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Abstract: A submersion from an almost contact Riemannian manifold to an almost Hermitian
manifold, acting on the horizontal distribution by preserving both the metric and the structure,
is, roughly speaking a contact-complex Riemannian submersion. This paper deals mainly with a
contact-complex Riemannian submersion from an #-Ricci soliton; it studies when the base manifold
is Einstein on one side and when the fibres are #-Einstein submanifolds on the other side. Some
results concerning the potential are also obtained here.
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1. Introduction

The notion of Ricci flow was introduced by R. S. Hamilton in 1892 to find a desired
metric on a Riemannian manifold. For the metrics on a Riemannian manifold, the Ricci
flow is an evolution equation that is given by

d ,
ag(t) = —2Ric,

and it is a heat equation. Moreover, he showed that the self-similar solutions of Ricci flows
are Ricci solitons and that they are natural generalizations of Einstein metrics [1]).

Let (M, g) be a Riemannian manifold. If there exists a smooth vector field (so-called
potential field) v and it satisfies

1 ,
E(.,%g)—kch—i—Ag = 0,

then (M, g) is said to be a Ricci soliton. Here, .%, ¢ is the Lie-derivative of the metric tensor
g with respect to v, Ric is the Ricci tensor of M, and A is a constant. A Ricci soliton is
denoted by (M, g, v, A), and it is called or shrinking, steady, expanding, if A > 0, A =0, or
A < 0, respectively.

In 2009, J.T. Cho and M. Kimura introduced a more general notion called the 7-Ricci
soliton. According to this definition, a Riemannian manifold (M, g) is an 7-Ricci soliton if
it satisfies

1
5(Zg) + Ric+Ag+pn @y = 0, )

where A, p are functions and 7 is a 1-form. It is clear that if y is zero, then the 7-Ricci soliton
becomes a Ricci soliton (see [2]).
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Due to the geometric importance of Ricci solitons and their wide applications in
theoretical physics, they have become a popular topic studied in the literature. So, the
notion of the Ricci soliton has been studied on manifolds that are endowed with many
different geometric structures, such as contact, complex, warped product, etc. (see [3-6]).

On the other hand, the concept of Riemannian submersion between Riemannian
manifolds is very popular in theoretical physics, as well as in differential geometry, and
particularly in general relativity and Kaluza—Klein theory. For this reason, Riemannian
submersions have been studied intensively (see [7-13]).

In this paper, we consider a contact-complex Riemannian submersion 7t from an
almost-contact metric manifold M onto an almost Hermitian manifold such that M admits
an 77-Ricci soliton. Firstly, we calculate the Ricci tensor of the almost-contact metric manifold
M, and using it, we present some necessary conditions for which any fibre of 7t or base
manifold B admits a Ricci soliton, #-Ricci soliton, Einstein, or 77-Einstein. Moreover, we
study a contact-complex Riemannian submersion with totally umbilical fibres whose total
space M admits an #7-Ricci soliton. Depending on whether the potential field v of the
#-Ricci soliton is vertical or horizontal, we obtain some new results.

Now, we briefly describe the content of the paper. The purpose of the Preliminaries is
to review some basic notions, such as almost contact metric structure, Riemannian submer-
sion, some properties of the vertical and horizontal distributions, and of the fundamental
tensor fields. Then the main notion of our paper, namely the contact-complex Riemannian
submersion, from an almost contact metric manifold, onto an almost Hermitian manifold,
is described in Section 3. Then, the main results of the paper are contained in Section 4,
which deals with contact-complex Riemannian submersions from manifolds admitting an
-Ricci soliton. Here we obtain conditions under which the base manifold is Einstein, the
fibres are 5-Einstein, the base manifold admits a Ricci soliton, and some other related facts.

2. Preliminaries

The authors recall the following notations from [13,14].

A Riemannian manifold M of dimension (2m + 1) has an almost-contact structure
(¢, ¢, n) if it admits a vector field ¢ (the so-called characteristic vector field), a (1, 1) —tensor
field ¢, and a 1—form # satisfying:

n(@) =1, ¢ =-I1+37®L ¢)

As a consequence of (2), we note that ¢(¢) = 0 and 17 o ¢ = 0. If M is endowed with
an almost-contact structure (¢, &, 77), then it is called an almost-contact manifold. Moreover,
if a Riemannian metric g on M satisfies

g(@X,¢Y) = g(X,Y)—n(X)n(Y) @)

for any vector fields X, Y, then the metric g is said to be compatible with the almost-
contact structure (¢, &, 7). In this case, the manifold M is said to be endowed with the
almost-contact metric structure (¢,&,7,g), and (M, $,¢,1,g) is called an almost-contact
metric manifold.

Now, we recall the following concepts.

Let 7 : (M™,g) — (B",g ) be a submersion between two Riemannian manifolds and
let r = m — n denote the dimension of any closed fibre 771~ !(x) for any x € B. For any
p € M, putting V), = kerrt,,, we have an integrable distribution V' that corresponds to the
foliation of M determined by the fibres of 7. Therefore, one has V, = Tp7t ! (x), and V is
called the vertical distribution. Let H be the horizontal distribution, which means that H is
the orthogonal distribution of V with respect to g, i.e., TP(M) =Vp ®Hyp, p € M. We note
that for any X’ € I'(TB), the basic vector field 7r-related to X’ is named the horizontal lift
of X'. Here, 7, X is denoted by the vector field X’ to which X is 7r-related.

A map 7 between Riemannian manifolds M and B is called a Riemannian submersion
if the following conditions hold:
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(i) 7t has a maximal rank;
(ii) The differential 774, preserves the length of the horizontal vector fields at each point
of M.

For any E € T'(TM), we denote vE and hE as the vertical and horizontal components
of E, respectively.

Proposition 1. Let 7w : (M,g) — (B,g ) be a Riemannian submersion. If X,Y are the basic
vector fields, which are rt-related to X/, Y’, one has

i) g(X,Y)= g/(X/,Y’) o7}

(ii)  h[X, Y] is the basic vector field rt-related to [X',Y'];

(iii) h(VxY) is the basic vector field rt-related to VIX/ Y

(iv)  for any vertical vector field V, [X, V] is vertical,

where V and /' denote the Levi-Civita connections of M and B, respectively (see [13]).

The tensor fields 7 and A are said to be the fundamental tensor fields on the manifold
M that are defined by

T(E,F) = TgF = h(VygoF) + o(VyghF),
A(E,F) = AgF = v(VyghF) + h(V,gvF),
forany E,F € I'(TM).
The fundamental tensor fields 7 and A on M satisfy the following properties:
8(TeF,G) = —g(TeG,F) 4)
and
TvW =TwV, ©)

forany E,F,G € T(TM),V,W € T(V).

Note the fact that the vanishing of the tensor field 7 or A has some geometric mean-
ings. For instance, if the tensor A vanishes identically on M, the horizontal distribution
‘H is integrable. If the tensor 7 vanishes identically, any fibre of 7 is a totally geodesic
submanifold of M.

Using the fundamental tensor fields 7 and .A, one can see that

VyW = TyW + Vy W, (6)
Vv X =h(VyX)+TvX, 7)
VxV = AxV +0(VxV), (8)
VxY = h(VxY) + AxY, )

where V and V are the Levi—Civita connections of M and any fibre of 7, respectively, for
any V,WeT(V)and X,Y € I'(H).
We recall the following from [11].

Definition 1. A distribution D on a Riemannian manifold (M, g) is called parallel if VxY € I'(D)
for any vector field X on M and any Y € T (D), where V is the Levi-Civita connection of g.

On the other hand, the mean curvature vector field H on any fibre of the Riemannian
submersion 77 is given by

N =rH, (10)
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such that
r
N =) Tuu; (11)
j=1

where r denotes the dimension of any fibre of 7w and {Uj, Uy, ..., U,} is an orthonormal
basis of the vertical distribution V.

Using the equality (11), we get

S(VEN,X) = ﬁg((vET><uj/ Uj), X)
L

forany E € I'(TM) and X € I'(H). We denote the horizontal divergence of the horizontal
vector field X by &(X), which is given by

n

5(X) = Y g(VxX X), (12)
i=1

where {X;}1<;<, is an orthonormal frame of H, where 7 is also the dimension of B. On the
other hand, any fibre of 7 is totally umbilical if

TuW = g(U,W)H, (13)

is satisfied. Here, H is the mean curvature vector field of 77 in M for any U, W € T'(V).
Furthermore, the Ricci tensor Ric on M satisfies

Ric(X,Y) = RiC,(X/,Y,)on’—%{g(VXN,Y)-i-g(VyN,X)} (14)
+2)  8(AxXy, AyX;) + ) (T, X, Tu,Y)
i=1 =1
Ric(U,W) = Ric(U,W)+g(N,TgW) — 2 (Vx,T)(U,W),X;)

n

- ) s(Ax U, Ax,W), (15)

i=1

forany X,Y € I'(H) and U,W € T'(V), where Ric' and Ric are the Ricci tensors of the
base manifold B and any fibre of 77, and {X;}, {U;} are some orthonormal bases of H and
V, respectively.

3. Contact-Complex Riemannian Submersions

We recall some notations of [13] in the following.

Let (M?"*1,¢,14,¢,¢) be an almost-contact metric manifold and let (B**, 7, g/) be an
almost-Hermitian manifold. A Riemannian submersion 77 : M — B is called a contact-
complex Riemannian submersion if

Jorm, = 1o

We note here that the vertical distribution V and horizontal distribution H are of
dimensions 2r + 1 and 2n, respectively, where r = m — n.

For the contact-complex Riemannian submersion 7 : (M?"*1, ¢) — (B?", g/), the
following properties are satisfied:

(i) The distributions V and H are ¢-invariant,
(i) The characteristic vector field ¢ is vertical,
(iii) M C kery,ie., n(X) = 0, for any horizontal vector field X.
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Example 1. Let 7t : S*"*1 — P"(C) be a projection from the total space of a principal fibre bundle
S?+1 onto an n-dimensional complex projective space P"(C). Then, it : S?**1 — P"(C) isa
contact-complex Riemannian submersion with respect to the canonical metric g on S*"*1 and the
Kaehler metric on P"(C) (for details, see [13]).

4. Contact-Complex Riemannian Submersions Whose Total Space Admits an
n-Ricci Soliton

Now, we recall the following lemma from [15].

Lemma 1. Let 7w : (M, g) — (B,§’) be a Riemannian submersion between Riemannian mani-
folds.The following statements are equivalent to each other:

(i) the vertical distribution V is parallel;
(ii)  the horizontal distribution ‘H is parallel;
(iii)  the fundamental tensor fields T and A vanish identically.

Throughout this paper, we make the following assumptions.

Assumption: A contact-complex Riemannian submersion 7t : M — B is defined from an
almost-contact metric manifold (M, ¢, & 77, ) onto an almost-Hermitian manifold (B, 7, g ).

Using (14) and (15), for any local orthonormal frames { X }1<;<2, and {Uj, ¢ }1<j<o, of
H and V), respectively, we give the following;:

Lemma 2. Let 7t : M — B be a contact-complex Riemannian submersion between manifolds. For
any U,W € T(V) and X,Y € T(#) that are mt-related to X', Y', the Ricci tensor of M satisfies

Ric(U,W) = R?c(u,W)+g(N,TUW)—Ei:12"{g((inT)(u,W),XZ-) (16)

+g(Ax U, AxW) },

RIEUE) = Rl )+, Ti) - 1 {95 T)(W ), X) @)
+2(Ax U, Ax) |,

RIE(EE) = Rieldd) + sV, T0) - L {al(9x )60, %) s)
+2(Ax & Ax) },

Ric(X,Y) = Ric(X,Y)om— %(.,%Ng) (X,Y) (19)
42 lz_an 2(Ax Xy, AyX;) + ]izrl §(TuX, Ty Y) + g(TeX, TeY).

Definition 2. Let (M, g, &, A, 17) be an y-Ricci soliton and let 7t : M — B be a contact-complex
Riemannian submersion. If v is vertical, we say that v is a vertical potential field. Similarly, if v is
horizontal, we say that v is a horizontal potential field.

Using equalities (16)-(18) in Lemma 2, we have the following theorem.

Theorem 1. Let (M, g, &, A, 1) be an y-Ricci soliton with vertical potential field v and let 7t :
M — B be a contact-complex Riemannian submersion. If one of the conditions in Lemma 1 is
satisfied, then we have the following:

(i)  The base manifold B is Einstein.

(ii)  Any fibre of 7t admits an n-Ricci soliton with potential field v.
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Proof. (i) Since M admits an #-Ricci soliton, one has

28V, Y) +g(Vyv, X)) + Rie(X, Y) + Ag(X, V) 20)
+un(X)y(Y) =0,

for any horizontal vector fields X, Y. Using (8) in (20) gives

218 Ay, Y) + g Ay, X))+ Rie(X, Y) + Ag(X, V)
+un (X)n(Y) = 0.

Applying (19) to the last equality, we get
1 L7 ’ ’ 1
S {80V, Y) + g(Avw, X)} + Ric (X, Y) o = 2 (L)X, V) 21)

2n 2r
+2 ) e(AXX;, AyX) + Y g(Tu X, Tu,Y) + 8(Te X, TeY) + Ag(X, Y)
i=1 j=1

+un(X)n(Y) = 0.

Since #(X) = 0, for any horizontal vector field X and if one of the conditions of
Lemma 1 is satisfied, Equation (21) gives

Ric (X, Y Yom+Ag(X,Y) =0
which is equivalent to
(Ric’(x’, Y+ Ag/(X/,Y/)) omr = 0
for any vector fields X', Y" on I'(TB). Hence,
Ric + Ag/ =0

is satisfied, which means that (i) is obtained.

(ii) One proof is provided in the following.

Since the total space M admits an #-Ricci soliton with vertical potential field v, from (1),
we can write

%{g(vuv, W) + g(Vwv, U)} + Ric(U, W) + Ag(U, W) + ug (W) (W) =0, (22)

for any U, W € T'(V). Using (6) in (22), it follows that
1 A - .
5 {8(Vuv, W) +g(Vwv, U) } + Rie(U, W) + Ag(U, W) + py ()5 (W) = 0. (23)

Applying (16) to Equation (23) gives
2n
() (U, W) + Ric(U, W) + g, TuW) — 3 {s((Vx T) (U W), X;)
i=1
+2(Ax U, Ax, W) | = 2((VeT) (U, W), 8) — (AU, AW) (24)
+AG(UW) + pn (U)y (W) = 0.

N —
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Since one of the conditions in Lemma 1 is satisfied, Equation (24) is equivalent to

S(£2) (U W) + Ric(U, W) + Ag(U, W) + e (U)n(W) = 0,

which means that any fibre of 7t is an #-Ricci soliton, and the proof is complete. [J

Using Lemma 2, we give the following theorem.
Theorem 2. Let (M, g,¢, A, 1) be an n-Ricci soliton with horizontal potential field v and let
7t : M — B be a contact-complex Riemannian submersion. If one of the conditions in Lemma 1 is

satisfied, then any fibre of 7 is y-Einstein.

Proof. Case I. For any vertical vector fields U, W # ¢, we can write

3 (4g) (U, W) + Ric(U, W) + Ag(L, W) + oy () (W) = 0, 25)

for any vertical vector fields U, W. Using (7) in the Lie-derivative of (25), one has

S LDUW) = 3 {g(Vur, W) +g(Vwy, W)}

— %{g(TuU,W)-i-g(TWV/u)}
= 0,

and since Lemma 1 is satisfied, the tensor field 7 = 0. In addition, putting (16) into
Equation (25) gives

Rie(U, W) + gV, TuW) = ¥ {g((Vx,T) (U W), X)) + g(Ax, U Ax, W) }
+Ag(U, W) + un(U)n(W) =0,
which means that

Ric(U, W) +Ag(U, W) + un(U)y(W) = 0. (26)

Case II. For any vertical vector field U # ¢, Equation (1) gives

1
S {&(Vuv, &) +8(Vev, W) } + Rie(U,€) + Ag(U,€) + (W) (@) = 0.
Then, it follows that

Ric(U, &) +Ag(U, &) +pn(U)y (&) = 0. (27)

Using (19) in (27) gives

Rie(U, &) + (N, Tug) — 1 {&((Vx T)(U, &), X)) +g(Ax U, Ax) |

+Ag(U, ) + un(U)n(g) = 0.

Since T = 0, the last equality is equivalent to

Ric(U,&) + Ag(U, &) + un(U)y (&) = 0. (28)

Case III. Finally, choosing U = W = ¢, Equation (1) gives

§(Vev,§) + Ric(8, ) + Ag(8, ) +un(&)n(G) = 0.
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Through similar calculations, we have

Ric(¢,¢) +Ag(8,¢) +pn(@)n(C) = 0.
Applying (18) to the last equality and using the vanishing of the tensor field 7 gives
Ric(¢,8) +A8(8,6) + pn(@)n(@) = 0 (29)

is obtained.
As a result of equalities (26), (28), and (29), we obtain that any fibre of 7t is #-Einstein. [

Considering Equation (29), we can give the following corollary.
Corollary 1. Let (M, g,&, A, 1) be an n-Ricci soliton with horizontal potential field v and let

7t : M — B be a contact-complex Riemannian submersion. If one of the conditions in Lemma 1 is
satisfied, then the Ricci tensor of the distribution Span{{} is given by

Ric(§,5) = —(A+p).

Theorem 3. Let (M, g, ¢, A, 1) be an y-Ricci soliton with a horizontal potential field v and let
7T : M — B be a contact-complex Riemannian submersion. If one of the conditions in Lemma 1 is
satisfied, then the base manifold B admits a Ricci soliton with potential field v’ such that v = v,

Proof. For any horizontal vector fields X, Y, we can write

A8V, ) + 8(Tyw, X))+ Rie(X,Y) 4 Ag(X,Y) + (X () =0 (30)

Since the vector fields X,Y are horizontal, we get 17(X) = 5(Y) = 0. Then, it
follows that

SV, )+ 8(Vyv, X))+ Rie(X, Y) + Ag(X,Y) = 0. (1)

In addition, using (19) in (31), one has

1 !/ ! /! 2n
E{g(vxv, Y)+8(Vyv, X)} + Ric (X,Y )om+2) " g(AxX;, Ay X))
i=1
2r
j=1

Since Lemma 1 is satisfied, it follows that
1 L ! /
5{8(Vxv, Y) +g(Vyv, X) } + Ric (X, Y') o m + Ag(X,Y) = 0. (32)
Moreover, considering Proposition 1, Equation (32) gives
1 / !/ ! ! !’ ! ! / L !/ /
E{g (Vv ,Y)om+g(Vy,v,X)onr}+Ric(X,Y )omn
+A¢ (X, Y)omr =0,
forany X, Y’ € I'(TB). Then, the last equation is equivalent to

]_ ! ! ! ! ’ / !/ ! !/
E(.zv,g)(>(,1/)+1<zc(><,Y)+Ag(><,y) —_—



Mathematics 2021, 9, 2996

90f 10

where the vector field v on M is 7r-related to v on B. Therefore, the base manifold B admits
a Ricci soliton with potential field V. O

Theorem 4. Let (M, g,¢, A, 1) be an y-Ricci soliton with horizontal potential field v and let
T : M — B be a contact-complex Riemannian submersion with totally umbilical fibres. If the
horizontal distribution H is integrable, then any fibre of 7t is y-Einstein.

Proof. Since the total space M admits an #-Ricci soliton, one has
%(ﬁvg) (U, W) + Ric(U, W) + Ag(U, W) + un (U)y (W) = 0, (33)
for any vertical vector fields U, W. Putting (16) into the last equation gives
: (g(Vuv, W)+ g(Vwld)) + Rie(UL, W) + (N, TuW)
= Z {2UTXTIWW), Xi) + g(Ax U, Ax, W) | + Ag(U, W)

+W7( (W) = 0.

In addition, the horizontal distribution # is integrable, and it follows that
1 A
. (g(Vuv, W) + g(ku)) + Ric(U, W) + g(N, TuW)

—Z{ (V. T) (U W), X;) + Ag(U, W) + (L) (W) = 0.

Since any fibre of 7t is totally umbilical and by using Equations (6), (12), and (13) in
the last equality, one has

( (Tuv, W) + g(Tigv, U) ) + Rie(U, W) + (2r + 1) H|Pg(U, W)
—S(H)g(U, W) + Ag(U, W) + u (U) (W) = 0.

Using (4) and (5), we get

Ric(U, W) + { (2r + V)| H|[? + §(H) — g(H,v) + A }g(U, W)
+un () (W) =0,
which gives that any fibre of 7 is #-Einstein. [

5. Conclusions

The paper deals with an interesting concept, of a contact-complex Riemannian submer-
sion, which puts in relation the almost contact metric structure from the domain manifold,
to the almost Hermitian structure of the target manifold. The fundamental properties of
the Riemannian submersions are used here to link some geometric feature on the domain
manifold, with the ones on fibres and with those on the base manifold. We provide several
new results, showing mainly when the base manifold admits a Ricci soliton, when it is
Einstein, when the fibres are #-Ricci solitons, and when they are #-Einstein. Our future
study will be developed on certain well known manifolds on which we may apply the
above theory.
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