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Abstract. In the present paper, we study a Riemannian submersion 7 from a Riemann
soliton (M, g,&, ) onto a Riemannian manifold (Mo, g/). We first calculate the sectional
curvatures of any fibre of m and the base manifold Ms. Using them, we give some necessary
and sufficient conditions for which the Riemann soliton (M1, g,&, ) is shrinking, steady or
expanding. Also, we deal with the potential field £ of such a Riemann soliton is conformal and
obtain some characterizations about the extrinsic vertical and horizontal sectional curvatures
of 7.

1. Introduction

The term Riemann soliton was introduced by R. Hamilton in 1982 and corresponds
to the self-similar solutions of the Riemann flow. A Riemann flow is given by
D) = —2n(9),

where G := 1(9 ® g), for ® the Kulkarni-Nomizu product, R is the Riemannian
curvature tensor of g (for details see [10]).

A smooth vector field £ on a smooth manifold (M7, g) with Riemannian metric g
defines a Riemann soliton if it satisfies

5 (L) @9) + R =G, (1)

where G := %(g ® g), L¢ is the Lie derivative in the direction of the vector field &,
R is the Riemannian curvature tensor of g and A is a constant. A Riemann soliton
is denoted by (M, g,&, \) and the vector field £ is the potential field of the Riemann
soliton.

A Riemann soliton (M, g,&,\) is called shrinking, steady or expanding if A > 0,
A =0 or A < 0 respectively. Furthermore, (Mj,g,£,\) is called trivial if M; is a
space with constant sectional curvature. A Riemann soliton (M, g,&, A) is a gradient
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258 Riemannian submersions from Riemann solitons

Riemann soliton if its potential field ¢ is the gradient of a smooth function on M;
and it is denoted by (M, g, f,A). We recall that for (0,2)— tensor fields 77 and T
the Kulkarni-Nomizu product is defined as

(T T)(X,Y,Z,H) =Ty (X, H)Tx(Y,Z)+ T1(Y, Z)T»(X, H)

- T(X,2)Tx(Y,H) = T\(Y, H)T2(X, Z),
for any vector fields X,Y,Z H on M;. Taking into account the Kulkarni-Nomizu
product above, the equation (1) is equivalent to

2R(X,Y, Z, H)+g(X, H)(Leg)(Y, Z)+9(Y, Z)(Leg) (X, H)
—~9(X, Z)(Leg)(Y, H)~g(Y, H)(Leg) (X, Z) = 2A(9(X, H)g(Y, Z)~g(X, Z)g(Y, H)),

for any vector fields X,Y,Z, H on M;. Note that the relations between Riemann
soliton and Ricci soliton were studied in [4] and the authors showed that any gradient
Riemann soliton with a potential vector field of constant length is steady and is a
solenoidal vector field. Moreover, many authors studied the relations between the
Ricci flow and the Riemann flow to determine some geometric properties of such
flows on Riemannian manifolds [3-5,11,13,14].

On the other hand, Riemannian submersions have many applications in theoret-
ical physics, in particular in Kaluza-Klein theory, general relativity and modelling
and control of certain types of redundant robotic chains. Therefore, the concept of
Riemannian submersions between Riemannian manifolds has been intensively studied
in the literature [1,2,8,9,12,15].

In [7] the authors consider a Riemannian submersion whose entire manifold admits
a Ricci soliton, and give some results on whether every fibre of such a submersion
is a Ricci soliton or almost a Ricci soliton. Inspired by [7], in this paper we deal
with a Riemannian submersion whose total space admits a Riemann soliton. Here we
specify the sectional curvatures on an arbitrary fibre and the base manifold of = and
thus obtain some necessary conditions for which the Riemann soliton (M, g,&, ) is
shrinking, steady or expanding. In the next section, we assume that the potential
field £ of the Riemann soliton is a conformal vector field, and in the case that &
is horizontal or vertical, we calculate the extrinsic vertical and horizontal sectional
curvature of 7.

2. Some notes on Riemannian submersions

Now we recall the following concepts of [8,12].

Let w: (M, g) — (M%, g/) be a submersion between two Riemannian manifolds
and let r = m — n denote the dimension of any closed fibre 771 (x), for any = € M.
For any p € M, by setting V, = kerm,,, we have an integrable distribution V
corresponding to the foliation of M; determined by the fibres of w. We therefore have
V, = T,n1(z) 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
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g, ie. Tp(Mq) =V, ®Hp, p € My. We note that m, X is given by the basic vector
field X' on M which is m—related to X on Mj.

A mapping 7 between Riemannian manifolds M; and Ms is called a Riemannian
submersion if the following conditions hold:
(i) m has a maximal rank;

(ii) The differential m,, preserves the length of the horizontal vector fields at each
point of M.

PROPOSITION 2.1. Let 7 : (My,g) — (Ma,g') be a Riemannian submersion between
Riemannian manifolds. For the basic vector fields X,Y , m—related to X ,Y , one has
(i) 9(X,Y) =g (XY )om,

(ii) The basic vector field h[X,Y] is m-related to [X ', Y],
(i1i) The basic vector field h(VxY') is w-related to V/X,Y/,

(iv) [X,V] is vertical, for any vertical vector field V,
where V and V' denote the Levi-Civita connections of My and M, respectively

(see [8]).

On the other hand, the tensor fields T' and A are called the fundamental tensor
fields on the total space M, of 7, which are defined as

T(E,F)=TgF = h(VygvF)+v(VyghF),
A(E,F)=AgF =v(VpghF) 4+ h(VppvF),
where vE and hE denote the vertical and horizontal components of E, respectively,
for any E, F € T'(TM,).
The fundamental tensor fields T" and A on M; satisfy the following relations:
9(TpF,G) = —g(TeG, F) (2)
9(ApF,G) = —g(ApG, F) (3)
for any E, F,G € T'(TM;). The following properties also apply to the fundamental
tensor fields 7" and A
TyV =Ty U, (4)
AxY = —Ay X, (5)
for any vertical and horizontal vector fields U,V and X,Y respectively.
Note that the vanishing of the tensor field T' or A has some geometric meanings.
The tensor A vanishes if and only if the distribution # is integrable. The tensor T'

vanishes if and only if any fibre of 7 is a totally geodesic submanifold of M;. Using
the fundamental tensor fields T" and A, we can see that

VyV =TyV 4+ V'V, VvX =h(VyX)+Ty X, (6)
VxV = AxV +0(VxV), VxY = h(VxY)+ AxY, (7)

where V and V are the Levi-Civita connections of M; and any fibre of 7, respectively,
for any vertical vector fields U,V and horizontal vector fields X, Y.
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On the other hand, the mean curvature vector field H on any fibre of Riemannian
submersion 7 is given by H = % Z;Zl Tu,Uj, where r denotes the dimension of any
fibre of m and {Uy,Us, ..., U,} is an orthonormal basis of the vertical distribution V.

Recall that any fibre of 7 is a total umbilic if TV = g(U,V)H, is satisfied. Here
H is the mean curvature vector field of w in My, for any vertical vector fields U, V.

We recall some formulas dealing with the sectional curvatures K (), where o
denotes a 2—plane in T,M;, p € M;. More precisely, if {U,V} is an orthonormal
basis of the vertical 2—plane «, one has

K(a) = K(a) + | TyV|?* = ¢(Tu U, Ty V), (8)

K (a) denotes the sectional curvature in the fibre through p. If {X, Y} is an orthonor-
mal basis of the horizontal 2—plane o and K (« ) denotes the sectional curvature in
(Ms, g ) of the plane o spanned by {7, X, 7Y}, then

K(a) = K () = 3l AxY . (9)

On the other hand, we recall the following notion from [6].

DEFINITION 2.2. Let (M, g) be an n—dimensional Riemannian manifold. A vector
field ¢ is called conformal vector field if

Leg =2fg, (10)

where L is the Lie-derivative with respect to £ and f is a smooth function on M.
Also, using the Koszul formula, for a vector field £, one can see that

29(Vx&Y) = (Leg)(X,Y) +dn(X,Y), (11)

where 1 denotes the 1-form dual to the vector field ¢, that is, g(X, &) = 0, for any

vector fields X, Y. A skew-symmetric tensor field ¢ of type-(1,1) on Mj is defined by

dn(X,Y) = 29(¢X,Y), (12)
for any vector fields X,Y on M;j. Then, from the equations (10)-(12), we obtain
Vx&=fX+¢X, X e I(TMy). (13)

Here, the skew-symmetric tensor field ¢ in (13) is called the associate tensor field of
the conformal vector field &.

3. Riemannian submersions whose total space admits an Riemann soliton

Here a Riemannian submersion from a Riemann soliton (M, g,{, A) onto a Rieman-
nian manifold (Ms, g ) is considered and the sectional curvatures of an arbitrary fibre
and a base manifold M, are calculated as follows.

THEOREM 3.1. Let (My,g,&,\) be a Riemann soliton with horizontal potential field
§ and let w: (My,g) — (Ma,g ) be a Riemannian submersion with totally umbilical
fibres. Then the sectional curvature K on any fibre is given by

K(U,V) =2g(H,&) + | H|* + A,
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where H denotes the mean curvature vector field for any orthonormal vertical vector

fields U, V.

Proof. Since the total space M; admits a Riemann soliton of (1), one has
2K(U, V) + ((Leg) @ 9)(U,V,V,U) = Mg @ g)(U,V,V,U) = 0, (14)
where K is the sectional curvature of My, for any orthonormal vertical vector fields
U, V. Using equation (8), we also get
KU, V)=K(UV)+g(TuV,TyV) — g(TyU,Ty/V). (15)
Since any fibre of 7 is totally umbilical, the equation (15)
K(U,V)=K(UV)+gUV>|H|? = [U*|VI*||H]|?,
which means
KU, V)=K(U,V) - ||H|> (16)
On the other hand, using the Nomizu-Kulkarni product in the equation (14), we get
(Leg)@g)(U, V, V,U)=g(U,U)(Lgg)(V, V)+9(V, V)(Leg) (U, U)=29(U, V)(Leg) (U, V)
=(Leg)(V, V)+(Leg)(U,U)=2(9(Vu§, U)+g(VvE, V).
If the equations (6) and (2) are applied to the last equality, the result is
((Leg) ® g)(U,V,V.U) = 2(g(Tu§,U) + g(Tv€, V) = =2(g(TuU. &) + g(Tv V. £)).
Since 7 has totally umbilical fibres, it follows
((Leg) ® 9)(U,V,V,U) = —4g(H,¢). (17)
We also get
Mg ® g)(U, V. V,U) = Xg(U,U)g(V,V) + g(V,V)g(U,U) - 29(U,V)g(V.U))
which is equivalent to
Mg @ g)(U,V,V,U) = 2. (18)
Putting the equations (16)-(18) into (14) we get K(U,V) = 2g(H,&) + |H|?+ . O

Particularly, if the Riemannian submersion 7 has the minimal fibres, by Theo-
rem 3.1, we obtain the following result.

COROLLARY 3.2. Let (M1,9,§,\) be a Riemann soliton with horizontal potential field
€ and let w : (My,g) — (Ma,g') be a Riemannian submersion with totally geodesic
fibres. Then, the following hold:

(i) Any fibre of m has positive sectional curvature if and only if the Riemann soliton
(M,9,&, ) is shrinking.

(i) Any fibre of w is flat if and only if the Riemann soliton (M, g,&,\) is steady.

(iii) Any fibre of ™ has negative sectional curvature if and only if the Riemann soliton
(My,g,&, M) is expanding.

If we choose the potential field £ of the Riemann soliton as a concurrent on My,
then we have the following.
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THEOREM 3.3. Let (My,g,£,A) be a Riemann soliton with vertical potential field &
and 7 : (My,g) — (Mz2,g ) a Riemannian submersion with totally umbilical fibres. If
the vector field & is concurrent on My, then the sectional curvature K on any fibre is
given by

KU, V)=|H|*+X-2, (19)

where H is the mean curvature vector field, for any vertical vector fields U,V .

Proof. Since the total space M; admits a Riemann soliton from (1), one has
2K(U, V) + ((Leg) @ 9)(U, V,V,U) = Mg @ g)(U, V, V,U) =0, (20)

where K is the sectional curvature of Mj, for any orthonormal vertical vector fields
U, V. Since any fibre of 7 is totally umbilical, the equation (8) gives

K(U,V)=K(UV)-|H|?* (21)
On the other hand, using the Nomizu-Kulkarni product in (20), we get
((Leg)2g)(U, V.V, U)=g(U,U)(Leg)(V, V) +9(V, V)(Leg) (U, U) =29 (U, V) (Leg) (U, V)

~(Leg)(V, V) +(Leg) (U, U)=2(9(Tv&, V) +9(Vue, U) ).
Since the vector field € is concurrent on M, the last equality results in
((Leg) @ 9)(U, V,V,U) = 2(g(V, V) + g(U, 1) ) = 4. (22)
If you use the Nomizu-Kulkarni product in (20), you also get
Mg ® g)(U,V,V,U)=X(g(U, U)g(V,V)+g(V,V)g(U,U)—29(U,V)g(V.U))=2X. (23)
So if you insert the equation (21)-(23) into (20), you get Q(K(U, V)— HH||2) +4-2)\ =
0, which gives (19). U
As a consequence of Theorem 3.3 we can give the next result.
COROLLARY 3.4. Let (M},g,f, A) be a Riemann soliton with vertical potential field &
and 7 : (My,g9) = (Ma,g ) a Riemannian submersion with totally geodesic fibres. If

the vector field £ is concurrent on M, then the following hold:
(i) If any fibre has a positive sectional curvature, then (M, g,&, ) is shrinking.

(i) If any fibre is flat, then (My,g,&, \) is shrinking.
(iii) If (My,g,&, ) is expanding, then any fibre has a negative sectional curvature.
(iv) If the Riemann soliton (Mi,g,&,\) is steady, then any fibre has a negative sec-

tional curvature.

The next theorem gives the relation between the characterization of the Riemann
soliton (M7, g,&, A) and the sectional curvature on Ms.

THEOREM 3.5. Let (My,g9,£,A\) be a Riemann soliton with vertical potential field &
and 7 : (My,g) = (Ma,g') a Riemannian submersion. Then, we have the following:
(i) My has negative sectional curvature or My is flat if and only if (M, g,&,\) is
expanding.
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(i) If the Riemann soliton (M, g,&, \) is steady or shrinking, then My has positive
sectional curvature.

Proof. Since (M1,g,&, A) is a Riemann soliton with a vertical potential field &, we
obtain from (8)

2R(X,Y)Y, X) + ((Leg) @ 9)(X, Y, Y, X) —AMg® g)(X, V.Y, X) =0 (24)
for any orthonormal horizontal vector fields X, Y. Using the Nomizu-Kulkarni product
in (24) we get

(Leg)®9)(X, Y, Y, X) = g(X, X)(Leg) (Y, Y)
+ (Leg) (X, X)g(Y,Y) = 29(X, V) (Leg) (X, Y)
= (Leg)(Y.Y) + (Leg) (X, X) = 29(Vy €, Y) 4+ 29(Vx§, X).
If you apply (7) and (5) to the last equality, you get
((Leg) ® 9)(X, Y, Y, X) = 29(Vy &, Y) +29(VxE, X) = 29(AvE,Y) +29(AxE, X)
= —29(AyY,§) - 29(Ax X,§) = 0. (25)
Furthermore, using the Nomizu-Kulkarni product, we get
Mg @ g)(X,Y,Y, X) = Mg(X, X)g(Y,Y) + g(Y,Y)g(X, X) — 29(X,Y)g(Y, X))

=2(|IX|P[Y]? - 9(X,Y)?) = 2. (26)

If you insert the equations (9), (25), (26) into (24), the result is
K'(@)Yor —3||[AxY|> = A =0, (27)
where X /, Y is an orthonormal basis of the 2—plane o' on M,. From the last equality
we get the statement. d

Using (27), we have the following.

COROLLARY 3.6. Let (My,g,&,\) be a Riemann soliton with vertical potential field
& and let m : (My1,9) = (Ma,g ) be a Riemannian submersion. If the horizontal
distribution H is integrable, then the sectional curvature of My is A.

4. Conformal vector fields and Riemannian submersions

In this section we treat a Riemannian submersion 7« : M7 — My between Riemannian
manifolds such that the total manifold M; is endowed with a conformal vector field
&. In the case that £ is vertical or horizontal, we obtain some characterizations for a
Riemannian submersion whose total manifold admits a Riemann soliton.

THEOREM 4.1. Let (My,g,&,A) be a Riemann soliton and let 7 : (My, g) — (Mg,g/)
be a Riemannian submersion. If the conformal vector field € is vertical, then the
extrinsic vertical sectional curvature K |y is given by K |y= X\ — 2f, where f is a
smooth function on M.
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Proof. Since the Riemannian manifold M; admits a Riemann soliton, for any or-
thonormal vertical vector fields U, V, we obtain with (1):

(Leg) @ 9)(U,V,V,U) +2K(U,V) = Mg ® g)(U,V,V,U). (28)
If we apply the Nomizu-Kulkarni product to (28), we get
((Leg)®g) (U, V,V,U)=g(U,U)(Leg)(V, V)
+9(V. V) (Leg)(U,U)—=29(U, V)(Leg) (U, V)
=(Leg) (U, U)+(Leg) (V. V)=2(g9(Vu&, U)+g(VvE V) (29)
If we use (13) in (29), we also have:
((Leg)2g) (U, V,V,U)=2(9(VvE, U)+(VvE, V)
=2(g(fU+oU, U)+g(fV+¢V,V))=2(fg(U,U)+g(oU,U)+fg(V,V)+g(sV,V)).

Since the associated tensor field ¢ of £ is skew-symmetric, the last equation is equiv-
alent to

((Leg) @ g)(U,V,V,U) = 4f. (30)

If we apply the Nomizu-Kulkarni product to the right-hand side of the equation (28),
we obtain

Ag®g)(U, V.V, U)=A(g(U,U)g(V,V)+g(V,V)g(U,U)—2g(U,V)g(V.U))=2A, (31)
for any orthonormal vertical vector fields U,V. Putting the equations (30)-(31)
into (28), we get K |y= X\ — 2f. U
LEMMA 4.2. Let w : (My,g) — (Ma,g') be a Riemannian submersion such that the
conformal vector field £ is vertical on My. Then the conformal vector field £ is trivial.
Proof. If you put the equations (3) and (5) into Lie derivative, you get

(Leg)(X,Y) = g(Vx&,Y) + 9(VyE X) = g(AxEY) + (Av¢, X)
= —g(AxY.§) — 9(Ay X, §) = —g(AxY,§) + 9(AxY.§) =0,  (32)
for any horizontal vector fields X,Y. On the other hand, using the condition of
skew-symmetric of ¢ and the equation (13) in the Lie derivative results in

(Leg)(X,Y) = g(Vx&Y) +9(VyE, X)

=g9(fX +oX.Y) +g(fY + Y, X) =2fg(X,Y). (33)
If we compare the equations (32)-(33), we obtain that f = 0, which means that the
vertical conformal vector field £ is trivial. U

THEOREM 4.3. Let (My,g,&,\) be a Riemann soliton with vertical conformal vector

field & and let 7w : (My,g) — (Ma, g ) be a Riemannian submersion. Then the extrinsic

horizontal sectional curvature K |y is given by K |= .

Proof. Since (Mj,g,&, ) is a Riemann soliton, we obtain from the equation (1)
(Leg) ® 9)(X, Y, Y, X) +2K(X,Y) = Mg ® 9)(X,Y,Y, X) (34)

for any orthonormal horizontal vector fields X,Y on M;. If we apply the Nomizu-

Kulkarni product to the right-hand side of (34), we obtain

Mg @ g)(X,Y,Y, X)=A(g(X, X)g(¥,Y)+9(Y,Y)g(X, X)—29(X, V)g(Y, X)) =2).
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Here we note that according to Lemma 4.2 the vertical conformal vector field £ is
trivial. If we then substitute the previous equation into (34), we obtain K |y= A
and the proof is complete.
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