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REMARKS ON SUBMANIFOLDS
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Abstract. We give some characterizations for submanifolds admitting almost n-Ricci-
Bourguignon solitons whose potential vector field is the tangential component of a
concurrent vector field on the ambient manifold. We describe the particular cases of
umbilical submanifolds and of hypersurfaces in a space with constant curvature.
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1. Introduction

Starting with Hamilton’s paper, who introduced the Ricci flow around 1990s
[7], the theory of Ricci solitons has been developed continuously. The Ricci flow is
an evolution equation for a Riemannian metric, whose stationary solutions are the
Ricci solitons. Their study is totally justified by the fact that their properties can
provide useful information about the flow. Different notions of geometric solitons
have recently been considered in the Riemannian setting, on manifolds carrying
various structures or having certain types of potential vector fields. Throughout,
almost 7-Ricci solitons and almost 7-Yamabe solitons with torse-forming potential
vector field have been treated by the authors in [1]. Another generalization of Ricci
soliton, namely, 7-Ricci-Bourguignon soliton, will be further considered. Precisely,
it (M, g) is a Riemannian manifold of dimension n, V is a vector field and 7 is a
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1-form on M, then the data (g, V, a, 8,7) define an n-Ricci- Yamabe soliton (which
we shall call, n-Ricci-Bourguignon soliton and will denote it by n-RBS) if [8]

1
(1.1) 5£vg+ Ric = (a+ Bscal)g +n @ n,

where £y g stands for the Lie derivative of g in the direction of V', Ric is the Ricci
curvature, scal is the scalar curvature and «, 8,7y are real numbers. If o, 5,y are
smooth functions on M, then we talk about an almost n-RBS. In particular, if
v =0, (1.1) defines a B-Einstein soliton [2].

In this short paper, we point out some properties of almost 17-RBS solitons whose
potential vector field is concurrent, with a special view towards submanifolds. We
prove that, under certain assumptions, if the manifold is Ricci symmetric, then its
scalar curvature is constant. For the 3-dimensional case, we obtain some conditions
on the defining functions «, 3,7. Also, we discuss the case when we have such type
of soliton on a submanifold isometrically immersed into a Riemannian manifold,
and whose potential vector field is the tangential component of a concurrent vector
field on the ambient manifold. For the particular cases of an umbilical submanifold,
of a pseudosymmetric hypersurface or isometrically immersed into a space of con-
stant curvature, we formulate some conclusions. Also, we provide a necessary and
sufficient condition for an orientable hypersurface immersed into the unit sphere to
admit such type of soliton whose potential vector field is the tangential component
of a concurrent vector field on the Euclidean space.

2. Solitons with concurrent vector field

Assume further that V' is a concurrent vector field [10], that is, VV = I, where V
is the Levi-Civita connection of g and I is the identity map. Then £y g = 2g, hence
V is a conformal vector field, and from (1.1), we derive

(2.1) Ric = (a+ Bscal — 1)g+yn®mn,
hence
(2.2) Q= (a+ Bscal — I+,

where g(QX1, X2) := Ric(X1,X5) and i,g =7, and also

(2.3) scal =

5 [n(a =1+ 17

provided B # %

Therefore, in particular cases, the soliton equation is very similar to the equation
that defines a quasi-Einstein manifold. Recall that a non-flat Riemannian manifold
(M, g) (n > 3) is said to be a quasi-Finstein manifold [3], if Ric is not identically
zero and satisfies

Ric=a19+ asA® A,
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for a; and ag non-zero smooth functions and A a non-zero 1-form. The functions
a1 and ay are called associated functions.

Now, using (2.1), we obtain

Proposition 2.1. If(g,V,«, 8,7) defines an almost n-RBS on M with concurrent
vector field V', then M 1is a quasi-Einstein manifold and the associated functions are
(a+ Bscal — 1) and ~.

Now from VV = I, we also obtain
(2.4) R(X1,X2)V =0
for any X1, Xo € x(M). Differentiating covariantly (2.1), we infer
(2.5) (Vx, Ric)(X2, X3) = [X1(a) + X1(B)scal + X1 (scal)]|g(Xa, X3)

+v[M(X3)(Vx,m) X2 + n(X2)(Vx,n)X5] + X1 (7)n(X2)n(Xs),
for any X1, Xo, X3 € x(M) and we obtain

Proposition 2.2. Let (¢9,V,a, 8,7) define an n-RBS on M (a, 8,7 € R, 8 #0)
with concurrent potential vector field V. and Vn = 0. Then

(a) R(X1,X2)V =0, for any X1, Xo € x(M), in particular, V € ker@Q;

(b) M is Ricci symmetric (that is, VRic = 0) if and only if M has constant
scalar curvature;

(¢) Ric is a Codazzi tensor field (that is, (Vx, Ric)(Xa, X3) = (Vx, Ric)(X1, X3),
for any X1, Xs, X5 € x(M)) if and only if d(scal) @ I = I ® d(scal).

Proof. If V' is concurrent and «, 3, are constant, from (2.4) follows (a). From
(2.5), we deduce

(Vx, Ric) (X2, X3) = BX1(scal)g(X2, X3),
for any X1, Xo, X3 € x(M) and we find (b) and (¢). O

Next we shall make some remarks on the 3-dimensional case. It is known that
the Riemann curvature tensor of a 3-dimensional Riemannian manifold (M, g) is
given by
(26) R()(]_7 XQ)Xg = ]%Z'C(AXVQ7 X3)X1 - RiC(Xl, X3)X2

scal
+9(X2, X3)QX1 — 9(X1, X3)QX2 — T[Q(Xz,Xs)Xl — g(X1, X3) X2,

for any X1, Xo, X3 € x(M).
For VV =1, (2.1), (2.2) and (2.6) imply

-1

DR, Xo)Xa = | (20 - 1)+ P scat) 06, X0) 4 X6
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_ [(2(a -1)+ 452— 15cal) g(X1, X3) + W](Xl)n(Xs)} X,

+y[n(X1)g9(Xa, X3) — n(X2)g(Xy1, X3)]V.

Therefore, by means of (2.4) and (2.7), we infer

[(2(a 1)+ 452_ 1scal) +7V2} n(X2) X,

46 -1
= [(2(& -1+ 62 scal) + 7|V|2] n(X1) X2,
for any X1, X2 € x(M), which implies

(2.8) (2(04 —-1)+ 16 scal) +4VI2=0

and we can state:

Proposition 2.3. Let (g,V,a, 8,7) define an n-RBS on a 3-dimensional manifold
M with concurrent potential vector field V.
(a) If B = %, thena=1,v= —ﬁscal.

2(a—1)
128 *

(b) If B # %, then the scalar curvature equals to

Proof. From (2.3) we have

(2.9) Y|V]2 = (1 —3B)scal —3(a—1).
Combining (2.9) with (2.8), we find

(2.10) (1 —28)scal = 2(ar — 1).

For 8 = £, (2.10) implies v = 1 and we get (a) by means of (2.9). [

Remark 2.1. From the previous proposition, we deduce that if g = %, then yscal <0
and if 8 # 3, then (o — 1)(28 — 1)y > 0.

Also, differentiating covariantly (2.10) and (2.9) with respect to X7, we conse-
quently obtain

(2.11) BX1(scal) + X1(B8)scal = — X ()

and
(2.12) X ([VP) + Xi()IV]?* = =3[ X1 (scal) + X1(B)scal + X1 (a)]

and we can state:
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Proposition 2.4. Let (g,V,a, B,7) define an n-RBS on a 3-dimensional manifold
M with concurrent potential vector field V.

(a) If M is connected and «, B are constant, then the scalar curvature of M is
constant provided 3 # %

(b) If o, B and ~y are constants, then the vector field V' is collinear with grad(scal)
provided vy # 0.

Proof. (a) follows from (2.11) and for (b), notice that, if «, 8 and v are constants,
then, for any X7 € x(M), we get

7X1(|V|2) = —36X1(scal),
from (2.12), which is equivalent to
2v9(X1,V) = —3Bg(X1, grad(scal)),

hence the conclusion. [

3. Submanifolds as almost n-RBS

Let (]Téf , §) be a Riemannian manifold, let M be an n-dimensional isometrically
immersed submanifold and denote by g the induced Riemannian metric on M.
Then the two Levi-Civita connections, V and V, on (M, g) and (M, ﬁ), respectively,

satisfy the Gauss and Weingarten equations:
6X1X2 = Vx, Xo + h(X1,X),

Vx,N = —By(X1) + V%, N,

where h is the second fundamental form and By is the shape operator in the
direction of the normal vector field N, that is, g(Bn(X1), X2) = g(h(X1,X2),N)
for X1, Xo € x(M).

The submanifold M is said to be N-umbilical [4] (with respect to a normal
vector field V), if its shape operator satisfies By = @I, for ¢ a function on M and
I is the identity map.

Now we shall describe almost 17-RBS on a submanifold M having as potential
vector field the tangential component of a concurrent vector field V on M, that is,
VvV =1.

Let X1, X5 € x(M). Then

X1 =Vx,V=Vx, VT + (X1, VT) = Byi(X)) + Vi, VE
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and we infer

Vx, VI = X1 + By (X1).
Then we get

1

1
§(£VT9)(X17X2) = i[g(levTvXQ) +g(vX2VTaX1)]

= g(XlaX2) + g(h(X1’X2)7 VL)

and we can state:

Theorem 3.1. If V is a concurrent vector field on <M7 ﬁ), then (9,VT, a, B,7)
defines an almost n-RBS on M if and only if

(3.1) Ric(X1, Xa) = (a+ Bscal —1)g(X1, X2) +yn(X1)n(X2)
_g(h(XhX?)?VL)v

for any X1, Xo € x(M), where Ric is the Ricci curvature tensor of M.

Contracting now (3.1), if we denote by PF the restriction of §(ﬁ, VL) to M,
we get the expression of the scalar curvature of M
nla—1-pp)+ql7f?
1—-np ’

scal =
provided g # %
Now, for a V-+-umbilical submanifold, by means of (3.1), we state:

Corollary 3.1. IfV is a concurrent vector field on (M, E) and M is V*-umbilical,

then (g,VT, o, B,7) defines an almost n-RBS on M if and only if M is a quasi-
Einstein manifold with associated functions (o + Bscal — 1 — ) and 7.

In the particular case of a hypersurface, since
g (h(le X2)a VJ_) = g(B(X1)7 XQ)?(N7 VJ_) = H(Xla XQ)?(N7 VJ_)7

where IV is the unit normal vector field of M and H is the second fundamental
tensor field, if we denote by p the restriction of g(INV, V1) to M, then we obtain:

Corollary 3.2. IfV is a concurrent vector field on (M, ﬁ) and M is a hypersur-

face of M, then (9,VT,a, B,7) defines an almost n-RBS on M if and only if the
equality
(3.2) Ric = (a+ Bscal —1)g — pH +vn®n

holds on M.
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If the ambient space is of constant curvature, we prove the next result.

Theorem 3.2. IfV is a concurrent vector field on an (n + 1)-dimensional Rie-
mannian manifold (M(c),g) of constant curvature ¢, M is a hypersurface of M

and (g, VT, a,8,7) defines an almost n-RBS on M, then the second fundamental
tensor field H of M satisfies

(3.3) H? = [p+trace(H)|H —yn®n
+ [(n —le—a-p ((tmce(H))2 — trace (H?) +n(n — 1)0) - 1)} g.

Proof. From the Gauss equation, we have
(3.4) Ric(X1,X2) = trace(H)H (X1, X2) — H*(X1,X2) + (n — 1)eg(X1, X2)

and
scal = (trace(H))* — trace (H?) +n(n—1)ec.
Comparing the right hand sides of (3.2) and (3.4), we find

|+ 8 ((trace())? — trace (H?) + n(n —1)c) = 1] g(X1, X)
—pH (X1, X2) +yn(X1)n(X2)

= trace(H)H (X1, Xo) — H*(X1, X2) + (n — 1)cg(X1, X2),
thus we obtain (3.3). O

It is known that the position vector field of a hypersurface isometrically im-
mersed into an Euclidean space is a concurrent vector field. Therefore, Theorem
3.2 can be given, in this case, like follows.

Proposition 3.1. If V is the position vector field of an isometrically immersed
hypersurface M in an Euclidean space and (g, VT, «a, B,7) defines an almost n-RBS
on M, then the second fundamental tensor field H of M satisfies

H? = [p+trace(H)|H —yn @1 — {a +0 ((trace(H))2 — trace (H2)> - 1)} g.

Moreover, it is a gradient soliton with the potential vector field V1 = grad(f), for
£i= HVTP+ ).
Proof. Just remark that, since for any vector field X; on M, we have

7BN(VT)7

Vx, VI = X, + pByn(X1) and grad(p)
we infer
Xi(f) =
0

(X2 (IVTP?) + X1(p%) = 9(Vx, VT, VT) + pXa(p) = 9(X1, V7).

[N



404 A.M. Blaga and C. Ozgiir

Now we will look at pseudosymmetric hypersurfaces of a Riemannian manifold of
constant curvature and prove that, under certain assumptions, if the hypersurface
admits an 7-RBS having as potential vector field the tangential component of a
concurrent vector field on the ambient space, then it must be a (-Einstein soliton.
Let (M, g) be a Riemannian manifold and let R be its Riemann curvature tensor
field. Then the tensor fields R - R and Q(g, R) are defined by

(R(Xla XQ) : R) (Ula UQ; U37 U4) = _R(R(X17 XQ)Ula U27 U37 U4)

—. = R(U1, U, Us, R(X1, X2)Us)

and
Q(g, R)(U1,Us,Us, Uy; X1, Xo) := —R((X1 A X2)Uy, Us, Us, Uy)

— = R(Ul, Us, Us, (X1 A\ XQ)U4),
respectively, where X; A X5 is given by
(X1 A X2) X3 := g(Xa2, X3) X1 — (X1, X3)Xo,

for X1, Xo, X3,U1,Us, U3, Uy € x(M) [5].

An n-dimensional Riemannian manifold (M, g) is said to be pseudosymmetric,
if the condition

R-R=[fQ(g,R)
holds on the set U defined by

L{::{peM:(R—SCCLlG>7§0a‘EP}7
n(n—1)

where f is some smooth function on & and the (0,4)-tensor field G is defined by
G(U17 U2a U37 U4) = g((Ul A UQ)U37 U4)a
for Uy, Uy, Us, Uy € x(M) [5]. In [6], it was proved the following:

Lemma 3.1. Let (M(c),ﬁ) be an (n + 1)-dimensional Riemannian manifold of

constant curvature ¢ (n > 3) and let M be a hypersurface of M. If at a point
p €U C M, the second fundamental tensor field H satisfies

H? = aH + g,
with a, B smooth functions, then the relation

scal

R-R= (n(n—l)_6> Q(g, R),

holds at p, where scal is the scalar curvature ofM restricted to M.
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Then we can state the following result:

Theorem 3.3. Let (M(c),ﬁ) be an (n + 1)-dimensional Riemannian manifold

of constant curvature ¢ (n > 3), let M be a pseudosymmetric hypersurface of M,
whose second fundamental tensor field H satisfies

(3.5) H? = [p+ trace(H)| H
+ [(n —le—a-p ((trace(H))2 — trace (H?) +n(n — 1)0) - 1} g

and let V be a concurrent vector field on M. If (9,VT, , B,7) defines an almost
1n-RBS on M, then it is a B-Finstein soliton.

Proof. Notice that (3.3) combined with (3.5) implies

men=70,

hence v = 0, which means that the soliton is a S-Einstein soliton. [J

Further, a similar result as the one obtained in Theorem 3.3 given in [9], can be
formulated in our setting.

Let M be an immersed hypersurface of the sphere S"*1(1). Denote by (-,-) the
Euclidean metric on the Euclidean space E"*2 and by g the induced metric on M,
as well as, on S"T1(1). Consider a concurrent vector field V on E**2. If N and B
are the unit normal vector field and the shape operator of M in S"*1(1), and Ng
is the unit normal vector field of S**1(1) in E"*2, then we define the functions 4, o
on M by § = (V,N) |y and ¢ = (V, Ns) |p and the restriction of V' to M can be
represented as V' |py= U + N+ oNs, for U € x(M). Then we prove the following
result:

Theorem 3.4. Let V be a concurrent vector field on the Euclidean space E"+?
and let M be an orientable hypersurface of the unit sphere S*™1(1). Denote by &
the component of V tangent to S**1(1) and by U the component of & tangent to M.
Then (g,U, «, B,7) defines an almost n-RBS on M if and only if the equality

(3.6) H? = [trace(H) + §| H
+[n—o—a—p(n(n—1)+ (trace(H))* — trace(H?))] g = yn @ 1]

holds on M.

Proof. Let V,V and D be the Levi-Civita connections on M, S**1(1) and E"+2,
respectively. We have
\%4

snt1(1y= & + oNVs,
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and for any X; € x(M), by taking the covariant derivative with respect to X5, we
obtain
X1 =Dx,V = Dx,§ + Xi1(e)Ns + 0Dx, Ns.

By means of Gauss and Weingarten formulas, we get

X1 =Vx, &~ 9g(X1,§)Ns + X1 () Ns + 0X1.
Looking at the tangential and the normal components, we deduce
(3.7) Vx,é+(—1)X1=0

and
Xi(0) —g(X1,6) =0.

The vector field £ on S"*1(1) can be written as
E=U+6N
which combined with (3.7), gives
Vx, (U+6N)+(0—1)X; =0.
Again, from Gauss and Weingarten formulas, we infer
—(0—1)X1 =Vx,U+g(B(X1),U)N + X1 ()N — 6B(X1).
Looking again at the tangential and the normal components, we deduce
(3.8) Vx,U=-(0—1)X1 +dB(X1)

and
0=yg(B(X1),U)+ X1(9).

Therefore, for any Xy, Xo € x(M), we have
(3.9) (£ug) (X1,X2) = g(Vx,U, X2) + 9(Vx, U, X1)

= —2(o—1)g(X1, X2) +20H(X 1, X2).

Since the Gauss equation for a hypersurface M in S"*1(1) gives
(3.10) Ric(X1,X2) = (n — 1)g(X1, X2) + trace(H)H (X1, Xo) — H*(X1, X2),

by means of (3.9) and (3.10), we infer
1 .
5 (Lug) (X1, X2) + Ric(X1, X2) = (n — 0) 9(X1, X2)

+ [trace(H) + 6| H(X1, X2) — H*(X1, Xo).



Remarks on submanifolds as almost n-Ricci-Bourguignon solitons 407

Contracting now (3.10), we get

(3.11)

scal = n(n — 1) + (trace(H))? — trace(H?).

If there exist smooth functions «, 3, v on M such that (3.6) holds, then we get

1 .
5 (£vg) (X1, X2) + Ric(X1, X2)

[o+ B (n(n = 1) + (trace(H))? — trace(H?))] g (X1, X2) +y1(X1)n(X2),

hence (M, g) is an almost 7-RBS. The other implication immediately follows. [

10.

REFERENCES

. Blaga, A. M., Ozgiir, C.: Almost n-Ricci and almost n- Yamabe solitons with torse-

forming potential vector field. Quaestiones Mathematicae 5(1) (2022), 143-163.

. Catino, G., Mazzieri, L.: Gradient Finstein solitons. J. Nonlin. Anal. 132 (2016),

66-94.

. Chaki, M. C.; Maity, R. K.: On quasi Einstein manifolds. Publ. Math. Debrecen

57(3-4) (2000), 297-306.

. Chen, B.-Y.: A survey on Ricci solitons on Riemannian submanifolds, Recent

advances in the geometry of submanifolds — dedicated to the memory of Franki
Dillen (1963-2013), 27-39, Contemp. Math. 674, Amer. Math. Soc., Providence,
RI, 2016.

. Deszcz R.: On pseudo-symmetric spaces. Bull. Soc. Math. Belgium Série A 44

(1992), 1-34.

. Deszcz R., Verstraelen L., Yaprak S..: Pseudosymmetric hypersurfaces in 4-

dimensional spaces of constant curvature. Bull. Inst. Math. Acad. Sinica 22
(1994), 167-179.

. Hamilton, R. S.: The Ricci flow on surfaces. Math. and general relativity (Santa

Cruz, CA, 1986). Contemp. Math. 71 (1988), 237-262.

. Siddiqi, M. D., Akyol, M. A.: n-Ricci- Yamabe Soliton on Riemannian Submer-

sions from Riemannian manifolds, arXiv:2004.14124v1.2020.

. Al-Sodais, H., Alodan, H., Deshmukh, S.: Hypersurfaces of Euclidean space as

gradient Ricci solitons. An. St. Univ. Al 1. Cuza, lasi (S. N.), Matematicd LXI,
£.2 (2015), 437-444.

Yano, K.: Sur le parallélisme et la concourance dans l’espace de Riemann. Proc.
Imp. Acad. Tokyo 19 (1943), 189-197.



