
hyperbolic 3-space of curvature —k?. The matrix A has tr A = 2k and D = k? > 0. The Lie group A = —1 will be

appeared as G(0,0) in Example 9.1 and Example 9.2 and S(—1) in Example 9.5.
On the other hand, when a1 = ass = k and as; = —ay2 = 5, then tr A = 2k and D = k2 + 52 > 0. The Lie
group G is also isometric to hyperbolic 3-space of curvature —k?. This Lie group with k¥ = —1 will appear in

Example 9.1 as G(f3, 8). The canonical normal subgroup of the hyperbolic 3-space H3(—1) is nothing but the
horosphere.

Example 4.2 (Product space). If A is a diagonal matrix of the form a1; = —k # 0 and asy = 0, then K5 = K3 =0

and K3 = —k? < 0. The Lie group G, is isometric to the product space H?(—k?) x R. Analogously if A is a
diagonal matrix of the form a1 = 0 and ags = —k # 0, then K15 = Ki3 =0 and K3 = —k? < 0. The Lie group

G 4 is isometric to the product space H?(—k?) x R. In these cases, tr A = —k # 0, D = 0 and principal Ricci
curvatures are —k?, —k? and 0. Note that H?(—%?) x R is locally symmetric.

5. Almost contact Riemannian manifolds

In this section we recall fundamental ingredients of almost contact Riemannian geometry. In addition we
recall some curvatures of our interest. For general information on almost contact Riemannian geometry, we
refer to [6].

5.1. Almost contact structures

An almost contact Riemannian structure of a (2n + 1)-manifold M is a quartet (¢,&,n, g) of structure tensor
fields which satisfies:

n) =1, (5.1)
@2 =-I+n®¢& @&=0, (5.2)
g(eX,9Y) = g(X,Y) = n(X)n(Y). (5.3)

A (2n + 1)-manifold M = (M, ¢, £, 1, g) equipped with an almost contact Riemannian structure is called an
almost contact Riemannian manifold. The vector field ¢ is called the characteristic vector field of M.
The 2-form
O(X,Y) = g(X,¢Y)

is called the fundamental 2-form of M.
The foliation defined by the characteristic vector field ¢ is called the characteristic foliation. The following
result is known (see e.g. [12, p. 196], [15]).

Proposition 5.1. On an almost contact Riemannian manifold M = (M, , &, 1, g), the following properties are mutually
equivalent:

o The characteristic foliation is taut.
® V¢& =0, where V is the Levi-Civita connection of g.
o £en =0, where £¢ is the Lie-differentiation by &.

Definition 5.1. An almost contact Riemannian manifold M is said to be weakly n-Einstein if its Ricci operator S
has the form
S=Al+Bn®¢

for some functions A and B. When both A and B are constant, M is said to be n-Einstein.

Here we recall an auxiliary endomorphism fields & and ¢ which are highly useful for the study of almost
contact Riemannian manifolds. The endomorphism field % is defined by h = £.¢/2. Next, we introduce a self-
adjoint endomorphism field ¢ by

UX) = R(X,€¢, X € X(M).

One can see that / = —F; on the distribution D. The self-adjoint operator ¢ is called the characteristic Jacobi
operator of M.
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5.2. Normality and CR-structures

On an almost contact Riemannian manifold M, we define a complex vector subbundle S of the complexified
tangent bundle 7€M by

S={X—-V=1pX|X e I'(D)},

where D is the hyperplane field
D={XeTM|n(X)=0}

The complex vector bundle S is called an almost CR-structure associated to M. If S satisfies the integrability
condition
[1(S), I(S)] € I'(S),

then M is said to be integrable. To avoid the confusion with "integrability of D", we often say that M is CR-
integrable if S is integrable. It is known that M is CR-integrable if and only if

[0, @)(X,Y) +2dn(X,Y)E =0

forall X,Y e I'(D). Here [, ¢] is the Nijenhuis torsion of ¢.
More strongly, an almost contact Riemannian manifold M is said to be normal if

N(X,Y) = [p, o)(X,Y) + 2dn(X, V) =0
forall X, Y e I'(TM).

5.3. Some curvature tensor fields

Definition 5.2. Let (M, ¢,&,n, g) be an almost contact Riemannian manifold. A tangent plane II,, at p € M is

It is easy to see that a tangent plane II, is holomorphic if and only if ¢, is orthogonal to II.

In case dim M = 3, the only holomorphic plane at pis D, = {X € T,M | n(X) = 0}. Hence we obtain a smooth
function H on M defined by H,, = K(D,). The smooth function H is called the holomorphic sectional curvature of
M.

Next, we define a tensor field p* on M by (cf. [81]):

1
pr(X)Y) = 3 tr R(X, oY ).

One can see that p*(X, £) = 0 for all X € X(M). It should be remarked that p* is not symmetric, in general. Next
we denote by p¥ the symmetric part of p*, that is,

PFXY) = {0 (X Y) + 0" (¥, X)),
We call p¥ the p-Ricci tensor field of M [24].
Definition 5.3. An almost contact Riemannian manifold M is said to be a weakly @-Einstein manifold if
p?(X,Y) = Ag?(X,Y), X,Y €X(M)
for some function . Here the symmetric tensor field g% is defined by
g7 (X,Y) = g(pX,¢Y), XY € X(M).

When ) is a constant, then M is said to be a ¢-Einstein manifold. The function s¥ = tr p¥ is called the -scalar
curvature of M.

When M is weakly ¢-Einstein, then we have p¥ = {s¥/(2n)}g*.
Remark 5.1. An almost contact Riemannian manifold M is said to be weakly «-Einstein if

pH(X,Y) = \g(X,Y), X,Y e€I(D)

for some function A. The function s* = tr p* is called the %-scalar curvature of M. A weakly *-Einstein manifold
of constant *-scalar curvature is called a *-Einstein manifold. Clearly s¥ = s*.
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To close this subsection we recall the following definition (cf. Kimura-Maeda [72]):

Definition 5.4. Let M be an almost contact Riemannian manifold. A tensor field P on M of type (1,r) is said
to be n-parallel if

for all vector fields X, Y3, Y-+, Y,, Z € I'(D).
The following notion was introduced by the present author [53] (see also Kon [75]).

Definition 5.5 ([53]). Let M be an almost contact Riemannian manifold. A tensor field P on M of type (1,r) is
said to be strongly n-parallel if
g(VxP)(Y1,Ys, -+, Y,),Z) =0

for all vector fields X € I'(TM)and Yy, Ys---,Y,, Z € I'(D).
In addition we introduce the following notion:

Definition 5.6 ([65]). Let M be an almost contact Riemannian manifold. A tensor field P on M of type (1,r) is
said to be dominantly n-parallel if
g((vXP)(Yla}/Qa e 7}/;‘)7 Z) =0

for all vector fields X, Yy, Y2 .-+, Y, € I'(TM) and Z € I'(D).
We extend the notion of n-parallelism to scalar fields:
Definition 5.7 ([65]). A scalar field f on an almost contact Riemannian manifold M is said to be n-parallel if
df(X)=0
for all vector field X € I'(D).
Here we introduce the n-parallelism for endomorphism fields and scalar fields:
Definition 5.8. An endomorphism field ' on an almost contact metric manifold M is said to be

o n-parallel if it satisfies g((Vx F)Y, Z) = 0 for all vector fields X, Y and Z on M orthogonal to &.

e strongly n-parallel if it satisfies g((VxF')Y, Z) = 0 for all vector field X on M and any vector fields ¥ and
Z on M orthogonal to &.

o dominantly n-parallel if it satisfies ¢g((Vx F)Y, Z) = 0 for all vector fields X and Y on M and any vector
field Z on M orthogonal to &.

Here we mention a notion which is related to the n-parallelism. According to Blair [5], an endomorphism
field F on an almost contact Riemannian manifold M is said to be Killing if it satisfies (VxF)X = 0 for all
vector fields on M. More generally F is said to be transversally Killing if (VxF)X = 0 for all vector field X
on M orthogonal to ¢ [23]. In [87, Remark 1.2], the authors claimed that the transversal Killing property for
the Ricci operator S of an almost contact Riemannian 3-manifold is much weaker than the n-parallelism of S.
However from the table (10.1)—(10.18) given in Section 10.2, "transversal-Killing S" is stronger than "n-parallel
S".

5.4. The local p-symmetry

An almost contract Riemannian manifold M = (M, ¢,£,7n,g) is said to be a contact Riemannian manifold if
® = dn. On a contact Riemannian manifold M, the 1-form 7 is a contact form.

Remark 5.2. A 1-form 7 on a (2n + 1)-manifold M is called a contact form if it satisfies (dn)™ A n # 0 on whole
M. A (2n + 1)-manifold M equipped with a contact form 7 is called a contact manifold (in the strict sense). On a
contact manifold (27, n), there exits a unique vector field { satisfying n(£) = 1 and dn(, -) = 0. The vector field ¢
is called the Reeb vector field of (M, n). Moreover there exist an endomorphism field ¢ and a Riemannian metric
g so that the quartet (M, ¢, &, 7, g) is a contact Riemannian manifold.

A contact Riemannian manifold M is said to be a K-contact manifold if its Reeb vector field ¢ is a Killing vector
field. A Sasakian manifold is a normal contact Riemannian manifold. One can see that Sasakian manifolds are
K-contact. Only in dimension 3, the converse holds.
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The n-parallelism of the Riemannian curvature was investigated first by Takahashi [102] for Sasakian
manifolds. Buken and Vanhecke pointed out that if a K-contact manifold M has n-parallel Riemannian
curvature, then M is Sasakian [11]. A K-contact manifold M is said to be a (Sasakian) p-symmetric space (in the
sense of Takahashi) if its Riemannian curvature R is n-parallel. A K-contact manifold M is locally ¢-symmetric
if and only if all the characteristic reflections are isometric [11, 102]. There are two directions to generalize
the local p-symmetry to general almost contact Riemannian manifolds. Blair, Koufogiorgos and Sharma [7]
introduced the notion of local ¢-symmetry for general contact Riemannian manifolds by the n-parallelism of R.
On the other hand, Boeckx and Vanhecke [10] defined the local p-symmetry of contact Riemannian manifolds
by the property "all the characteristic reflections are isometric". To distinguish these two classes, Boeckx, Buken
and Vanhecke [8] proposed the terminologies "strongly locally ¢-symmetric space" and "weakly locally -
symmetric space”. According to [8], a contact Riemannian manifold is said to be a weakly locally p-symmetric
space if its Riemannian curvature R is 7n-parallel. On the other hand, a contact Riemannian manifold is said
to be a strongly locally o-symmetric space if all the characteristic reflections are isometric. They showed that
strongly locally ¢-symmetric spaces are weakly locally ¢-symmetric. For more information on weakly locally
p-symmetric contact Riemannian 3-manifolds, we refer to [89].

Now let us consider almost contact Riemannian 3-manifolds. From the formula of VR, we deduce the
following facts:

Proposition 5.2. On an almost contact Riemannian 3-manifold M, if the Ricci operator S and scalar curvature s are
n-parallel, then so is the Riemannian curvature R.
Conversely, if the Riemannian curvature R is n-parallel, then the Ricci operator S is n-parallel if and only if

n(VwR)(§, X)Y) =0 (5.4)
holds for all vector fields W, X and Y orthogonal to &.

Proof. (=): Assume that both S and s are n-parallel, then from (2.2) R is n-parallel.
(«<): Conversely, take a local orthonormal frame field of the form {e;,es = pe1,e3 =}, then under the
assumption R is n-parallel, from (2.3), we obtain

9(VwS)X,Y) =n((VwR)(§, X)Y)
for all W, X and Y orthogonal to £. Thus the n-parallelism of S is equivalent to (5.4). O

Remark 5.3. Obviously, n-parallelism of R together with the n-parallelism of S implies that of s.

While the local symmetry is equivalent to the parallelism of the Ricci operator on arbitrary Riemannian 3-
manifolds, especially almost contact metric 3-manifolds, the n-parallelism of R is not equivalent to that of S on
almost contact metric 3-manifolds.

Remark 5.4. In [29, 30], De and Pathak defined local p-symmetry and ¢-symmetry in the following manner:

¢ An almost contact Riemannian manifold M is said to be locally p-symmetric if
P (VwR)(X,Y)Z) =0

for all vector fields X, Y, Z and W orthogonal to M.
* An almost contact Riemannian manifold M is said to be p-symmetric if

P*(VwR)(X,Y)Z) =0
for all vector fields X, Y, Z and W on M.

Obviously the local ¢-symmetry in the sense of [29, 30] coincides with the n-parallelism of R, i.e., the weak
local ¢-symmetry.
On the other hand, the p-symmetry in the sense of [29, 30] is equivalent to

g(VwR)(X,Y)Z,V)=0

for all vector fields X, Y, Z and W on M and vector field V orthogonal to £. This is equivalent to the dominant
n-parallelism of R.
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5.5. Almost Kenmotsu manifolds
Now we turn our attention to almost Kenmotsu manifolds.

Definition 5.9 ([68]). An almost contact Riemannian manifold M is said to be almost Kenmotsu if dn = 0 and
d® = 2n A ®. An almost Kenmotsu manifold is said to be Kenmotsu if it is normal.

A non-normal almost Kenmotsu manifold is called a strictly almost Kenmotsu manifold.
Remark 5.5. An almost contact Riemannian manifold M is said to be almost a-Kenmotsu if dnp =0 and d® =
2an A ® for some non-zero constant « [71]. On the other hand, M is said to be an a-cosymplectic manifold (or
a-coKiihler manifold) if dn = 0 and d® = 2an A ® for some constant c.
Remark 5.6. Let M be an almost contact Riemannian manifold. Consider the Riemannian product M x R of M
and the real line. Then one can extend the almost contact structure to an almost complex structure J on M x R.
Then the normality of M is equivalent to the integrability of J (see [6]). In particular if M is Kenmotsu, then
M x R is a locally conformal Kdhler manifold with parallel anti Lee field (see [55]).

It should be remarked that every almost Kenmotsu manifold satisfies div { = 2n. Hence almost Kenmotsu
manifolds can not be compact. On an almost Kenmotsu manifold, we have [34, 36]:

polop—l=2(h*—¢?), Vih=—p—2h—@poh®>—pol, trl=—2n—tr(h?).

Since dn =0 on an almost Kenmotsu manifold M, we have £¢n =0 (cf. Proposition 5.1). In addition, the
hyperplane field D satisfies [D, £] C D. The Levi-Civita connection V satisfies [71]:

ng =0, Vg(p =0, Vg'D cD.

The distribution D on an almost Kenmotsu manifold M is integrable and hence it defines a foliation F on M.
This foliation is called the canonical foliation of M [71].

Let us consider a leaf L of the canonical foliation of an almost Kenmotsu manifold M. Then we choose £ as
a unit normal vector field of L in M. The shape operator A of L derived from ¢ is introduced by the Weingarten
formula

AX = —Vxé = —X + phX

for any vector field X tangents to L. We extend A to an endomorphism field on M by AX = —Vx¢ for all
X € X(M).

Kim and Park showed the following fact:
Proposition 5.3 ([71]). The leaves of the canonical foliation are almost Kihler manifolds with mean curvature vector
field —¢&. Those leaves are totally umbilical if and only if h = 0.

An almost Kenmotsu manifold M is said to be an almost Kenmotsu manifold with Kihler leaves if leaves of the
canonical foliation are Kdhler manifolds.

Theorem 5.1 ([71, 36]). An almost Kenmotsu manifold M has Kihler leaves if and only if
(Vxe)Y = g((¢ +h)X,Y)E = n(Y) (e + h)X. (5.5)
In such a case we have
Vx& = I+ he)X —n(X)E.
Dileo and Pastore obtained the following result.

Proposition 5.4 ([34]). Let M be an almost Kenmotsu manifold with Kihler leaves. Then M is Kenmotsu if and only if
VE = —¢2
Remark 5.7 (para-Sasakian structure). The Kenmotsu structure is closely related to the para-Sasakian structure.
A quintet (¢, &, 7, g) of tensor fields on a manifold M is said to be an almost paracontact Riemannian structure if it
satisfies
P=1-n®¢ 0@ =1 g@XpY)=gXY)-nXnY), n=g()

One can see that g(¢X,Y) = g(X,¥Y). The type (p, q) is the signature of the symmetric tensor field ¥(X,Y) =
9@ X, Y).

A manifold M equipped with an almost paracontact Riemannian structure is called an almost paracontact
Riemannian manifold.

An almost paracontact Riemannian manifold M is said to be para-Sasakian if ¢» = V¢ and satisfies

(Vx)Y = —g(X,Y)E —n(Y)X + 2n(X)n(Y)E.
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Corollary 5.1 ([56]). Let M = (M, ¢,&,n, g) be a Kenmotsu manifold. Then (M, V&, &, n, g) is a para-Sasakian manifold
of type (2n,0).

To rewrite Proposition 5.4 here we recall the operator i/ := h o ¢.
Proposition 5.5 (cf. [71]). The operator h' on an almost Kenmotsu manifold M satisfies
W=Veéto?, NW=—poh, hop+poh =0 HWE=0, trh’ =0.
Thus &' = 0 if and only if V¢ = —¢?. The Kenmotsu property is characterized as follows:
Proposition 5.6. Let M be an almost Kenmotsu manifold with Kihler leaves. Then M is Kenmotsu if and only if i’ = 0.

Example 5.1 (Warped products). Let (M, g, J) be an almost Kihler manifold of dimension 2n > 2. We consider
the warped product manifold M = R x ..+ M with structure

g= dt2 + CQthg’ f = 8t7 n= dt7
where c is a positive constant. Then we introduce an endomorphism field ¢ by
0X =JX, ¢t=0, X eI (TM).

Then one can check that (M, ¢, &, 7, g) is an almost Kenmotsu manifold satisfying h = A’ = 0. Moreover M is
Kenmotsu if and only if M is Kahler.
In particular the warped product model

H2 (1) = R X (et C™
of the hyperbolic space H>"*1(—1) of curvature —1 is a Kenmotsu manifold.
Local structure of almost Kenmotsu manifolds with h = 0 is described as follows:

Proposition 5.7 ([34]). If an almost Kenmotsu manifold M satisfies h = 0, then M is locally isomorphic to the warped
product I x ; M, where I is an interval, M is an almost Kihler manifold and f(t) = ce' for some positive constant c.

Example 5.2 (Product manifold). Let us consider the upper half plane model

du? + dov?

HE(=k%) = ({(w,0) €R? [0 > 0},9), 5= 155

of the hyperbolic plane of curvature —k? < 0. On the Riemannian product M = H?(—k?) x R, we introduce a
strictly almost Kenmotsu structure on M. The product manifold M is realized as the following linear Lie group

v u 0
G= 0 1 0 u,v,wE€R, v>0
0 0 w

The left invariant vector fileds induced from this basis are

0 0
€ = (kv)%, € = (kv)%, €= 5
The Levi-Civita connection V is described as
qul = kég, VEIEQ =—k €1, Veiﬁj =0 for otheri,j.

The Riemannian curvature R is given by

R(e1,e2)e1 = kea, Rley,e2)en = —k%eq, R(e;,€5)e, = 0 for other i, j, k.
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Hence the sectional curvatures K (¢; A €;) are computed as
K(ey Neg) = =k, K(ep Nes) = K(eg Aez) = 0.
Here we compare G with Ga given in (4.2). Set
Fi=¢€, Ey=¢€3, E3=—¢.

Then the unimodular kenel u is spanned by {F1, E»}. Then the representation matrix A of ad(Ej3) is

-k 0
A:< ; 0). (5.6)

Hence G is isometric and isomorphic to the non-unimodular Lie group

_ e k2 0 ¢
Ga= 0 1 y z,y,2z €R
0 0 1

with representation matrix (5.6). The left invariant metric is expressed as
e dg? + dy? + d2?.
In fact G and G 4 are isometric under the isometry
R =y (5.7)
Define a left invariant almost contact structure (i, ¢, ) compatible to the product metric g = g + dt* by

dv
§ = —€a, M= "7y %17 pe2 =0, ez = €1.

Then we obtain
dd =knAno.

Hence if we choose k = 2, M is a strictly almost Kenmotsu 3-manifold. This example will appear in Example
9.7.

Every almost Kenmotsu manifold satisfies
29((Vxp)Y, Z) = m(2)g(eX,Y) = 2(Y)g(pX, Z) + g(N(Y, Z), o X).
From this we can deduce that M is CR-integrable if and only if ¢ is n-parallel, that is
9(Vx@)Y,Z) =0

forall X,Y and Z € I'(D).
Thus we arrive at the following fundamental facts (see e.g., [32, 36]).

Theorem 5.2. Let M be an almost Kenmotsu manifold. Then the following properties are mutually equivalent:

M has Kihler leaves.

The associated almost CR-structure is integrable.
The endomorphism field ¢ is n-parallel.

The covariant derivatie Vo is given by (5.5).

Theorem 5.3. Let M be an almost Kenmotsu manifold. Then the following properties are mutually equivalent:

* h=0.

e i =0.

e The canonical foliation is totally umbilical.

e M is locally isomorphic to a warped product of a real line and an almost Kihler manifold.
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Proposition 5.8 ([34]). An almost Kenmotsu manifold is of constant curvature, then it is a Kenmotsu manifold of
constant curvature —1.

On the other hand, Dileo and Pastore [35, Proposition 4] showed the following fact:

Proposition 5.9. Let M be an almost Kenmotsu manifold. If h' is n-parallel and 0 is a simple eigenvalue of it, then the
associated almost CR-structure is integrable.

Dileo and Pastore obtained a local classification of almost Kenmotsu manifolds with n-parallel 4’ and
satisfying V¢h' = 0 [35] (see also [32, 33]).

Theorem 5.4. Let M?"*! be an almost Kenmotsu manifold with n-parallel 1. Assume that V¢h' = 0. Denote by
{0, M1, = A1, ..., Ar, =\ } the spectrum of B with A; > 0. Let m; and 2mq + 1 be the multiplicity of \; and 0, respectively.
Then M is locally isomorphic to a multi-warped product

I X 5o MO Xf1+ M)\1 Xf; M,)\l Xf2+ ij M)\,r Xf: M,)\T,

where I is an open interval, My is an almost Kihler manifold of dimension 2mg, My, are flat Riemannian manifolds
of dimension m;. The warping functions are fo(t) = ce!, f;7(t) = crie T2 and f7(t) = coeM =2 with positive
constants cq, c1; and ca;.

5.6. Kenmotsu manifolds
From Proposition 5.5 we have the following curvature formula for almost Kenmotsu manifolds (cf. [34, 36]):

R(X,Y)¢ =n(X)I+ )Y —n(Y)A+ )X + (Vxh)Y — (Vyh)X, X,Y € I(TM) (5.8)

Hence we obtain
((X) = R(X,8)§ =n(X)§ — (I+h)X + (Vxh')§ — (Veh) X

Kenmotsu manifolds have particular curvature properties. For instance [69]:
R(X,Y)E=n(X)Y —q(Y)X, XY € I(TM) (59)

and
K(XANE=-1, XeI(D).

The characteristic Jacobi operator has the form
UX)=n(X)E - X =¢’X, X eI(TM).

Kenmotsu showed that semi-symmetric Kenmotsu manifolds are of constant curvature —1.

In the class of Sasakian manifolds [resp. cosymplectic manifolds], there is a particularly nice subclass, the
class of Sasakian space forms [resp. cosymplectic space forms]. In the class of Kenmotsu manifolds, constancy of
holomorphic sectional curvature is a too strong restriction. In fact, Kenmotsu [69] showed

Proposition 5.10. Let M be a Kenmotsu manifold of dimension greater than 3. Then M is of constant holomorphic
sectional curvature if and only f it is of constant curvature —1.

Three dimensional case will be discussed in Proposition 6.6.

5.7. H-almost Kenmotsu manifolds

The harmonicity of £ is characterized in terms of Ricci opeartor as follows.

Theorem 5.5 ([91, 94]). On an almost Kenmotsu manifold M, £ is a harmonic unit vector field if and only if £ is an
eigenvector field of the Ricci operator S.

Here we introduce the following notion.

Definition 5.10. An almost Kenmotsu manifold whose characteristic vector field £ is a harmonic unit vector
field is called an H-almost Kenmotsu manifold.
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5.8. Canonical connections

Let M = (M, ¢, &,n, g) be an almost contact Riemannian manifold. Define a tensor field A = A* of type (1,2)
by
1 1
ARY = —50(Vxp)Y = 5n(Y)Vx& = tn(X)pY + (Vxn)(Y)E, (5.10)

for all vector fields X and Y. Here t is a real constant. We define a linear connection V* on M by
VLY = VxY + AL Y.

The connection V' is called the generalized Tanaka-Webster-Okumura connection of M (gTWO-connection, in

short) [58]. The gTWO-connection V!¢ on an almost contact Riemannian manifold satisfies the following
properties:
Vo=0, VE=0, Vnp=0, Vg=0.
Note that the connection V° is the (¢, £, n)-connection introduced by Sasaki and Hatakeyama in [98]. Moreover
V! was introduced by Cho [20]. When M is a strongly pseudo-convex CR-manifold, the gTWO-connection has
the form:
VLY = VxV — in(X)eY +n(Y)e(I+ 1) X — g(o(I +h)X,Y)E

This formula shows that when M is a strongly pseudo-convex CR-manifold, V*|,—_; coincides with the Tanaka-
Webster connection. In case M is a Sasakian manifold, {V'},cr coincides with the 1-parameter family of linear
connections introduced by Okumura [80]. In particular, on Sasakian manifolds, V' is the so-called Okumura
connection.

Remark 5.8 (Tanno’s generalized Tanaka-Webster connection). Let M be a contact Riemannian manifold. Tanno
[104] introduced the following linear connection on M:

TUXY = VxY +9(X)pY — n(Y)Vxé + {(Vxn)Y}E. (5.11)

Since on contact Riemannian manifolds, the covariant derivative V¢ is given by V& = —p(I+ h), (5.11) is
rewritten as

TVxY =VxY +n(X)eY + (V) + h)X — g(e(I+ k)X, Y)E. (5.12)

This linear connection is called the generalized Tanaka-Webster connection. Note that Tanno called it the generalized
Tanaka connection in [104]. In case, the associated almost CR-structure S is integrable, the generalized Tanaka-

Webster connection coincides with our gTWO-connection V! |t=—1. It should be remarked that the generalized

Tanaka-Webster connection TV does not coincide with %t\t:_l if S is non-integrable. In fact, £, n and ¢ are
parallel with respect to TV but for ¢, TV satisfies

("Vxp) Y = QY. X)
holds. Here Q is the Tanno tensor field defined by
QX,Y) = (Vyo) X + {(Vyn)(pX)} + n(X)pVye.

Hence we notice that on a contact Riemannian manifold M, TV = %t\t:_l if and only if its associated CR-
structure is integrable.

Dileo and Pastore proved the following characterization of CR-integrability for almost Kenmotsu manifolds.

Proposition 5.11 ([36]). Let M be an almost Kenmotsu manifold. Then its associated CR-structure is integrable if and
only if there exits a linear connection V satisfying

* The structure tensor fields p, £ and g and n are parallel with respect to it.
* The torsion T of V satisfies

T(X,Y)=0, X,YeTI(D),
T, X)=X+hX, XeI(D),
The endomorphism field X — T(&, X) is self-adjoint with respect to g.
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The linear connection V is given explicitly by the formula:
VxY =VxY +g(I+K)X, ) —n(Y)A+h)X, X,Y € [(TM).

From Theorem 5.1 and Theorem 5.2, the gTWO-connection on an CR-integrable almost Kenmotsu manifold
M has the form ~
VY =VxY = g(I+ /)X, Y)E = n(Y)(I+ 1) X — tn(X)eY.

Proposition 5.12. On an almost Kenmotsu manifold M with Kihler leaves, Dileo-Pastore’s connection V coincides with
the gTWO-connection V°.

Dileo proved the following characterization for Kenmotsu manifolds of constant curvature.
Proposition 5.13 ([33]). Let M be a Kenmotsu manifold. Then the following conditions are mutually equivalent:

e The curvature tensor field R of V° vanishes.

o The curvature tensor field R of V° is parallel with respect to V°.
* M is locally symmetric.

* M is of constant curvature —1.

Some authors use the connection V* on Kenmotsu manifolds (see e.g., [1, 44, 73]). Acet, Perktas and Kilig
used the connection V|,—_; on Kenmotsu manifolds. More precisely they considered the connection defined
by (5.11) even if Kenmotsu manifold is not contact Riemannian. The connection is called the generalized Tanaka-
Webster connection in [1].

Next, Ghosh and De [44] stated that the following connection

VxY =n(X)eY —n(Y)VxE+ {(Vxn)Y}E.

was introduced by Tanno [103] and call it the generalized Tanaka-Webster connection even if the almost contact
Riemmanian manifolds under consideration are not necessarily contact Riemannian. However this connection
does not appear neither in [103] nor [104]. As we saw before, the connection TV defined by (5.11) coincides
with V! |t=—1 on Kenmotsu manifolds.

On Kenmotsu manifolds, the connection considered in [44] coincides with V1. They showed that the
curvature tensor field R' of V! vanishes when and only when V'R! = 0 holds. In such a case the Kenmotsu
manifolds under consideration are of constant curvature —1.

TVxY = VxY +3(X)pY +n(Y)p(I+h)X — g(e(I+h)X,Y)E.

Kiran Kumar, Nagaraja, Manjulamma and Shashidhar also used V' in [73].

5.9. Nullity distributions

Motivated by the formula (5.9) and the notion of (generalized) contact (k, i, v)-space, the following notion
was introduced:

Definition 5.11. An almost Kenmotsu manifold M is said to be a generalized almost Kenmotsu (k, p, v)-space if
R(X,Y)E = k(n(Y)X = n(X)Y) + p(n(Y)hX —n(X)hY) +v(n(Y)phX —n(X)phY) (5.13)

for some smooth functions «, ;1 and v. generalized almost Kenmotsu («, 1, 0)-spaces are called generalized almost
Kenmotsu (k, p)-spaces.

Since ¢ o h = —h o = —h/ holds on any almost Kenmotsu manifolds, the generalized almost Kenmotsu
(k, p, v)-condition (5.13) is rewritten as

R(X,Y)¢ = k(n(Y)X = n(X)Y) —v(n(Y)h'X = n(X)N'Y) + p(n(Y)oh' X — n(X)eh'Y).
The notion of generalized almost Kenmotsu (£, ji, 7)’-space can be defined as follows:
Definition 5.12. An almost Kenmotsu manifold M is said to be a generalized almost Kenmotsu (%, fi, 7)’-space if

R(X,Y)§ = m(n(Y)X = n(X)Y) + a(n(Y)R'X —n(X)W'Y) + o(n(Y)eh' X —n(X)ph'Y). (5.14)
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Comparing (5.13) and (5.14), we notice that a generalized almost Kenmotsu (x, i, v)'-space is a generalized
almost Kenmotsu (k, v, —u)-space. In other words, an almost Kenmotsu (x, 11, v)-space is an almost Kenmotsu
(k, —v, n)’-space.

Definition 5.13. Let M be a generalized almost Kenmotsu (, s1, v)-space. If all the functions «, © and v are
constants, then M is called an almost Kenmotsu (k, jt, v)-space. A generalized almost Kenmotsu (x, i, v)-space is
said to be proper if |dx|? + |du|? + |dv|? #£ 0.

Remark 5.9. In [85] the following additional condition:
de An=0, duAn=0,and dvAn=0 (5.15)

is assumed for generalized almost Kenmotsu (x, u, v)-spaces. Oztiirk, Aktan and Murathan [85] showed that
if the dimension of a generalized almost Kenmotsu (x, u, v)-space is greater than 3, then «, 1 and v satisfy this
additional condition.

Proposition 5.14 ([16, 85]). Let M be a generalized almost Kenmotsu (k, u,v)-space. Then
W = (k+1)¢%,
holds. Hence k < —1 and k = —1 if and only if h = 0. Moreover, M satisfies
Er)=2(k+1)(v—2).
5.10. Generalized almost Kenmotsu (k, u)-spaces
generalized almost Kenmotsu (x, u1)-spaces satisfy [88, 97]:
R = (k+1)¢? S¢=2nkE,
Leh =2 20 — 2h + ph’,  £eh = —ph — 21
Veh = —2h — poh,  dA(€) = =2\, dr(€) = —4(k +1).
On the other hand, generalized almost Kenmotsu (x, ;t)’-spaces satisfy
(W)? = (k+1)¢>, S&=2nké,
Leh! = —(u+ 20, £eh=-2)\20 — (u+2)h,

Veh! = =2+ )b, dX(E) = =2X(p+2), dr() = —-2(k+1)(u+2).

Here we collect some fundamental results on generalized almost Kenmotsu (k, u)-spaces.

Proposition 5.15 ([36]). Let M be an almost Kenmotsu (x, u)-space, then x = —1 and h = 0. Moreover M is locally
isomorphic to a warped product I x ; M with almost Kihler fiber.

Proposition 5.16 ([36]). Let M be an almost Kenmotsu (r, u)’-space with h' # 0, then k < —1 and u = —2 and hence
M is an almost Kenmotsu (k, 0, 2)-space. The eigenvalue X of h satisfies \* = —(x + 1). Moreover M is CR-integrable.

Theorem 5.6 ([36]). Let M be an almost Kenmotsu (r, —2)’-space with b’ # 0, then M is locally isomorphic to a warped
product Bt x ; R™, where the base space

1. when k — 2\ < 0, the base space B"* is the hyperbolic space H" ™! (. — 2)\) of curvature k — 2\ < 0. The warping
function is expressed as f(t) = ce! =N for some positive constant c.

2. when k + 2\ < 0, the base space B" 1 is the hyperbolic space H" 1 (k + 2X) of curvature k + 2\ < 0. The warping
function is expressed as f(t) = ce1TN? for some positive constant c.

3. when k+2X\ =0, the base space B"*' is the Euclidean space E"™'. The warping function is expressed as
f(t) = ceM+N? for some positive constant c.

In 3-dimensional case Dileo and Pastore obtained the following result.

Theorem 5.7 ([36]). Let M be a 3-dimensional almost Kenmotsu (k, j1)'-space then either
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* M is a Kenmotsu manifold if k = —1 or
* M is locally isomorphic to a non-unimodular Lie group whose Lie algebra is determined by the commutation
relations:
[61, 62] =0, [82, 63} = (1 — )\)62, [637 61} = —(1 + )\)62 (5.16)
and p = —2. Here {e1, ea, e} is a left invariant orthonormal frame field satisfying heq = ey with es = &.

Note that k = —1 — \2.

The non-unimodular Lie group with Lie algebra (5.16) will be explained in Example 9.2.
To compare Theorem 5.6 and Theorem 5.7, here we give explicit models of the warped products given in
Theorem 5.6.

Corollary 5.2. Let M be an almost Kenmotsu (k, —2)'-space with h' # 0, then M is locally isomorphic to one of the
following warped products:

1. when ks —2X < 0, R (¢, 2y, ... 20, 1, - ., Yn) equipped with the warped product metric
g=dt? + e VTR e 4o da?) 4 22UV dyd 4 -+ dy?).
In this case (R*" 1, g) is the warped product H" ™! (k — 2)) x s R™.
2. when k +2X < 0, R*"T (¢ 21, ... 20, y1, . .., yn) equipped with the warped product metric
g=dt? +e 2V (q2? 1o pda?) + 22NN Ay? 4 dy?).
In this case (R*™ 1, g) is the warped product H" ™! (x 4 2)) x y R™.
3. when k +2X =0, R*" "L (t,zy,... 20, y1,. .., Yn) equipped with the warped product metric
g=dt? +da? + - 4 da? + ANy + -+ dy?).

In this case (R*"T1 g) is the direct product H" ™! (—1 — A\?) x R™ where H" (=1 — \?) is understood as the
warped product

H (=1 —\?) = (R"H(t,yl, ), dt? + e 2(14+A)t (dy 4t dyi)) )

In particular, for 3-dimensional cases, we have

Corollary 5.3. Let M be a 3-dimensional almost Kenmotsu (k,—2)'-space with h' # 0, then M is locally isomorphic to
one of the following warped products:

1. when k — 2X\ < 0, R3(¢, z, y) equipped with the warped product metric
g = dt? 4 e 2V Qg 4 220N gy,
In this case (R3, g) is the warped product H?(k — 2)) x s R.
2. when k + 2\ < 0, R3(t, x,y) equipped with the warped product metric
= dt® + e~2V=R=2At 4y, + 22Nt dy.
In this case (R3, g) is the warped product H2(k + 2\) x s R.
3. when k + 2X\ = 0, R3(t, z, y) equipped with the warped product metric
g = dt® + da? + 22N 42,
In this case (R3, g) is the direct product H?(—1 — \?) x R where H*(—1 — A\?) is understood as the warped product
H?(—1 - \%) = (RZ(t y),dt? + 22Nt gy )
All of these warped products are realized as non-unimodular Lie groups equipped with left invariant almost

Kenmotsu structure. See Example 9.2 and Section 9.5.

Theorem 5.8 ([91]). If the endomorphism field h' on an almost Kenmotsu manifold M is n-parallel and satisfies
Veh! =0, then £ is a harmonic unit vector field but never a harmonic map. In particular, the characteristic vector field of
an almost Kenmotsu (k, p)'-space is a harmonic unit vector field.
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5.11. Locally conformal almost cosymplectic structures

An almost contact Riemannian manifold (M, ¢,&,n,g) is said to be a locally conformal almost cosymplectic
manifold [resp.emphlocally conformal cosymplectic manifold] if there exists an open covering {Ux } xca together
with smooth functions o) € C*°(U,) such that the structure (Uy,¢|u,,e”*&|u,,e”*nlu,,e">glu,) is almost
cosymplectic [resp. cosymplectic].

Proposition 5.17 ([107]). An almost contact Riemannian manifold M is locally conformal almost cosymplectic if and
only if there exists a closed 1-form w satisfying

dn=wAn, dd®=2wAao.
On the other hand, the notion of almost f-cosymplectic manifold was proposed in [3] (see also Pak [86]):
Definition 5.14. An almost contact Riemannian manifold M is said to be an almost f-cosymplectic manifold if
dnp=0, d®=2fnA .

Here f is a smooth function satisfying
df Am=0. (5.17)

Comparing these two classes of almost contact Riemannian manifolds, we notice that any almost f-
cosymplectic manifold M is locally conformal almost cosymplectic with w = fn. An almost f-cosymplectic
manifold M is an almost Kenmotsu manifold when f is a constant function 1.

6. Almost Kenmotsu 3-manifolds
Hereafter we concentrate on almost Kenmotsu 3-manifolds.

6.1. Kenmotsu 3-manifolds

Let M = (M, ¢,&,n,g) be an almost contact Riemannian 3-manifold. Then the covariant derivative of ¢ is
given by the following Olszak formula [82]:

(Vxe)Y = g(eVxEY)E—n(Y)pVxE.

Olszak formula implies that an almost contact Riemannian 3-manifold is normal if and only if V{ commutes
with ¢.
Moreover the exterior derivatives of  and ® are given by

1
dn=-nAVen+ itrg(govg) O, d® = (divé)n A D.

These formulas imply the following fundamental fact.

Proposition 6.1. An almost contact Riemannian 3-manifold M is almost Kenmotsu if and only if
Ve =0, tryg(pVE) =0, divE=2

holds.

Proposition 6.2 ([90]). An almost contact Riemannian 3-manifold M is almost Kenmotsu if and only if V¢ is self-adjoint
and div§ = 2.

Proposition 6.3. Let M be an almost Kenmotsu 3-manifold. Then M is Kenmotsu and only if b’ = 0.

Here we recall curvature properties of Kenmotsu 3-manifolds. The Riemannian curvature R of a Kenmotsu
3-manifold has the form

R(X,Y)Z = S;A‘(X/\Y)Z+ ¥[§A{(XAY)§}]Z. 6.1)

In particular, every Kenmotsu 3-manifold satisfies
R(X,Y)E = (=D{n(Y)X —n(X)Y}.

Thus every Kenmotsu 3-manifolds is a normal almost Kenmotsu (—1, 0)-space as well as (—1,0)’-space.
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Proposition 6.4. The Ricci operator S of a Kenmotsu 3-manifold M has the form

s+2I s+ 6
2 2
The principal Ricci curvatures are (s + 2)/2, (s + 2)/2 and —2.

The characteristic Jacobi operator ( is given by

S:

nE.

0(X) =n(X)§ - X = p*X.
For a unit vector X € D,, the sectional curvatures of planes X N pX and X A & are given by
H=K(X AgX) :§+2, K(X AE)=—1.

Remark 6.1. The characteristic Jacobi operators of Sasakian, cosymplectic and Kenmotsu manifolds are given
as follows:

Structure Sasakian | Cosymplectic | Kenmotsu
Characteristic Jacobi opeartor | £ = —p? =0 0= ?

Example 6.1 (Warped products). Here we restudy Example 5.1. Let (M, g, J) be a Riemannian 2-manifold
together with a compatible orthogonal complex structure J. Take a smooth function on the Euclidean line
E! with coordinate ¢ and consider the warped product M = E!(t) x; M. We denote m; and 7 the natural
projections onto the first and second factors,

m:M—=EL m:M— M,

respectively. On the warped product M = E! x; M, we define the vector field £ by ¢ = 2. Then the Levi-Civita
connection V of M is given by

VvV v 1 —v —v , =V f/ Vv
Here the superscript v means the vertical lift operation of vector fields from M to M. The prime means the
differentiation by ¢. Define ¢ by ¢ X = {J(72.X)}". Then we get

Vxé=B(X —n(X)E), (Vxp)Y =p{gleX,Y)—n(Y)pX}, B=7Ff/f

One can see that M is normal almost contact Riemannian 3-manifold. In particular M is a Kenmotsu manifold
if and only if f(t) = ce’ for some positive constant c. Take a local orthonormal frame field {e;, >} of (M, g) such
that e; = Jé;. Then we obtain a local orthonormal frame field {es, e2, €3} by

1 1
— SV — sV —
e1 = ey, ex=—eé;=pe, e3=¢

f f

Then sectional curvatures of A are given by

1
f b
where K is the Gaussian curvature of M. The Ricci tensor components p;; = p(e;, e;) are given by

_ _ﬁ_f”_(f’>2 2
/?11—/)22—]02 7 7 y P33 = 7

K(61/\62):%{K07T2_(f/)2}, K(el/\eg):K(eg/\@g):—

and other components are 0.
Remark 6.2. The hyperbolic 3-space H?(—1) is represented as a warped product (see [4, p. 28]):
R Xeoshz H?(—1) = (R3(z, z,y),dz? 4 cosh? z(e*dz? + dy?) ).

If we apply the construction described in Example 6.1 to R X gosh » H?2(—1), then we obtain f-Kenmotsu structure
on H?3(—1) with f(z) = tanh z. For more information on f-Kenmotsu 3-manifolds, especially on curves in those
manifolds, see [60, 61].
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The local structure of Kenmotsu 3-manifolds is rephrased as:

Lemma 6.1. ([69]) A Kenmotsu 3-manifold M is locally isomorphic to a warped product I x ; M whose base I C E' is
an open interval, M is a surface and warping function f(t) = ce’, ¢ > 0. The unit vector field & is £ = 9/0t.

Proposition 6.5. Every Kenmotsu 3-manifold has the following properties:

* pseudo-symmetric, especially weakly n-Einstein.

® The Ricci operator commutes with .

* The Ricci operator satisfies £:S = 0.

* The characteristic Jacobi opeartor satisfies £¢{ = 0.

The local symmetry for Kenmotsu 3-manifolds is described as follows:
Proposition 6.6 ([51, 53]). The following properties of a Kenmotsu 3-manifold M are mutually equivalent.

M is locally symmetric.

M is n-Einstein.

the scalar curvature s is constant.

the holomorphic sectional curvature H is constant.

M is locally isomorphic to the hyperbolic 3-space H?(—1) of curvature —1.

Here we generalize Proposition 6.6 to the following Proposition.

Proposition 6.7. Every Kenmotsu 3-manifold is a pseudo-symmetric space of constant type.
The following properties of a Kenmotsu 3-manifold M are mutually equivalent.

M is semi-symmetric.

M is locally symmetric.

M is n-Einstein.

the scalar curvature r is constant.

the holomorphic sectional curvature H is constant.

M is locally isomorphic to the hyperbolic 3-space H?(—1) of curvature —1.

Proof. The derivative R - S is computed as follows:

(R(X,¥)$)2 =7 0

{n(X)(2)Y +9(Y, 2)§) =n(Y)(n(2)X + 9(Z, X)€)} .

In particular for any vector field X orthogonal to £, we have

s+6 s+6
(RIX,9)X = 212 (X, X)e,  (R(X,8)¢ ==X,
Assume that M is semi-symmetric, then s = —6. Conversely if s = —6 then A is locally symmetric by
Proposition 6.6. Hence the semi-symmetry of M is equivalent to s = —6. O

6.2. Fundamental quantities of almost Kenmotsu 3-manifolds

Let M be an almost Kenmotsu 3-manifold. Denote by U/, the open subset of M consisting of points p such
that 4 # 0 around p. Next let U4, the open subset of M consisting of points p € M such that i = 0 around p. Since
h is smooth, U = U; Ul is an open dense subset of M. So any property satisfied in I/ is also satisfied in whole
M. For any point p € U, there exits a local orthonormal frame field £ = {e1, e5 = pez, e3 = {} around p, where
e1 is an eigenvector field of h.

Lemma 6.2 (cf. [90]). Let M be an almost Kenmotsu 3-manifold. Then there exists a local orthonormal frame field
& ={e1, €2, e3} such that
her = Xe1, e2=e1, e3=4¢§

for some locally defined smooth function \. The Levi-Civita connection V is described as
Velel = —bey — e3, Veleg = bey + Neg, Vsleg =e1 — \eg,

Ve,€1 =cea + ez, Ve,ea = —cep —e3, Ve,ez =—Xej +ea,
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v6361 = 562, VeSeZ = 7561, v5363 = 0,

where §, b and c are locally defined smooth functions.
The commutation relations are

[e1,e2] =bey —cea, [ea,e3] = (6 — N)ep +ea, [es,er] = —e1 + (6 + Nea
The Jacobi identity is described as
e1t(A—0) —&(b) +c(A—=98)—b=0, ea(A+0)—&(c)+bA+6)—c=0. (6.2)
The covariant derivative V¢h of h by £ is given by

Veh = —26 he + %A)h.

An local orthonormal frame field {ej, e3, €3} as in Lemma 6.2 will be called a local h-eigenframe field.
Remark 6.3. Tt should be remarked on an almost Kenmotsu 3-manifold M,

0 =g(VeW, pW)

is independent of the choice of unit eigenvector field W of h on i.

Every Kenmotsu 3-manifold satisfies the commutativity Sy = ¢S and S¢ = —2¢ and hence it is H-almost
Kenmotsu (Theorem 5.5). Thus "H-almost Kenmotsu" is an intermediate notion between "almost Kenmotsu"
and "Kenmotsu" for almost contact Riemannian 3-manifolds.

6.3. Curvatures of almost Kenmotsu 3-manifolds

The Riemannian curvature R is computed by the table of Levi-Civita connection in Lemma 6.2.
er,e2)er = —Heg + (e1(A) +2cA)§,  Rer,ez)es = Her — (e2(A) + 2bA)E,
e1,ea)es = —(e1(N) + 2cA)eg + (ea(N) + 2bN)ea,

e, ez)er = —(e2(A) + 2bA)ex — (§(A) + 2X)¢,
Jez = (e2(A) + 2bA)er — Kasé,
€2, 63)63 ( ( ) + 2)\)61 + K23€2,
es,e1)er = (e1(A) + 2cA)es + Kis€,
es,e1)ez = —(e1(A) + 2cA)er + (§(A) + 2A)E,
)

(
(
(
(
(
(
(
( es = —Kizer — (E(\) + 2 )eq,

€3;€1
where the sectional curvatures K;; = K (e; A ¢;) are given by
H=Kjs=K(es Aeg) = —(er(c) + ea(b) +1 = A2 + b + 2),
Kiz=—(A+2)\+1), Koz3=—-(\>—-2\+1).
The Ricci operator S is given by

Ser =pr1e1 + (§(A) +2X)e2 — (e2(A) + 2AD)¢E,
Sea =(£(N) + 2X)e1 + pazea — (e1(N) + 2Ac)E,
Sesz = — (ea(A) + 2X\b)er — (e1(N) + 2Xc)ex — 2(1 + A2,

where
p11 = —(e1(c) +ea(d) + 0%+ + 200+ 2), paz = —(e1(c) + ea(b) + b* +¢* — 206 + 2).

From these, the scalar curvature is computed as
s=—2(e1(c) + ea(b) +b* + 2 + N2 +3). (6.3)

By using the scalar curvature, p11 and po are rewritten as

p11:%+)\2—2)\(5+1, p22:§+)\2+2)‘5+1'
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The holomorphic sectional curvature H is rewritten as
Kip = % +202 4 1).

The characteristic Jacobi operator ¢ is given by

leg = —(1 4205 + A)ep + (V) +20)ea,  Lea = (E(N) +20)er — (1 — 206 + A%)es. (6.4)
The covariant derivative V¢h is given by

Veh = =25ho + &(N)o, (6.5)
where o is an endomorphism defined by
oler) =€y, o(ez) =—ez, o(e3)=0

Thus we have V¢h = 0 if and only if & = 0 or § = 0 and £(tr %) = 0. Note that (6.5) is rewritten as

Veh = —26he + @h

on U;. From (6.4) one can deduce the following fact.
Proposition 6.8. There exists no almost Kenmotsu 3-manifold with vanishing characteristic Jacobi operator.
This makes a sharp contrast with contact Riemannian 3-manifolds. In fact the class of contact Riemannian
3-manifolds with vanishing characteristic Jacobi operator is pretty large (see e.g., [6, 25]).
6.4. Submanifold geometry of leaves

Let us consider again a leaf L of the canonical foliation. Take a local h-eigenframe field {e;,e2,e3} as in
Lemma 6.2, then the representation matrix of A relative to {e;,e2} is

(3 4)

The principal curvatures of L are —1 + A. Hence the mean curvature of L is —1 (see [71]). Moreover L is totally
umbilical if and only if » = 0 (Proposition 5.3).
The Gaufs curvature K, of L is given by the Gauf$ equation

1
K :K12+detA=§+)\2+3=§+§tr(h2)+3.
Thus L is flat if and only if s = —3 — tr(h?)/2.

6.5. Weakly n-Einstein almost Kenmotsu 3-manifolds
The weakly n-Einstein property for an almost Kenmotsu 3-manifold is the following system:
SA=0, £A)+22=0, e1(A)+2cA =ex(A) + 2bA = 0. (6.6)
From this system we obtain the following result.

Corollary 6.1 ([63]). An almost Kenmotsu 3-manifold is weakly n-Einstein if and only if it is an H-almost Kenmotsu
3-manifold and satisfies § tr h? = 0 and &(tr h?) + 4tr h? = 0. In particular, if M is non-Kenmotsu, then M is weakly
n-Einstein if and only if it is an H-almost Kenmotsu 3-manifold satisfying § = 0 and £(tr h?) + 4tr h? = 0.

6.6. Commutativity of p and S

Here we consider the commutativity condition Sy = ¢S. If M =U,, then M is Kenmotsu and satisfies
S = ¢S. Hereafter we assume that {/; is non-empty. Take a local h-eigenframe field {e1,e2,e3} as in Lemma
6.2, then one can see that S¢ = ¢S holds if and only if M satisfies the system

5=0, €M) +2x=0, e1(N)+2ch=ea(N)+2bA = 0.

This system coincides with (6.6) over ;. Hence we obtain
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Proposition 6.9 ([63]). For an almost Kenmotsu 3-manifold M, the following three properties are mutually equivalent:

* M satisfies Sp = pS.
* M is weakly n-Einstein.
* M is H-almost Kenmotsu and satisfies

Strh? =0, &(trh?) 4+4trh? =0.
The following can be deduced from the second Bianchi identity (see [63]).

Proposition 6.10. Let M be a strictly almost Kenmotsu 3-manifold satisfying S = ¢S. Then the eigenvalue X of h only
varies in the direction of £, that is, dA A = 0.

Remark 6.4. Let M be a contact Riemannian 3-manifold satisfying S¢ = ¢S, then the eigenvalues of & is constant
by virtue of the second Bianchi identity. This fact provides another evidence for the differences between contact
Riemannian geometry and almost Kenmotsu geometry.

A weakly n-Einstein almost Kenmotsu 3-manifold M satisfies V¢h = —2h.

7. Generalized almost Kenmotsu (%, y, v)-spaces

7.1. The H-almost Kenmotsu property
Oztiirk, Aktan and Murathan showed the following fact ([84, Theorem 4.5], [85, Theorem 7]).

Proposition 7.1. Let M be an almost Kenmotsu 3-manifold. If S¢ is colinear to &, then M satisfies the generalized
(K, u, v)-condition on an open dense subset. In such a case we have

k=—N+1), p=-20, Iv=2X2+EN\).
Combining this with Theorem 5.5, we obtain

Theorem 7.1. Let M be an almost Kenmotsu 3-manifold. If M is a generalized almost Kenmotsu (k, u, v)-space, then M
is an H-almost Kenmotsu manifold. Conversely if M is an H-almost Kenmotsu manifold, then M satisfies the generalized
(K, i, v)-condition on an open dense subset. In such a case we have

k=—MN+1), p=-20, Iv=2X2+EN\).

The Ricci operator has the form

S

S = <§—K> I—(;—fm) n® &+ ph+ vph.

Moreover, we have
S¢ =2k¢ = (tr )¢, tr(h?) = —2(k+1).

On a 3-dimensional generalized almost Kenmotsu (k, 1, v)-space, we can take a local h-eigenframe field
{e1,e2,e3} as in Lemma 6.2, then the sectional curvatures are expressed as

H:;—Qm, Kizs=r+ A, Koz =k—Ap.

the Ricci operator S has the form

$/2— K+ A Av 0
S = Av s/2—k—Au O
0 0 2K

relative to {e1, e2, e3}. Hence the principal Ricci curvatures are given by

p1:375+/\\/u2+v2, pzz%*ﬂﬂ\ p2+ v py =2k (7.1)

Theorem 7.1 together with Proposition 6.9 implies the following result which improves [97, Proposition 31.].
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Corollary 7.1. For an almost Kenmotsu 3-manifold M, the following three properties are mutually equivalent:

e M satisfies S = S.
* M is weakly n-Einstein.
* M is a generalized almost Kenmotsu (x,0)-space satisfying dx A1 = 0 (see Example 7.1).

In such a case M is a pseudo-symmetric space.

Remark 7.1. If M is a Kenmotsu 3-manifold, then it is weakly n-Einstein. Now, we assume that M is a strictly
almost Kenmotsu 3-manifold. From Theorem 7.1, the Ricci operator of an H-almost Kenmotsu manifold has
the form

S = (%—/@) I—(%—S/@) n® &+ ph + veh.

An H-almost Kenmotsu manifold M is weakly n-Einstein if and only if p = —2§ =0 and v = 0 = 2\ + £(\).
Since tr h? = 2)2%, we have

0 = £(trh?) + 4tr h? = 4XE(N) + 8% = AA(E(N) + 2)).
Moreover we have

Proposition 7.2 ([63]). Let M be an almost Kenmotsu 3-manifolds satisfying the commutativity S = S, then the
characteristic Jacobi operator { is pseudo-parallel. More precisely ¢ satisfies R - { = KRy - {. Here k = tr (/2.

Here we mention the following result (see [97, Lemma 4.1]).

Lemma 7.1. Let M be a 3-dimensional generalized almost Kenmotsu (k, p)-space satisfying dx An =0.If xk = —lata
certain point of M, then x = —1 on whole of M and h vanishes identically.

The Riemannian curvature R of a generalized almost Kenmotsu (k, i, v)-space with k < —1 is described as
follows ([16, Theorem 3.25]).

R= (% - 2H) R+ (% - 3H) Ry + Ry + vRy, (7.2)
where
R3(X,Y)Z =n(Z2)n(X)Y —n(Y)n(2)X + {9(Z, X)n(Y) — g(Y, Z)n(X)}¢,
Ry(X,Y)Z =g(Y, Z)hX — g(Z, X)hY + g(hY,Z)X — g(Z,hX)Y,
Ro(X.Y)Z =g(Y, Z)phX — g(Z, X)phY + g(hY, Z)X — g(Z, ohX)Y.

Corollary 7.2 ([16]). Let M be a generalized almost Kenmotsu (k, p, v)-space. If k < —1 is a function that only varies
in the direction of €, i.e., dk A n = 0, then its curvature can be written as

R=—(k+2)Ry —2(k+1)R3+ pRy + VRy. (7.3)
Corollary 7.3 ([85]). Let M be a generalized almost Kenmotsu (k, u, v)-space. Then
Sp — oS =2uhp + 2vh
for a vector field on M. Moreover, S¢ = ¢S ifand only if h =0 or p = 0 and v = 0.

From (7.1), pseudo-symmetry of generalized almost Kenmotsu («, 11, v)-spaces are described as follows:

Proposition 7.3. A 3-dimensional generalized almost Kenmotsu (k, u,v)-space. Then M is pseudo-symmetric if and
only if

® M is a Kenmotsu 3-manifold (x = —1 and L = —1) or

* M is a generalized almost Kenmotsu (k, ju,v)-space of scalar curvature s = 6k +2X\\/p? +v? and L = H =

k£ A/ p? +v2

The second class includes weakly n-Einstein strictly almost Kenmotsu 3-manifolds as well as homogeneous almost
Kenmotsu Lie groups Gy (B3, 37 1) for 3 # 0 (see Example 9.3).
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Proof. From (7.1) p1 = p» holds if and only if A = 0 or u = v = 0. In the former case M is a Kenmotsu 3-manifold
and hence x = —1 and h = 0. In the latter case with X # 0, M is weakly n-Einstein.

Next, p1 = p3 holds if and only if
s = 6Kk — 2/ 2 + 12

s = 6k + 2/ 2 + 2.

Note that weakly n-Einstein strictly almost Kenmotsu 3-manifold M is a 3-dimensional generalized almost
Kenmotsu (k, p1, v)-spaces of scalar curvature s = 6x £ 2\/p? + 12 with p=v =0. It should be remarked
that if A =0 on a 3-dimensional generalized almost Kenmotsu (x, i1, v)-spaces of scalar curvature s = 6x +
2Xy/ p? + 12, then M is a Kenmotsu 3-manifold of scalar curvature —6. Thus it is of constant curvature —1. [

Finally ps = p3 holds if and only if

7.2. Examples

Here we exhibit some examples of generalized almost Kenmotsu (x, u, v)-spaces constructed by Pastore and
Saltarelli.

Example 7.1 ([88]). Let M = {(z,y,2) € R*| 2 > 0} be the upper half space. We introduce an almost contact
Riemannian structure on M by

] eQz
E=—, n=dz g¢=ze¥*da®+ —dy*+dz?,
0z z
0 0 0 1£ 0

@%ZZ%a @Fy:_}ax’ W@ZO

Then M = (M, ¢,&,n, g) is a strictly almost Kenmotsu 3-manifold. We can take a global h-eigenframe field

e (Lo, Loy er (1o SO0N
Ve \Vzar T Yay) T R \Veae YTay) T

Then {ey, es, e3} satisfies

le1,e2] =0, [ea,e3] = —Aei+e2, [es,e1] = —er + Aea.

Thus {e;,ez,e3} is a global h-eigenframe field satisfying b=c=0, § =0 and A =1/(2z). Note that the
coordinate vector fields 0, and 9, are eigenvector fields of 4’ corresponding to A = 1/(2z) and — A, respectively.
The sectional curvatures are given by

H=—(1-)%), Ki3=Ky=—(1+)?).
The Ricci tensor field and the scalar curvature are computed as

pe e?* (422 + 2z — l)de (4 -2z 4 1)dy2 422+
2z 223 222
12:2 4 1 ,

The components of S relative to {e1, ez, e3} are given by

dz?,

-2 /2 —1/(22?) 0
1/2 —1/(222) -2 0
0 0 —2(1+ %)
The principal Ricci curvatures are
2z -1 2z -1 1
=24 = — SR g =—24 —.
f1 + 2,2 ) P2 2,2 ) p3 + 2,2

Hence M is not pseudo-symmetric. One can check that (M, ¢, §, 7, g) is a generalized almost Kenmotsu (k, 0, v)-

space with

1 1
K/:_].—E<_]., 7/22—;

In particular x and v satisfy dx A n = dv A np = 0. Moreover the Ricci operator S is -parallel.
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Example 7.2 ([88]). On the Cartesian 3-space R3(z,y, z), we define an almost contact Riemannian structure
(. &,m,9) by

&= 82’ n=dz, g¢=elT2dx? 427G qy? 4 422,
z
0 0 0 0 0
I € B IS (C “ o
Yor ~ ¢ oy’ Oy € o’ Yoz ’
where f(z) = —e~?*. The non-zero eigenvalues of h are A = e ?* and —A\. Then resulting almost contact
Riemannian 3-manifold M = (R3, ¢, &, n, g) is a generalized almost Kenmotsu (x,0)-space with k = —1 — =42,

In particular M satisfies ds A = 0. From Corollary 7.1, M is weakly 7n-Einstein. Here we confirm this by
computing the Ricci operator explicitly.

o)

)

)

dy

Let us take a global h-eigenframe field
_ 1! f(z)\ 9 f(z)
61—\/§< exp(z 2>ax+exp< z+ 9 )
_ 1 f(z)) 9 f(z)
62—\/§< exp(z 2>%+exp( z—&—T ,
€3 = 5
This h-eigenframe field satisfies b = ¢ = § = 0. By using Lemma 6.2, the sectional curvatures are computed as
H=—(1-X), Kij3=FKy=—(1+\?).
The Ricci operator S and the scalar curvature s are computed as
S=-2T-2\®¢ s=-217-6=-20)+3)=2(k—2).
Thus M is really weakly 7n-Einstein and hence it is pseudo-symmetric. One can verify that S is 7-parallel.

Example 7.3 ([97]). We construct a generalized almost Kenmotsu (, it)-space with prescribed function .
Let M be an open submanifold of R*(x,y, z) defined by z < —1. Take arbitrary smooth functions y(z), q(z)
and r(z) of z. We put

g =a - BOINTZE) o) gz =y WEZNEIZ2) )
fa(z) = —4(1 + 2).
We introduce an almost contact Riemannian structure (¢, ¢, 7, g) by
3] 0 0 dz
f_fl(x7y7z)%+f2(may7z)aiy+f3(2)£7 ﬁ—my

g=d2® +dy’ + (1+ fi + fimeon— fildz@n+ned) — fo(dy @ n+nedy),
o 9 B d o frd fi0

@%—5@» sDﬁy T o Yoz fadzx  f3 0y’
Then M (p, q,7) = (R3,¢,£, 1, g) is a strictly almost Kenmotsu 3-manifold. The orthonormal frame field

0 0

:%? 62:87y7 63:5

€1
is a global h-eigenframe field satistying b = ¢ =0, 6 = —p(2)/2 and A = v/—1 — z. By using Lemma 6.2 one can
see that
RX,Y)E = 2{n(Y)X = n(X)Y} + pu(2){n(Y)hX —n(X)hY}.

Thus M(p, q,7) is a generalized almost Kenmotsu (, 1)-space. Note that x = z and p = u(z) satisfy de An =0
and du An=0.
Hence the Ricci operator S, the scalar curvature s and the characteristic Jacobi operator are computed as

Se; = (=2+ Mp)er, Ses = (—=2—Aw)ea, Sez = —2(1+A)e3, s=—-2(\?+3)=2(k—2).
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Thus M (u, ¢, ) is pseudo-symmetric if and only if
w(z) =0, or pu(z)==+2\(2)=+2v/-1- 2z
The characteristic Jacobi operator is given by
ler) = —(N = A+ Dep, Llex) = —(AN2 4+ A+ 1es.
In particular, when p(z) = 0, then M (u, ¢, 7) is weakly n-Einstein with
S=-2D-22*n®¢ (lle)=—-N+1Dey, Lle)=—(\4+1)es.

Example 7.4 ([97]). Here we construct generalized almost Kenmotsu (x, 0, v)-space with prescribed function v.
Let M be an open submanifold of R?(z,y, z) defined by z < —1. Take arbitrary smooth functions v(z), q(z)
and r(z) of z. We assume that v(z) # 2 for all z € R. We put

f1(l’,2’) :J}(l +v-1- Z) + q(Z), fQ(yaz) = y(l —-v-1- Z) + T(Z)v
f3(z) ==2(2-v)(1+ 2).
We introduce an almost contact Riemannian (¢, £, 7) by
0 0 0 d
= fl(xaz)% + f2(yvz)87y + f3(2)&a n= Fzz)’
0 0 0 0 0 fo0 fi0

Coe ay Yoy o0t To:T fade fidy
Introduce a Riemannian metric g by the condition

I AN N R A
61_\@ or Oy)’ 62_\/§ ox  oy) T

is orthonormal with respect to g. Then M (v, q,r) = (M, ¢, &, n, g) is a strictly almost Kenmotsu 3-manifold. The
orthonormal frame field {e1, e2, e3} is a global h-eigenframe field satisfyingb=c=0,6 =0and A = /-1 — 2.
By using Lemma 6.2, one can see that

R(X,Y)E = 2{n(Y)X = n(X)Y} + v(2){n(Y)phX —n(X)phY}.

Thus we confirmed that M (v, ¢, r) is a generalized almost Kenmotsu (k, 0, v)-space with k = z. Note that x and
v satisfy dx A =0 and dv An = 0. The Ricci operator S, the scalar curvature s and the characteristic Jacobi
operator ¢ of M (v, q,r) are described as

Se; = —2e1 + \vea, Ses = Avey —2e3, Sez =2\ +1)¢, s= -2\ +3) =2(rk — 2),
le, = —(/\2 + e + Avea, Llea = Avey — ()\2 + 1es.
When we choose v(z) = 0 then M (v, ¢, r) is weakly n-Einstein and
S=-20-22n®¢ L) =—A\+1er, Llez) =—(\2+1)es.
Saltarelli proved the following local classifications.

Theorem 7.2 ([97]). Let M be a 3-dimensional generalized almost Kenmotsu (k, w)-space satisfying dx An = 0 and
k < —1. Then M is locally isomorphic to the M (u,q,r) in Example 7.3.

Theorem 7.3 ([36, 97]). Let M be a 3-dimensional generalized almost Kenmotsu (k,0, v)-space satisfying dx An =0
and k < —1. Then

1. If v =2, then k is constant. In this case, M has a local orthonormal frame field {e1, 2, e3} as in Lemma 6.2 with
b=c=0=0and p(e1,§) = plez,&) = 0. Hence M is locally isomorphic to a non-unimodular Lie group whose
Lie algebra is generated by the commutation relations:

le1,e2] =0, [ea,e3] = (1= Aea, [e3,e1] = —(1 + A)ea. (7.4)

The almost Kenmotsu (x,0,2)-space is locally isomorphic to the non-unimodular Lie group Gy(X, \) in Example
9.2.

2. Ifv # 2, then M is locally isomorphic to M (v, q,r) in Example 7.4.

Theorem 7.3 is a generalization of Theorem 5.7.
Remark 7.2. Local coordinate changes between Example 7.2 and Example 7.3 with ;1 = 0 can be seen in [97].
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7.3. Almost Kenmotsu generalized (k, pu)-spaces

Saltarelli obtained the following results.
Proposition 7.4 ([97]). Let M be an almost Kenmotsu 3-manifold.

* If M is an almost Kenmotsu generalized (x, jt)-space. Then

S = (;—K)I-i- (3/{— §>n®£+uh h(grad p) = grad k — dx(€)E.

e If M is an almost Kenmotsu generalized (k, )’ -space. Then

S = (% - H) I+ (3,% - 5) n®&+puh', B (grad p) = grad k — dr(€)E.

Proposition 7.5 ([97]). Let M be an almost Kenmotsu generalized (k, p)-space or (k, pn)’ with ds An=0and k < —1,
then M has flat Kihler leaves.

8. -Einstein almost Kenmotsu 3-manifolds

Here we compute the ¢-Ricci tensor field p¥ of almost Kenmotsu 3-manifolds. Take a local orthonormal
frame field of of the form {e1,e2 = pes, e3 = £}. First we compute 2p* = trR(X, ¢Y )¢. Note that p*(e1,e3) =
p*(e2,e3) = 0. Next we notice that p*(e1,e1) = p*(ez, e2) = K12 = H. Thus we only have to compute p*(e3, e1)
and p*(es, e2).

3

3
63791 Z 635§061 ‘Pezaez) = ZQ(R(€3,62)(P61',62‘) = g(R(eg,eg)gOel,el) +Q(R(€3,€2)<p€2762)
=1 i=1
—2g(R(ea, e3)e2, e1) = 2p13 = 2(ea(N) + 2bN),
63762 Zg €3a80€2 soel,ei = Zg 63,61 cpel,el) = _g(R(QB’el)wehel) —g(R(eg,el)gaeg,eg)

=— 29(R(63, e1)es, e1) = 2pa3 = 2(61()\) + 2¢)).

Hence the ¢-Ricci tensor field has the components

H 0 (ea(\) + 2bX) /2
pY = 0 H (er(A) +2ch)/2
(ea(A\) +2b0) /2 (e1(A) +2¢A)/2 0

relative to {e1, ez, e3}. On the other hand, ¢¥ has the components

1
97=10
0

o = O
o O O

From this formula we get the following results.

Proposition 8.1. An almost Kenmotsu 3-manifold M is weakly -Einstein if and only if £ is an eigenvector field of S. In
particular M is @-Einstein if and only if M is an H-almost Kenmotsu and of constant holomorphic sectional curvature.

It should be remarked that "n-Einstein” and "-Einstein" are not in inclusion relation. In fact, there exist
¢-Einstein almost Kenmotsu 3-manifolds which are not -Einstein (see the Lie group Gr(5,~) in Example 9.2.
Note that the symmetric property of p* is characterized as follows (cf. [31]).

Proposition 8.2. An almost Kenmotsu 3-manifold M has symmetric p* if and only if M is H-almost Kenmotsu.

Next we give the following result.
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Corollary 8.1 ([31]). An almost Kenmotsu 3-manifold M satisfying V¢h = 0 and symmetric p* is locally isomorphic to
a non-unimodular Lie group.

Proof. Let us consider a non-Kenmotsu almost Kenmotsu 3-manifold A/ with symmetric p*. Then M is H-
almost Kenmotsu. Take a local h-eigenframe field as in Lemma 6.2, then we have R(e1, e2)¢ = 0 and

R(e,€)€ = (EN) +20)er — (A2 =20 + 1)ea,  R(&,e1)€ = (A2 + 206 + er — (E(N) + 2\ )en.
Assume that V¢h = 0. Then from § = 0 and {(\) = 0, we have
R(er,e2)€ =0, Rle2,€)6=—(A\+1)¢,  R( e1)€ = (A + 1er — 2hes.
These formulas imply that M is a generalized almost Kenmotsu (%, u, v)-space with
k=—-1-X, pu=0, v=2

Then from Theorem 7.3, M is locally isomorphic to the non-unimodular Lie group Gy(A, A) which will be
exhibited in Example 9.2. O

Corollary 8.2 ([31]). Let M be an almost Kenmotsu 3-manifold M satisfying Veh = 0. If p* is n-parallel, then it is
locally isomorphic to a non-unimodular Lie group.

9. Homogeneous almost Kenmotsu 3-manifolds

9.1. Homogeneity

In this section we study homogeneous almost Kenmotsu 3-manifolds as the model cases.

Definition 9.1 (cf. [90]). An almost contact Riemannian manifold M = (M, ¢, §,7, g) is said to be a homogeneous
almost contact Riemannian manifold if there exists a Lie group G of isometries which acts transitively on M such
that every element f of G preserves 7, that is

f'n=n.

Calvaruso and A. Perrone showed that 3-dimensional Lie groups which admit left invariant almost
Kenmotsu structure are non-unimodular [15].

9.2. Non-unimodular Lie groups

9.2.1. The standard almost Kenmotsu structure First of all we explain that every 3-dimensional non-unimodular
Lie group admits a left invariant almost Kenmotsu structure.

Let G be a 3-dimensional non-unimodular Lie group equipped with a left invariant Riemannian metric. On
the Lie algebra g of G, we take an orthonormal basis {E1, E2, E3} as in Section 4.2. We define a left invariant
endomorphism field ¢ and a left invariant 1-form , by

QIQEl :E27 @EQ = *Ela QOE3:07 n= <'a€>7 £:E3

Then (p,&,n) is a left invariant almost contact structure compatible to the metric. Now let A = (a;;) be the
representation matrix of ad(¢) on the unimodular kernel u. By using the table (4.1) of the Levi-Civita connection,
one can see that (G, ¢, &, 7, (-, -)) is almost Kenmotsu if and only if tr A = —2.

Theorem 9.1 ([36, 93, 94]). On a 3-dimensional non-unimodular Lie group G equipped with a left invariant Riemannian
metric, there exists a left invariant almost contact structure compatible to the metric and satisfies

* the resulting structure is almost Kenmotsu and
* the left invariant distribution D defined by the Pfaff equation n = 0 coincides with the distribution generated by the
unimodular kernel u.

The almost Kenmotsu structure is called the standard almost Kenmotsu structure of G.
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The operator h and h' with respect to the standard almost Kenmotsu structure are computed as
P P p

1
hE1 = = ((a12 + a21)Er + (@22 —a11)E2), hE; = 5 ((a22 — a11)E1 — (a12 + a21)E2) ,

N

1 1
hE, = 3 ((ag2 — a11)E1 — (a12 + a21)Es2), h'Ey = 3 ((a12 + a21)E1 + (a2 — a11)Es).

The eigenvalues of h are 0 and

+/(a12 + a21)? + (az — ar1)? B +/(a12 + a21)2 + 4(1 + a11)?

2 2 ’

since a1 + aze = —2.

9.3. Normalization

Let G be a (simply connected) 3-dimensional non-unimodular Lie group equipped with a left invariant
almost Kenmotsu structure. Then there are two possibilities:

o &l
* ¢ is transversal to u but it is not orthogonal to u.

It should be remarked that under almost Kenmotsu assumption, the case £ € u does not occur (see [90]).

9.3.1. The case { L u In this case we may assume that the structure is the standard almost Kenmotsu structure.
Thus the Lie algebra g is g4 as in Section 4.2.

Since h is self-adjoint with respect to g, we can take an orthonormal basis {e1, e2} of u which diagonalizes h.
We may assume that {e;, e} is related to { £, E» } by a rotation.

e1 =cosO FEy +sinf Fy, ey = —sinf E + cosf Ey

for some 6. Then
per = COS@EQ — SiD9E1 = €9, per = —sin0E2 — COS@El = —e€1.

Hence with respect to the new orthonormal frame field {e;, e2, e3 = E3}, we have
per = €2, ez = —€;

and
hey = ey, hey = —MXes.

(51)

with respect to {e1, e2, e3}. Since tr A = —2 is invariant, we have & = —1.

The matrix A is transformed as

Proposition 9.1 ([15, 94]). Let G be a 3-dimensional non-unimodular Lie group equipped with a left invariant almost
Kenmotsu structure. If the characteristic vector field is orthogonal to the unimodular kernel, then G is locally isomorphic

to the Lie group G 4 given by (4.2) with
_( -1
=5 )

for some 3, v € R. Namely, the Lie algebra g is generated by an orthonormal basis {e1,eq = peq, e3 = &} satisfying
hei = ey, hea = —\eq, hes = 0 and the commutation relations:

le1,e2] =0, [ea,e3] = —ver + ez, [es,e1] = —e1 + Pea,

where X = (B + v)/2. The Lie algebra is referred as to a non-unimodular Lie algebra of type Il in [15].
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9.3.2. The case ¢ is transversal to wand & ¢ ut Next, we consider the case ¢ is transversal to u but not orthogonal
to u. We express ¢ as
E=6E +&E+&Es, §+6+& =1

By the assumption, &7 + &2 # 0. Let us choose a basis {E1, E», E3} as in Section 4.2 and we represent g as g4 for
some A. Since the almost contact structure is almost Kenmotsu, V¢ is self-adjoint with respect to g and div £ = 2
(Proposition 6.2). One can see that div { = —{3 tr A. Hence

2

- (9.1)

§3 =
Perrone [94] showed that the self-adjointness of V¢ is equivalent to det A = 0. The coefficients &, and &, satisfy

a11&1 + a21&2 = a12§1 + axés = 0.

Let us take an orthonormal basis {e1,es = @e1,e3 =&} of ga satisfying he; = Aej. Calvaruso and Perrone
proved that e; ¢ u, ex ¢ uand € ¢ u. Then Lemma 6.2 and the proof of [15, Theorem 4.3], we have

Ve, €1 = —bes —e3, Ve ea=ber + Aes, Vg e3=e — deg,
Ve,e1 =cea + Aeg, Ve,ea = —cep —e3, Ve,es =—Xej +eg,

v6361 = 562, v€362 = —561, Ve3€3 = 07

where b # 0, ¢ # 0 and ¢ are constants. From this table we confirm that div { = 2. From the Jacobi identity, we
have
b=c(A=9), c=b\+09).

According to [15], we set

_ beil — ce _ _ _
€] := ﬁ, € := ey, e3=¢& [B:=-25 v:=+vb+c2>0. 9.2)

For simplicity of notation, we denote this new basis by {e;, e2, e3}. Then the new basis satisfies the commutation
relations:

le1,e2] =ver, [ea,e3] = —Per, [es, el] = —2ey.
Moreover we have
244
A:iﬁiig A= 1482>1.

The unimodular kernel is spanned by

2
er, &+ —(e1—ea).
Y

The Lie algebra determined by these commutation relations is referred as to a non-unimodular Lie algebra of
type IV in [15]. Type IV Lie algebras will be studied in Section 9.6. For the classification of homogeneous almost
Kenmotsu 3-manifolds in terms of the submanifold geometry of canonical foliation. See [93, Theorem 5.1].

9.4. The type II Lie algebra

Let G(f,) be a 3-dimensional non-unimodular Lie group equipped with a left invariant almost Kenmotsu
structure with Lie algebra gy (3, v) of type II. The Lie algebra gi (5, v) coincides with the Lie algebra g4 described

in Section 4.2 with
_( 1~
a=(% o)

and e; = F4, e; = Ey and £ = E3. Note that {eq, ez, es} is regarded as a global h-eigenframe field as in Lemma
6.2 under the choice b = ¢ = 0.
The Levi-Civita connection is described as

Ve,e1 = —e3, Veea=Aes, Ve ez =e — e,

Ve,e1 = Aeg, Ve,ea = —e3, Ve,e3=—MXep + e,
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V53€1 = 562, V63€2 = 7(561, Veseg = 0,
where 8 8
+7 -7
)\ = — 6 =
2 7 2
The Milnor invariantis D = 1 — 3.

If By # 0, the simply connected Lie group G4 = G(3,7) is given by (see (4.2)):

e~ cosh(y/Bvz) ﬁe_z sinh(v/Bvz) =
Gu(B8,7) = \/%e_z sinh(y/Bv2) e~ % cosh(v/Bvz) Yy z,y,2 €ER
0 0 1

In case 8 = 0, we have

(]
=

N

2

Il
—
~//

)
o O |

N

5
D w
o o
N

N
e R
SN——

In addition, we have

x,y,zGR}.
. 0

e
éu(ﬁ, 0) = Bze % e % z,y,z €R
0 0

e 8

The Riemannian curvature R of Gy (3, v) is given by

R(ey,ex)er = —Kizea, R(er,ez2)es = Kizer, R(ep,ez)es =0,
R(eg,ez)er = —20E,  R(ez,e3)es = —K23&, R(ez, e3)es = 2Xe1 + Kaseo,
R(es,er)er = K136, Rl(es,e1)es =2X,, R(es,er)es = —Kize; — 2Xeg,

where
Kig=—(1-X%), Kiz=—-\+2\+1), Koz=—-(\ -2\ +1).

The Ricci operator S is given by
581 = —2(1 + /\5)61 + 2)\62, 562 = 2)\61 — 2(1 — )\5)62, S63 = —2(1 + )\2)6

The scalar curvature is a negative constant
s=—2(3+\?).

The principal Ricci curvatures are

p1:f2+2x\/1+752:—2+—ﬁ;7\/mv
N e N(CEEV.Ex
ps == 201+ N) = S (14 (5 +)°).

From these we conclude that G (5, 7) is pseudo-symmetric if and only if 3 = —v (locally symmetric) or D = 0
(equivalently gy = 1).
The covariant derivative V.S is computed as

(Ve,S)er = 2006, (Ve,S)ea = 20\ + aX — 1)¢,
(Ve,S)esz = 200er + 2A(A2 + 86X — D)ea,  (Ve,S)er = 20(A2 — 60X — 1)¢,
(Ve,S)ea = —200E,  (Ve,S)es = 20(A2 — 6\ — 1)e; — 26 )es,
(Ve S)er = —40de; — 462 hea,  (Ve,S)ea = —40%Ney +46Xea,  (Ve,S)es = 0.

From this table, one can see that Gy(/3,7v) is locally symmetric if and only if A = 0 (equivalently = —~, see
Example 9.1) or § = 0 (equivalently 5 = ~, see Example 9.2).
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The characteristic Jacobi operator ¢ is given by
leg = —(14+ 20+ Aey 4+ 2 ea,  Leg = 2Xep — (1 — 206 + A)es.

Let L be a leaf of the canonical foliation. The Gaufs curvature K, of the leaf is identically zero. Note that the
leaf through the origin is the canonical normal subgroup U.
Let us investigate commutativity of S and ¢. Since

[S,pler = 4X(er +dez), [S,¢lea = 4A(der —e2), [S,¢les =0,

G (B, ) satisfies [S, ] = 0 when and only when A = 0 (compare with [21, Proposition 6]).
Next
(fgS)el = —4/\5(61 + ()\ + 5)62), (£§S)62 = 4)\5(()\ - 5)61 + 62).
Thus £:5 = 0 holds if and only if A =0 or § = 0 (compare with [21, Proposition 7]). Note that one can check
that £¢S =0 is equivalent to V¢S = 0 on G(5,7) (see [21]). On can check that Gy(3,~) is almost Kenmotsu
(=1 — \?,—-26,2)-space and (—1 — A%, —2, —2§)’-space.

Proposition 9.2. A non-unimodular Lie group Gu(3,~) with Lie algebra gu ([, ~y) has the following properties.

e it is p-Einstein.

it is n-Einstein if and only if 8 = —~. In such a case G(3, —3) is Kenmotsu and Einstein.

it is H-almost Kenmotsu.

it is an almost Kenmotsu (—1 — (8 +v)*/4,~ — 3, 2)-space.

it is pseudo-symmetric if and only if 3 = —v or By =1 (equivalently D = 0). In the former case G(53,—f3) is
Kenmotsu.

it is semi-symmetric if and only if § = —~y or 8 = v = 1. In the former case Gy (3, —5) is Kenmotsu. In the latter
case Gy(1,1) and Gy(—1, —1) are isometric to H?(—4) x R (see Example 9.2).

it has n-parallel Ricci operator.

it has transversally Killing Ricci operator when and only when § = +-.

it satisfies £¢S = 0 when and only when = +-.

it has n-parallel Riemannian curvature.

The canonical normal subgroup U is intrinsically flat and constant mean curvature —1.

In particular, Gy (B, ) is semi-symmetric if and only if it is locally symmetric.

Remark 9.1. The type II Lie group Gu(f,v) in this article and G(A, ) in [64, 65] are related by
G\ o) =GiA+a, A —a), Gu(B,7) =G((B+7)/2,(8-7)/2).

Note that G (3, v) is denoted by G(f,v) in [63].

Example 9.1 (A = 0). Assume that A =0, i.e.,, f +~ = 0. In this case, Gy(8, —3) is Kenmotsu and ¢ = 3. The
Milnor invariant is D = 1 + 3% > 1. The simply connected Lie group G(8, —f) is given by

B e *cos(fz) —e Zsin(fz) =
Gr(B,-p) = e *sin(fz) e Fcos(fz) y z,y,z € R
0 0 1

Note that Gy(8,—f) is a Lie subgroup of the universal covering of the orientation preserving similarity
transformation group

- elcosz —elsinz =z
Sim(2) = etsinz elcosz vy z,y,2,t €R
0 0 1

of Euclidean plane. The left invariant metric is expressed as the warped product metric
e?*(dz® 4 dy?) + dz2

Hence Gy(B,—f) is isometric to the hyperbolic 3-space H?(—1) =R x,.- C of constant curvature —1 (see
Example 5.1). The canonical normal subgroup U is nothing but the horosphere of H3(—1). As is well known
H3(—1) is expressed as H3(—1) = SL,C/SU, as a Riemannian symmetric space. The Lie group

Gr(0,0) = 0 e* y z,y,z €R
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is isomorphic to the solvable part S of SL,C according to the Iwasawa decomposition SLo,C = S - SU,. Note that
G (0,0) is nothing but the non-unimodular Lie group G 4 in Example 4.1 with A = —I. The Lie group Gy/(0,0)
coincides with the solvable Lie group S(—1) in Example 9.5. The Lie group G (8, 8) with 3 # 0 coincides with
the Lie group éA in Example 4.1 with a1 = ags = —1 and ag1 = —ag1 = 8 # 0.

It should be remarked that the automorphism group of the Kenmotsu structure of H?(—1) is 4-dimensional
([103]). The hyperbolic 3-space H?(—1) has several homogeneous Kenmotsu manifold representtaions. For
instance we know H?(—1) = G(3, —3)/{Id}. On the other hand, H?(—1) admits a homogeneous Kenmotsu
manifold representation H?(—1) = (S - U;)/U; (see [57]). This phenomena has Sasakian analogue. The 3-sphere
S is represanted by SO4/SO3 = (SUz x SUz)/SUs as a Riemannian symmetric space. On the other hand S? has
homogeneous Sasakian manifold representations SU(2)/{Id} as well as Uy /U; = (SU; x Uy)/Uj.

Example 9.2 (§ = 0). When § = 0, we have A = § and Gr(3,8) is given by

B e *cosh(Bz) e *sinh(fz) =z
Gr(f,B) = e #sinh(Bz) e “cosh(Bz) y z,y,z €R
0 0 1

The Milnor invariant is D = 1 — 32 < 1. In particular when 3 = +1, D = 0. Note that @H(ﬁ, B) is a Lie subgroup
of the identity component
elcoshz e'sinhz =

etsinhz elcoshz y z,y,2,t €R
0 0 1

of the similarity transformation group Sim(1, 1) of Minkowski plane.
The almost Kenmotsu manifold Gy (8, 3) is non-Kenmotsu unless 5 = 0. The left invariant metric is
e?? cosh(282)(dz? + dy?) + 2% sinh(232)dx dy + dz>.
The sectional curvatures are given by
Kip=—-1+3% Kij3=Ky=-1-p
The Ricci operator S is given by
Seqp = —2e1 + 20ea, Seq =2Be; —2ey, Ses = —2(1+ ﬁz)é.
The scalar curvature is computed as
s =—2(3+ B%).

The Ricci eigenvalues are
—24+26, —2-28, —2-2p%
Thus Gy (8, 8) is pseudo-symmetric if and only if 8 = 0 (locally symmetric and hence of constant curvature
—1) or 8 = +1. In the latter case, the principal Ricci curvatures are {—4, —4,0}. As we saw before H?(—4) x R
in Example 4.2 and Example 5.2 has tr A = —2, D = 0 and principal Ricci curvatures {—4, —4,0}. Hence we
conclude that Gy(1,1) and Gy(—1, —1) are isometric to H?(—4) x R as well as isomorphic to H?(—4) x R as Lie
groups. Thus for Gy (8, 8), pseudo-symmetry is equivalent to local symmetry.
The characteristic Jacobi operator ¢ is given by

le; = —(1 + 52)61 + 2Bes, fleg = 28ey — (1 + ﬁ2)62.

We notice that Gy (3, 8) is an almost Kenmotsu (—1 — 32,0, 2)-space and an almost Kenmotsu (-1 — 32, —2)'-
space (see Theorem 5.7). The Lie group Gu (5, §) satisfies £¢S = 0. The Lie group given in [27, Theorem] is
G(8,5).

Here we give an explicit models for pseudo-symmetric almost Kenmotsu Lie group of type II.

Example 9.3 (Pseudo-symmetric Lie groups). Let G (5,7) be an almost Kenmotsu Lie group of type II. As we
saw before, Gy (8,~) is pseudo-symmetric if and only if 5 + v = 0 or 8y = 1. In the former case, Gy (3, —f3) is

Kenmotsu. In the latter case, the universal covering Gy (3, 3~) is given by

G ={ (o P )

e #cosh z

x,y,zeR}.
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This Lie group is an example of the second class in Proposition 7.3. Indeed én( B,B871) is an almost Kenmotsu
(k, p, 2)-space with kK = —1 — (84 871)?/4 and p = B~ — 8. Thus Gp(B,37 1) is proper pseudo-symmetric if
B # £1.

Let us reexamine the almost Kenmotsu (x, 0, 2)-spaces appeared in Theorem 7.3. Dileo and Pastore proved
the following Lemma.

Lemma 9.1 ([36]). Let M be a strictly almost Kenmotsu 3-manifold. Assume that M is an almost Kenmotsu (k, 0, 2)-
space. Then for any unit eigenvector field E of h' corresponding to an eigenvalue X # 0, the Levi-Civita connection is
described as

Ve, By =—(14+MNEy, Vg E,=0, VgFEs=(+\E

Ve, b1 =0, VpE=—-(1-)NE;3, VgFE3=(1-)\)E; 9.3)
Ve, B1 =0, Vg,Ey=0, VgFE;=0,
where Ey = pEy and Es = £ In particular [§, E1] = —(1 4+ A\)Ey and [§, E3] = —(1 — \) Es.

Now let M be 3-dimensional strictly almost Kenmotsu (x,0,v)-space. Then Dileo and Pastore proved
that v = 2. Then we can apply the preceding Lemma. Since v = —1 — \?, the eigenvalue \ is constant. The
orthonormal frame field satisfies the commutation relation (5.16)

[E1, Eo] =0, [Eq B3] =(1-A)Es, [Es Er]=—(1+AE;

Hence M is locally isomorphic to a non-unimodular Lie group G 4 with representation matrix

—1- 0
A< 0 —1+/\>' (9.4)

The matrix AhastrA = —2and D =det A =1 — A% < 1. On the other hand, we know that the non-unimodular
Lie group Gy(\, A) has D = 1 — A2 < 1. Hence G 4 is locally isomorphic to Gip(A, A) given in Example 9.2.

Remark 9.2. In Gu(ﬂ7 7), if X = —1, then the representation matrix A is rewritten as

-1 -1-94
A= ( —1445 -1 ) '
In this case § = —1+ ¢ and v = —1 — 4. The Lie group Gy(—1+ 4, —1 — §) is an almost Kenmotsu (—2, —24, 2)-
space.

Example 9.4 (Pseudo-symmetric Lie groups). When Sy = 1, the simply connected Lie group Gy(8,37') is
realized as
e ?coshz [ le ?sinhz =z
GH(B,ﬁ_l) = Be *sinhz e *coshz gy z,y,z €R
0 0 1

The principal Ricci curvatures are

2 2 2 2 2
—2—2—52@3 12, 2—W<5+1> 2+ﬁ</3+1>.

In particular, as we saw before, Gu(1,1) and Gy(—1,—1) are locally symmetric and isometric to H?(—4) x R.

Remark 9.3. The simply connected almost Kenmotsu Lie group Gy (8, 7) has negative constant scalar curvature
s = —2(3 + A\?) and constant square norm || S|? = 4(\? + (6 + 4)\? + 3) of the Ricci operator S. Thus we have the
inequality

w\mm

S
2 < 2 <
C <SP <
One can confirm that

e $2/3 < |S|% holds when and only when A = 0, i.e., Gy(3, v) is isometric to H3(—1).

e 5%/2 <|S|? holds when and only when 6 = 0, i.e., Gy (3, 7) is isometric to H?(—4) x R.
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o én(ﬂ, «v) is conformally flat when and only when A =0 or 6 = 0.

In [18], Cheng, Ishikawa and Shiohama proved that a complete conformally flat Riemannian 3-manifold M of
constant negative scalar curvature and constant square norm of the Ricci operator is isometric to a space form
or else the square norm | S|? satisfies

2 2
S S
<SP < =.
3<|| I <3

The almost Kenmotsu Lie group Gu(B,7) with A= (8+~)/2#0 satisfies this inequality. But it is not
conformally flat unless ¢ = 0.

9.5. Solvable Lie group models

In this subsection we study simply connected non-unimodular Lie group G 4 with representation matrix

—2—c 0
A_< 0 C), ceR. (9.5)
Note that trA= —2 and D = —c(c+ 2). We equip the standard left invariant almost Kenmotsu structure
(p,€,m, g) on G 4. we denote the resulting almost Kenmotsu manifold by S(c). The metric on S(c) is
g= e2(et22q? 4 e 2% dy? + d22.

Since D = 0 if and only if ¢ = 0 or ¢ = —2, S(0) and S(—2) are isometric to H?*(—4) x R.
Note that this 1-parameter family of homogeneous spaces can be seen in [106]. The Lie algebra s(c) of S(c) is
spanned by the orthonormal basis

00 1 00 0 2-¢ 0 0
Ei=o0oo0oo0 ), Be=l00 1], E= 0 ¢ 0
00 0 00 0 0 00

We denote by the left invariant vector field on S(c) which is obtained by left translation of E; (i = 1,2, 3) by the
same letter. Then we have 5 9 9

EQ =e¥— E; = —. (96)

E, = —(c+2) _
1=e ox’ oy’ 37 02

The sectional curvatures are given by
H=Kj=K(ENE) =clc+2), Kiz=K(FE NE3)=—(c+2)? Ko3=K(EyAFE3)=—c
The operators h and h’ are computed as
hE; = (c+1)Es, hEy=—(c+1)E;, hE;=0,
WEy =(c+1)E;, hEy=—(c+1)E;, WE;=0.

From these we notice that the matrix (9.4) and (9.5) are related by A = 1 + ¢. Hence S(c) is an almost Kenmotsu
(k,0,2)-space (equivalently (x, —2)’-space) with k = —1 — A% = —1 — (¢ + 1)%. Moreover S(c) is isomorphic to
Gu(c+1,c+ 1) in Example 9.2.

Example 9.5 (Hyperbolic space). For ¢ = —1, then S(c) is the warped product model R(z) x .- E2(z,y);
(R®(z,y, 2), €**(da® + dy?) + d2?)

of the hyperbolic 3-space H3(—1) of constant curvature —1 (Example 5.1). The almost Kenmotsu structure
satisfies

(Vx@)Y = g(pX,Y)E = n(Y)pX
for all vector fields X and Y on S(—1). Hence S(—1) is a Kenmotsu manifold. The solvable Lie group S(—1)
coincides with the non-unimodular Lie group Gy (0, 0) in Example 9.1.
Example 9.6 (H?(—4) x R). Choose ¢ = —2. Then S(c) is the Riemannian product of R(z) and the warped

product model R(z) x.2- R(y) of the hyperbolic plane H?(—4). The structure is strictly almost Kenmotsu. The
metric is expressed as dz? + e**dy? + dz2.
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Example 9.7 (H?(—4) x R). Choose ¢ = 0. Then S(c) is the Riemannian product of R(y) and the warped product
model R(z) x.2- R(x) of the hyperbolic plane H?(—4). The structure is strictly almost Kenmotsu. The metric is
expressed as e*?dz? + dy? + dz?. The homogenous almost Kenmotsu 3-manifolds S(0) is isomorphic to the
example H?(—4) x R in Example 5.2 as an almost Kenmotsu manifold under the isometry:

wi=2x, vi=e ¥, t:=uy.

Note that this is the isometry given in (5.7) with k = 2.

Kenmotsu [70] generalized the Weierstrass-Enneper’s representation formula for minimal surfaces in
Euclidean 3-space E? to surfaces in E* with prescribed mean curvature function. Kenmotsu'’s representation
formula inspired differential geometers to obtain such a formula for surfaces in hyperbolic 3-space H?(—1).
In 1987, Gées and Simdes [43] obtained integral representation formulas for minimal surfaces in H?(—1) and
H*(—1). Gées and Simdes used the upper half space model of the hyperbolic spaces. In 1997, Kokubu [74]
obtained an integral representation formula for minimal surfaces in the hyperbolic space H"(—1) of arbitrary
dimension n > 3 by using the solvable Lie group model S(—1). Kokubu’s formula for S(—1) is generalized to
general G(c) in [47, 48, 66]. Nistor [79] studied constant angle surfaces in S(c).

9.6. The type IV Lie algebra

Let us consider a 3-dimensional non-unimodular Lie group G [3, 7] of type IV equipped with a left invariant
almost Kenmotsu structure. The Lie algebra g/ [3,~] is determined by the commutation relations:

[61762] = 7eé1, [623 63] = _661; [637 61] - _261~

Then the Levi-Civita connection is described as

B
Ve,e1 = —vex — 2e3, Ve, ea =1ver + 568 Ve €3 = 2e; — 562

ges, Ve,e2 =0, V,e3= _geh 9.7)

V52€1 =
B B
Vegel = *56% VegeZ = 5617 v63€3 = 07

The Lie group G/ [3, 7] is strictly almost Kenmotsu. The unimodular kernel is spanned by
2
er, &+ ;(61 — e2).
The operators h and »’ are given by

B
he; = 561 tes, hey =e; — 562

l I
h61=61—§62, h€2:—§61—62.

The eigenvalues of h are 0, A and —\ where

Ao VA

2
The covariant derivative V¢h is computed as

Veh = Bhe.
This formula implies that § = — /2. Hence V¢h = 0 holds when and only when 5 = 0.
Remark 9.4 (h-eigenframe). To look for h-eigenframes, one need to rotate {e, ez} as

u; = cosfe; +sinfley, wus = —sinfe; + cosbes

with angle 6 determined by

cos(20) = L, sin(26) = 2

CZE NCETS
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Then {u1,u2,u3 = ez} is a left invariant h-eigenframe satisfying
hu1 = )\’U,l, hUQ = —/\Ug, hU3 =0.

Note that {u1, u2, us} and {ei, e2, e3} are related by (9.2). More precisely in (9.2), replace e; [resp. €; ] by u; [resp.
e;], then we get the present {e1, €2, e3} and {u1, us, us}.
Moreover {uy, us,us} is a global h-eigenframe as in Lemma 6.2 with

b=~cosf, c=r~sinf, 0= —g.

Remark 9.5. The Lie group G[a, 7] of type IV in [64, 65] is related to G/ [3,~] by

Gla,y] = Gv[-2a,9],  Gw[B1] = G[-5/2,7].
The Riemannian curvature R, Ricci operator S and the the scalar curvature are described as
(2 P _ (B - _
Rlev,ea)er = (7" = ez +27e3,  Rlen,ex)ez = | 7= =77 ) er = Bres,  Rler,ea)es = —y(2e1 — Bea),

2 2
R(eq,e3)er = 2ves + (4 - 6) e3, R(ey,ez)es = —2ve; —20e3, R(er,ez)es = <ﬁ4 - 4) e1 + 28ea,

4
352 352
R(es,e3)er = —PB(vea +2e3), R(ez, e3)es = Pryer + el R(ea, e3)es = 2[e; — e
2
P = V=4, p12=2B, piz=—H,
ﬂQ 9 2
P22 5 Y, P23 Y, P33 B) )
? 2
=5 _22_3.
S 5 o
The principal Ricci curvatures are
2 2 52
N Y P ARy O S
B ) B o B

These formulas show that this Lie group is never H-almost Kenmotsu (see also [94, Theorem 8]). Moreover
Gw |8, 7] is always pseudo-symmetric. One can check that £:5 = 0 holds when and only when g = 0.
Let us consider a leaf of the canonical foliation D. Then the shape operator A has the components

_( =2 B/2
A= (on )
relative to {e1, e2}. Thus L has extrinsic curvature —3? /4 and hence K, = —? < 0.
The characteristic Jacobi operator is given by

2

2
6(81) = <54 — 4) e1 + 20eo, 5(62) =20e; — %62.

Here we compute the Lie derivative £¢¢:
(£el)er = 2B(Ber + 2e2),  (£el)er = —B2(Ber + 2e2).

Proposition 9.3. Let G be a 3-dimensional non-unimodular Lie group equipped with a left invariant almost Kenmotsu
structure. Assume that the Lie algebra is of type IV. Then the following properties are mutually equivalent:

* 3=0.

* £l =0 holds.

* £¢S =0holds.

* (VeS)€ = 0holds.
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V¢S = 0 holds.

S is n-parallel.

R is n-parallel.

G is locally symmetric.
G is semi-symmetric.

Proof. The equivalence of 3 =0 and V.S = 0 can be checked by direct computation. The covariant derivative
VS is computed as

2

(VerS)er == - (ea +265), (Ve S)ea = =5 (Brer + dea — (77 — d)es),

(VerS)es = = 5 (2661 — (77— A)es — yes),

(Ve,S)er =§(2/37€1 +2vex + (82 —7*)es),  (Ve,S)e2 = B(yez + Bes),
(VesS)er =§ (48e1 — (B2 — 4)ex — 27e3),  (VeyS)ea = —g ((B% —4)er + 4Bey — Byes, )
By

(V%S)eg = — 7(262 — ﬁeg).
From these we deduce that
VS=0<=VS=0<= (VeS){ =0 g =0.

In a similar manner one can check that R - S = 0 if and only if 5 = 0. For example (R(e1, e2)5)e; is computed as

(R(el, 62)5)61 = 52 {561 — i(ﬂg — 4)62 — ;63} .

O

Since ¢ ¢ u', the leaf of the canonical foliation through the origin is different from the canonical normal
subgroup U. Here we study the canonical normal subgroup U. It is known that U is intrinsically flat. Here we
compute the extrinsic curvature of U.

Take a basis

)(1:(317 X2:2(61762)+’Y§

of the unimodular kernel u. Then we can take a unit normal vector field of U as

N= L (yest20).

V2 +4

The shape operator derived from N is

Ay = L <72+45 272+§72+8>
v+ 7 8

Let us compute the extrinsic curvature Key¢t(U) of U. Direct computations show that

1
(AvXp, X1) =v? +4, (AuXy, Xo) = Svy? +4(6 +4),

(AuXo, Xa) =24/72 +4(8 + 2).
Q(X1, X2) :=(X1, X1)(X2, X2) — (X1, X2)? =+* + 4.

Hence
62
Kext(U) Ty
On the other hand, we have
2
(R(X1,X2) X1, Xo) = —%( > +4)
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Hence we get
(R(X1, X2) X1, Xo) _ B2
K(X1 A Xp) = — -2
an ) Q(X1, X2) 1

This confirms that the Gauss curvature K of U is 0.
In the Lie algebra g/[3, 7], we can take an orthonormal basis {E1, E», E3} as

—2eq + 7€

V74
Then one can confirm that trad(E;)=trad(E2) =0 and [E;,E;] =0. Hence {E;,E,;} spans u. The
representation matrix Ag - of ad(Es) relative to {E, Es} is

n= (VD).

0

E1 =1, E2 = E3:N

This representation matrix implies that the above definition of { £, 5, Es} is consistent with (9.1).
Remark 9.6. The Lie algebra g with A= Ag, coincides with G,; in [93, Example 4.6] under the choice
a=—/v2+4and b= —0.

Note that tr Az, = —/7? + 4 and D = 0. The Ricci operator has the components
B2 _ (42 —B+/~2 _ 4By
2 (v¥+4) B '72 +4 Vi
S=| —-B/12+4 -5 0 (9-8)

_ 4By B (2

V44 0 5 — (7 +4)

relative to {E4, Es, E3}. Note that the orthogonality condition ([E3, E4], [Es, Es]) = 0 is equivalent to § = 0. In
case f = 0, S is diagonalized.

On the other hand, we know that H?*(—£?) x R is realized as a simply connected non-unimodular Lie group

éAWith
-k 0
A_< ; 0).

(see Example 5.2). Hence the universal cover G (8,7 of Gi/[B,7] is isomorphic to H?(—4 — %) x R as a Lie
group. However the spectrum set of the Ricci operator S is not identical to {—4 —7?, —4 — 4,0} in general.

One can see that Gy [3,~] is isometric to H?(—4 — 4%) x R when and only when 3 = 0, i.e., L is extrinsically flat
(cf. [93, Theorem 5.1-I1I]).

Corollary 9.1. Let G be a 3-dimensional non-unimodular Lie group equipped with a left invariant almost Kenmotsu
structure. Assume that the Lie algebra g of G is of type IV, then the following properties are mutually equivalent:

* The leaves of the canonical foliation are extrinsically flat.

The characteristic Jacobi operator € is invariant under the flow of €.

The Ricci operator S is invariant under the flow of €.

G is semi-symmetric.

G is locally symmetric.

G is locally isomorphic as a Lie group and isometric to H?(—4 — v%) x R for some ~y # 0.

Here we give an explicit model for G 18,7

Example 9.8 (Simply connected Lie group of type IV). The simply connected non-unimodular Lie group
Gw|[f3,7] determined by A = A , is given explicitly by

B exp(—+/7% + 42) %(exp(—\/v2 +42)-1) =z
Gw[B,7] = 0 1 y z,y,z € R
0 0 1

The Lie algebra g [3, 7] of Giv[8,] is spanned by the orthonormal basis
9]
Ey =exp(—vV/y2 + 4,2)%7 Ey =
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The global orthonormal frame field {e1, e2 = pe1, e3 = £} is computed as
0
e1 =exp(—v/2 + 42)%1
28 5 0 1 0 0
SO R D) 2
= Gryape PV )~ g \/m( Iy ”az)’

By - B | o 0
= (exp(—/A2 4 dz) ) b (= 22 ),
€3 (72 I 4)3/2 (exp( v + Z) )8$ + /7’72 i 1 ’Yay + 32

The left invariant metric g is expressed as

2
g=exp(2y/2 +4z2)dz? + {1 + 5 (exp(v/7? +42) — 1)2} dy?

7
(7 +4)

2 VY2 +4
+ fexp(y/o® + Z)(exp(\/'yQ—l—élz)—1)dxdy+d22.

7?2+ 4

The Ricci operator is given by (9.8) relative to { £y, Es, E3}.

Example 9.9 (H?(—4 — 7?) x R). In case 3 = 0, the Ricci operator has components

—(v2+4) 0 0
0 0 0
0 0 —(v*+4)

Hence Gi/[0,7] is semi-symmetric and isometric to H?(—4 — %) x R. The canonical normal subgroup U is
extrinsically flat.

The Lie group Giy[0,~] is realized as the following non-unimodular Lie group

_ exp(—y/v2+42z) 0 z
GIV[()?’Y]: 0 1 Yy l‘,y,ZGR
0 0 1

equipped with a left invariant Riemannian metric
g = exp(2v/72 + 4 2)da? + dy? + d22

This shows that G[0,~] is interpreted as a warped product R?(y, z) x s R(z) with warping function f(z) =

exp(v/72 +42).

Take a global orthonormal frame field:

0 1 0 0 1 0 0
= —+/72 + — E— ) — e — — —
e1 = exp(=vy 42)895’ “ V2 44 ( 23y+78z)’ “s 214 (v8y+282>'

Define an endomorphism field ¢ by
pep = ez, @es = —e1, @ez=0.

Equivalently,

0 _exp(V?+de) (.0 0
70w VA2 + 4 ay oz )

0 2exp(—y/1*+42) 0
Yoy NE T
0 _yexp(—=v/7*+4z2) 0
0z VA2 +4 oz’
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Set ¢ = e3. Then the 1-form 7 metrically dual to ¢ is

n=———=(ydy +2dz2).

Vi +4

1
2

The fundamental 2-form is
\/ V244
o exp(V7® £ Z)(de/\dyffydx/\dz).

Vi +4

One can check that dn = 0 and d® = 25 A ®. Under the isometry (5.7), the metric of Gw[0,7] is transformed as

The orthonormal frame field is transformed as

0 0 2 0 0 0 0
= — 2 4 _— = _—— :2 _— —_—
el Vet Ve 2T 7V5, a0t €3 U8v+ a0t

Hence

1 2dv vt
n= gl
V24 \ VA2

Under the limit v — 0,  converges to dv/(2v). This is the (opposite sign of the) 1-form of the standard almost
Kenmotsu structure of H?(—4) x R given in Example 5.2.

10. Ricci curvatures of almost Kenmotsu 3-manifolds

Now we start our investigation on Ricci tensor field and related tensor fields on almost Kenmotsu 3-
manifolds.

10.1. The parallelism

As is well known, locally symmetric Kenmotsu manifolds are of constant curvature —1. In [34], Dileo and
Pastore proposed the following question:

Is a locally symmetric almost Kenmotsu manifold either Kenmotsu of constant curvature —1 or locally
isometric to the product H" ™! (—4) x R™ ?

As a partial affirmative answer, they proved that locally symmetric almost Kenmotsu manifolds of
dimension greater than 3 satisfying R(X,Y )¢ = 0 for all vector fields X and Y orthogonal to £ are Kenmotsu of
constant curvature —1 or locally isometric to the product H" 1 (—4) x R™.

Next, Wang and Liu [111] proved that locally symmetric CR-integrable almost Kenmotsu manifolds of
dimension greater than 3 are Kenmotsu of constant curvature —1 or locally isometric to the product H" 1 (—4) x
R™. It should be remarked that 3-dimensional almost Kenmotsu manifolds are automatically CR-integrable. In
this section we give a complete classification of (simply connected and complete) locally symmetric almost
Kenmotsu 3-manifolds.

10.2. The system of local symmetry

We compute the covariant derivative V.S and the derivative R - S over Uf;. Take a local orthonormal frame
field {e1, e2,e3} as in Lemma 6.2, then we have

(Ve,S)er = {er(p11) +2bp12 + 2p13ter + {e1(piz) — b(p11 — p22) — Ap1s + pastes
+{e1(p13) — (p11 — p33) + Ap12 + bpastes,

(Ve,S)ea = {er(piz) — b(p11 — p22) — Ap13 + paster + {e1(p22) — 2bp12 — 2Apastes
+ {e1(p23) — p12 — bp13 + A(p22 — p33) e,

(Ve,S)es = {e1(p1s) — (p11 — pss) + Ap12 + bpaster + {e1(p2s) — p1z2 — bpiz + A(p22 — p33) beo
+ {e1(ps3) — 2p13 + 2\pazfes.
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Hence V., S = 0if and only if

e1(p11) + 2bp12 +2p13 = 0,

e1(p12) — b(p11 — p22) — Ap13 + p23 = 0,
e1(p13) — (p11 — p33) + Ap12 + bpas = 0,
e1(p22) — 2bp12 — 2Ap23 = 0,

e1(p23) — p12 — bp1z + A(p22 — p33) =0,
e1(p33) — 2p13 + 2Ap23 = 0.

(Ve,S)er = {ea(pr1) — 2cp12 — 2Ap1ster + {ea(p12) + c(pi1 — p22) + p13 — Apastea,
+ {e2(p13) + A(p11 — p33) — p12 — cpastes,

(Ve,S)ea = {ea(p12) + c(pi1 — paz) + p13 — Apaster + {ea(p22) + 2cp12 + 2p23tes
+ {e2(p23) + Ap12 + cp13 — (p22 — p3s) fes,

(Ve,S)es = {ea(p13) + A(p11 — p33) — p12 — cpazter + {ea(pas) + Ap12 + cp13 — (pa2 — p33) ez
+ {ea(ps3) + 2Ap13 — 2pastes.

Hence V., S = 0 if and only if

2(p11) — 2ep12 — 2Ap13 =0,

ea(p12) + c(p11 — p22) + p13 — Ap2z =0,

D

2
e2(p22) + 2¢cp12 + 2p23 = 0,
ea(p23) + Ap12 + cp13 — (p22 — p33) =0,

)
)
p13) + A(p11 — p33) — p12 — cpas = 0,
)
)
)

e2(p33) +2Ap13 — 2p23 = 0.

(Ve S)er = {es(pi1) — 2apiater + {es(pi2) + a(pi1 — p22) tea + {es(p13) — apastes,
(VesS)ea = {es(pi2) + alpin — paz)ter + {es(pe2) + 2ap12) bea + {es(p23) + apiztes
(VesS)es = {es(p1s) — apaster + {es(p2s) + apistes + &§(ps3)es.

Thus V¢S = 0 if and only if

10.3. Classification

e3(p11) — 2ap12 = 0,
e3(p12) + alp11 — p22) =0,
e3(p13) — apaz =0,
e3(p22) + 2ap12 = 0,
(p23)
(p33)

(10.1)
(10.2)
(10.3)
(10.4)
(10.5)
(10.6)

(10.7)
(10.8)
(10.9)
(10.10)
(10.11)
(10.12)

(10.13)
(10.14)
(10.15)
(10.16)
(10.17)
(10.18)

Now let us assume that M is a locally symmetric almost Kenmotsu 3-manifold. Then the scalar curvature
s is constant on M. If M = Uy, then M is a Kenmotsu manifold of constant curvature —1. Hence M is locally
isometric and to H3(—1). Moreover M is locally isomorphic to Gy(8, —3) for some /3 as a Kenmotsu 3-manifold.
Hereafter we assume that ¢/; is non-empty. On &/ we take a local orthonormal frame field {ei, ez, e3} as in

Lemma 6.2.

From g((Ve,S)es, e3) = 0, that is, (10.18), we get £(\) = 0. Thus we have p;2 = 2. Thus we obtain

9((VesS)er, e2) = a(pir — p22) = 0.

and Since p1; — p22 = —4a), we get o\ = 0. Thus a = 0 on Y. This implies that V¢h = 0 on U;. Moreover

holds on U;.

s
0112022254-1—1—)\2
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Proposition 10.1. If an almost Kenmotsu 3-manifold M is locally symmetric then M satisfies V¢h = 0.

The converse statement of this Proposition does not hold. In fact the Lie group Gr(\,\) with A\? #1 in
Example 9.2 satisfies V¢h = 0 but it is not locally symmetric.

Proposition 10.2. On Uy, A is constant.

Proof. From the condition g((V,, S)e1, e1) = 0, we get e2(A\) = Xe1(A). Analogously from g((V,,S)es, e2) =0, we
get e1(A) = Aea(N). Since £(A) = 0, A is constant. O

Hence the Ricci operator has components

s/24+ A2 +1 2\ —2)b
2 s/24+ N +1 —2)\¢
—2\b —2)\e —2(1+ \?)

Since A is constant g((V.,S)e1,e2) = 0 reduces to pas = Ap13. In addition ¢g((V.,S)es2,e1) = 0 reduces to p15 =
Apa3. Hence
(N =1Dp13=0, (A —1)pp3=0

hold on U;. Since ) is constant on ¢;, we have two possibilities: (1) A? # 1 or (2) A? = 1.

First we discuss the case \? # 1. In this case pi3 = p23 = 0 on Uy, hence U; is H-almost Kenmotsu. Thus we
obtain b = ¢ = 0 on U;. Next, since b = ¢ = 0, the scalar curvature is s = —2()\? + 3) because of (6.3). Hence the
components of the Ricci operator are

—2 2\ 0
2N -2 0
0 0 —2(1+A%

The principal Ricci curvatures are
—242)\, —2-2)\, —2-—2A\.

The orthonormal frame field satisfies the commutation relations:
[e1,e2] =0, [e2,e3] = —Aey +ea, [es,e1] = —e1 + Aea.

These show that U/, is locally isometric to the non-unimodular Lie group Gy (A, A) exhibited in Example 9.2 and
locally isomorphic to G(), 0) as an almost Kenmotsu mannifold. However G (A, A) is locally symmetric when
and only when A\? = 1. This contradicts to the assumption A? # 1 on ¢/;. Thus we proved the following result.

Proposition 10.3. If an almost Kenmotsu 3-manifold M is locally symmetric then M is a Kenmotsu manifold of constant
curvature —1 or strictly almost Kenmotsu manifold satisfying tr h? = 2.

Thus we know that A =1 or A = —1 on U;. Since p13 = Ap23 and p23 = A\p13, we have ¢ = Ab and hence the
Ricci operator has components:
s/2+2 2\ —2Xb
2X  s/2+2 -2
—2\b —2b —4

Next from the Jacobi identity, we have £(b) = 0. We prove the constancy of b. First, from g((V, S)e1, e3) =0, we
have
2/\61(b) = —pP11 — 2 — 2b2.

Next, from g((Ve,S)e1, e3) = 0, we have
262([)) = P11 + 2 -+ 2b2

Thus we get

and
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From g((Ve, S)es, e3) = 0, we have
P22 = 2)\61([)) —2-2p = g + 2.

By using p11 = p22, we obtain e; (b) = 0 and hence e,(b) = 0. Thus we conclude that b is constant. Here we set
7 := bv/2. Then the scalar curvature is —2(v? + 4). Hence the Ricci operator is

%2 -2 2\ —V2\y
2 2 -2 2y |, A=4+L
—V2\y —V2y A

The commutation relations are

[61,62] = l(€1 - /\62), [62, 63] = —JXe1 + e, [63, 61] = —e1 + Xey, A= =%l1.
V2
It should be remarked that ¢/, is H-almost Kenmotsu if and only if v = 0. In case v = 0, we notice that ¢, is
locally isomorphic to Gp(1,1) or Gp(—1, —1) in Example 9.2. In this case U is locally isometric to H?*(—4) x R.
In case A = 1, then we rotate the orthonormal frame field and get a new one {E1, Es, E3} as

1 1
i =—(e1 —e2), Fo=—(e1+e2), FE3=es.
1 \/i( 1 —€2) 2 \/5( 1+ e2) 3 3
Then the new frame field satisfies
[E1, Ex] =~ Ey, [Ea,E3] =0, [E3 Ei]=-2E, WE =E, hEy=—FE;, }IFE;3=0. (10.19)

Hence U4 is locally isomorphic to Giy[0, ] in Example 9.9. Thus U/ is locally isometric to H?(—4 — %) x R.
In case A = —1, then set

1 1
Ei= ——(e1 +eg), Ey=—
1 \/i (61 62) 2 ﬁ
This new frame field satisfies (10.19) and hence U/, is is locally isomorphic to Gy [0, 7].
Henceforth we proved that U/ is locally isomorphic to H?(—4 — 7?) x R as an almost Kenmotsu manifold.
Conversely we know that H?(—1), H*(—4) x R and H?(—4 — ?) are locally symmetric.
Thus we arrive at the following classification theorem.

(—61 + 62), FE3 = es.

Theorem 10.1. Let M be an almost Kenmotsu 3-manifold. Then M is locally symmetric if and only if M is one of the
following spaces:

1. If M is H-almost Kenmotsu, then M is a Kenmotsu manifold of constant curvature —1 or locally isomorphic to
H?2(—4) x Ror

2. If M is non H-almost Kenmotsu, then M is locally locally isomorphic to H?(—4 — v%) x R for some ~ # 0.

This classification result was announced in [21] (see also [22, 109]).

The third example H?(—4 — 7?) x R was discovered in [93, Theorem 1.2 Case (IV)]. This classification gives a
negative answer to the question posed by Dileo and Pastore in dimension 3 (see also [21, 22, 109]).

From Theorem 10.1, the following corollary is deduced (see also [110]).

Corollary 10.1. Let M be an almost Kenmotsu 3-manifold satisfying V¢h = 0. Then M has harmonic curvature, that is,
(VxS)Y =(VyS)X
for all vector fields on X and Y if and only if M is one of the following spaces:

1. If M is H-almost Kenmotsu, then M is a Kenmotsu manifold of constant curvature —1 or locally isomorphic to
H2(—4) x Ror

2. If M is non H-almost Kenmotsu, then M is locally locally isomorphic to H?(—4 — v*) x R for some y # 0.

Theorem 10.1 says that local symmetry (equivalently the parallelism of S) is a very strong assumption for
almost Kenmotsu 3-manifolds. We are interested in more mild condition for S. First we are interested in the
semi-symmetry. The full classification of proper semi-symmetric strictly almost Kenmotsu 3-manifolds is still
open. Some partial classifications are obtained.
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Theorem 10.2 ([64]). Let M be an almost Kenmotsu 3-manifold satisfying V¢h = —26 hy for some constant 6. Then M
is semi-symmetric if and only if M is locally symmetric.

Theorem 10.3 ([64]). Let M be a proper semi-symmetric H-almost Kenmotsu 3-manifold, then it is locally a generalized
almost Kenmotsu (k, p, v)-space satisfying

RE=X (2 +0v2%), P +1P>4, s=4r< -4, up#0.

Theorem 10.4 ([64]). There does not exist a proper semi-symmetric H-almost Kenmotsu 3-manifold satisfying
d(tr(h?)) An=0.

Here we propose the following problem:
Problem 1. Classify pseudo-symmetric almost Kenmotsu 3-manifolds (including semi-symmetric ones).
As a partial answer, pseudo-symmetric homogeneous almost Kenmotsu 3-manifolds are classified as follows:

Proposition 10.4. Let M be a pseudo-symmetric homogeneous almost Kenmotsu 3-manifold. Then M is locally
isomorphic to the following simply connected Lie groups:

e The Kenmotsu Lie group Gy(3, — ) for any 8 € R (locally symmetric).

e The strictly almost Kenmotsu Lie group Gy (3, 3~1) for B # 0. It is proper if and only if 3 # +1. The Lie group
Gu(1,1) and Gy(—1,—1) are isomorphic to H2(—4) x R as a homogeneous almost Kenmotsu 3-manifold (locally
symmetric).

e The strictly almost Kenmotsu Lie group G [3,~] for any B, v € R, v # 0. In particular, Gy [0, is isomorphic to
H?(—4 — %) x R as a homogeneous almost Kenmotsu 3-manifold (locally symmetric).

It should be emphasize that there exist non-homogeneous proper pseudo-symmetric almost Kenmotsu 3-
manifolds, see Example 7.2 and Example 7.3.

Theorem 10.5 ([64]). Let M be an H-almost Kenmotsu 3-manifold. If M is proper pseudo-symmetric then

* M is a Kenmotsu 3-manifold of non-constant curvature and L = —1,
* M is locally a generalized almost Kenmotsu (k,0,0)-space with k < —1, s # 6k and L = k, or
* M is locally a generalized almost Kenmotsu (k, pu, v)-space with k < —1, H =s/2 —2and L = H = k.

10.4. The strong n-parallelism

One of the relaxation of local symmetry (parallelism of S) is the n-parallelism of S. In our previous paper
[53], the present author investigated n-parallelism of S of Kenmotsu 3-manifolds.

Theorem 10.6 ([53]). A Kenmotsu 3-manifold M has n-parallel Ricci operator if and only if it is locally isomorphic to
the warped product I X ... M, where I is an interval and M is of constant curvature.

For Kenmotsu 3-manifolds, n-parallelism and strong n-parallelism of .S are not equivalent.
Theorem 10.7 ([53]). Let M be a Kenmotsu 3-manifold. Then the following properties are mutually equivalent:

e The scalar curvature is constant along the trajectories of €.
The scalar curvature is constant.

The scalar curvature is —6.

The holomorphic sectional curvature is constant.

The Ricci operator is strongly n-parallel.

M is locally symmetric.

M is of constant curvature —1.

Thus the warped products
E! X et S2(k?), E! x o H2(—E?)

are Kenmotsu 3-manifolds whose Ricci operator is 7-parallel but not strongly 7-parallel.
Up to now, classification of almost Kenmotsu 3-manifolds with n-parallel Ricci operator is still open.

Problem 2. Classify almost Kenmotsu 3-manifolds with n-parallel Ricci operator.
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Here we quote the following result.

Proposition 10.5 ([65]). An almost Kenmotsu 3-manifold M has n-parallel Riemannian curvature if and only if
dH(X) +2p(X, &) + 2p(heX,£) =0 (10.20)

for all vector field X orthogonal to &.

Moreover M has strongly n-parallel Riemannian curvature if R is n-parallel and dH (§) = 0 holds.

In particular if M is H-almost Kenmotsu, then R is n-parallel if and only if the holomorphic sectional curvature H is
n-parallel. In addition, an H-almost Kenmotsu 3-manifold M has strongly n-parallel Riemannian curvature if and only
if H is constant.

We know some examples of almost Kenmotsu 3-manifolds whose Ricci operator is n-parallel but not parallel.
See Example 7.1 and Example 7.2. Some partial classification of almost Kenmotsu 3-manifolds with n-parallel
Ricci operator were obtained in [65]. Here we only quote the following results.

Proposition 10.6 ([65]). Every almost Kenmotsu Lie group Gu(3,~) has n-parallel Ricci operator.

1. The Ricci operator is strongly n-parallel when and only when § = +~. In case f = —v, Gu(B, —p) is locally
isometric to H3. In case 8 = v, Gu(B, B) is an almost Kenmotsu (—1 — 82,0,2)-space and (—1, — 32, —2)'-space.

2. The Ricci operator is dominantly n-parallel if and only if B = —v or f =~ = %1. In the former case G (3, —f)
is Kenmotsu and of constant curvature —1. In the latter case, Gy(1,1) and Gy(—1,—1) are locally isometric to
H2(—4) x R.

Proposition 10.7 ([65]). For a homogeneous almost Kenmotsu 3-manifold M, the dominant n-parallelism of the Ricci
operator is equivalent to the local symmetry.

Proposition 10.8 ([65]). Let M be an almost Kenmotsu 3-manifold satisfying V¢h = 0. Then the dominant n-parallelism
of the Ricci operator S is equivalent to the parallelism of S.

In [29, Theorem 4.1], De claimed that if a Kenmotsu 3-manifold M has n-parallel Riemannian curvature, then
M is of constant scalar curvature. However the conclusion of [29, Theorem 4.1] should be corrected as "M has
n-parallel scalar curvature". This is a special case of Proposition 5.2. One can see that the conclusion of [29,
Theorem 4.1] is true under the assumption R is strongly n-parallel. Hence we obtain the following result.

Proposition 10.9. A Kenmotsu 3-manifold satisfies the condition
P {(VwR)(X,Y)Z} =0
for all vector fields X, Y, Z orthogonal to & and any vector field W on M if and only if M is of constant curvature —1.

This Proposition corrects [51, Corollary 4] and [53, Corollary 2.2].

10.5. The characteristic flow invariance

It is known that every Kenmotsu 3-manifold satisfies the commutativity condition [S, ¢] = 0. More generally,
we know that the commutativity [S, ¢| = 0 is equivalent to the generalized almost Kenmotsu (x,0)-condition
(see Corollary 7.1).

Next candidate is the invariance under the flows of &. The following result is due to Cho, Kimura and
D. Perrone.

Theorem 10.8 ([27, 95]). Let M be an H-almost Kenmotsu 3-manifold. Then M satisfies £¢S = 0 if and only if M is
either Kenmotsu 3-manifold of constant curvature —1 or locally isomorphic to a non-unimodular Lie group Gu (8, B) with
B # 0 given in Example 9.2.

Up to now full classification of almost Kenmotsu 3-manifolds satisfying £S5 = 0 is still open.
Problem 3. Classify almost Kenmotsu 3-manifolds satisfying £¢5 = 0.
Perrone obtained a classification of those spaces under the homogeneity (see [95, Theorem 1.2]).

Theorem 10.9. Let M be a homogenous almost Kenmotsu 3-manifold. If M satisfies £¢S =0, then M is a locally
isometric to and locally isomorphic as an almost Kenmotsu 3-manifold to one of the following spaces:

dergipark.org.tr/en/pub/iejg 518


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

J. Inoguchi

1. The hyperbolic 3-space H3(—1) realized as Gy (0,0) in Example 9.1. The structure is Kenmotsu.
2. The hyperbolic 3-space H3(—1) realized as Gy (83, —f3) in Example 9.1 with 3 # 0. The structure is Kenmots.
3. The Lie group éu(b’, B) in Example 9.2 with 3 # 0. It is H-almost Kenmotsu.

4. The non-unimodular Lie group G [B,~] with type IV Lie algebra. It is never H-almost Kenmotsu.

Generally speaking, the condition £.¢ = 0 is weaker that £S5 = 0. In Section 11 we shall study this property
for almost Kenmotsu 3-manifolds under the assumption that ¢ is an eigenvector field of S. It should be

remarked that for Gv[8,7], £¢¢ = 0 is equivalent to £¢S = 0.

11. Characteristic flow invariant characteristic Jacobi operator

11.1. The Lie derivative £

In our previous paper [26] we have investigated contact Riemannian 3-manifolds satisfying £¢¢ = 0 under
the assumption that ¢ is an eigenvector field of S (i.e., H-contact assumption). Corresponding classification
for almost cosymplectic 3-manifolds was given in [54]. In this section we study almost Kenmostu 3-manifolds
satisfying £:¢ = 0 under the assumption that ¢ is an eigenvector field of S.

Let M be an almost Kenmotsu 3-manifold. Take the open sets U, and U, as before. In case M = U, then M
is Kenmotsu and £¢¢ = 0 holds. Hereafter we assume that ¢/; is non-empty. We take a local h-eigenframe field
{61, €2, 63} onl = UO U U1 as in Lemma 6.2.

Let M be an H-almost Kenmotsu 3-manifold. Then as we have seen before, )M is locally a generalized almost
Kenmotsu (x, p1, v)-space. In this case S¢§ = 2x€.

In case M = Uy, then S{ =2k and £:¢ = 0 holds on whole M, since M is Kenmotsu. Thus hereafter we
assume that ¢/; is non-empty and take a local orthonormal frame field £ = (e;, ez, €3) as in Lemma 6.2.

We put E(el) = /l11e1 + fa1e0 and 6(62) = f12e1 + £a2e5. Then

(£el)er =[€, L(e1)] — L[S, ex] = [€, trrex + Larea] — L[€, €]
={—E(1+ X2 +208) — 25(E(N) + 20 Yer + {E(EN) +20) — 4X6(\ + 0) Jea.
Analogously we get
(£Le€)ex = {E(E(N) +2X) +4X6(A — 8)er + {—€(1 — A% = 2)68) + 20(£(N) + 2X) }ea.
Since A # 0 on Uy, (£¢0)er = 0 holds if and only if

—E(1 A%+ 2X08) —25(E(N) +20) =0,  £(E(N) +2)\) —4NS(A +6) = 0. (11.1)
On i, (£¢0)e2 = 0 holds if and only if
—E(1 =A% =2X0) +26(E(N) +2X0) =0,  £(E(N) +2X) +4X6(\ — 8) = 0. (11.2)

From (11.1)-(11.2) we deduce that § = 0 on ;. Hence £(\) = 0. Conversely if 6 = {(A\) = 0, then (11.1) and (11.2)
hold on ;. It should be remarked that the system ¢ = {(\) = 0 is equivalent to V¢h = 0. Thus we obtain the
following result.

Proposition 11.1. Let M be an almost Kenmotsu 3-manifold. Then M satisfies £c€ =0 if and only if M satisfies
Veh = 0.

Now let us assume that M is H-almost Kenmotsu. Then M is locally a generalized almost Kenmotsu («, 1, v)-
space with k = —1 — A%, u = —26 and v = £(\) + 2.
The characteristic Jacobi operator ¢ is computed as

UX) = R(X, 8§ = (K1 + ph + veh)(X — n(X)E) = k(X —n(X)§) + phX +vphX.
Hence we get
Ler) = (k+ Aw)er + Aves, L(ex) = dver + (k — Ap)es.
On a generalized almost Kenmotsu (k, i, v)-space we know that (Proposition 5.14)
(k) =2(k+1)(v—2).

From Proposition 11.1 we obtain
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Corollary 11.1. Let M be a 3-dimensional generalized almost Kenmotsu (k, ju, v)-space. Then M satisfies £¢0 = 0 if and
only if M is a Kenmotsu manifold or a generalized almost Kenmotsu (k, 0, 2)-space.

If in addition M is strictly almost Kenmotsu and satisfies dx A n = 0, then M is locally isomorphic to a non-
unimodular Lie group exhibited in Example 9.4.

On the other hand we know that non-unimodular Lie groups whose Lie algebras are type IV and 8 =0
satisfy £¢¢ = 0 but not H-almost Kenmotsu.

Up to now the full classification of strictly almost Kenmotsu 3-manifolds satisfying £¢¢ = 0 is still open.

Problem 4. Classify strictly almost Kenmotsu 3-manifolds satisfying £¢¢ = 0 which are non H-almost Kenmotsu.

11.2. Pseudo-parallelism of ¢

In [63], we studied almost Kenmotsu 3-manifolds with pseudo-parallel characteristic Jacobi operator. For
instance the following results are obtained:

Proposition 11.2 ([63]). There are no almost Kenmotsu 3-manifolds with semi-parallel characteristic Jacobi operator. In
particular, the characteristic Jacobi operator of an almost Kenmotsu 3-manifold can not be parallel.

Proposition 11.3 ([63]). If the characteristic Jacobi operator of an almost Kenmotsu 3-manifold is pseudo-parallel, then
M is H-almost Kenmotsu.

Proposition 11.4 ([63]). Let M be an almost Kenmotsu 3-manifold. Assume that tr ¢ only varies in the direction of &.
Then M has pseudo-parallel characteristic Jacobi operator if and only if M is weakly n-Einstein.

Proposition 11.5 ([63]). Homogeneous almost almost Kenmotsu 3-manifolds with pseudo-parallel characteristic Jacobi
operator are locally isomorphic to the Kenmotsu Lie group Gy (3, —3) for some (3.

12. Harmonic maps
In this section we discuss harmonic maps and Ricci operators on Kenmotsu 3-manifolds.

12.1. Holomorphic maps

Let (M, p,&,n,9) be a Kenmotsu manifold and (N, J,h) an almost Hermitian manifold. A smooth map
f: N — M is said to be a holomorphic map if it satisfies

df o p = Jodf.

On the other hand, a smooth map f:(N,h) — (M, ,&,n,9) of a Riemannian manifold into a Kenmotsu
manifold is vertically harmonic if it satisfies

7(f) = n(7(f))€ = 0.

Assume that N is a Kédhler manifold, then the tension field 7(f) of a holomorphic map f: N — M into a
Kenmotsu manifold is given by [52]:

T(f) = —2e(f)E.
Theorem 12.1 ([52]). Holomorphic maps from a Kihler manifold into a Kenmotsu manifold are vertically harmonic.

Corollary 12.1 ([52],[96]). Holomorphic maps from a Kihler manifold into a Kenmotsu manifold are harmonic if and
only if they are constants.

Gherghe [41] obtained the following result (cf. Rehman [96]).

Proposition 12.1. Let f: M — N be a smooth map from a Kenmotsu manifold M into a Kihler manifold. If f is
holomorphic, i.e., df o ¢ = J o df, then f is harmonic.

Voicu [108] studied holomorphic horizontally conformal submersions from a Kenmotsu 3-manifold
(M,p,&,1m,9) onto an oriented Riemannian 2-manifold (N, gn,J) equipped with a compatible complex
structure J.
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Proposition 12.2 ([108]). Let 7w : M — N be a holomorphic horizontally conformal submersion with dilation A. Then
&(log A) = —1 and the Ricci operator S of M is described as

S=(N7"Ky+Ag(logA)}I-n®&) -2 @&
Here K is the Gauf$ curvature of N and A is the Laplace-Beltrami operator of (M, g).
By using the formula of S, we obtain the following result.

Corollary 12.2. If there exist a holomorphic horizontally conformal submersion from a Kenmotsu 3-manifold M onto a
complex 1-dimensional Kihler manifold N, then M has the scalar curvature

s=2(A*1"Kn + Ay(log A) — 1).

Remark 12.1. In [108, Corollary 3.8], Voicu stated that under the assumption of 12.2, M is weakly n-Einstein. It
should be remarked that every Kenmotsu 3-manifold is weakly 7-Einstein.

Note that Chinea computed the tension field of holomorphic maps between general almost contact
Riemannian manifolds.

Proposition 12.3 ([19]). Let (M, ,&,n,9) and (N,@,a;:,ﬁ,g) be almost contact manifolds. For a holomorphic map
f:+ M — N, its tension field is

7(f) = $trg (£ (VE)) = ful(0g9) + (gm)€) + {(fu&)(f€) — trg (F* (VD) )}E.
Here V is the Levi-Civita connection of §. The vector field 6, is defined by

dgp = trg (Vo)

and related to 0, by

Gherghe and Viicu [42] studied harmonicity of holomorphic maps from locally conformal almost
cosymplectic manifolds into cosymplectic manifolds [42]. Moreover they studied stability of identity maps
of compact locally conformal almost cosymplectic manifolds. Erdem has done more systematic study of
harmonicity of holomorphic maps between almost contact Riemannian manifolds [40].

12.2. The p-condition

During their studies on Levi-harmonic maps, Dragomir and D. Perrone introduced the notion of ¢-condition
for almost contact Riemannian manifolds [39, Definition 3.8].

Definition 12.1. An almost contact Riemannian manifold (M, p, &, 7, g) satisfies the ¢-condition if
Vox (9X) + Vx X = plpX, X]
forall X, Y € I'(D).
Perrone introduced the following tensor field [92]:
P(X,)Y) = (Vxo)(@Y) = (Vex @)Y, X,V € I(TM).

Proposition 12.4 ([92]). An almost contact Riemannian manifold M satisfies the p-condition if and only if P(X, X) =0
forall X € I'(D).

Proposition 12.5 ([92]). On an almost contact Riemannian manifold M, the following three conditions are mutually
equivalent:

* Msatisfies Rawnsley’s condition (A) :
(Vzo)W =0, ZWel(S).

e PX,)Y)=0forall X,Y € I'(D).
o P(X,X)=0and P(X,pX)=0forall X € I'(D).
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~ Now let us compute the (1,1)-part of the covariant exterior derivative dV of ¢ (see [52, p. 359]). For any
Z=X+V-1lpXeI'(S)and W =Y —/—1pY € I'(S), we get

(AVe)(Z,W) = (P(pX.Y) = P(¢pY, X)) = V=1(P(X,Y) + P(Y, X)).

Thus (dV¢)(HY) = 0 if and only if  satisfies p-condition. Thus we obtain

Proposition 12.6. An almost contact Riemannian manifold satisfies p-condition if and only if (4V )Y = 0 holds.

As mentioned in [92], contact Riemannian manifolds satisfy -condition but not the condition (A). On the
other hand, one can check that almost Kenmotsu 3-manifolds never satisfy -condition.

Remark 12.2. According to Dragomir and Kamishima [37] a smooth map f: M — N of a strongly pseudo-
convex CR-manifold M into a Riemannian manifold N is said to be 0,-pluriharmonic if

(Vde)(X,Y) + (Vde)(JX,JY) = 0.

Here V is the Tanaka-Webster connection of M. When M is a normal strongly pseudo-convex CR-manifold
(i.e., Sasakian manifold), d,-pluriharmonicity coincides with the CR-pluriharmonicity in the sense of [52].
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