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Abstract. On a main class of the almost contact manifolds with
B-metric, it is described the family of the linear connections preserving
the manifold’s structures by 4 parameters. In this family there are de-
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1. Introduction

The investigations in the differential geometry of the almost contact mani-
folds with B-metric is initiated in [2]. These manifolds are the odd-dimensional
extension of the almost complex manifolds with Norden metric and the case of
indefinite metrics corresponding to the almost contact metric manifolds. The
geometry of the considered manifolds is the geometry of the both of the struc-
tures — the almost contact structure and the B-metric. There are important
the linear connections with respect to which the structures are parallel. In
the general case such connections, which is called natural connections, are a
countless number. There are interesting those natural connections, which tor-
sion tensor is expressed by the metric tensors and the structural 1-forms of the
investigated manifold. In our case, this condition restricts the manifolds to the
class of the considered manifolds having a conformally equivalent structure of
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the parallel almost contact B-metric structure with respect to the Levi-Civita
connection.

Such a problem on Riemannian product manifolds is studied in [5] and
[6].

The present paper! is organized as follows. In Sec. 1 we give some nec-
essary facts about the considered manifolds. In Sec. 2 we express the set of
the torsion tensors of the natural connections in terms of the metric tensors on
an almost contact manifold with B-metric as a 4-parametric family. In Sec. 3
we determine the ¢-canonical connection and the natural connection with zero
parameters in the mentioned family.

2. Preliminaries

Let (M, ,£,m,g) be an almost contact manifold with B-metric or an al-
most contact B-metric manifold, i.e. M is a (2n+ 1)-dimensional differentiable
manifold with an almost contact structure (y,&,n) consisting of an endomor-
phism ¢ of the tangent bundle, a vector field &, its dual 1-form 7 as well as M
is equipped with a pseudo-Riemannian metric g of signature (n,n + 1), such
that the following algebraic relations are satisfied

eE=0, ¢*=-Id4n®¢& nop=0, n¢) =1,
(2.1) g(x,y) = —glex, oy) + n(z)n(y)

for arbitrary x, y of the algebra X(M) on the smooth vector fields on M.
Further, z, y, z will stand for arbitrary elements of X(M).
The associated metric g of g on M is defined by

(2.2) g(z,y) = g(x, 0y) + n(x)n(y).

Both metrics g and § are necessarily of signature (n,n + 1). The manifold
(M, ¢,&,m,g) is also an almost contact B-metric manifold.

The covariant derivatives of ¢, £, n with respect to the Levi-Civita con-
nection V play a fundamental role in the differential geometry on the almost
contact manifolds. The structural tensor F' of type (0,3) on (M, ¢, &, n,g) is
defined by F(x,y,z) = g((ngo) Y, z) It has the following properties:

F(x,y,2) = F(z,2,y) = F(x,0y,0z) + n(y)F(x,§, 2) +n(2)F(z,y,£).

1Partially supported by project NI11-FMI-004 of the Scientific Research Fund, Paisii
Hilendarski University of Plovdiv, Bulgaria and by the Center of Excellence for Applications
of Mathematics financed by the German Academic Exchange Service (DAAD)
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The relations of V& and Vn with F are:

(Van)y = g (Val,y) = F(z,0y,£).

The following 1-forms are associated with F":
0(z) = g F(ei €5,2), 0%(2) = g7 F(ei, pej,2), w(z) =F(£,58,2),

where ¢ are the components of the inverse matrix of g with respect to a basis
{e;;€} (1 =1,2,...,2n) of the tangent space T,M of M at an arbitrary point
p € M. Obviously, the equality w(¢) = 0 and the relation 6* o p = —f 0 ? are
always valid.

A classification of the almost contact manifolds with B-metric with respect
to F is given in [2]. This classification includes eleven basic classes Fy, Fa, ...,
F11- Their intersection is the special class Fy determined by the condition
F(z,y,z) = 0. Hence Fy is the class of almost contact B-metric manifolds with
V-parallel structures, i.e. Vo =V =Vn=Vg=Vg=0.

In the present paper we consider the manifolds from the so-called main
classes F1, F4, F5 and F11. These classes are the only classes where the tensor
F is expressed by the metrics g and §. They are defined as follows:

Fii Fle,2) = o {oleen)f(e2) + glem en)b(@)} -
Fa: F(r,y,2)= —%i){g(w’ ey)n(z) + g(pz, p2)n(y) };

Fs: Fla,y,2) = —9;7(5){9(%7 ey)n(z) + g(z, 2)n(y) };

Fu: F,y,2) =n(@) {n(y)w(z) +n(z)wy)},

where (for the sake of brevity) we use the denotation {A(z,y,2)}yez) — in-
stead of {A(z,y, z) + A(x, z,y)} for any tensor A(z,y, z).
Let us remark that the class 7y @ Fy @ F5 @ F11, determined by ([10])

Fla,y,2) = —5-{alen, en)6(=) + g(x, 00)6"(2)
(2.4) n

—2nn(@n(y)(=)} ..

is the odd-dimensional analogue of the class W of the conformal Kéhler man-
ifolds of the corresponding almost complex manifold with Norden metric, in-
troduced in [4].
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Definition 2.1 ([11]). A linear connection D is called a natural connection
on the manifold (M, p,&,n, g) if the almost contact structure (¢,&,n) and the
B-metric g are parallel with respect to D, i.e. Dy = D¢ = Dn = Dg = 0.

As a corollary, the associated metric g is also parallel with respect to a
natural connection D on (M, ¢,&,n,9).

According to [13], a necessary and sufficient condition a linear connection
D to be natural on (M, ¢,&,n,g) is Do = Dg = 0.

If T is the torsion of D, i.e. T(z,y) = Dy — Dyx — [z,y], then the
corresponding tensor of type (0,3) is determined by T'(z,y, 2) = g(T(x,y), 2).

Let us denote the difference between the natural connection D and the
Levi-Civita connection V of g by Q(z,y) = D,y — V,y and the corresponding
tensor of type (0,3) — by Q(z,y,2) = g (Q(z,y), 2).

Proposition 2.1 ([11]). A linear connection D is a natural connection on
an almost contact B-metric manifold if and only if

Q(%%Sﬁz) - Q(l’7g0y,2') = F(I,y,Z% Q(I,y,Z) = 7Q("E7Zay)

Hence and T'(z,y) = Q(z,y) — Q(y,x) we have the equality of Hayden’s
theorem [7]

(25) Q9,2) = 5 {T(,,2) ~ T(y,2,2) + T(z,7,9)}

Definition 2.2 ([15]). A natural connection D is called a ¢-canonical
connection on the manifold (M, p, &, n, g) if the torsion tensor T' of D satisfies
the following identity:

{T(z,y,2) = T(x,0y,02) —n(x) {T(&,y,2) — T(£ vy, p2)}

(2.6)
- 77(2!) {T(x,{, Z) - T(.’E, va) - U(x)T(Z»&f)}}[sz] =0,

where we use the denotation {A(x,y, z)}[ ] instead of A(xz,y,2) — A(x, z,y)

Yoz

for any tensor A(x,y, z).

Let us remark that the restriction the (p-canonical connection D of the
manifold (M, p,&,n,g) on the contact distribution ker(n) is the unique canon-
ical connection of the corresponding almost complex manifold with Norden
metric, studied in [3].

In [12], it is introduced a natural connection on (M, ¢,&,7,g), defined by

(2.7) Vay = Vay + Q" (z,y),
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where Q°(z,y) = ${(Va¢) oy + (Van) y - £} — n(y) V€. Therefore, we have

Q@ ,2) = 5 {F (09, 2) + 0z F(, 0y,€) — 20(u)F(z, 5, )}

In [14], the connection determined by (2.7) is called a ¢ B-connection. It is stud-
ied for some classes of (M, ¢, &, n, g) in [12], [8], [9] and [14]. The ¢B-connection
is the odd-dimensional analogue of the B-connection on the corresponding al-
most complex manifold with Norden metric, studied for the class W, in [1].

In [15], it is proved that the ¢-canonical connection and the ¢B-connection
coincide on the almost contact B-metric manifolds in the class F1 & Fo @ Fa @
Fs D Fe D Fg D Fg ® Fro D Fi1. Therefore, these connections coincide also in
the class F1 & Fy & F5 @ Fi1.

The torsion of the yp-canonical connection has the following form ([14])

(28) T%x,y,2) = %{F(ﬂc, Y, 2) +0(2)F(z,0y,6) + 20(2)F(y, 02,8},

In [13], it is given a classification of the linear connections on the almost
contact B-metric manifolds with respect to their torsion tensors T in 11 classes
7;;. The characteristic conditions of these basic classes are the following:

711/12 v T y,2) =T(x,y,§) =0,
T(z,y,2) = —T(pz, 0y, z) = F1(z, vy, p2);
Tis: T(&y,2) =T(2,y,£) =0,
T(z,y,2) — T(pz,py,2) = xng(x,y7Z) =0;

/]14 : T(ga Y, Z) = T(x7y7§) = 07

2.9 2
Y Torjae s T(x,y,2) = n(2)T(¢"x, 9%y, &) = Fn(2)T (¢, 0y, €);
Taryse s T(x,y,2) = n(@)T(E 0%y, 0*2) = n(y)T(E, ¢z, 9*2),
T(& y,2) = £T(&, 2z,y) = —T(&, ¢y, p2);
Tassza s T(x,y,2) = n(@)T(E 9%y, 0*2) = n(y)T (€, ¢z, p*2),
T(&y,z) =£T(&, z7y) =T(&, ¢y, pz);
T T(x,y,2) =n(2) {ny) n(x)i(y)},
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where & stands for the cyclic sum by three arguments and the former and
latter subscripts of 7;;/;; correspond to upper and down signs plus or minus,
respectively.

According to [13], the ¢B-connection (therefore, in our case, the p-canonic-
al connection) belongs to the following class

T1o® T3 D T1a D To1 D Too ® T31 @ T30 D T33 D T34 © T3
In [15], the basic classes of the almost contact B-metric manifolds are

characterized by conditions for the torsion of the y-canonical connection. For
the classes under consideration we have:

Fio TOx,y) = 5, {°(0P2) 0%y — t2(DPy)p®s + 10 (0)py — t0(0y) o} 5
Fao TO%z,y) = ot 0*(5) {n(y)w— ( ey}

Fs: T(w,y) = 5106 {n(y)e*e — n(x)p?y} ;

Fu: Ty = { (@)n(y) ~ )l >}£.

Moreover, it is given the following correspondence between the classes F; of M
and the classes 7j;, of 70;

MecF, < T° e T3, tY £0;
MceF, & T €Tz, tY =0, t0 £0;
McFs & T €T3, tY£0, t% =0;
MeF, & T° € Ty.

(2.10)

3. Natural Connections in the Main Classes

Let (M, p,€,m,9) be an almost contact B-metric manifold belonging to
the main classes Fy, F4, F5 and F1;. The goal in the present section is a
determination of the general form of the torsion T of a natural connection D
on (M, p,£,1,9).

Bearing in mind the form of the torsion of the ¢-canonical connection (2.8)
and characteristic conditions (2.3) of the mentioned classes, we expect that the
torsion T is expressed by the components from (2.1) and (2.2) of the metrics g
and g, respectively.
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Let the torsion T of a linear connection D have the following form
T(z,y,2) = g(y, p2)01(x) + g(y, pz)02(x) + n(y)n(2)ds(z)

= g(pw,02)91(y) — gz, p2)02(y) — n(z)n(2)ds(y),
where, for \; € R (i =1,2,...,18), there are denoted the following 1-forms:

01 (x) = MO(*x) + A30(E)n(2) + Asw(x)

+ 20" (%) + A\ (E)n(x) + Asw (),
D2(x) = MB(p*x) + Aof(€)n(2) + A1w(z)

+ A80* (0%2) + X108 (E)n(x) + Maw(p),
D3(x) = Mab(p?x) + Ms0(E)n(z) + Aizw(z)

+ Aa0* (0%2) + Aig0* (E)n(z) 4+ Migw(pz).

(3.11)

(3.12)

We set the condition D to be a natural connection on (M, p,&,1,9g). Ac-
cording to Proposition 2.1 and (2.5), we obtain the following relation

1
F(xayvz) = *{T(l’,yﬁpz) - T(y,tpz,x) + T((,OZ,J,‘,y)
(3.13) 2

—T(z,0y,2) + T(py, z,2) — T(z,2,0y) }.

Then, applying (3.11) and (3.12) to (3.13) and comparing with (2.4), we obtain
the following conditions for the parameters:

1
AL+ As=A5 = A2 = Ag + A1 =0, /\2—>\7:—)\4=/\9=%7
AB=Ao=Az=Aa=As =g = 7 =0, Ag=-1
In consequence, the 1-forms from (3.12) take the form

01(2) = M) + Dot (%0) — 56 (o)

+ Asw(z) + Asw(pz),
(3.14) 0a(z) = (Ag - 21n> 0(p%x) — MO* (%) + %9(5)77(33)

— dew () + Asw(px),
I3(z) = —w(px).
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Further, we use the following tensors derived by the structural tensors of
(M, ¢,&m,9):

Wl(x,y)z = {g(yvz)x}[w_,yp WQ(.’B,y)Z = {g(y,LpZ)sOw}[mHy],
ms(x,y)z = —{g(y, 2)px + 9y, p2)2} ),
ma(x,y)z = {n(y)n(z)z + gy, 2)n(@)E} , -

ms(x,y)z = {n()n(2)ex + 9(y, e2)n(@)e}, s

as well as the corresponding tensors 7;(x, y, z,w) = g (7;(x,y)z,w), i = 1,...,5,
of type (0,4). Let us note that the latter tensors are curvature-like tensors, i.e.
they have the properties of the curvature tensor R = [V, V] =V of type (0,4).

In (3.14), we rename the parameters as follows a; = A1, ag = Aa, ag = As,
ay = Ag¢. Then, using (3.11) and (3.14), we establish the truthfulness of the
following

Theorem 3.1. The torsion of any natural connection on an almost contact
B-metric manifold in F1 & F, & F5 & F11 is expressed by

T(xay’z) = (71—3 + 7r5)(x,y,z,q)
(3.15) 1 1 A
+ %(7@ + 7r4)(x,y,z,a*) + %%(az,y,z,a) - W5($,y,2,a),
where ¢ = ay%a* — asp?a — azpa + asa (a1, az, a3, a4 € R) and 0 = g(-,a),
0" = g(-,a*), W= g(-,d).

Actually, the tensors in (3.15) form a 4-parametric family.
By direct check, we establish that equality (3.15) implies the following

Proposition 3.2. The torsion of any natural connection on an almost
contact B-metric manifold in F, ® F4 & F5 ® F11 has the property

6 T(z,y,z) =0.

T,Y,2

As a corollary, using (2.5) and Proposition 3.2, we obtain immediately
Q(z,y,2z) =T(z,y,x), i.e. we have the following

Proposition 3.3. Any natural connection D with torsion T' on an almost
contact B-metric manifold from F1 & F4 ® F5 © F11 is determined by T and
the Levi-Civita connection V as follows:

9 (Dzy,2) =g (Vay,z) + T(z,y, x).
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4. Special Natural Connections in the Main Classes

Bearing in mind that the yp-canonical connection (resp., the pB-connec-
tion) is a natural connection on (M, ¢, &, n, g), then we have to determine its
corresponding parameters «; (i =1,2,3,4) in (3.15).

Theorem 4.1. The natural connection with torsion T from the family
(3.15) is the @-canonical connection on a (2n + 1)-dimensional almost contact
B-metric manifold from Fy & F4 @ F5 @ Fy1 if and only if o = ag = ay = 0,
g = ﬁ. Then its torsion has the form

1
To(xa Y, Z) = %(ﬂ-l + me + 7'('4)(257 Y, %, a*)
(4.16)
+ %7(5(%‘7 Y, =z, CL) - 7T5(£a Y, 2, a‘)
Proof. The statement follows immediately from (3.15), (2.8) and (2.4).
O

By virtue of (4.16) and (2.9), we obtain the following

Proposition 4.2. The p-canonical connection on an almost contact B-
metric manifold from F, & F4 ® Fs ® F11 has a torsion belonging to the class
Tis®T31 @ 1a-

The latter fact confirms the results in (2.10).

Theorem 3.1 gives an one-to-one map of the set of the natural connections
onto the set of the quadruples (a1, g, a3, ay) € R According to Theorem 4.1,
the y-canonical connection is determined by (O, ﬁ, 0, O). The interesting case
is the connection from the family (3.15) for (0,0, 0,0). This natural connection
we call the standard connection on (M, p,&,1,9) € F1 ® F4 & Fs5 O F11.

Then, according to (3.15), its torsion has the form

1 *
T/(:anaz) = %(,/TZ +7r4)(x,y,z,a )

1

+ %71'5(.’17,]/,2,&) —m5(x,y, 2,4).

Using (4.17) and (2.9), we get the following

(4.17)

Proposition 4.3. The standard connection on an almost contact B-metric
manifold from F, & F, & Fs ® F11 has a torsion belonging to the class 711 &
T3 @ T31 © Tu1.
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There exist a natural connection V" with torsion 7" from the family (3.15)
of a remarkable role. This connection is determined by the condition the -
canonical connection to be the average connection of V' and V”. Therefore we
have

1 1
T”(Ia Y, Z) = 7(7T3 + 7T5)(1’,y, Z,Q) =+ 7(772 + 774)(I,y, 2, 0’*)
(4.18) 2n 2n

1
+ %WS(J;a:’% 2170,) - 7r5(xay7z7 &)

Bearing in mind (4.18) and (2.9), we get the following

Proposition 4.4. The natural connection V" on an almost contact B-
metric manifold from F, ® F4 ® Fs ® F11 has a torsion belonging to the class
T11 ® Ti3 ® T31 ® T
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ECTECTBEHU CBBbP3AHOCTU C TOP3H1AI,
N3PA3ZEHN YPE3 METPUYHUTE TEH30PU BbPXY
II0YTN KOHTAKTHN MHOT'OOBPA3UA C B-METPUKA

Mango Manes, MupociiaBa Banosa

Peziome. Ypes 4 mapamMerbpa € OMHCAHO CEMEMCTBOTO Ha JIMHEHHUTE CBbLP-
3aHOCTH, KOUTO 3aIa3BaT CTPYKTYPUTE BBPXY IMOYTH KOHTAKTHUTE MHOroobpasusi ¢
B-merpuka, npunaekanm Ha €JUH TJIABEH KJIac Ha PA3IJIeXKIaHUTe MHOrooOpas3us.
B ToBa cemeiicTBO ca ompeneseHn TOYHO CBBP3aHOCTTa OT KAHOHWYEH THIl U CBbP3a-
HOCTTa C HYJIEBU ITaPAMETPH.
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