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Ricci bi-conformal vector fields on four-dimensional Lorentzian Damek-Ricci spaces

Shahroud Azami

ABSTRACT: In this paper, we obtain all Ricci bi-conformal vector fields on the four-dimensional Lorentzian
Damek-Ricci spaces and we show that four-dimensional Lorentzian Damek-Ricci spaces have not nontrivial
Ricci bi-conformal vector fields as gradient vector filed. Also, we determine which of them are Killing vector
fields.
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1. Introduction

Let (M, g) be a smooth n-dimensional pseudo-Riemannian manifold. A vector field X on a Riemannian
manifold (M, g) is called a Killing vector field if the Lie derivative with relation to X of the metric g
vanishes, that is

EXg = 07

where Ly is the Lie derivative in the direction of X. Killing vector fields and generalized of them are
important in differential geometry and physics. Recently, various generalizations of Killing vector fields
have been investigated. A vector field X on a Riemannian manifold (M, g) is called conformal vector
field if there is a smooth function ¢ on M that named a potential function, such that Lxg = 21g.
When ¢ = 0, X is a Killing vector field. Conformal vector fields are thoroughly studied in [4,10,16].
Another generalizations of Killing vector fields are generalized Kerr-Schild vector fields. The generalized
Kerr-Schild vector field is defined by

Lxg=ag+plol, Lxl=rl,

where «, 3,7 are smooth functions over M. Coll et al. [6] studied the generalized Kerr-Schild vector field.
A symmetric tensor h on M is called a square root of g if hzkhf = g;;. Garcia-Parrado and Senovilla [11]
using square root of g defined bi-conformal vector fields. A vector field X is said to be a bi-conformal
vector field if it satisfies the following equations:

Lxg=oag+Bh, Lxh=ah+fyg,

where h is a symmetric square root of g and «, 8 are smooth functions. The functions a and 3 are called
gauges [6,11] of the symmetry and they play a role analogous to the factor ¢ appearing in the definition
of the conformal vector fields. After then, De et al. in [8] using the metric tensor field g and the Ricci
tensor field S defined Ricci bi-conformal vector fields as follows.

Submitted April 17, 2023. Published August 10, 202
2010 Mathematics Sub]ect Classification: 53C50 53C21 53B20.

Typeset by BS% style.
1 © Soc. Paran. de Mat.


www.spm.uem.br/bspm
http://dx.doi.org/10.5269/bspm.67903

2 S. AzAaMI

Definition 1.1 A wvector field X on a Riemannian manifold (M,g) is called Ricci bi-conformal vector
field if it satisfies the following equations

(‘CXQ)(sz) :ag(Y7Z)+ﬂS(Ya Z)a (11)

and
(LxS)(Y,Z) = aS(Y, Z) + Bg(Y, Z), (1.2)

for any vector fields Y, Z and some smooth functions o and (3.

For the first time Damek and Ricci in [7] introduced Damek-Ricci spaces which are semidirect products of
Heisenberg groups with the real line. They proved that the conjecture posed by Lichnerowicz fails in the
non-compact case by the authors provided the examples of harmonic manifolds that were not symmetric.
The geometry of these spaces has been studied by many authors. In [9], Degla and Todjihounde studied
the nonexistence of a proper biharmonic curve in a four-dimensional Damek-Ricci space. In [1], they
studied the dispersive properties of the linear wave equation on Damek-Ricci spaces and their applications
to nonlinear Cauchy problems. Also, see [3,5,12]. Tan and Deng [15] considered the four-dimensional
Lorentzian Damek- Ricci spaces and proved that these spaces did not even admit a left-invariant Ricci
soliton. Also, they investigated harmonicity of invariant vector fields and curvature properties. Sidhoumi
[14] considered the left-invariant Lorentzian metrics admitted by the four-dimensional Damek-Ricci spaces
and proved the existence of the vector field for which the soliton equation holds. Also, A. Mostefaoui
and N. Sidhoumi [13] classified homogeneous structures on Damek-Ricci spaces equipped with the left
nvariant metric.

The paper is organized in the following way. In Section 2, we give some basic concepts on four-
dimensional Damek-Ricci spaces and their metrics in global coordinates, we also describe their Levi-Civita
connection, Ricci tensor, and Lei derivative of metric tensor and Ricci tensor in direction an arbitrary
vector field. In Section 3, Ricci bi-conformal vector fields of four-dimensional Damek-Ricci spaces are
characterized via a system of partial differential equations. In particular, we prove that some of Ricci
bi-conformal vector fields admit gradient and Killing vector fields resulting in expanding and shrinking
Ricci solitons.

2. Geometry of four-dimensional Damek-Ricci spaces

In this section we recall We start with a short description of four-dimensional Damek-Ricci spaces
(see [2,7]). First, we recall the so-called generalized Heisenberg group since Damek-Ricci spaces depend
on it.

2.1. Generalized Heisenberg group

The generalized Heisenberg algebras are defined as follows. Suppose that b and 3 are the finite-
dimensional real vector spaces and n = b & 3. We define the bracket in n as follows

U+ X,V+Y]=pUYV),

where 5 : b X b — 3 is a skew-symmetric bilinear map. This product defines a Lie algebra structure on
n. We equip b with a positive inner product and 3 with a positive or Lorentzian inner product denoting
the product metric by (,),. Consider a linear map J : Z € 3 — Jz € End(b) which is defined by

(JzU VY =(BU,V),Z), for all U,V € b and Z € 3.

Then n is a two-step nilpotent Lie algebra with center 3. The Lie algebra n is called a generalized
Riemannian Heisenberg algebra, and the associated simply connected nilpotent Lie group, endowed with
the induced left-invariant Riemannian metric, is called a generalized Riemannian Heisenberg group, if
the inner product in 3 is positive and

2 —(Z, Z)yidy, when Z is spacelike,
z (Z, ZYnidy, when Z is timelike.
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2.2. Damek-Ricci spaces

Now, let e = £1 and a, be a one-dimensional pseudo-Riemannian real vector space, which is Lorentzian
for € = 1 and Riemannian for e = —1 and let n_. = b @ 3 be a generalized Heisenberg algebra which is
Lorentzian if ¢ = 1 and Riemannian if e = —1. Consider a new vector space a.®n_.. Let r,s e R,U,V € b
and X,Y € 3. We define the Lorentzian product (.,.) and a Lie bracket [.,.] on a. @ n_, by

rA+U+ X, sA+V+Y)=U+X,V+Y)._. +ers,
1 1
rA+U+ X,sA+V +Y]= [U,V]nfe—&-irV—ﬁsU—H“Y—sX

for a non zero vector A in a. . Therefore a.®n_. becomes a solvable Lie algebra. The corresponding simply
connected Lie group, equipped with the induced leftinvariant Lorentzian metric, is called a Lorentzian
Damek-Ricci space and will be denoted by S.. Let (S, g.) denoted the four-dimensional Lorentzian
Damek [5] equipped with the left-invariant Lorentzian metric

ge = e tda? + e tdy® 4 ee*(dz + gyd:ﬂ - gxdy)z, (2.1)

in global coordinates (z,y,z,t) where ¢ € R. Note that Damek-Ricci spaces of dimension four are
diffeomorphic to R* because they are simply connected solvable Lie groups.

We have an orthonormal basis of left invariant vector fields on (S, g.) with respect to the metric g
given by
0 cxd , 0 0

——), e3=€ —, e4 = —, 2.2
3y+28z) 3 92" 1T ot (22)
and
glei,e1) = glez,e2) =1, gles,e3) = —g(es, e4) = €.

The Lie brackets of these vector fields are determined by

1
le1,e2] = ces, [e1,e3] =0, le1,eq] = —5e
1
[62,63] =0, [62,64] = —562, [63,64] = —€3.

We denote the Levi-Civita connection of (S, g.) by V and its curvature tensor by R in which defined by
R(X,Y)Z = [Vx,Vy|Z =V ixy1Z (2.3)
for all vector fields X,Y and Z. The Ricci tensor of (S2, g.) is defined by

4

S(X,Y) = glex, ex)g(R(ex, X)Y, ex), (2.4)
k=1

with respect to orthonormal basis {e1, e, e3,e4}. Using the Koszul formula, the Levi-Civta connection
V of the space S? is described by

—3¢4 363 —3e2 —3€
_ | —3f 304 Fe —3e
Ve, €; b, e, ey e (2.5)
0 0 0 0
and the Ricci tensor of S? is determined by
bt o o
— 2
S = 00 3 0 (2.6)
000 -3



4 S. AzAaMI

with respect to the basis {e1, e, e3,¢e4}.

We consider an arbitrary vector field X = X'e; + X%ey + X3e3 + X*ey on (S2 g ), where X¢ =
Xi(x,y,2,t), i =1,2,3 are smooth functions. Suppose that 0, 3‘9, Oy = 86347 0, = and O = 8@
The Lie derivative of the metric g in direction vector field X is given by

(Lxg)(er,e1) = 2e1(X1) — X4,
(Lxg)(er,e2) = e1(X?) +ea(X1),
(Lxg)(e1,e3) = €(cX? 4 e1(X?)) + es(X 1),
(Lxg)(e1,eq) = X' — eer(X?) + eq(X 1),
(Lxg)(e2,e2) = —X* 4 2e5(X?),
(Lxg)(e,e3) = e(—c X" + ea(X?)) + e3(X?), (2.7)
1
(Lxg)(ea,eq) = §X2 —eea(XY) + eq(X?)
(Lxg)(es, e3) = 2e(—X* + e3(X?)),
(Lxg)(es,eq) = e(X3 + 64(X3) - 63(X4)),
([/XQ)(€47€4) = _2664(X4)a
and the Lie derivative of the Ricci tensor along the vector field X is represented by
(EXS)(ehel) = 661(X1) — §X47
(LxS)(e1,e9) = 5(e1(X?) + ex( X)),
5
(EXS)(el,eg) 2(CX2+61(X3))+263(X1),
€ 3 €
(ﬁxs)(61,€4) = ZXl — 561(X4) + 564(X1),
€
(,CXS)(eg, 62) = 5(—X4 —+ 262(X2)),
5
(LxS)(eaes) = 5 (—eX" +ea(X%) + Ses(X?), (2:8)
3
(LxS)(e2,e4) = ix? — Sea(X") + 564()(2),
(ﬁXS)(€37 63) = 5(_X4 + 63(X3))7
5 3
(LxS)(es, ea) = 5 (X + ea(X?) 5@3(X4)),
(ﬁxs)(€4,64) = 7364(X4)
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3. Ricci bi-conformal vector fields

In this section, we solve the equation (1.1) and (1.2) on four-dimensional Lorentzian Damek-Ricci
spaces. By using (2.1), (2.6), and (2.7) in (1.1), we have

21 (X! — X' =a+ %/3, (3.1)
e1(X?) +ex(Xh) =0, (3.2)
e(eX? +e1(X?) +es(XY) =0, (3.3)
%Xl ey (XY 4 ea(X1) =0, (3.4)
—X' 4 2e5(X?) = a+ B, (3.5)
e(—cX! +ea(X?)) +e3(X?) =0, (3.6)
%XZ — eea(X?) + ea(X?) =0, (3.7)
2e(—X* +e3(X?) =ea + gﬂ, (3.8)
(X3 4 ey (X3) —e3(X) =0, (3.9)
—2ee4(X*) = —ea — gﬁ, (3.10)
and by applying (2.1), (2.6), and (2.8) in (1.2), we get
cer(X1) — %X‘* = %a + 8, (3.11)
%(el(XZ) +ea(XY) =0, (3.12)
g(CX2+61(X3))+§€3(X1) =0, (3.13)
3
X! = Zer(X) + Zea(X1) =0, (3.14)
%(4{4 + 25(X2)) = %a+6, (3.15)
g(fcxl +ea(X3) + geg(XQ) =0, (3.16)
§X2 - geQ(X‘*) + 264()(2) =0, (3.17)
B— X 4 e5(XP)) = ga +ep, (3.18)
g(x3 +eq(X?) — 263()(4)) =0, (3.19)
—3es(X*) = —ga —€f. (3.20)
From (3.10) and (3.20), we conclude that
B=0, eX")= % (3.21)
Using (3.4) and (3.14), we infer
er (X1 =0, %Xl +ey(XY) =0. (3.22)
Using (3.7) and (3.17), we have
ea(X*) =0, ' + ey (X% =0. (3.23)
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Equations (3.7) and (3.17), imply that
e3(X1) =0, X3 4eq X =0. (3.24)
By taking integration of (3.21)-(3.24), we deduce that X* = F(t) and

a=2F(t), X'=G(z,y,2)e 2, X*=K(z,y,2)e"?, = L(x,y,2)e”" (3.25)
for some smooth functions F, G, K and L. From (3.3) and (3.13), we have
e3(XN) =0, eX?4e(X?)=0. (3.26)
Applying X' = G(x,y,2)e” % in e3(X') = 0 we obtain 8.G(x,y,2) = 0 and G(z,y,2) = Gi(z,y) for
some smooth function G;. Inserting (3.21), (3.25), and X! = G1(z,y)e % n (3.1), we arrive at
0,G1(x,y) = F'(t) + @ =a (3.27)

for some constant a;. Hence, by integration we get G1(z,y) = a1z + Ga(y) for some smooth function Gs.
Using (3.6) and (3.16), we have

e3(X?) =0, —cX' +ea(X?) =0. (3.28)

Substituting X2 = K (z,y,2)e”? in €3(X2) 0 we ﬁnd K(z,y,z) = Ki(z,y) for some smooth function
K. Inserting (3.21), (3.25), and X% = K;(z,y)e”2 in (3.5), we infer

m\*

F(t
Oy Ky (z,y) = F'(t) + % ) a. (3.29)
Thus, by integratlon we deduce Ki(z,y) = a1y + Ka(x) for some smooth function K,. Inserting X! =

(a1 + Ga(y))e % and X2 = (a1y + Ko(x))e % in (3.2), we conclude

Gy(y) = —Kj(2) = a (3.30)
for some constant as. Hence Ga(y) = asy + as and Ks(x) = —asx + a4 for some constants ag and ay.
Therefore, ) .

X' = (12 + ay +az)e” 2, X2 = (a1y — asx +ayg)e” 2. (3.31)
Applying (3.21), (3.25), and X3 = L(z,y, z)e”" in (3.8), we infer
0.L(x,y,z) = F'(t) + F(t) = as, (3.32)

for some constant as. Equations (3.27) and (3.32) imply that F/(t) = 0 and F(t) = 2a; = as. By taking
integration of (3.32) we deduce L(x,y,z) = 2a1z + L1(z,y) for some smooth function L;. Substituting
(3.31) and X? = (2a12 + L1(z,y))e " in (3.28) we find 9,L1(x,y) = c(azy + a3) and integration of it
implies that Ly (z,y) = 6(02%2 + aszy) + La(z) for some smooth function Lo. Now, inserting (3.31) and
X3 = (2a;2 + C(GQ% +asy) + La(x))e™" in (3.26) we get Ly(x) = —c(—azx + a4) and taking integration
of it we obtain Lo(z) = C((lz% — a4x) + ag) for some constant ag. Therefore

2 2
X3 = <2a1z + c(ag% +asy) + c(ag% — a4m) + ag) et (3.33)

Hence we have the following theorem.

Theorem 3.1 The vector field X on (S, gc) where g, is given by (2.1), is Ricci bi-conformal vector field
if and only if « = =0 and

X' = (a1 + apy + as)e”

)

[SESENNIEN

X? = (a1y — asx + aq)e™ 2,

2 2
X3 = <2a1z + c(ag% + azy) + c(ag% —a4x) + a6> e ! (3.34)

X4 = 2@1,

for some constants a1, as,as3,as and ag.
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Now, let X = V£ on (S%, g.) with potential function f. Then,

only if

X =ei(fer +ea(f)ea + ees(f)es — eea(f)eq. (3.35)
From Theorem 3.1, the Ricci bi-conformal vector field X on (S%, g.) is gradient vector field as V£ if and
cy - —t
axf - ?azf - (alx + ay + (13)6 ’ (336)
Oyf + 5 0:-f = (ary - agz + as)e™, (3.37)
Y2 2
O.f=¢ (Qalz + c(a25 + azy) + C(QQ? —a4T) + a6> e 2t (3.38)
O f = —2eay. (3.39)

By taking derivative of (3.38) with respect to ¢ and using (3.39) we get

2 1‘2

201z + c(ag% + azy) + C(GQ? — asx) + ag = 0.

Hence, a1 = a2 = a3 = a4 = ag = 0 a nd by direct integration we obtain f = b for some constant b.
Therefore, we have shown the following result.

Corollary 3.1 Any Ricci bi-conformal vector field X (S2, g.) is gradient vector field with potential func-
tion f = b where b is constant.

Corollary 3.2 Any Ricci bi-conformal vector field on (S, g.) is a Killing vector field.
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