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Abstract

In this note it is proposed a class of non-stationary de Sitter, rotating and non-
rotating, solutions of Einstein’s field equations with a cosmological term of variable
function A*(u). It is found that the space-time of the rotating non-stationary de
Sitter model is an algebraically special in the Petrov classification of gravitational
field with a null vector, which is geodesic, shear free, expanding as well as non-zero
twist. However, that of the non-rotating non-stationary model is conformally flat
with non-empty space.

Keywords: Non-stationary de Sitter; rotating and non-rotating cosmological models;
Kerr-Schild ansatz.

It is well known that the original de Sitter cosmological model is conformally flat
Cupea = 0 space-time with constant curvature Ropeq = (A*/3)(gacgbd — gadgne) [1]- It also
describes the non-rotating and stationary solution. Therefore, the non-rotating station-
ary de Sitter model is a solution of Einstein’s field equations for an empty space with
constant curvature, whereas the rotating stationary de Sitter model proposed in Ref. 2
is a solution for non-empty space with non-constant curvature. Because of the stationary
and non-rotating properties of the original de Sitter space, the non-rotating Schwarzschild
black hole with constant mass can embed to produce Schwarzschild-de Sitter cosmological
black hole with two event horizons - one for black hole and other for cosmological [3]. Sim-
ilarly, the rotating stationary de Sitter cosmological universe [2] can conveniently embed
into the rotating stationary Kerr-Newman solution to produce rotating Kerr-Newman-de
Sitter cosmological black hole with constant cosmological term. This Kerr-Newman-de
Sitter black hole metric can be expressed in terms of Kerr-Schild ansatz with differ-
ent backgrounds as kNS = gd5 1 2Q)(r, 0)(,6, where Q(r,0) = —(rm — €2/2)R™2, and
gBNAS = gBN 4 o[ (1,0) £, £, with H(r,0) = —(A*r*/6) R=2. Here g3 is the rotating
stationary de Sitter metric and the vector ¢, is a geodesic, shear free, expanding as well
as non-zero twist, and one of the repeated principal null vectors of gfbe, ggf and gfbedS,
as these space-times are Petrov type D. The expressibility of an embedded black hole
in different Kerr-Schild ansatze means that, it is always true to talk about either Kerr-
Newman black hole embedded into the rotating de Sitter space as Kerr-Newman-de Sitter
or the rotating de Sitter space into Kerr-Newman black hole as rotating de Sitter-Kerr-
Newman black hole - geometrically both are the same. That is, physically one may not
be able to predict which space starts first to embed into what space. One thing we found
from the study of Hawking’s radiation of Kerr-Newman-de Sitter black hole [4], is that,
there is no effect on the cosmological constant A* during the evaporation process of elec-
trical radiation. The cosmological constant A* always remains unaffected in Einstein’s



field equations during Hawking’s radiation process. That is, unless some external forces
apply to remove the cosmological term A* from the space-time geometry, it continues to
exist along with the electrically radiating objects, rotating or non-rotating. This means
that it might have started to embed from the very early stage of the embedded black
hole, and should continue to embed forever. It is noted that the Kerr-Newman-de Sitter
black hole proposed in Ref. 2 is found different from the one obtained by Carter [5] in
the terms involving cosmological constant.

The black hole embedded into de Sitter space plays an important role in classical
general relativity that the cosmological constant is found present in the inflationary
scenario of the early universe in a stage where the universe is geometrically similar to the
original de Sitter space [6]. Also embedded black holes can avoid the direct formation of
negative mass naked singularities during Hawking’s black hole evaporation process [4]. It
is also known that the rotating Vaidya-Bonnor black hole with variable mass M (u) and
charge e(u) is a non-stationary solution. When M (u) and e(u) become constants, the
rotating Vaidya-Bonnor black hole will reduce to the stationary Kerr-Newman black hole.
If one wishes to study the physical properties of the gravitational field of a complete non-
stationary embedded black hole, e.g. rotating non-stationary Vaidya-Bonnor-de Sitter
(not discussed in this note), one needs to derive a new rotating non-stationary de Sitter
model with a cosmological term of variable function A*(u). That is, an observer travelling
in a non-stationary space-time must also be able to find a non-stationary cosmological
de Sitter space to embed, having a similar space-time structure with time dependent
functions.

In this view, it is proposed a rotating non-stationary de Sitter solution of Einstein’s
field equations with a cosmological term of variable function A*(u) in this note. Using
Newman-Penrose formalism [7], a class of rotating metric with a mass function M (u,r)
has been discussed in Ref. 2, where the mass function is being expressed in terms of
Wang-Wu function ¢, (u) [8] as

—+00

M(u,r) = Z qn(u)r".

n=—oo

For obtaining a rotating non-stationary de Sitter solution, we choose the Wang-Wu

function as

= { 37OV e =8 0
such that )
M(u,r) = 67"3A*(u). (2)

Then using this mass function in the rotating metric presented in equation (6.4) of
Ref. 2, we obtain a rotating metric, describing a non-stationary de Sitter model with
cosmological term A*(u) in the null coordinates (u,r, 8, ¢) as
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—R%dp? — {(7“2 +a?)? — A*a? sin29} R™2sin?6 d¢?, (3)

where R? = 72 4 a%cos?0 and A* = r?2 —r*A*(u)/3 +a?. Here A*(u) denotes an arbitrary
non-increasing function of the retarded time coordinate u and a being a constant rota-
tional parameter. When one sets the function A*(u) to be a constant, the line element
(3) will reduce to the rotating stationary de Sitter space-time [2]. The complex null
vectors for the above metric can be chosen as follows:

ly =6 — asin?0 62,

a =

Ng = ZARQ 5; + 62 — QAR2 asin0 63, (4)
Mg = _\/;R { —iasing ) + R 63 +i(r? + a2)sin053}.

Here ¢,, n, are real null vectors and m, is complex with the normalization conditions
Iin® =1 = —mem®. By virtue of Einstein’s field equations, we calculate the energy-

momentum tensor describing matter field for the non-stationary space-time as

Ty = W laly+2p" Ly +2pmgmy) + 2w g My + 20 €, my), (5)
where
Y= —r4{2rA*(u) + a?sin® A*(u) } * = LA*(u)
H = T6KR2R? ’“ wfs P T gReRe s )
r2A*(u) [ 9 o iar3sin6 N\ s
— —m{r -+ 2a COS 9}, w = —W(R — 3R)A (U)’u, (6)

with the universal constant K = 87G/c*. The quantity p* interprets as a null density
based on the derivative of A*(u); p* and p are the density and pressure of the non-
stationary matter field, and w represents the rotational force density determined by
the rotational parameter a coupling with the derivative of A*(u). That is, for non-
rotating model ¢ = 0, the rotational density w will vanish, describing a non-rotating
fluid model for non-stationary de Sitter universe. From (6) we find the equation of state
(the ratio of the pressure to energy density ) for the non-stationary rotating solution as
w =p/p = —(r? + 2a’cos’§)r—2 for non-zero rotational parameter a. This equation of
state will take the value w = —1 at the poles § = 7/2 and 6 = 37/2, showing that the
de Sitter solution (3) with non-constant A*(u) describes a rotating non-stationary dark
energy model possessing negative pressure.
The trace of energy momentum tensor Ty, (5) is found as

T =2(p" —p). (7)

Here it is observed that p* — p > 0 for rotating non-stationary de Sitter model. The
energy-momentum tensor (5) satisfies the energy conservation equations T“b;b = 0. The



verification of these equation may be seen in Appendix A below. The Ricci scalar A
(= 2—14g“b R.p), describing matter field by virtue of Einstein’s field equations, is found as

A= ér2A*(u)R_2. (8)

Other Ricci scalars are related with p*, p*, p and w (6) as Kpu* = 2 ¢9, Kw = —2 ¢19,
Kp* =2¢11+6A and Kp = 2¢1; — 6 A. The energy momentum tensor (5) also satisfies
all the three energy conditions: (i) weak, T,,UU® > 0, (ii) strong, T,,UU® > 3T and
(iii) dominant, for a time-like observer with its four-velocity vector U® as shown in Ref.
2. It is noted that T} (5) does not describe a perfect fluid, i.e. for a non-rotating perfect
fluid, Téff) = (p*+p)uqg up — P Gap, with unit time-like vector u, and trace T’ ®f) — p* —3p,
which is different from the one given in (7).

The existing Weyl scalars, determining gravitational field for the space-time metric
(3) are obtained as

72 A*(u) _
- 2 _
o 6RRR2{(T+ ia cosf)R —rR},
iardsind _
—rar sy A (1) ,
s = 3 A (0) )
2,4 2
= IO RN ) s — 20 A () ).
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From the non-vanishing Weyl scalars 19, 13 and 14, it is observed that the rotating non-
stationary de Sitter model (3) is an algebraically special (precisely, type IT: Cype(qf h]ﬁbﬁc =
0, with ¢ = ¢1 = 0 [9]) in the Petrov classification of space-time with a null vector £,
(4), which is geodesic, shear free, expanding (6 = %K‘fa = rR7?) as well as non-zero
twist (0% = %K[a; b]ﬁ‘“b = a?cos? §R72R~2). Here the function A*(u) does not involve
in the expression of expansion 0 and twist @2 of the null vector #¢. This means that
the physical properties of this null vector ¢* are same for both stationary [2] as well as
non-stationary (3) rotating de Sitter models, though they have different gravitational
fields with different energy momentum tensors.

The expressions of ¢3 and 14 above involve the derivative of A*(u) as A*(u) 4, cou-
pling with the rotational parameter a. So at some point when A*(u) sets to be a constant
for non-zero rotation (a # 0), both 13 and 14 will vanish. At that point the gravitational
field of the observer will be of type D (12 # 0) in the Petrov classification of stationary
space-time. That is, the space-time becomes the rotating stationary de Sitter solution
with cosmological constant A* [2].

The metric (3) can be expressed in the coordinate system (t, z, y, z) as

ds? = dt? —da? — dy? — d2?

{rSA*(t,7)} [dt

+3(7“4 +a? 22)

1 2
e {r(zdz + ydy) + a(xdy — ydx)} — . zdz] ,

where 7 is defined, in terms of z, y and z [9]

- @+ 22—t —d? 2 =0,



with the following transformations

x = (r cos¢ + asing) sind,
y = (rsing — a cosg) sind,

z=rcost, t=u+r.
Then, the above transformed metric is in the Kerr-Schild form with
ggl? = Nap + 2H(t7 z,Y, Z) Caly, (10)

where 7, is the flat metric and

rOA*(t,7)
H(t —__rawn
( y Ly Y, Z) 3(7“4—|—a222)’
1

In w-coordinate system the null vector ¢, is given in (4) above. The Kerr-Schild ansatz
(10) confirms that the rotating non-stationary de Sitter model (3) is a solution of Ein-
stein’s field equations of non-constant curvature.

The rotating non-stationary de Sitter solution has an apparent singularity when A* =
r?2 —r*A*(u)/3 + a® = 0. This equation has four roots r4 4, ry _, 7_ 4 and 7_ _. They
are found as

ri) = j:\/2A3(u){3j:\/9+12a2A*(u)}. (11)

Now let us denote these roots r4 4, ry_, r— 4, r— _ as ri, ra, 3, r4 respectively (for the
simplicity, rj, j =1,2,3,4). Then, these roots have the following relation

3 { 2 A (u) +a2}.

(r—rl)(r—rg)(r—rg)(r—m):—A*(u) r 3

Then each root represents the location of the cosmological horizon for the observer and

associates an area of the horizon at each point at r =r;, j=1,2,3,4,

T 27
Aj = /0 /o V/9609¢¢ A0 do )T:r_
= Arn{ri +a’}. (12)

According to Bekenstein-Hawking area-entropy formula [3], these areas A; will determine
the entropies S; of the horizons of the de Sitter model (3) by the relation S; = A;/4 [3].
Thus, we find them as

S; = 7T{7“]2~ +a?}. (13)

The gravity of the cosmological horizons is determined by the surface gravity, defined by
kn® = n® Vyn® in [5], where the null vector n® given in (4) above is parameterized by
the coordinate u, such that d/du = n*V,, and has the normalization condition £,n® = 1



with the null vector £,. The surface gravities x; associated at each r = r; are found as

below:
Tp o\ a
Fp = 3Rp;2) (u{rp + rppiHrpsr —1p} for p=1,3, (14)
Tp
kp = 3Rp,% (u{rp-1 +rpH{rp-1 —rp} for p=2,4, (15)

where RJQ- = rjz- + a?cos?0, j=1,2,3,4. The surface gravities ; may be regarded as the
gravitational field on the cosmological horizons. From (14) and (15), we observe that
k1 and kg will be zero when 1 and ry coincide. Similarly, k3 and x4 will vanish when
r3s =T4.

The coincidence of two roots 71 and 9 leads to a condition that {9+ 12a2A*(u)} = 0.
This condition implies that r3 and r4 also coincide. Then all roots take the form r; =
ro = —r3 = —r4 = /{3/(2A*(u))}. Accordingly, the area of the horizon at each point
r1, T9, r3 and r4 are found as

3
.= . 1
This implies that the entropy associated with each point becomes
3T
= | =1,2,3,4. 1
S] 4A*(U,)7 J ) 737 ( 7)

From this expression we find that the entropies §; at r; are inversely proportional to
the cosmological function A*(u). It is to mention that the value of A*(u) is supposed
to reduce according to the retarded time u change. Consequently the entropies S; may
increase, as the function A*(u) reduces. It is found that once the function A*(u) takes the
constant value, as in the case of stationary rotating de Sitter universe [2], the entropies
S; associated with r; will take constant values.

The angular velocities §; for the horizons are found as

Qj = lim
9o

r—T;

BT ERIY (18)

( gu¢>: ar}lA*(u)
3(r§+a2)2'

The coincidences of the roots (r; = 9, and r3 = r4) imply that r; = 3/(2A*(u)). Then
the angular velocities take the forms

Q; = —%A*(u). (19)

This indicates that angular velocities are directly proportional the cosmological function
A*(u), and the effect of the change in A*(u) will certainly affect on the angular velocities
associated with r;. It is also emphasized that the angular velocity €2; given in (18)
will vanish when the rotational parameter a tends to zero, showing the fact that there
is no angular velocity for non-rotating de-Sitter space-time with vanishing rotational
parameter a = 0.

It is quite interesting to discuss the nature of the non-rotating (a = 0) non-stationary
de Sitter model with A*(u). Although the non-rotating de Sitter model does not explain



the complete structure of the space-time, the metric is very simple without much mathe-
matical expressions. Thus, when one sets the rotational parameter a to zero, the metric
(3) reduces to non-rotating de Sitter model as

ds? = {11207 w)) du? + 2du dr — 12(d6? + sin®6 dp?). 20
3

In this situation, the Weyl scalars 19, 13 and 14 given in (9) are vanished showing that
the space-time becomes the conformally flat (Cypeq = 0). Then the energy-momentum
tensor (5) takes the form

KTy = _éTA* (u),ugagb + A" (U)gab (21)

with its trace KT = 4A*(u). Here the energy-momentum tensor (21) involves a Vaidya-
like null radiation term —%TA*(u),uﬂaEb, which will vanish when r — 0, and satisfies the
energy conservation equation 7’ ab;b = 0. However, it still maintains the non-stationary
behavior A*(u) # constant, showing that the space-time of the observer is naturally
time dependent even at » — 0. The energy momentum tensor (21) will become the
one of the original de Sitter model [1] when A*(u) takes a constant value. Using the
energy momentum tenor (21) we find Einstein’s field equations Gy, = —KT,;, for the
non-rotating metric (20) as follows

1 NS
Rap = 5 R + Mu)gar = ~Tpy ™, (22)
where the non-stationary evolution part of the energy-momentum tensor (20) is given by
7™ LA ) utat
ab - —51” (u)# atb)

which has zero-trace T™NS) = 0. It is to mention that the universal constant K does not

involve in the field equations (22). For future use we also present the null energy density

w*, energy density p* and pressure p of the non-rotating de Sitter metric as follows
A*(u)

:A*I((u)’ p= 7 (23)

*

p= N W p

From (23) we find the equation of state w = p/p* = —1 with the negative pressure of
variable A*(u). It is also observed that the variable A*(u) is the source of the energy
density p* and the negative pressure p, which determine the physical nature of the
equation of state. For instance when we set it to zero, the density p* and pressure p will
be vanished, and consequently we cannot determine the dark energy equation of state
parameter w = p/p* = —1. This shows the fact that our non-stationary de Sitter solution
(20) is in agreement with the cosmological constant (A*) de Sitter model possessing the
equation of state w = —1 in the dark energy scenario [10, 11, 12], when A*(u) takes a
constant value A*.

The metric (20) has an apparent singularity with a horizon at 7 = +{3A*(=D (u)}1/2.
The entropies S+ and the surface gravities k4 of the horizon associated with r = r4 for



the non-rotating metric (20) are found as

ST and k4 == A (u)

S = A*(u) 3

(24)

From these expressions we observe that Sy are inversely proportional to A*(u), whereas
k+ are not. It is emphasized that, according to the change of the retarded time u, the
value of A*(u) may decrease. This ensures that the entropies Sy of the non-stationary de
Sitter model will increase, whereas the surface gravities k1 decrease. Such observations
of changes of the values of St and k1 can be found only in the case of non-stationary
de Sitter model (20). This is the important aim of the study of non-stationary de Sitter
space-time. Our results of the non-rotating de Sitter solution are in agreement with those
of Gibbons and Hawking [3], when the cosmological function A*(u) tends to a constant
A*.

The Kretschmann scalar for non-rotating de Sitter model (17) takes the form

K= RabcdRade = gA* (u)27 (25)

which does not involves any derivative term of A*(u), and will not change its value at
r — 0 and r — oo. The above Kretschmann scalar will become the one of original de
Sitter model when A*(u) takes a constant value. That is, though the energy momentum
tensor (21) for non-rotating non-stationary model is found different from the one of
non-rotating stationary de Sitter solution, the forms of Kretschmann scalar for both
non-rotating non-stationary (20) and stationary models [1] have similar structures with
a difference in nature of the cosmological function A*(u).

Our result discussed here includes the following cosmological models: (i) original de
Sitter when a = 0, A*(u)= constant [1], (ii) rotating stationary de Sitter when a # 0,
A*(u)= constant [2], (iii) non-rotating non-stationary de Sitter when a = 0, A*(u) #
constant, (iv) rotating non-stationary de Sitter when a # 0, A*(u) # constant. From the
study of non-stationary models it is observed that the gravitational field of the space-time
of the rotating model (3) is algebraically special in the Petrov classification whereas the
non-rotating one (20) is conformally flat with the energy momentum tensor describing
non-empty space. It is hoped that known stationary works, rotating or non-rotating,
with cosmological constant, may be extended to the non-stationary ones by using the
non-stationary de Sitter model, rotating (3) or non-rotating (20). It is to note that to
the best of the author’s knowledge, these non-stationary de Sitter cosmological solutions
(3) and (20) have not been seen discussed before.
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Appendix A: Energy-momentum tensor conservation equa-
tions

In this appendix we establish the fact that the energy-momentum tensor (5) satisfies
the conservation equations Tab;b = 0. These are four equations, which can equivalently
be expressed in three equations — two are real and one complex, using Newman-Penrose

spin coefficients. Hence, we find the following

Dp* = (p* +p)(p+ p) + wk™ + @K, (A1)

Dp* +Vp* +ow+d0 = p{(p+p) —2(e+&} — (p" +p)(n+ i)
—w2r+28—-7) — w27 + 268 - 1), (A2)

Dw+6p=p's*+ (p* +p)(1 — ) + wo — w(2€ — 2p — p) (A3)
where k*, 7, m, etc. are spin coefficients, and the derivative operators are defined by
D =10%9,, V=n%,, ©6=m9,, 0=md,. (A4)

These are general equations for an energy-momentum tensor of the type (5).

Now, in order to verify whether components of T% with the quantities p*, p*, p and
w given in (6) for the rotating non-stationary de Sitter metric satisfy these conservation
equations (A1-A3) or not, we present the NP spin coefficients for the metric (3):

Kr=0c=A=¢€¢=0,

1, A
p= R: n= QR RQ’
ai(2az’—Rcos€) 5= cot 0
~ 2y2RRsinf’ " 2\2R’
tasin® tasind
= b b =——py A5
"T2RR T T 2R (A5)
1 2 2 A % P, *
V= gggm | 3T A W R - A,
1
v = SRR iar® sin OA* (u) ,,
The derivative operators (A4) are given as follows:
D = 87"7
1 AN
V:ﬁ{(TQ—l—aQ)@u—?Br—i—a&ﬁ}, (A6)
1

\/2R{za sm@@u—i—@g—i-m(%},



where A* = r2 —74A*(u)/3 + a?. The equations (A1) and (A3) are comparatively easier
to verify than (A2). Therefore, we shall not show their verification here except for the
equation (A2). Now, by virtue of (6) and (A6), the left side of (A2) is found as

X v | 5 _ rPa?sin?f 2r3a? cos? ON*
Dt +Vp +owtow = srprprm MW = g AW
+{ 276 _ a?rt
3KR2R?R? 3KR?R2R?

n 2a2r4 sin? 6
3K R?R?R?R?
which can be shown equal to the right side of (A2), by using (6) and (5A). This leads

to the conclusion of the verification that the energy-momentum tensor (5) satisfies the
condition T“b,b =0.

(3&2 cos® 0 + 1"2) }A*(u)u (A7)
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