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Expanding perfect fluid generalizations of the C metric
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Petrov type D gravitational fields, generated by a perfect fluid with spatially homogeneous energy
density and with flow lines which form a nonshearing and nonrotating timelike congruence, are
reexamined. It turns out that the anisotropic such spacetimes, which comprise the vacuum C metric as
a limit case, can have nonzero expansion, contrary to the conclusion in the original investigation by Barnes
[A. Barnes, Gen. Relativ. Gravit. 4, 105 (1973).]. Apart from the static members, this class consists of
cosmological models with precisely one symmetry. The general line element is constructed and some
important properties are discussed. It is also shown that purely electric Petrov type D vacuum spacetimes
admit shear-free normal timelike congruences everywhere, even in the nonstatic regions. This result
incited to deduce intrinsic, easily testable criteria regarding shear-free normality and staticity of Petrov
type D spacetimes in general, which are added in an appendix.
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L. INTRODUCTION

The C metric is a well-known exact solution of
Einstein’s vacuum equation with zero cosmological con-
stant. The static region of the corresponding spacetime was
first described by Weyl [1]. At about the same time Levi-
Civita [2] constructed its line element in closed form,
arriving at essentially one cubic polynomial with two
parameters as the metric structure function. The C metric
is a Petrov type D solution for which at each spacetime
point both Weyl principal null directions (PNDs) are geo-
desic, nonshearing, nontwisting but diverging; it thus be-
longs to the Robinson-Trautman class of solutions and was
rediscovered as such [3]. The label C derives from the
invariant classification of static degenerate Petrov type D
vacuum spacetimes by Ehlers and Kundt [4]. The impor-
tance of this solution as summarized by Kinnersley and
Walker [5] is threefold. First, the C metric describes a
spacetime with only two independent Killing vector fields
(KVFs) which can be fully analyzed. Next, it is an “‘ex-
ample of almost everything,” most notably it describes a
radiative, locally asymptotically flat spacetime, while con-
taining a static region. The C metric is contained in the
class of boost-rotation-symmetric spacetimes [6,7], which
are the only axially symmetric, radiative and asymptoti-
cally flat spacetimes with two Killing vectors. Finally, the
solution has a clear physical interpretation as the aniso-
tropic gravitational field of two Schwarzschild black holes
being uniformly accelerated in opposite directions by a
cosmic string or strut, provided that ma <1/ V27, where
the mass m and acceleration « are equivalents of the two
essential parameters of Levi-Civita [5,8] (see, however, the
end of Sec. II C for a comment).
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Generalizations of the C metric have been widely con-
sidered. Adding a cosmological constant A is straightfor-
ward, and we will henceforth refer with ““C metric” to such
Einstein spaces. Incorporating electromagnetic charge
|g|*> = > + g? is equally natural and leads to quartic
structure functions [5]. Recently, the question of how to
include rotation for the holes received a new answer [9,10],
avoiding the closed timelike curves appearing in the pre-
viously considered ““spinning” C metric [11,12], just as in
the Newman-Unti-Tamburino (NUT) solutions [13]. All
these generalizations fit in the well-established class D
of Petrov type D Einstein-Maxwell solutions with a non-
null electromagnetic field possessing geodesic and non-
shearing null directions aligned with the PNDs [14,15],
which reduces for zero electromagnetic field to the sub-
class D, of Petrov type D Einstein spaces and which
contains all well-known 4D black hole metrics. In fact,
all D metrics can be derived by performing ‘“limiting
contractions” [16] from the most general member, the
Plebanski-Demiariski line element [17], which exhibits
two quartic structure functions with six essential parame-
ters m, a, |g|>, A, NUT parameter /, and angular momen-
tum a. A physically comprehensive and simplified
treatment can be found in [18,19], also surveying recent
work in this direction.

In this paper we present a new family of Petrov type D,
expanding and anisotropic perfect fluid (PF) generaliza-
tions of the C metric. The direct motivation and back-
ground for this work is the following.

According to the Goldberg-Sachs theorem [20] the two
PNDs of any member of D), are precisely those null
directions which are geodesic and nonshearing. Such a
member is purely electric (PE, cf. Appendix B) precisely
when both PNDs, as well as the complex null directions
orthogonal to them, are nontwisting [nonrotating or hyper-
surface orthogonal (HO)]. This is, in particular, the case for
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the C metric. As we will show, it implies the existence of an
umbilical synchronization (US), i.e., a nonshearing and
nonrotating unit timelike vector field (tangent to a congru-
ence of observers). The importance of USs in cosmology
was stressed in [21]. If a congruence of observers measur-
ing isotropic radiation admits orthogonal hypersurfaces, an
US exists. Only small deviations from isotropy are seen in
the cosmic microwave background, and scalar perturba-
tions of a Friedmann-Lemaitre-Robertson-Walker universe
preserve the existence of an US [22]. In general, space-
times admitting an US have zero magnetic part of the Weyl
tensor with respect to it [23] and thus are either of Petrov
type O, or PE and of type D or I [16]. Conformally flat
spacetimes always admit USs [see e.g. (6.15) in [16]].
Triimper showed that algebraically general vacua with an
US are static [24]. Motivated by this result and by his own
work [25] on static PFs, Barnes [26] studied PF spacetimes
with an US tangent to their flow lines. He was able to
generalize Triimper’s result to Petrov type I such PFs and
recovered Stephani’s results on conformally flat PF solu-
tions which are either of a generalized Schwarzschild type
or of a generalized Friedmann type (so-called Stephani
universes) [27]. The type D solutions were integrated and
invariantly partitioned, based on the direction of the gra-
dient of the energy density relative to the PNDs and the
flow vector at each point. Class I, characterized by the
energy density being constant on the hypersurfaces or-
thogonal to the flow lines and thus the only class containing
Einstein spaces as limit cases, was further subdivided using
the gradient of W, (cf. Sec. I B for details). By solving the
field equations, Barnes concludes that class ID, consisting
of the anisotropic class I models, solely contains nonex-
panding solutions. Hence, these PF solutions would not be
viable as a cosmological model. However, based on an
integrability analysis of class I in the Geroch-Held-Penrose
(GHP) formalism [28], we found that this conclusion can-
not be valid and this led to a detailed reinvestigation.

In this article we construct the general line element of
the full ID class, comprising both the known nonexpanding
perfect fluid models and the new expanding ones, and
discuss some elementary properties. We want to stress
the following point. The full class represents a PF general-
ization of the C metric in the sense that the C metric is
contained as the Einstein space limit. The physical inter-
pretation of this fact is however not established. This
would require one to exhibit this solution for small masses
as a perturbation of a known PF solution, just as the
C-metric interpretation of small accelerating black holes
has been established in a flat or (anti—)de Sitter background
[5,29-32].

However, the mathematical relation with the C metric is
useful. As already deduced in [26], the PF solution is, just
as the C metric, conformally related to the direct sum of
two 2D metrics. The fact that one part is equal for the PF
solution and the C metric is helpful in the analysis, e.g. we
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will show that (a part of) the axis of symmetry can readily
be identified as a conical singularity, analogous to the
defect of the cosmic string present in the C metric. The
nonstatic spacetimes presented are exact PF solutions with
only this symmetry, and the analysis appears to be within
reach. For the expanding ID PF models both the matter
density w(z) and the expansion scalar 6(z) can be arbitrary
functions. This freedom is displayed explicitly in the met-
ric form, and makes the solutions more attractive as a
cosmological model.

The paper is organized as follows. In Sec. II we present
the GHP approach to class I. We derive a closed set of
equations, construct suitable scalar invariants, interpret the
invariant subclassification of [26], and start the integration.
At the end we provide alternative characterizations for the
Einstein space members and identify their static regions
and USs. In Sec. III we finish the construction of the
general ID line element in a transparent way, and correct
the calculative error of [26] in the original approach. Then
we deduce basic properties of the ID perfect fluid models.
In Sec. IV we summarize the main results and indicate
points of further research. The work greatly benefited from
the use of the GHP formalism, which at the same time
elucidates the deviation from the C metric. In Appendix A
we provide a pragmatic survey of this formalism for the
nonexpert reader. In Appendix B, finally, we present crite-
ria for deciding when a Petrov type D spacetime admits a
(rigid) US or is static.

Notation.—For  spacetimes (M, g,,) we take
(+ + + —) as the metric signature and use geometrized
units 877G = ¢ = 1, where G is the gravitational coupling
constant and ¢ the speed of light. A denotes the cosmo-
logical constant. We make consistent use of the abstract
Latin index notation for tensor fields, as advocated in [33].
Round (square) brackets denote (anti-)symmetrization,
Navea 18 the spacetime alternating pseudotensor, and
V.Tu... (LxT,,...) designates the Levi-Civita covariant
derivative (Lie derivative with respect to X¢) of the tensor
field 7,,.... One has

daf = vaf’ dea = v[h Ya]

for the exterior derivative of a scalar field f, respectively,
one-form field Y,, and

X (f) = X, f

denotes the Leibniz action of a vector field X“ on f; when
X? is the x'-coordinate vector field ax,“ we write 9, f or
f i, and a prime denotes ordinary derivation for functions
of one variable, f'(x) = d.f(x). However, we use index-
free notation in line elements ds? = g;;dx'dx/. The spe-
cific GHP notation is introduced in Appendix A.
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II. GHP APPROACH TO CLASS 1
A. Definition and integrability

We consider Barnes’s class I [26], consisting of space-
times (M, g,;) with the following properties:
(i) The spacetime admits a unit timelike vector field u?
(u?u, = —1) which is nonshearing and nonrotating,
i.e., its covariant derivative is of the form

vbua = 6hab — UgUp, hab = Gap T Uy, (1)

where the acceleration ¢ = u®V,u® and expansion
rate @ = V,u® are the remaining kinematic quanti-
ties of u“.

(i1) The Einstein tensor has the structure

Gab = Sua”b + P8ap = Wl Uy + phab’ (2)

D,w=h,tV,w =0, 3)

i.e., the spacetime represents the gravitational field
of either a perfect fluid with shear-free normal four-
velocity u“, pressure p + A, and spatially homoge-
neous energy density w — A (case S = w + p # 0)
or a vacuum (Einstein space case S = 0, where w =
—p may be identified with A).

(ii1) The Weyl tensor C,;,., is degenerate but nonzero,
i.e., the spacetime is algebraically special but not
conformally flat.

Choose null vector fields k* and [, subject to the normal-
ization condition k“/, = —1, such that

1
ut = —=(qk® + 19),
V2q

Within the GHP formalism (cf. Appendix A) based on the
complex null tetrad (k% [9, m9 m?), g is (=2, —2)
weighted and conditions (i) and (ii) translate into

g>0. (4)

7T+7"'=qk+q_1v, A = qa, )
w—i=qp—p)

P'g — gbqg = —2q(u — gp), dqg=03qg=0 (6

and
Dy = P, = Dy, =0, @)
s s 4S
®, = 3 00 = 4’ ®,, = e (8)
R=24I1 =w — 3p = 4w — 3§, 9
ow =3dw =0, P'w — gbw = 0, (10)

respectively. By virtue of condition (i) the magnetic part
H, = %nacmn cmm, ucud of the Weyl tensor with respect
to u“ vanishes [23]. In combination with condition (iii) it
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follows that the Weyl tensor is purely electric with respect
to u, Eyp = Cuepguu # 0, the Weyl-Petrov type is D,
and at each point u“ lies in the plane X spanned by the
Weyl PNDs (cf. Appendix B for a GHP proof of these well-
known facts). Hence, choosing k“ and /“ along the PNDs,
(k4, 19, m®, m®) is a Weyl principal null tetrad (WPNT) and
we have

‘1,0211’1:‘1’3:\1,4:0, (11)

¥ =v=+0, V=2V, (12)

Under the restrictions (7) and (11), the GHP Bianchi
equations are given by (A31)—(A36) and their prime duals.
Combining these with the other equations in (5)-(12)
results in

k=0, v=0 o=A=0, (13)
p=p a =, T= -7 (14)
P¥ =3pW, PV =-3uV, (15)
oW =37V, V=37V, (16)
P'S — gbS = S(Pqg — n + qp), (17)

3S =15,  3S=7S, (18)
DPw = gbw = — Lﬂz_ ar) (19)

With (7)—(9) and (11)-(14) the Ricci equations, given by
(A25)-(A30) and their prime duals, reduce to

bu=—Pp (20)
v ow S
= Vr+pup+rrit—+——- 21
Or+ up + 17 >ty T (21)
S
P’M=—M2—%, dp=0u=0  (22)
_ 2. S — Al —
bp = p~ +—, 0p=0p =0, (23)
4q
br=P7=0, or = 12, (24)
H
—67T=6’7'=67_'EE (25)

and the complex conjugates of (24), while the commutator
relations applied to a (w,, w,)-weighted scalar 1 become
w S

¥
b, D]y = (w, + Wq)(7'7_' -2 Z)”’ 26)

v
[0,0'n = (w, — wq)(—up + %)77 27

[P,d]n = (—7P + pd + w,p7)7, (28)
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[P, 0']n = (=7P + pd' + w,pT)7, (29)
[P, 0]y = (—7P — ud + w,ur)n, (30)
[P, 0]y = (—7P — ud' + w,u7)n. 31

Then the [3, 8'](7), [8, 8'](7), [P, 8'](7), and [P/, &'](7) com-
mutator relations imply

0H =27(H + V¥ — G),
PH = p(H + F),

0H =27H +V¥ — G),
P'H = —u(H + F), (32)

where

F=217, G=2up+ g 33)
One checks that the integrability conditions for the system
(6)—(33) of partial differential equations (PDEs) are iden-
tically satisfied, indicating that corresponding solutions
exist. Those for which u“ is nonexpanding additionally
satisfy

0~pn—gp=0 (34)

[cf. (96) and (100)]. However, (34) does not follow as a
consequence of the ansitze; this implies the existence of
expanding anisotropic perfect fluid models in class I
(Sec. III). Also, the scalar invariant up may be strictly
negative, which is incompatible with (34); as a conse-
quence, the class I Einstein spaces are not necessarily static
(Sec. I1C).

B. Metric structure and subclassification

The first, second, and last parts of (13) and (14) precisely
account for the hypersurface orthogonality of k¢, [, and
m «— m?, respectively. Thus real scalar fields u, v, (zero
weighted) and U, V [(—1, —1), respectively, (1, 1)
weighted], and complex scalar fields { (zero weighted)
and Z [(1, —1) weighted] exist such that

1/3 1/3 Wpl/3
du=—%k, dy=—o7I, dl=—m,

U Vv
(35)
By (A16) this is equivalent to

Plu=—-w3/U, Pu = du = du =0, (36)
by = —W!/3/y, Plv =0dv =03dv =0, (37)
3 =v137 b =DP(=0;=0 (38)
0, =37, P=P7=07=0. (39

The commutator relations (28)—(31) applied to u, v, ¢, and
{ then yield

U =d'U =03V =03V =0, (40)
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pZ=PZ=bZ=P7=0. 41)

Hence, when we take these fields as coordinates, (35)—(41)
imply that the zero-weighted fields UV and ZZ only de-
pend on (u, v), respectively, (£, /), such that all class I
metrics are conformally related to direct sums of metrics
on two-spaces:

gap = V7 2P(gh @ g3, (42)
gk =2V 3m iy, = 22Z(¢, Dd . Ldy, (43)

g, = 22Ukl = —2UV(u, v)dudyv.  (44)

The line elements of gi‘b and gazb will be denoted by dsi,
respectively, dss .

In the case where such a two-space is not of constant
curvature, however, we will construct more suitable coor-
dinates in the sequel. Inspired by the GHP manipulations of
[34] for type D vacua [35], we start this construction by
deducing suitable combinations of the scalar invariants F,
G, H, and V. From (A16), (10), and (15)—(33), it is found
that

d,F =3V Bea,  d,G=3V"yB, (45)

dop =29"Pxa,,  d,y =29y,  (46)

dx=V"a,  dy=TIB, @)
where
a, = fmu + Tma’ IBu = lu’ku - plu (48)

are invariantly defined one-forms and

_H+F _—H+VY+F+2G
¢ = 3\1,—1/3, Y= 373 ) (49)
H+VY -G —H+2¥ +G
S Y 2R G0
Consequently, the scalar invariants,
C=3(p—x°) =3y =), (51)

D=—-xX—-Cx+F=y’+Cy—G, (52)

are constant (d,C = d,D = 0). From (50) and (52) it
follows that F, G, H, and ¥ are biunivocally related to x,
y, C, and D, where

277 =F=x>+Cx+ D, (53)
2up=G-5=ytcy-p-% 54
26/TEH:2X3+3x2y+Cy_D’ (55)
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¥ =(x+y)3} #0. (56)

Barnes [26] partitioned class I according to the position
of the gradient VW relative to 3 and 3. This relates to
the vanishing of the invariants 77 = — 77 or wp, maximal
symmetry of g i—b or gfb, and spatial rotation or boost
isotropy of g,;, as follows.

First assume 7 = 0. In this case (25) and the first parts of
(33) and (49)—(52) imply

H=F=¢=0,
C = —3x%

¥ — G = 3xV?/3,
(57)
D = 2x3,

such that x is constant. In combination with the last part of
(14) and (16) and the first parts of (47) and (48) one gets

T=0em7=7=0&x=const & V¥ € 3 (58

The [8,d'] commutator relation applied to £, /, and Z
imply Z = &'Z = 0 and 00'Z = 3xW2/3Z. Herewith the
Gaussian curvature of the two-space with metric g2 be-
comes

KJ_

—(22)"'(In(ZZ)) ;; = — ¥~ 300/ (InZZ)

'z
= —‘P‘2/36(7) = —3yx, (59)

where the dual of (35) was used in the calculation. In
conjunction with the results of Goode and Wainwright
[36], we conclude that (58) yields the class I solutions
which are locally rotationally symmetric (LRS) of
label II in the Stewart-Ellis classification [37], character-
ized by g1, having constant curvature K = —3x. As is
well known (see e.g. the appendix of [38]) the coordinates
£ and / may then be adapted such that ZZ(¢, /) = (1 +
K+7Z/2)"in (43), or an alternative form may be taken:

2did?
ds] = ——"— =Y} (dx} + cos(vk x)*dx3),
1+ K¢ (60)
Kt =k Y2 k, €{-1,0,1}

Now assume wp = 0. It follows from (20)-(23), (33),
and (55) and the second parts of (49)—(52) that
w A
S=y=0, G=—=—,
4 33
C = -3y (61)

A
D= -2y ——,
Y73
such that y is constant. In combination with (15) and the

second parts of (47) and (48) this implies

A
—H 420+ = = 3yWw2/3,

up =0 u=p=0«y=conste V¥ e 3L
(62)

By a similar reasoning as in the case of 7 = 0 one con-
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cludes that (62) yields the locally boost-isotropic Einstein
spaces of Petrov type D, characterized by gfb having
constant curvature

K* = =3y, (63)

such that in this case one may take UV(u,v)=
(1 — K*uv/2)~" in (44) and we have

2dudv

dS% = — 1_7 = Y%(dx% - COS(\/EX:;)dei),
Tuv (64)
K> = ks Y32, ks € {—=1,0,1}

With (42) and ds22 written in the second form, it is clear
that

ax4a = _'\Ij—z/3Y§ COS(\/EE_X3)2CZ“X4 (65)

is a HO timelike Killing vector field.
Four subclasses of class I thus arise, which were labeled
by Barnes as follows:

IA: 7=0= up,
IC:7# 0= pup,

IB: 7=0# up,
ID: 7 # 0 # up.

(66)

We proceed with the respective integrations. Notice that in
the joint case wp7T = 0 one has

27 + up) = (x + ¥  + K(x + y)* — %, (67)

with K = K1 for 7 =0 and K = K> for up = 0. When
7# 0 or up # 0 we may take x, respectively, y as a
coordinate, where (47), (48), and (56) imply

(x + y)(Fm, + 7m,) = d,x, (68)

(x + y)(uk, — pl,) = d,y. (69)

In view of (42)—(44) and (56) it then remains to determine
suitable complementary coordinates for x in gi‘b or y in
8ap-

For 7 # 0, Frobenius’s theorem and (68) suggest to
examine whether zero-weighted functions ¢ and f exist
such that

Xty
l
277

(T’ha - 7_-’/na) = fda¢' (70)

By (A16) this amounts to calculating the integrability
conditions of the system

_l’_
bp=Dbp=0 70p=—10d= ixzfy, 1)
which turn out to be
pf=Df=0  a,V'f =0 (72)

These last equations have the trivial solution f = 1, for
which a solution ¢ of (71) is determined up to an irrelevant
constant. Herewith the invariantly defined one-form on the
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left-hand side in (70) is exact, and we take ¢ as the
coordinate complementary to x. On solving (68) and (70)

with f = 1 for m, and m, and using (53) we conclude from
(43) that

d 2
ds} = —zx_ +2r7d¢?,  2mF=x3+Cx+D (73)
TT

for classes IC and ID. Clearly, the metric solutions should
be restricted to spacetime regions where x> + Cx + D >0
for consistency, while

™m® — Tm¢ 277

9,4 =1 = d* ¢, 74
o T F y (x + y)? ¢ 74
is a HO spacelike KVF.
For wp # 0 one analogously considers
_l’_
oy =0y =0 pby=ppy =" (75
8
but the integrability conditions of this system are now
2 4 2,2
0g=0'g=0, B.Vig=—gsELP  (76)
qup

So g = 1 is only a solution in the Einstein subcase S = 0,
for which we then get

dy? A
ds22=i—2,u,pd¢2, 2up=y’+Cy—D——=
2up 3
(77)
from (44), (54), (69), and (75), with KVF
uk + pl° 2up
9,4 = = — d° 7
v x+y (x +y)? v (78)

which is timelike for up > 0 and spacelike for up < 0. In
general, the second vector field in (78) is always HO: the
integrability conditions of (76) are checked to be identi-
cally satisfied, such that solutions g and a corresponding
solution ¢ of (75) exist. However, taking ¢ as a comple-
mentary coordinate of y eventually leads to a very compli-
cated system of coupled PDEs for g = g(y, ), which is
impossible to solve explicitly. We shall remedy this in
Sec. IIT A but now discuss characterizing features of the
Einstein space limit cases.

C. Characterizations of PE Petrov type D Einstein
spaces

Petrov type D Einstein spaces constitute the class D,
(cf. the Introduction) and are all explicitly known. The line
elements are obtained by putting the electromagnetic
charge parameter ®; or e? + g? equal to zero in the
D metrics given by Debever et al. [14], respectively,
Garcia [15]. These coordinate forms generalize and
streamline those found by Kinnersley [39] in the A =0
case.

PHYSICAL REVIEW D 81, 104038 (2010)

Recently, a manifestly invariant treatment of 2,, mak-
ing use of the GHP formalism, was presented [34]. Within
GHP, D, metrics are characterized by the existence of a
complex null tetrad with respect to which (11) and ®;; = 0
hold [i.e., the tetrad is a WPNT and (7) and (8) with § = 0
hold]. According to the Goldberg-Sachs theorem [20], (13)
holds and characterizes WPNTs as well. The scalar invari-
ant identities (see [34,40])

mp = fp, T =TT, (79)
just as (15), (16), (20), and (21) and the first equation of
(25) are also valid in general. From these relations it
follows that

(12) & (14), (80)

i.e., a Petrov type D Einstein space is PE if and only if the
WPNT directions are HO. In fact, it can readily be shown
by a more detailed analysis than in [34] that if the space-
time belongs to Kundt’s class, i.e., if one of the PNDs is
moreover nondiverging, one has

mw=0=p=0 or p—pF0#*Fm+r7 (81)

Equations (4), (5), and (31) in [34] then imply
p=pF0=u=pnp+#0=7w7+7 (82)

T7=—-TF0=>u=pa, p=p. (83)

One concludes that the Kundt and Robinson-Trautman
subclasses of D), have empty intersection, and that the
latter consists of PE spacetimes for which both PNDs are
nontwisting but diverging. These results—which remain
valid for the electrovac class D, just as the two theorems
below—are implicit in [14], where the concerning PE
metrics form the Einstein space subclasses of the classes
labeled by

CO:7=04%# up,
C:17#0+# up.

C% r=0= up,

(84)
COl:7# 0= pup,

By the Einstein space specifications S = 0 and w = A =
const, the boost field g disappears from the equations (7)—
(33) and is not determined by the geometry, in contrast to
the situation for perfect fluids S # O (cf. Sec. II[ A).
Moreover, Egs. (5) and (6), i.e. the requirement that an
US given by (4) exists, are decoupled from (7)—(33) and is
not needed to derive (15)—(33) from (7)—(14). From the
integrability of the complete set (6)—(33) and (66) and the
above we conclude:

Theorem 2.1: The closed set (7)—(33) characterizes the
class D, of PE Petrov type D Einstein spaces, which are
precisely those Einstein spaces for which the WPNT di-
rections are HO or, alternatively, those which belong to
Barnes’s class I, all admitting a 1-degree freedom of USs in
all regions of spacetime. Barnes’s boost-isotropic Kundt
classes IA and IC coincide with C%, respectively, C°_,
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while the Robinson-Trautman members of D, constitute
C", and C*, form the Einstein space subclasses of 1B,
respectively, ID, and possess nontwisting but diverging
PNDs at each point.

The result is in agreement with Proposition B.1, which
provides criteria for deciding when a Petrov type D space-
time allows for an US, regardless of the structure of the
energy-momentum tensor. The hypersurface orthogonality
(13) and (14) of the WPNT directions corresponds to
criterion 5 and is actually equivalent to a 1-degree freedom
of USs. It is worth mentioning that all LRS II spacetimes,
i.e. those exhibiting (pseudo-) spherical or plane symmetry,
share this property with the D, and D metrics. On the
other hand, certainly not all PE spacetimes admit an US.
For instance, the Godel solution is an LRS I PE perfect
fluid of Petrov type D, described in GHP by (7)—(13) and

S/2=w=p=-3V,=—2up =const >0, (85)

m=71=0, m = qp, m=—u,

with ¢ > 0 being annihilated by all weighted GHP deriva-
tives; hence the invariant (u — @)(p — p) = 4up = 4qp*
appearing in criterion 2 of Proposition B.1 is strictly nega-
tive, and it follows that the Gddel solution does not admit
an US. As another example, the spatially homogeneous
A = 0 vacuum metrics

ds®> = *Prdx? + ?Pdy? + ?Pdz? — di,  (87)

pip2p3 # 0
(88)

attributed to Kasner [41] are PE [42]. If the p; are all
different, there is a complete group G;/ of isometries and
the Petrov type is /. In this case 9,% is the up to reflection
unique Weyl principal vector field and hence the only
possible US candidate; however, its shear tensor has the
nonzero eigenvalues (1/3 — p;)/t and hence the spacetime
does not admit an US. On the other hand, if two p;’s are
equal it follows that p, = p; = —2p; = 2/3 (without loss
of generality). Then the line element represents a Petrov
type D, nonstationary, plane-symmetric vacuum which,
according to Theorem 2.1, admits a 1-degree freedom of
USs (cf. the end of this section).

In theorem 3 of [26] it is claimed that all vacuum space-
times admitting an US are static, which would generalize
Triimper’s result [24] by including Petrov type D.
However, this conclusion only holds when wp =0.
Indeed, a static member of 2, necessarily admits a rigid
(i.e. nonexpanding) US, such that wup =0, cf. (34).
Conversely, when uwp = 0 or uwp >0 for a PE member,
it admits the HO timelike KVF (65), respectively, (78) and
is thus static. This is in agreement with Proposition B.3:
regarding u = p = 0 criterion 6 tells that in fact all
boost-isotropic spacetimes, with m = —7 with respect to

pitptpy=pi+pi+pi=1,
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a WPNT, are static, while for wp > 0 one checks that
criterion 2”7 is satisfied by virtue of (11)-(33). In
Appendix B the freedom of the rigid USs and HO timelike
KVF directions (static observers) in these cases is also
specified, which is in accordance with a result by
Wahlquist and Estabrook [43]. In summary we have the
following:

Theorem 2.2: A Petrov type D Einstein space is static if
it admits a rigid US. This is precisely the case when the
spacetime is PE and has a positive or zero scalar invariant
mp, being the product of the divergences of (nontwisting)
Weyl principal null vectors k£ and [ subject to k*l, = —1.
For pp > 0 there is an up to reflection unique rigid US,
defined from the geometry by (4) and ¢ = u/p and par-
allel to the unique HO timelike KVF direction. For up =
0= u = p = 0 (classes IA and IC) all USs are rigid USs
and have a 1-degree freedom, while the HO timelike KVF
directions are parametrized by two constants.

For completeness we display standard coordinate forms
of the PE Petrov type D Einstein space metrics, as recov-
ered here by (42), (56), (60), (64), (73), and (77).

C% corresponds to (60) and (64). From (57), (59), (61),
and (63) one deduces that

A
Kt = —3x= -3y =K= ‘I’2=—§=4x3¢0.

Rescaling £, u, and v by a factor (2x)~! one arrives at

o = 2ddl 2dudv
s =

1+%§f_1—%uv’

A #0.

1+%§Z>0,

This represents the Einstein space limit ®; =0 of
Bertotti’s static and homogeneous electrovac family with
cosmological constant [44], exhibiting spatial rotation and
boost isotropy (complete group G of isometries). The
A = 0 limit yields flat Minkowski spacetime.

C%, and CY_ correspond to (60) and (77), respectively,
(64) and (73). Making use of (67), replacing in the C°,
(CY_) case the coordinate y (x) by r = —(2m)'/3/(x + y),
rescaling the remaining coordinates by a factor (2m)~'/3
and writing ¥ = (2m)'/3 > 0 one finds

2
ds? = r2(d& + 8 cos(Vké)?dn?) + —— ( 5 8. (Pdx>,
gk(r)Zk—2Tm—%r2, k=K(2m)1/3E{—1,0,1},

with § =1 for C°, (8 = —1 for C°_). These solutions
have a complete group G4 of isometries acting on spacelike
(timelike) three-dimensional orbits, and for A = O corre-
spond to Kinnersley’s case I (IV) with [ = 0. The static
region of C°, [g.(r) > 0] yields class A in the classifica-
tion of static Petrov type D vacua by Ehlers and Kundt [4];
CY_ is static everywhere and corresponds to class B.
Regarding CY, the subcase k = 1 reproduces after & —
7/2 — £ the well-known forms of the spherically symmet-
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ric Schwarzschild-Kottler interior and exterior metrics
[45]; the subcase k = A = 0, r >0 [g;(r) < 0] gives an-
other form of the plane-symmetric Kasner metrics (cf.
supra).

C* corresponds to (73) and (77), which gives the line
element

2 = 71 d_xz 2 d_yz — 2
¢ = (i + e + 25— s,
A
f@=x+Cx+D>0,  g()=—f-y)— 7.
(59

The KVFs 9, and d,,“ generate the complete, Abelian
group G, of isometries. For A = 0, (89) is the form of the
C metric obtained by Levi-Civita and recovered by Ehlers
and Kundt, and corresponds to Kinnersley’s case IITA. It is
generally assumed—and suggested in the original paper
[5]—that the Kinnersley-Walker form
2 _ 1 <d§ ’ 2 ‘1_772 _ 2)
BT @y Oy T HA)

h(é) =1—=§& —2mag’ >0, k(n) = —h(=n) (90)

equivalently describes the gravitational field of the A = 0
C metric. However, this is not entirely correct. Equating
the Lorentz invariants appearing in the right-hand sides of
the equations in (50)—(52), calculated for the metrics (89)
and (90), yields

1
x= —(2m)1/3(oz§r + —),
6m
1
y = —(2m)1/3(m7 - —)
6m
1
c— 1)
3(2m)*3
D= a%— ! .
54m?

Hence (90) only covers the range C < 0, D > —2(— $)3/2,
whereas in general the constant scalar invariants C and D
are allowed to take any real value. Yet, the cubic f(x) has
discriminant —4C3 — 27D?; thus it has three distinct real
roots if and only if

D\2/3
C<-=3—=
()

Thus (91) is compatible for this case, and by further
rescaling ¢ and ¢ with a factor a(2m)~'/3 one arrives at
(90); (92) is equivalent with ma < 1/ V27, leading to the
physical interpretation of two uniformly accelerating
masses. Recently, Hong and Teo [46] introduced a normal-
ized factored form for this situation, which greatly simpli-
fies certain analyses of the C metric. A further coordinate
transformation can be made such that the Schwarzschild

C

— 3/2

PHYSICAL REVIEW D 81, 104038 (2010)

metric is comprised as the subcase @ = 0. This was further
exploited for the full D class in [19].

Finally, we write down the equations which determine
all USs for a member of C*, in the coordinates y and ¢ of
(89). Let

x+y
Ut = - 94 V==t yye()a,

Vely)

in the static region and

Ut =—(x+yy—eba V= 9

in the nonstatic region, and gauge fix k= (U* +
va)/\J2), 19 = (U* — V9)/{/(2). The unit timelike field
(4) is an US if and only (6) holds; this translates to g =
q(y, ¥) and

g =g, +(g+ gy + &g =0.

Here and below the upper (lower) signs should be taken in
the static (nonstatic) region. For solutions g = ¢(y), i.e.
4,4 = 0, direct integration of (93) yields

g(g(y) ¥ 1) = E.q(y),

with £, = 0 and E_ < 0 constants of integration. Notice
that in the static region the solution ¢(y) =1 < E, =0
yields the unique static observer. In the case g, # 0 the
solutions get implicitly determined by an equation of the
form ¢ = ¥ (y, ¢), on applying the method of character-
istics for first-order PDEs (see e.g. [47]). In the subcase
where C = D = A = 0, g(y) reduces to y* and this equa-
tion reads

v - _(y(q ;/i)z/ 3)2

(93)

(94)

T1 4/3d il | 2/3
(g + 3/3 q., Z<y(q +1/3) )

3q q
(95)

Here Z is a free function of its argument, making the 1-
degree freedom of USs more explicit. Replacing (73) by
(60) does not alter these equations, i.e., the above remains
valid for C°,. Then C = D = 0 is equivalent to x =
KL =0, cf. (57) and (59); for A = 0 the nonstatic region
y < 0 corresponds to the plane-symmetric Kasner vacuum
metrics, where y = —(37/2)"2/3 and a rescaling of the
other coordinates recovers (87), the USs being determined
by (94) and (95) with the lower sign.

II1. PERFECT FLUID GENERALIZATIONS OF THE
C METRIC

A. Line element

We resume the integration of class I started at the end of
Sec. I C. We thereby focus on the subclass ID character-
ized by 7 # 0 # up. Let us first summarize what we did
so far. We started off with the closed set (6)—(33) of first-
order GHP equations in the seven (weighted) real variables
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v, S, w, u, p, g, 07 and the complex variable 7. These
variables are equivalent to two dimensionless spin and
boost gauge fields, e.g. 7/7 and w/p, and seven real scalar
invariants. The boost and spin gauge fields could serve to
invariantly fix the tetrad—the ID members being therefore
anisotropic—but can be further ignored. For the
C*-Einstein spaces, S =0 and w = A = const, and we
remarked that ¢ is not a part of the intrinsic describing
set of variables. Hence we end up with four real scalar
invariants in this subcase. These invariants are equivalent
to the two constants C and D and two independent func-
tions x and y, which we took as coordinates and in terms of
which, on adding two coordinates ¢ and ¢ related to the
symmetries, the corresponding C* metric can be expressed.
In the perfect fluid case S # 0, (8) gives the boost field ¢
which, starting from an arbitrary gauge (k¢ [4), turns u®
given by (4) into the invariantly defined fluid four-velocity.
The four invariants and their use persist, just as the coor-
dinate ¢. However, the scalar invariants w and S are no
longer constant and ¢ is no longer a suitable coordinate.
Thus we need one more scalar invariant for our description
and one remaining coordinate complementary to y.

For the first purpose it is natural to look at the kinematics
of the fluid, which are fully determined by

0
b= ZV(auc)m“mc = Vaucvavb = gy (96)
un I = vaua’ ui = Zrh(amc)b't”. (97)
Here
1
v = —=(qk* — 1) (98)

Nex

is the intrinsic spacelike vector field, which determines at
each point the up to reflection unique normalized vector
orthogonal to u* and lying in the PND plane 3., while i
and i} are the component along v?, respectively, projec-
tion onto 3+ of the acceleration 7. In analogy with (96)
we define the invariant

b =2V v memc. (99)
The relation with GHP quantities is
M qp - Mt gp
b= , h=-"AIC, (100)
N N
ity = (2q)3/*(P'g + gbq) = 24 _y (101)
V4
d
—al =Fm, + i, = a, = 2% (102)
x+y
Notice that (100) is equivalent to
N d
bu, — bv, = uk, — pl, = B, = 22 (103)

x+y

PHYSICAL REVIEW D 81, 104038 (2010)

In combination with (53) and (54), Egs. (102) and (103)
imply

277 = dgit* = x* + Cx + D, (104)

2Mp=b~2—b2=y3+Cy—D—§. (105)
We choose b as the final describing invariant and use b and
1) as auxiliary variables. In view of (101) and (102) one
deduces that the differential information for S, w, and b
comprised in (6)—(33) is precisely

D,S = —Su,, (106)

d,w = —uw)u,, u(w) = —=3bS, (107)

db = —uBus  ulb) = —v(B) + Bliy — b) — ;
(108)
~ x+y

From (109) it follows that 5 is nonconstant, such that we
may see the second part of (108) as a definition of .
Equation (107) is nothing but the energy, respectively,
momentum conservation equations for a perfect fluid sub-
ject to D,w = 0. The first part of Eq. (108) confirms that
D,0 = 0 [23,26], while the second implies again that the
expansion scalar does not vanish in general (cf. the end of
Sec. IT A and below).

For the second purpose we rely on the hypersurface
orthogonality of u“ by assumption: zero-weighted real
scalar fields ¢ and I exist such that

d,i = Iu, (110)
The integrability condition hereof is
DI = —li, = —I(i} + iyv,), (111)
which is equivalent to
ol = 71, v(I) = —uyl. (112)

From b # 0, (103) and (110) it follows that ¢ is function-
ally independent of y (and of x and ¢) and we take it as
the fourth coordinate. With the aid of (110) and (111),
Eq. (106) and the first parts of (107) and (108) precisely tell
that A = % w and b only depend on ¢. Hence b=b(y1)
from (105). On using (102) and (103), the first part of (112)
is equivalent to J = J(y, t), where

:x-i-y
Ib -

Eliminating i between the second parts of (108) and
(112), and using v(x + y) = —b(x + y) implied by (102)
and (103), yields

(113)
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b2v(J) = bJu(b) + A(x + y). (114)
Inverting (103) and (110) we get
(c+ yu, = bid,t,  (x+ y)v, = bJd,t — dgy ,
(115)
or dually
—x1y=%+baya, —xl;y:ana. (116)
Thus in the chosen coordinates (114) reads
0,J(,1) = by, 0 [b() —AW) (117

From (42) and (73), g3, = (v,v, — ugu,)/(x + y)> and
the only remaining Eq. (107) we obtain the line element

ds* = (x + y)?[ds] + ds3], (118)

ds? = d_x2 + f(x)d >, fx)=x*+Cx+ D,

A
(119)
ds} = (der — %)2 — (bJdt)?, (120)
where
_bis

(121)
w/(tr) = 6b(1)A(r) & d,w = 6bAd,t = 3bSu,, (122)

b=5(y, 1) =y + Cy — D+ b(t) — w(t)/3, (123)

J=J0,0) =1 — AD)] [ DL, (29

dy
b(y, 1)
with L(r) a free function of integration. The solutions are
defined and regular in the coordinate regions

217 =x*+Cx+D>0, (125)

b(y,)*=y>+ Cy— D + b(1)> — w(t)/3>0. (126)

Notice that we nowhere used S # 0 explicitly in the
above integration procedure. Therefore, the above line
element describes the complete class ID, including the
C*-vacuum limits which correspond to w(z) = A and
A(t) = 0, cf. (121). In this case the coordinate transforma-
tion (¢, y, x, @) — (i, y, x, ¢), which connects (118)—(124)
to the original form (89), eliminates b(r) and L(r) and
follows from (4), (78), (98), (100), and (115), giving

PHYSICAL REVIEW D 81, 104038 (2010)

_x+y
2up

+ ~
(:u’ka + pla) = u(bl"a - bva)
2pup

b
— Jdt+ ——

mday. (127)

Hence, s = (y, 1) and it is the solution of the consistent
system

b

a9, =J, dyh =
the integrability condition hereof being precisely (117)
with A(7) = 0. The transformation is singular at degenerate
roots of b* and at the union of the black hole and accel-
eration horizons [19,48] b> — b2 = f(—y) + A/3 =0,
which separate the static from the nonstatic regions. Let
us emphasize that the b(r) freedom is essentially a freedom
in the choice of coordinates. The form (89) describes the
full C-metric manifold; y can take any value, and the sign
of f(—y) + %is positive in the static region and negative in
the nonstatic region. In the form (118)—(120) y is always
spacelike and we have constructed ¢ as a synchronized
timelike coordinate corresponding to an US u“, with asso-
ciated expansion rate 6(¢) = 3b(r); for fixed b(¢) the range
of y is constrained by (126) and only this subregion of the
manifold is described by the coordinates. For example,
(118)—(124) with A(r) =0, w(r) = A/3, b(r) =0, and
L(r) = 1 [which formally reduces to (89) on putting ¢ =
¢ additionally] only describes the static part of the
C metric, the vector field u“ then lying along the unique
HO timelike KVF direction. However, in the neighborhood
of any point with coordinate label y, the metric can be
described by (118)—(124), by choosing b(1)> > f(—y) +
A/3.

We neither used 7 # 0. This implies that the line ele-
ment of the complete class IB, characterized by up # 0 =
7 and constituted by all LRS II Einstein spaces and shear-
free perfect fluids with D,w = 0, is described by (118)—
(124), with (119) replaced by (60). This class was first
described by Kustaanheimo [49] and rediscovered by
Barnes [26], both using different coordinates [see also
(16.49) and (16.51) in [16]].

Of course, the result (118)—(124) could have been ob-
tained without referring to GHP calculus. Barnes [26]
showed that the metric can be written in the form

ds* = (x + Y)2(fldx* + fdp? + dz? — e*2dr?),
(129)

with f = f(x). Indeed, from (115), (117), and (123) it

follows that (x + y)v, is exact: (x + y)v, = d,z; 7 is

used as a coordinate instead of y, and one puts Jb = ¢,

Z = Z(z, t). Notice from (103), (110), and (113) that now
y=7Y(z1), Y, = —b,

0 =3Y,e % (130)

Let us directly attack the field equations in these coordi-

104038-10



EXPANDING PERFECT FLUID GENERALIZATIONS OF ...

nates, thereby correcting [26]. One can check that only four
of the field equations are not identically satisfied [the
indices 1-4 label the Weyl principal tetrad vectors natu-
rally associated with (129)]:

G34 =0= _Y,tz + Y,tZyz, (131)
Gy —G3=0
=fl=2Y_ +&+YNZ2+2Z,—[f")2),
(132)
Gi=p

=2V, ~Y,Z)— Y. Z,~ f'/2)(x + )
+(Z..+Z2)x+ V)2 +3(Y2 + f — Y2e %),

(133)

Gy3 + Gy =S
=2+ VY, ~Y.Z + e_ZZ(Y,tt - Y.Z)]
(134)

Hence, if supplemented with 8 ~ Y, = 0, these equations
are the ones obtained by Barnes in [26]: Eq. (131) =
v(#) = 0 was missed out, and both Egs. (133) and (134)
differ from Egs. (4.23), respectively, (4.24) in [26] by a
term 2(x + Y)Y ,e 22, Thus, it is clear that with these
differences a correct nonexpanding solution can be found,
but the analysis of expanding solutions will be incorrect.

Differentiating (133) twice with respect to x yields
d*f(x)/dx* = 0, whence

fx) =ax’ + bx*> + cx + d. (135)

Substituting this in Eq. (133), and equating coefficients of
powers of x, leads to

Z.(z0)+Z (z 1)) =3aY(z 1) — b, (136)

3
Y.z 1) = % ~ Y 0b +Sar(z o2, (137)

The solutions Y(z, t) of the last equation are defined by
Y(z0) dr

—z+ H)=20, (138
Jar’ —br* + cr + f(1) ¢+ A0 (13%)

which can be solved for z in terms of Y. This eventually
suggests to transform coordinates from (z, ¢) into (y, ),
with y = Y(z, ). Rescaling and translating coordinates
allows us to set @ = 1 and » = 0. One can check that the
remaining equations lead exactly to Eqgs. (117) and (122),
recovering solutions (118)—(124).

B. Properties

Consider the metric (118)—(124), for which we assume
henceforth that it describes a perfect fluid [A(z) # 0]. In
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contrast to the Einstein subcase, u? is now the unique
invariantly defined fluid velocity, and the expansion rate
0(¢) and energy density w(r) — A of the fluid are scalar
invariants. Expressions for the pressure p + A and the
components #1 and i of the acceleration follow from

(102), (108), (109), (116), and (119)—(124):
_ 2+ A

la — _ a
om0 w(n), (x + y)f(x)a,

x +y <3y2 +C N b’(f) — A(t))
b(y, )\ 2 by, 1) )

The fluid is nonshearing and nonrotating, i.e. u“ is an US.
Because of (13) and (14) criterion 5 of Proposition B.1 is
satisfied, such that there is a 1-degree freedom of USs.
These can be found by taking ¢ = 1 in (4) and (98), hereby
fixing the (k“, 1) gauge geometrically, and solving (6) with
g replaced by Q, the USs then being (Qk® + [)//20.
This yields Q = Q(y, 1) and

bJ[H(Q + 1)+ b(Q — D]Q, + (0 - 1)Q,
= —20(0 — Db(bJ),

= — Q(QI;_D[@y2 + O)bJT + 200 — A)].

u = E(y, 1) —

If the class is to be used as a cosmological model, it is
interesting to discuss the intrinsic freedom. By (115) and
(122) we have that 2A(t)d,t = Su, and J(y, H)d,t = (x +
y)u,/b are invariantly defined one-forms, and hence so is
L(r)d,t because of (124). It follows that %(t) is a scalar
invariant. Moreover, as A(#)d,,t is exact we may remove the
only remaining coordinate freedom on ¢ by putting A(r) =
1, such that the conservation of energy equation (122) can
be considered as a definition 6(r) = w'()/2. Hence, in this
most general picture for S # 0, the scalar constants C, D
and invariants %(t), w(t) characterize the model within the
class. Notice that the presence of two invariantly defined,
distinguishing free functions could have been predicted,
since after elimination of i, there are two scalar invariants
u(b) and u(S) remaining unprescribed in the system of
Egs. (106)—(109).

In this fashion however, the physical implications re-
main obscure: it would be nice to have a free function, with
a clear physical interpretation, instead of L/A. Spacetimes
with L(z) = 0 have w(¢) as the only free function. If L(r) #
0, L(7) can alternatively be fixed to 1 by a s-coordinate
transformation. In this case the metric structure functions
display the expansion scalar, the energy density, and the
pressure [since 2A(1)d,t = (w + p)u,]; these are related
by energy conservation (122), where w(r) and A(z) can be
chosen freely. Alternatively, one can subdivide further in
6 =0 and 6 # 0. In the case 8 = 0, the energy density
w — A is constant because of (122) and can be chosen
freely, just as A(z). In the most interesting case 8 # 0, w(r)
and 6(r) can be chosen freely, determining Su,, via (122).
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Thus class ID provides a class of anisotropic cosmological
models with arbitrary evolution of energy density and
(nonzero) expansion.

Regarding symmetry, all perfect fluid ID models admit
at least one KVF 9, given by (74), which at each point
yields an invariantly defined spacelike vector orthogonal to
it and lying in 1. If ¢ is chosen to be a periodic
coordinate, with range given by [ —7E, 7wE[, the spacetime
is cyclically symmetric. We will then refer to the region
F = f(x) = 0, where the norm of 9 ¢“ vanishes, as the axis
of symmetry [48,50]. Finding the complete group of
isometries and their nature is trivial in our approach. The
functions x, y, w, and L/A are invariant scalars, such that
K%d,x = K%,y = K*d,w = K°,(L/A) =0 for any
KVF K“. As the ID models are anisotropic, it follows
that the complete isometry group is at most G,, and if it
is G,, both w and L/A are constant. Conversely, when w
and L/A are constant we have § = 3b = 0 from (122),
b= b(y) from (123), and J(y,1) = —A(t)F,(y) from
(124). By redefining the time coordinate such that A(r) =
1 one sees from (118)—(124) that 9,% is a HO timelike KVF.
We conclude that the ID perfect fluid models have at least
one spacelike KVF 9, which may be interpreted as the
generator of cyclic symmetry. They admit a second inde-
pendent KVF if and only if both scalar invariants w and
L/A are constant, in which case the spacetimes are static
and the complete group of isometries is Abelian G,, gen-
erated by 9, and 9,*.

Consider the case where f(x) has 3 real nondegenerate
roots x;, i.e. (92) holds. If x; < x, < x5 then f(x) > 0 for
all x €]x,, x,[. Furthermore, we let ¢ be a periodic coor-
dinate. The ratio between circumference and radius of a
small circle around the axis, x = x| or x = x,, is given by

m 27ESf(x)

i = —7EQ3x3 + C), (139)
2 eV Tdx ’
respectively,
27ES/
m 2TV pae o) (140

li
T

It is only possible to choose the parameter E such that the
complete axis is regular, if 3xf +C = —(3x3 + C).
However, eliminating C and D between this equation and
f(x;) = f(x,) = 0 implies x; = x,. Consequently, if f(x)
has three real nondegenerate roots, the spacetime contains
a conical singularity. This echoes the properties of the
C metric [5,48], and suggests the presence of a cosmic
string.

IV. CONCLUSIONS AND DISCUSSION

A new class of Petrov type D exact solutions of
Einstein’s field equation in a perfect fluid with spatially
homogeneous energy density has been presented. It con-
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sists of all anisotropic such fluids with shear-free normal
four-velocity, and generalizes a previously found class to
include nonzero expansion. The analysis and integration
was rooted in the 2 + 2 structure of the metric and use of
invariant quantities. This approach clarified the link with
the vacuum C-metric limit, and certain properties of the
vacuum case are inherited. However, the presence of the
perfect fluid defines generically two extra invariants. For
the expanding solutions, this translates into an evolution of
energy density and expansion which can be chosen freely.
This subclass contains only one (potentially cyclic)
symmetry.

The viability of these solutions as a low-symmetry class
of cosmological models is subject to further research. More
in particular, it should be clarified whether a thermody-
namic interpretation of the perfect fluid can be made
[51]—it is certainly not possible to prescribe a barotropic
equation of state p = p(w). The relation with the C metric
also suggests to further examine the arising coordinate
ranges, properties of horizons, and whether an interpreta-
tion as a perturbation for small masses of a known PF
solution exists for certain members.
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APPENDIX A: GEROCH-HELD-PENROSE
FORMALISM

The GHP formalism [16,28] is a complex, scalar formal-
ism, which is a “weighted” version of the Newman-
Penrose (NP) tetrad formalism. Use is made of a complex
null tetrad (e,“, e, e;%, e,%) = (m“, m® 1%, k*), where

kl,=—1,  mom, =1 (A1)

and all other inner products vanish. To put it in other words,
at each point one takes a timelike plane, two vectors k“ and
[* lying along its real null directions, and two vectors m?
and m“ lying along the complex conjugate null directions
of the orthogonal spacelike plane, these pairs of vectors
satisfying the normalization conditions (A1l). We use the
labels a, l;, etc. for the tetrad indices. The basic variables
of the formalism are the spin coefficients (I';;, =
e, Ve(ey).e. = —Ts;0)

K = T414 7= Ly, o =Ty, p =Ty,
(A2)

v =TIy, 7= 134, A =T, m= T3,
(A3)

the 9 independent components of the traceless part of the
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Ricci tensor S, = Ryp — 3 Rgup

(DOO = %Sahkakb’ cI)22 = %Sahlalb’ (A4)
CI)OI = %Sabk“mb, @12 = %Sabl“mb, (AS)
(1)02 = %Sabm“mb, (I)ll = %Sub(kalb + m”ﬁlb), (A6)
with @;; = d, j» the multiple
R
24 (A7)

of the Ricci scalar, and the 10 independent components of
the Weyl tensor C 04,

"*Ifo = Cabcdk“mbkcmd, \If4 = Cabcdlaﬁlblcl’l_”ld, (AS)

Wy = Cupeak 1Pk m?, Wy = Cupegl®kb1m?,  (A9)

\Pz = Cabcdk“mbn_’lcld. (AIO)

Changes of the tetrad leaving the null directions spanned
by k¢, [¢, m?, and m“ invariant, and at the same time
preserving the normalization conditions (A1), consist of
boosts

k¢ — Ak, [*— A1 (A11)
and spatial rotations
m® — elfme. (A12)
Quantities transforming under (A11) and (A12) as
7 — AW W)/ 21w, =wg)0/2 ) (A13)

are called well weighted of type (w,, w,) or (w,, w,)
weighted [zero weighted in the case of type (0, 0)]. They
have boost weight wg(n) = w and spin weight
wg(n) = w One can check that the GHP basic varia-
bles are well weighted, their weights following from the
definitions (A2)—-(A13)—see also equation (7.36) in [16].
For example, wz(v) = —2, wg(v) = —1, implying » is of
type (=3, —1). The following derivative operators are
defined such that a well-weighted quantity 7 is trans-
formed in a well-weighted quantity:

D;m = e;(n) + Tagawp(n)n + Tpaws(n)n. (Ald)
When 7 is of type (w,, w,) one can check that
wg(Dam) = wg(n) +Wp(a),
ws(Dym) = ws(n) +195(a),
where
1, a=4, 1, a=1
wgl@)=4 -1, a=3, , wg(@)=41 -1, a=2
0, a=12 0, a=34
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One uses the notation

o= Dl! 6/ = D2, p/ = D3, b= D4.

(A15)

Notice that the differential of zero-weighted scalars f can
be expressed as

d,f = —P'fk, — bfl, + 8 fm, + dfm,  (Al6)
= —1(Hk, — k(P + @(f)m, + m(Hm, (A7)
= —u(fu, + v(f)v, + m(f)m, + m(f)m,, (AlS)

where u“ and v? are related to k¢ and [ according to (4),
respectively, (98).
The basic (or “structure’”) equations of the GHP formal-
ism are the following:
(a) the commutator relations of the weighted deriva-
tives, in the joint D, notation given by

(D, D;;]"? = 2FfabA]Den + wa(m) (R34
+ 2F35[&F|‘;|5])77 + ws(m(R 5
+ 2F1@[ar|é2|,;])77 +Wg(b)l343Dm
+Ws(b)T123D5m — (@507
— Ws(@I'53Dam;

(b) 12 complex Ricci identities (or equations), namely,

e(lap0) = €aTape) = Rapea = Waaalyy,
B zraéér[gcg]

with [ab] = [14], [23] (the complex conjugates
corresponding to [a b] = [24], [13]);
(c) the Bianchi identities (or equations)

e[f(RM]&,;) = —ZRA];é[eFéAA +Ie¢ R;

a dfl ale f]é b

~ UyeRapea

One can show that, after writing the directional derivatives
e; in terms of the weighted derivatives Dg, these basic
equations (a)-(c) form a consistent, closed system of PDEs
in the variables (A2)—(A10) and with formal derivative
operators D;. Compared to the NP formalism, the 6 com-
plex Ricci identities which concern directional derivatives
of the non-well-weighted NP spin coefficients «, 3, v, and
€ (corresponding to [4b] = [12], [34]) have been ab-
sorbed in the commutator relations. Explicitly, for a
(W), w,)-weighted scalar one gets

[P, P'](n) = (7 + 7)d(n) + (7 + 7)0'(n)
+ (kv —7mr+ 11 — @ —Vy)w,n
+ &y -7+ I — @ — Vy)w,n, (A19)
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[0,0'](n) = (. — @)P(n) + (p — p)P'(n)

+ (Ao —pp =11 =@y +Vy)w,n

— (Ao —mp — I = @y + Vy)w,n, (A20)

[P, 8](n) = @P(n) — kP'(n) + pd(n) + od'(n)
+ (kp —om —V)w,n

+ (kA — 75 — o)) W, (A21)

together with the equations obtained by applying the com-
plex conjugate and/or prime dual operation to (A21). This
prime dual operation is generated by interchanging k¢ <
[? and m“ < m“, which comes down to

K< —v, T < —1T, o e —A, p = —U,
(A22)
Gjj = Dy, VoW, (A23)
b—P, d—0. (A24)

The interchange (A24) means that (P'n)’ = b7/, etc., and
is due to (A14) and

wg(n') = —wg(n),

ws(n) = —ws(n), ie,

wy(n') = —w,(n),

wy(n') = —w,(n).
Regarding complex conjugation one has by = b7, dn =
d'# and

wg(n) = wg(n),

wg(n) = —wg(n), ie,

w, (1) = w,(n),

wo(1) = ().
Explicitly, the 12 complex Ricci identities read

Pr—Pk=(r+m)p + (F+ mo + Dy + V¥, (A25)

0p == (p—p)r+(u— @k+ dy -V, (A26)

Po—0k=(p+ plo+ (7 — 1)k + (A27)
bp — 0k = p> + 06 — RT + km + D, (A28)
Po—0r=—ou—Ap — 1>+ kv — Dy, (A29)

Pp—-07r=—fgp—Ao— 77+ kv =211 -V,
(A30)

and their prime duals (A25")-(A30’). Finally, the Bianchi
identities involve weighted derivatives of the Riemann
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tensor components. In full generality they are given in
Ref. [16], (7.32a-k), or [33], (4.12.36-41).

The formalism is especially suited for situations where
two null directions are singled out by the geometry, such
that £ and [ can be chosen along them. In particular, the
Weyl tensor of a Petrov type D spacetime has precisely two
PNDs; choosing k¢ and [* along them is equivalent to
condition (11), and a complex null tetrad realizing this
condition is called a Weyl principal null tetrad. When (7)
and (11) are both satisfied, the Bianchi identities reduce to

0= O'(ZCI)U + 3\1,2) - )_lq)oo, (A31)

pq’z + p/(I)OO + 2PII = p(Z(I)ll + 3\112) - ,L_L(I)O(),
(A32)

D, + P'Dy + 3PIL = 2(p + p)®y; — (1 + )Py,

(A33)
W, + 2011 = —72D,, — 3V,) + 7Dy,  (A34)
3D, — 33 = 2(r — WP — 7Dy, + Dy, (A3S5)
3Dy = k2D, — 3W,) — 7Dy, (A36)

and their prime duals (A31)—(A36").

In general, the GHP formalism may be used to find a
class of solutions, defined by a particular set of properties.
One first translates these properties in terms of GHP var-
iables, yielding (algebraic or differential) constraints on
the system of basic equations, then recloses the resulting
extended system (integrability analysis), and finally de-
scribes the corresponding metrics in terms of coordinates
(integration). These coordinates are four suitable, function-
ally independent zero-weighted scalars f; they may be
combinations of (derivatives of) basic variables, appearing
in the reclosed system S itself, or “external” coordinates
associated to HO vector fields due to Frobenius’s theorem.
The geometric duals of the null tetrad vectors, and hence
the metrics g, = —2k,lp) + 2m(,my,), are obtained by
inverting (A16) for the chosen f’s. Eventually the remain-
ing equations of S are written in terms of these coordinates
and the resulting PDEs are solved as far as possible. We
refer to [52] for enlightening discussions, and to e.g. [53]
or this work for illustrations. In particular for Petrov type D
spacetimes, notice that zero-weighted combinations of
WPNT spin coefficients and their weighted derivatives
(e.g. wp or d'7) are scalar (Lorentz) invariants x, which
are thus annihilated by any present KVF K%, K(x) =
Lgx = 0. This facilitates the detection of KVFs. More
generally, zero-weighted tensor fields 7',..., algebraically
constructed from the Riemann tensor, WPNT vectors and
covariant derivatives thereof, are invariantly defined by the
geometry, and LgT,;... = 0.
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APPENDIX B: (RIGID) SHEAR-FREE NORMALITY
AND STATICITY OF PETROV TYPE D
SPACETIMES

Consider (an open region of) a spacetime and a unit
timelike vector field u* defined on it. Choose a null vector
field k%. At each point, k* and u“ span a timelike plane 3.,
the first null direction of which is spanned by k“. Construct
the null vector field [ by taking at each point the unique
vector lying along the second null direction and satisfying
k%l, = —1. Then u“ is decomposed as in (4), where g =
A2, A = —(\/2k%u,)"". The field v* defined in (98) deter-
mines at each point the up to reflection unique unit space-
like vector lying in 3 and orthogonal to u®. The electric
and magnetic parts of the Weyl tensor with respect to u?
can be decomposed as

= > d
Eab - Cacbducu

= (¥, + Vy)[v,v, — MMy |

v, + ¢, v, - q¥,
| 210 +2—2 71
[ 2q mgniy, \/Z_q m(avb)]
+ c.c, (B1)
Hab = nﬂ;”"” Cmnbducud
=i(V, — V)lv,v, — Mgy |
v, — 4>V, Vs + gV, ]
i 170 AR ERE S
1[ 2 m,my, Ner M, vy
+ c.c. (B2)

If u® exists such that H,;, = 0, the Weyl tensor is PE with
respect to u“, the spacetime itself being also called PE. A
criterion in terms of Weyl tensor concomitants, deciding
whether this is the case, follows from the flow diagram 9.1
in [16] and Theorem 1 in [54].

Suppose now that the spacetime admits a unit timelike
vector field u“ satisfying (1)—corresponding to an US, i.e.
forming the tangent field of a shear-free and vorticity-free
cloud of test particles. Within the GHP formalism based on
k% and [ as introduced above, this is the case if and only if
a (=2, —2)-weighted field ¢ exists satisfying (5) and (6).
By virtue of these relations, the [0, ](¢) commutator
relation yields (12), adding 2¢[(A26) — (A26)"] to the
[P — gb, 3](g) commutator relation gives W5 + gW¥; =
0 and the combination g*(A27) — (A27) + g[(A29)'] —
(A29)] produces ¥, — ¢*W¥, = 0. Hence H,, = 0 from
(B2), and if we choose k“ to be a (multiple) PND, ¥, =
0 (¥, =¥, = 0), then also /* is a (multiple) PND, ¥, =
0 (W, = W5 = 0). Hence the spacetime must be either
conformally flat (all W; zero), and then USs are always
admitted [see e.g. (6.15) in [16]], or PE and of Petrov type
D or I, the Weyl tensor being PE with respect to u“. For
Petrov type I, there are 4 distinct PNDs, and u“ is the up to
reflection unique timelike vector lying along the intersec-
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tion of the planes spanned by two particular pairs of PNDs.
For Petrov type D, k* and [ can be taken to be the multiple
PNDs, and u“ lies in the plane % spanned by them.

Propositions 4 in [55] and 16 in [56] imply intrinsic,
easily testable criteria for deciding when a Petrov type I
spacetime admits an US, respectively, is static. Here we
present likewise criteria in the Petrov type D case. These
criteria are invariant statements, in terms of GHP basic
variables and weighted derivatives associated to an arbi-
trary WPNT. Given a Petrov type D spacetime in coordi-
nates, the determination of the PNDs, and hence the
WPNTs, is straightforward and can be performed cova-
riantly [56]. It then suffices to fix one WPNT and calculate
the appearing spin-boost covariant expressions by using
definitions (A2)—-(A10) and (Al4). For complex
(2k, 2k)-weighted scalars (k € 7) z = Re(z) + iIm(z) we
mean with z > 0 (z <0) that z is real and strict positive
(negative) in the sequel.

It turns out that, given (11) and (12), the integrability

conditions of (6) are identically satisfied. Thus we find:

Proposition B.1: A Petrov type D spacetime admits an

US if and only if, with respect to an arbitrary WPNT, W, is
real and one of the following sets of conditions holds:

(1) o # 0, the scalar invariant Ao >0, and gy = A/F
satisfies (5) and (6);

(2) p # p, the real scalar invariant (u — @)(p — p) >
0, and gqo=—(u—@)/(p—p) satisfies
(5) and (6);

B) A=0=pu— = p— p =0, the scalar invariant
kv # 0 and one of the following situations occurs,
where ¢, defined in each subcase satisfies (6) and
where b = (7 + 7)/k, c = v/k:

(a) Im(b)Im(c) >0 and ¢y = Im(c)/Im(b) also
satisfies g3 — Re(b)g, + Re(c) = 0;

(b) b = Re(b), c <0, and qo= (b +
Vb* — 4¢)/2;
() b>0, ¢>0, b>=4c, and g¢go= b+

Vb* —4c)/2 or gy = (b — Vb? — 4¢)/2;

@ A=0c=p—p=p—p=0,and either

(a k=0#v, (@+7r>0, and ¢,=
v/(m + 7) satisfies (6), or
b)) k#0=v», (@#+7Hxk>0, and ¢y=

(7 + 7)/k satisfies (6);

(5) the WPNT directions are HO, i.e., (13) and (14)

holds.

The subdivision of case 3 stems from a straightforward
analysis of the first equation of (5). In cases 1, 2, 3a, 3b, and
4 there is a unique US, whereas there may be one or two
USs in case 3c. Because of the number and nature of
Eq. (6) there is a 1-degree freedom of USs in case 5, where
the condition W, = W, can be dropped since it is implied
by the imaginary part of (A30) + (A30) and (13) and (14).
Important examples of spacetimes satisfying criterion 5 are
the Petrov type D purely electric Einstein spaces and their
“electrovac” generalizations (see [40,57] and Sec. I1C)
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and all spacetimes with (pseudo-)spherical or planar sym-
metry (which constitute the LRS II Lorentzian spaces, see
[16,37,58]). These examples all satisfy (7) on top of (13)
and (14) and are further characterized by ®y, = ®,, =
(®,; =)0, respectively, w = 7 = OR = 0 (cf. [36]).

The spacetime will admit a unit timelike vector field u*
satisfying

(B3)

Ugp = — uaub’

corresponding to a rigid US or modeling a rigid
nonrotating cloud of test particles, if and only if a
(=2, —2)-weighted field ¢ exists satisfying (5), (6), and
(34). Notice that, given (34), the third equation of (5) is
identically satisfied. Hence we have

Proposition B.2: A Petrov type D spacetime admits a
rigid US if and only if, with respect to an arbitrary WPNT,
W, is real and one of the following sets of conditions holds:

(1) condition 1 with the third equation of (5) replaced
by (34);

(2") the scalar invariant wp > 0 and g, = u/p satisfies
(5) and (6);

(3')-(5") conditions 3-5 with u — g =p — p =0 re-
placed by u = p = 0.

In case 5, the spacetime possesses geodesic, shear-free,
and nondiverging PNDs (k =0=p =0, v=A=
pm = 0)—thus belonging to Kundt’s class—and HO Weyl
principal complex null directions (A = o = 7 + 7 = 0),
and admits a 1-degree freedom of rigid USs.

The spacetime is static if and only if it admits a HO
timelike KVF. An equivalent characterization was given by
Ehlers and Kundt [4]: the spacetime is static if and only if a
unit timelike vector field u¢ exists for which shear, vor-
ticity, and expansion scalar vanish, i.e. (B3) holds, and for
which the acceleration #¢ is Fermi propagated along the
integral curves of u“:

(B4)

The field u® is then parallel to a (HO and timelike) KVF
and identified with a congruence of static observers. By a
long but straightforward calculation, thereby simplifying
expressions by means of (5), (6), (34), and (A25), (A25),
and the [P, P’](¢) commutator relation, one shows that the
extra condition (B4) is equivalent to

i [aUb] = 0.

(gk + ¢7'P)(Pq + 2q) — 2P7 + 2gPT + D),
—q®y =0, (BS)
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bbg = 7t + 77 — g(km + ®7W) — ¢ '(viT + D)

R

In case 5’ above, the Ricci equations (A25) and (A28), and
(A28') yield Pt = @, and ®y, = Py, = 0, and so (BS)
and (B6) reduce to

Gy, + qPy =0, (B7)
B R
ppq = =277 + 2<D11 - E + 2\1,2 (BS)

In the subcase ®,; = ®,, = 0 of (B7), the [b, P'], [P, 8],
and [P, 8'] commutators applied to g yield

b'bg = —¢bbq + (Pg)?, (B9)

0bqg = 7Pgq, 0'bPg = 7hq. (B10)
The compatibility requirement of (B8)—(B10) with the
commutator relations for Pg gives the single condition

P'R + gPR = 0. (B11)
According to the Sach’s star dual [28] of the LRS criterion
in [36], the subcase P'R = PR =0 of (B11) precisely
corresponds to a boost-isotropic spacetime with 7 + 7 =
0. From the above we conclude the following:

Proposition B.3: A Petrov type D spacetime is static if
and only if, with respect to an arbitrary WPNT, one of the
following sets of conditions holds:

(1")-(4") W, is real, conditions 1’4’ hold and ¢, addi-
tionally satisfies (B5) and (B6);

(5"a) condition 5’ holds, the scalar invariant ®q; $,; <
0 and gy = — P,/ D, satisfies (6) and (BS);

(5"b) condition 5’ holds, &y = d,; =0, the scalar
invariant (P'R)(PR) <0 and g, = —P'R/PR satisfies (6)
and (BS);

(6") the spacetime is (locally) boost isotropic and 7 +
7=0.

The HO timelike KVF directions are parametrized by two
constants in case 6/' [59], are 1 or 2 in number in case 3'c,
and are unique in all other cases.
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