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Abstract
The purpose of this paper is to find Ricci bi-conformal vector fields on Robinson-
Trautman spacetime. At first, we introduce some necessary definations, then we
calculate the Lie derivative of the metric and the Lie derivative of the Ricci tensor.
We categorize the Ricci bi-conformal vector fields on this spacetime. Finally, we
show it is a Killing vector field and also, it is a gradient vector field.
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1 Introduction

The relationship between geometry and physics of spacetime in the general theory
of relativity, Einstein field equations (EFEs) plays a vital duty. EFEs are extremely
nonlinear, and it is involved to detect their correct answers. Wherefore to understand
the answers of EFEs, it is essential to inflict some symmetry limitations on spacetimes.
These spacetime symmetries help in finding the accurate answers of EFEs, and some
of them show constant bases for classifying spacetime, (see [1, 2]). These symmetry
restrictions are said to Killing vector fields (KVFs) and by using them one can provide
conservation laws, and they play an important role in physics because if physics values
can be made invariant under a certain transformation physicists can make simpler



their problems. An example for the existence of time-like smmetry is £ = 7& where
7 and ¢ indicate a time-like KVF and momentum of the partical, respectively, which
ensures saving of energy of a partical. Also, symmetry restrictions are effective in
the perusal of gravitational waves and solve the problems of localization of energy
momenyum in GR. Some of the most fundamental symmetries of the spacetimes can
be named Killing, conformal, and homothetic vector fields. A conformal symmetry is
more important among other known spacetime symmetries. A conformal vector field
(CVF) X is defined by

Lxg = 2¢g, (1)

where ¢ is the smooth conformal function. In this equation, £ x g denots Lie derivative
of g in direction vector field X. In equation (1), if ¢ is a steady, then the vector field
represents a homothetic vector field (HVF), also when it is zero, then X is called KVFs.
It is called proper conformal vector field, if the vector field X is not homothetic but
conformal. For more study see [7, 8, 11, 12]. A vector field X is called a bi-conformal
vector field (BCVF) if we have the equations mentioned below

Lxg = ag+ Bh, (2)

and
LxS =ah+ g, (3)
where h is a symmetric square root of g and «, 8 are smooth functions, (see[9]). The
vector field X is said to be a Ricci bi-conformal vector field (RCBVF) when the
following equations are deduced for any vector fields Y, Z, and some smooth functions
o and B :
(Lxg)(Y,Z) = ag(Y, Z) + BS(Y, Z), (4)
and
(LxS)Y,Z) = aS(Y, Z) + Bg(Y, Z), (5)
where S is the Ricci tensor of M. Note, that Garcia-Parrado and Senovilla intro-
duced BCVFs [9], then De et al. defined RBCVFs in [6]. In [3], [4] and [5] have
been studied RBCVF's on Lorentzian five-dimensional two-step nilpotent Lie groups,
Siklos spacetimes, and homogeneous Godel-type spacetimes, respectively. In 1960,
Robinson-Trautman (RT) spacetime [14] was introduced as a EFE solution that has a
repeated principal null direction along with a shearless, expanding, and non-twisting
null geodesic congruence. By using RT spacetime, the mass loss in the final phase dur-
ing the collision of two black holes can be obtained. Also, the model of gravitational
radiation output from spatially limited sources can be represented by RT space-time.
In2018, several properties of RT spacetime curvature were investigated by Shaikh et
al. [15] and it was shown that it is a Roter type manifold and that the curvature ten-
sor admits curves such as Ricci pseudosymmetric, Weyl conformal curvature tensor,
Riemann compactible Ricci tensor, and pseudosymmetric energy momentum tensor.
In this paper, we investigate the existence of RBCVFs on Robinson-Trautman
spacetimes and we show it is a KVF and also, it is a gradient vector field (GVF).



2 Main results

In this section, we describe Robinson-Trautman spacetimes, and investigate the Lie
derivatives and the Lie derivative of the Ricci tensor on it, and then by solving the
equations, we investigate the existence of RBCVF and its results on this type. Notice
that we use the Maple software for exam our results.

2.1 Robinson-Trautman spacetimes

Consider RT spacetimes in the usual coordinates (¢, 7, x,y) as follows (see [10, 13, 14,

16])

g=—2(a —2br — f)dtQ + 2dtdr — ﬁ(dx + dy?) (6)
where f is nowhere vanishing function of z,y, and a,b,q are constants. Let e; =
O, €2 = Op,e3 = Oy, and e4 = 0y. The covariant derivatives of the coordinate fields
are calculated by
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where F — 75;((“”%1;;27@1,7 and G — 2a—8br fz+]{zzf fy+fyyf' Let X = X8, + X206, +

X309, + X*9, be an optional vector field on concircular vector fields where X' =
Xi(t,r,x,y) are smooth functions on M for i = 1,2,3,4.

For any vector field X = X*e; by (Lxg)(ei,e;) = 9(Ve, X, €;) + g(ei, Ve, X) the
Lie derivative of the metric g along to the vector field X, is given by

(Lxg)n = F(=0:X?r? + 20, X 'r?a — 49, X r°b
—20; X1rq — 2X2br? + X2q),
(Lxg)12 = (=0, X?r +20,X'ra — 40, X%
—20,X"q - 8, X'r),



(Lxg)hs = 7 (0 X% — f20,X7r + 2?0, X ar
—4f20,X'r? — 2f20,X1q),
(Lxg)ia = i(atX‘l 3— f20,X%r +2f20, X ar
—4£20,X 0 — 2£29,X'q),
(Lxg)2e =20, X",
(Lx9)23 = 72 (=0, X% + 9. X ),
(Lx9)2a = 72 (=0, X% + 9, X ), 9)
(Lxg)ss = FH(0: X f + X2 f = XPrd, f — X*rd, f),
(Lxg)sa = 7(3 X*+0,X3),
(Lxg)aa = _QT((? Xirf+ X2f — X3r0,f — X*ro, f).

Further, using the formula (Lx S)(e;, e;) = X (S(es, €5))—S(Lxes, ej)—S(ei, Lxe;)
the Lie derivative of the Ricci tensor along X is determined by

(LxS)11 = —Sb( 0, X212 + 20, X 'r2a — 49, X 'r%b

— 28tX1rq — XZar +2X?q),

(LxS)12 = —41)( 0. X%r + 20, X ra — 40, XD
T

— 20, qufatXlrJrX ),

(LxS)13 L (290, X%1% + 89, X33 + 0,Xr20, £

2f2
— X320 f f + 0 X320, % — 0, X320y, ff — 4bf20, X %
+ 8020, Xlar —16b% f20, X% — 8bf20, X q),

(Lx5)14 ( 20, X*r%a 4 80, X*r3b + 0, X %0, f?

2f2
— X0 [ + O X 20, f% — 0, X120, ff — 4bf20, X
+ 8bf20, X ar — 16b? f20, X r* — 8bf20,X'q),
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+ 0, X318y, [ f + 40, X bf?),

1
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— 0, X0, f2 + 0, X Opu f f — 0, X 10, 2
+ 0, X 0y ff + 40, X bf?),

(Lx8)23 (20, X3ra — 80, X>r?b

(Lx5)24 (20, X*ra — 80, X*r%b



(LxS)33 = %

4+ 20, X3 f20unf — 20, X3 fO, f2 + 20, X3 £20,, f

—8X%bf + X3O0pra f? + X Oy [

—4X30, fa+2X30, fO, % + X 0puy f 12

+ X*0yyy ff* —AX20, fa + 2X*0, fO. f*

— 160, X3 fbr + 16 X0, for — 3X>f0, fOrs f

—2X3 0, fOuyf — X2 Oy, fO. f + 16X>0, fbr

—2X* 0, fOuyf — X' fOra fOyf — 3X* [0, Oy, f

+2X°9, f° +2X19, %), (10)

(40, X3 fa — 20, X3 f0, f>

(LXS)34 = %(2& — 8br — afo + 8xchf - 6yf2
+ Oyy [ )0 X* + 9, X3),

(LxS)as = %(—8X26f + X%, f 2
+ X320,y f —4X30, fa + 2X30, 0, f*
+ X 0y [ 2+ X0y f 17 — 4X70, fa
+2X%0, f0, f* + 40, X* fa — 20, X* {0, f*
+ 20, X* 20,0 f — 20, X* 0, % + 20, X* 20, f
+ 16X, for — 3X3 f0, fOraf — 2X>fO, fOuy f
— X3f0y, [0 f +16X30, for — 2X* fO, fOuy f
— X fOyu fO, f — 3X1fOy fOyy f — 160, X" fbr
+2X30, % +2X*0, f?).

3 Ricci bi-conformal vector fields on some
spacetimes

In this part, we solve the equations (4) and (5) on RT spacetimes. By applying (6),
(8), and (9) in (4), we get

#(—6TX3T2+31X1]02) =0, (11)
72 (=0, X" + 9, X' f*) = 0, (12)
%(—461) —ar—0,X%r —29,X'ar
+40, X br? + 20, X q + 0: X'r) = 0, (13)
(=0 X3 4 20, X?r — 220, X ar
+4f20, X 0r? + 220, X1q) =0, (14)



20, X' =0,
75(28fa =8B for — Bf0.f* + Bf*Ous f
—BIOyf? 4 B0y f — ar® f 420, X372 f
+2X2rf — 2X53720, f — 2X*r?0,f) = 0,
75(28fa —8pfbr — BfO.f* + Bf*0uu f
—BfO,f2 + BF20yy f — arf + 20, X 4r2f
+2X2rf —2X3720, f — 2X*4r29,f) =0,
T%(Sﬁbar —168b%r% — 86bq + 2ar?a — 4ar3b
—20rq + 20: X% — 40, X'r%a + 80, X 1r3b
+40, X 'rq + 4X?%0r? — 2X2q) = 0,
— 7?0, X+ 0,X%) =0,
(0 X3 + 20, X% — 2f20, X Lar
+4f%0, X br? + 220, Xq) = 0.
Also, substituting (6), (8), and (10) in (5), we obtain
#5(—8X%bf + X350y, f
+X30py, f 2 — AX30, fa +2X30, fO, f?
+ X4y f2 + X 2Dy, f2 — 4X10, fa
+2X20, fO, f* + 40, X fa — 20, X* fO, f?

+20, XA 20,0 [ — 20, X2 fO, [ + 20, X* f20,, f

Br2f - QOCfGJ + O‘famfz - ana:czf
+af8yf2 — ozf26yyf + 16X48yfb7“

+16X30, for — 2X* fO, fOupyf — X [Orn fO, [

—3X1f0, fOyy f — 160, X* fbor + 8afbr
+2X30, 3 +2X49, f%) =0,
f—12(2a—8br—8$f2+8mff—8yf2
+8yyff)(aacX4 + ayX3) =0,
#(QQTX?’TCL — 89, X3r%b
=0, X310, f2 + 0, X310 [ f — 0, X310, f?
+0, X310y, f f + 40, X'bf?) = 0,
#(28TX4T(1 — 89, X*r%b
—0, X0, 2 + 0, X O [ f — 0. X410, f2
+0, X410y, f f + 40, X bf?) =0,
L (20, X3r2%a — 89, X3r3b — 0, X120, f*

r2f2

(23)

(24)



LOX320,, f f — 0.XPr20, 2 + 0,X%20,, 1 f
+4bf20, X%r — 8bf20, X ar + 16b% f20, X 112

+80f20,X'q) = 0, (25)
=}(Br? + dabr — 460, X? + 8b9, X 'ra
—16b%0, X 'r? — 8b9, X' q — 4b0, X 'r + 4bX?) = 0, (26)

%3(267”361 — 48r*b — 28r3q
+8bara — 16ar3b? — 8barg
+8b9, X2%r? — 1660, X 'r2a + 32020, X 113
+16b9; X 'rq + 8bX2ar — 16bX?q) = 0, (27)
}—;(—48IX3 fa+20,X3f0, 1>
=20, X3 f20,0 [ + 20, X3 f0, f% — 20, X3 20y, f
+8X2Df — X30p00f? — X30uyy f f?
+4X30, fa —2X30, fO, f? — X Opuy f 2
—X*0yyy [ 1? +4X40, fa — 2X0, [0, f*
—Br2f +2afa — afd, f?
taf?0pef — afayf2 + af28yyf
+160, X3 for — 16 X20, for + 3X3 0, fOrs f
+2X3 £, fOryf + X3 fOyy fOLf — 16X30, for
+2X2 0, fOuy f + X [Oru fO, f + 3X2fOy fOyy f
—8afbr —2X30, 3 — 2X49,f%) =0, (28)
180, X1b =0, (29)
%(—&ZX“TQQ + 80, X4r3b + 0, X120, f?
=0y X 20y [ | + 0: X120y f% — 0, X420y, f f — 4bf20, X *r
+8bf20, X ar — 1602 f20, X 1r? — 8bf?9, X q) = 0. (30)

Therefore, by solving these equations, X', X2, X3, X% o, and S obtained as follows
Xl=,X?=X3=X"=a=5=0, (31)

for some constant ¢;. Now, the following theorem is stated:
Theorem 1. The vector field X = X'0, + X20, + X390, + X48y on RT spacetimes
where g given by (6), is RBCVFE if and only if X! =1, X? = X3 =X =a=4=0.
So, the following corollary is stated:
Corollary 1. Any RBCVF X on RT spacetimes is a KVF.
Now, assume X = Vh on RT spacetimes with potential function h. Therefore,

Vh = (8:h)0, + (0,h)0, + 2(a — 2br — 1)(8,h)0, — L3(0,1)D, — L5 (9,h),.

T



From Theorem 2.4, the RBCVF X on RT spacetimes is GVF as Vh if and only if

Oth = —2¢1(a — 2br — g),
T

6,,h = (1,
Ozh =0, (32)
dyh = 0.

Taking derivation of the second equation of the last system along to ¢, we get 9;0,.h = 0.
The first equation of (32) implies that 9,0;:h = 4c1b — 2¢1qr—2. Therefore, 4¢ib —
2¢1qr~2 = 0. Thus, ¢ = b= 0 or ¢; = 0. Therefore, we get

h(t,r,x,y) = c1r — 2c1at + co,

for some constant co. Thus, the following theorem is stated:
Theorem 2. Any RBCVF X on RT spacetimes is a GVF with potential function f
if and only if h(t,r,z,y) = c1r — 2c1at + cs.
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