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The scalar and electromagnetic fields produced by the geodesic and uniformly accelerated discrete charges
in de Sitter spacetime are constructed by employing the conformal relation between de Sitter and Minkowski
space. Specia attention is paid to new effects arising in spacetimes which, like de Sitter space, have spacelike
conformal infinities. Under the presence of particle and event horizons, purely retarded fields (appropriately
defined) become necessarily singular or even cannot be constructed at the * creation light cones’—future light
cones of the ‘“points” at which the sources “enter” the universe. We construct smooth (outside the sources)
fields involving both retarded and advanced effects, and analyze the fields in detail in case of (i) scaar
monopoles, (ii) electromagnetic monopoles, and (iii) electromagnetic rigid and geodesic dipoles.
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I. INTRODUCTION

The de Sitter 1917 solution of the vacuum Einstein equa-
tions with a positive cosmological constant A, in which
freely moving test particles accelerate away from one an-
other, played a crucia role in the acceptance of expanding
standard cosmological models at the end of the 1920s [1,2].
It reappeared as the basic arena in steady-state cosmology in
the 1950s, and it has been resurrected in cosmology again in
the context of inflationary theory since the 1980s [2]. de
Sitter spacetime represents the *“ asymptotic state”” of cosmo-
logical models with A>0 [3].

Since de Sitter space shares with Minkowski space the
property of being maximally symmetric but has a nonvanish-
ing constant positive curvature and nontrivial global proper-
ties, it has been widely used in numerous works studying the
effects of curvature in quantum field theory and particle
physics (see, e.g., Ref. [4] for references). Recently, its coun-
terpart with a constant negative curvature, anti—de Sitter
space, has received much attention again from quantum field
and string theorists (e.g., Ref. [5]).

These three maximally symmetric spacetimes of constant
curvature also played a most important role in gaining many
valuable insights in mathematical relativity. For example,
both the particle (cosmological) horizons and the event hori-
zons for geodesic observers occur in de Sitter spacetime, and
the Cauchy horizons in anti—de Sitter space (e.g., Ref. [6]).
The existence of the past event horizons of the world lines of
sources producing fields on de Sitter background is of crucial
significance for the structure of the fields.

The existence of the particle and event horizons is inti-
mately related to the fact that de Sitter spacetime has, in
contrast with Minkowski spacetime, two spacelike
infinities—past and future—at which all timelike and null
worldlines start and end [6]. Since the pioneering work of
Penrose [7,8] it has been well known that Minkowski, de
Sitter, and anti—de Sitter spacetimes, being conformally flat,
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can be represented as parts of the (conformally flat) Einstein
static universe. However, the causal structure of these three
spaces is globally very different. The causal character of the
conformal boundary 7 to the physical spacetime that repre-
sents the endpoints at infinity reached by infinitely extended
null geodesics, depends on the sign of A. In Minkowski
space, these are null hypersurfaces—future and past null in-
finity, Z* and Z . In de Sitter space, both Z* and 7~ are
spacelike; in anti—de Sitter space the conformal infinity Z is
not the digoint union of two hypersurfaces, and it is time-
like.

Towards the end of his 1963 Les Houches lectures [9],
Penrose discusses briefly the zero rest-mass-free fields with
spin s in cosmological (not necessarily de Sitter) back-
grounds. At a given point P, not too far from Z ~, say, the
field can be expressed as an integral over quantities defined
on the intersection of the past null cone of Pand Z~ ( ““free
incoming radiation field”) plus contributions from sources
whose worldlines intersect the past null cone. However, the
concept of “incoming radiation field” at 7~ depends on the
position of P if Z~ is spacelike [9,10]. If there should be no
incoming radiation at 7~ with respect to al *origins P,” all
components of the fields must vanish at 7. Imagine that
spacelike 7~ is met by the worldlines of discrete sources.
Then there will be points P near Z~ whose past null cones
will not cross the worldlines—see Fig. 1. The field at P
should vanish if an incoming field is absent. This, however,
is not possible since the ** Coulomb-type” part of the field of
the sources cannot vanish there (as follows from Gauss's
law). Penrose [9] thus concludes that “if there is a particle
horizon, then purely retarded fields of spin s> 3 do not exist
for general source distributions.” (The restriction on s fol-
lows from the number of arbitrarily specifiable initial data
for the field with spin s—see Ref. [9].) Penrose also empha-
sized that the result depends on the definition of advanced
and retarded fields, and ““the application of the result to ac-
tual physical models is not at al clear cut ... .” This ob-

The corresponding result holds for spacelike Z* and advanced
fields.
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FIG. 1. Fields at spacelike Z~. When past infinity Z ™~ is space-
like, and some discrete sources “enter’” the spacetime, then incom-
ing fields must necessarily be present at Z~ and also at such points
as P, the past null cones of which are not crossed by the worldlines
of the sources. If thisis not the case, inconsistencies arise. The past
null cone of P is shaded in light gray, whereas the future domain of
influence of sources is shaded in dark gray. (Figure taken after
Penrose [9].)

servation was reported in somewhat more detail at the meet-
ing on ‘“the nature of time” [11], with an appended
discussion (in which, among others, Bondi, Feynman, and
Wheeler participated) but technically it was not developed
further since 1963. In a much later monograph Penrose and
Rindler [10] discuss (see p. 363 in Vol. 1) the fact that the
radiation field is *‘less invariantly” defined when 7 is space-
like than when it is null, but no comments or references are
given there on the absence of “purely retarded fields.”

One of the purposes of this paper is to study the properties
of fields of pointlike sources ““entering” the de Sitter uni-
verse across spacelike Z . We thus provide a specific physi-
ca model on which Penrose's observation can be demon-
strated and analyzed. We assume the sources and their fields
to be weak enough so that they do not change the de Sitter
background.

In de Sitter space we identify retarded (advanced) fields
of a source as those which are in general nonvanishing only
in the future (past) domain of influence of the source. As a
consequence, purely retarded (advanced) fields have to van-
ish at the past (future) infinity. Adopting this definition we
shall see that indeed purely retarded fields produced by
pointlike sources cannot be smooth or even do not exist. We
find this general conclusion to be true not only for charges
(monopoles and dipoles) producing electromagnetic fields
(s=1) but, to some degree, also for scalar fields (s=0)
produced by scalar charges.

In general, purely retarded fields of monopoles and di-
poles become singular on the past horizons (‘““ creation light
cones’) of the particle’'s worldlines. A *shock-wave-type”
singularity at the particle's creation light cone can be under-
stood similarly to a Cauchy horizon instability inside a black
hole (see, e.g., Ref. [12]); an observer crossing the creation
light cone sees an infinitely long history of the source in a
finite interval of proper time. In the scalar field case (not
considered by Penrose) no ““ Gaussian-type’” constraints exist
and retarded fields can be constructed. However, we shall see
that the strength of the retarded field (the gradient of the
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field) of a scalar monopole has a &~function character on the
creation light cone so that, for example, its energy-
momentum tensor cannot be evaluated there. In the electro-
magnetic case it is not even posible to construct a purely
retarded field of a single monopole—one has to alow addi-
tional sources on the creation light cone to find a consistent
retarded solution vanishing outside the future domain of in-
fluence of the sources.

In both our somewhat different explanation of the nonex-
istence of purely retarded fields of general sources, and in
Penrose’s origina discussion, the main cause of difficultiesis
the spacelike character of 7~ and the consequential exis-
tence of the past horizons, respectively, ‘“‘creation light
cones.”

It was only after we constructed the various types of fields
produced by sources on de Sitter background and analyzed
their behavior that we noticed Penrose’s general consider-
ations in Ref. [9]. Our original motivation has been to under-
stand fields of accelerated sources, and in particular, the elec-
tromagnetic field of uniformly accelerated charges in de
Sitter spacetime. The question of electromagnetic field and
its radiative properties produced by a charge with hyperbolic
motion in Minkowski spacetime has perhaps been one of the
most discussed *‘ perpetual problems” of classical electrody-
namics, if not of all classica physics in the 20th century.
Here let us only naotice that the December 2000 issue of
Annals of Physics contains the series of three papers (cover-
ing 80 pp.) by Eriksen and Grgn [13], which study in depth
and detail various aspects of **electrodynamics of hyperboli-
caly accelerated charges’; the papers aso contain many
(though not all) references on the subject.

The electromagnetic field of a uniformly accelerated
charge along the z axis, say, is symmetrical not only with
respect to the rotations around the axis, but also with respect
to the boosts along the axis. Now spacetimes with boost-
rotation symmetry play an important rolein full general rela-
tivity (see, e.g., Ref. [14], and references therein). They rep-
resent the only explicitly known exact solutions of the
Einstein vacuum field equations, which describe moving
‘“objects’—accelerated singularities or black holes—
emitting gravitational waves, and which are asymptotically
flat in the sense that they admit global, though not complete,
smooth null infinity Z—. Their radiative character is best
manifested in a nonvanishing Bondi’s news function, which
is an analog of the radiative part of the Poynting vector in
electrodynamics. The general structure of all vacuum boost-
rotation symmetric spacetimes with hypersurface orthogonal
Killing vectors was analyzed in detail in Ref. [15]. One of
the best known examples is the C-metric, describing uni-
formly accelerated black holes attached to conical singulari-
ties (“‘cosmic strings’ or “‘struts’) along the axis of symme-
try.

There exists also the generaization of the C-metric in-
cluding a nonvanishing A [16]. It has been used to study the
pair creation of black holes [17]; its interpretation as uni-
formly accelerating black holes in a de Sitter space has been
discussed recently [18]. However, no general framework is
available to analyze the whole class of boost-rotation sym-
metric spacetimes, which are asymptotically approaching a
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de Sitter (or anti—de Sitter) spacetime as it is given in Ref.
[15] for A=0. Before developing such a framework in full
genera relativity, we wish to gain an understanding of fields
produced by (uniformly) accelerated sources in a de Sitter
background. This has been our origina motivation for this
work.

Although it has been widely known and used in various
contexts that there exists a conformal transformation be-
tween de Sitter and Minkowski spacetimes, this fact does not
seem to be employed for constructing the fields of specific
sources. In the following we make use of this conformal
relation to find scalar and electromagnetic fields of the scalar
and electric charges in de Sitter spacetime.

The plan of the paper is as follows. In Sec. Il, we will
analyze the behavior of scalar and electromagnetic field
equations with source terms under general conformal trans-
formations. Few points contained here appear to be new, like
the behavior of scalar sources in a general, n-dimensional
spacetime, but the main purpose of this section is to review
results and introduce notation needed in subsequent parts. In
Sec. |1, the compactification of Minkowski and de Sitter
spacetimes and their conformal properties are discussed.
Again, al main ideas are known, especially from works of
Penrose. But we need the detailed picture of the complete
compeactification of both spaces and explicit formulas con-
necting them in various coordinate systems, in order to be
able to “‘trandate” appropriate motion of the sources and
their fields from Minkowski into de Sitter spacetime. The
worldlines of uniformly accelerated particles in de Sitter
space are defined, found, and their relation to the correspond-
ing worldlines in Minkowski space under the conformal
mapping is discussed in Sec. IV. In general, a single world-
line in Minkowski space gets transformed into two world-
lines in de Sitter space.

In Sec. V, by using the conformal transformation of
simple boosted spherically symmetric fields of sources in
Minkowski spacetime, we construct the fields of uniformly
accelerated monopole sources in de Sitter spacetime. In par-
ticular, with both the scalar and electromagnetic fields, we
obtain what we call *‘symmetric fields.” They are analytic
everywhere outside the sources and can be written as alinear
combination of retarded and advanced fields from both par-
ticles. From the symmetric fields we wish to construct purely
retarded fields that are nonvanishing only in the future do-
main of influence of particles worldlines. For the scalar
field, thisis accomplished in Sec. VI. We do find the retarded
field, but its strength contains a §-function term located on
the particle’s past horizon (creation light cone). In Sec. VII,
the retarded electromagnetic fields are analyzed for free (un-
accelerated) monopoles (Sec. VII A), for “‘rigid dipoles”
(Sec. VII C), consisting of two close, uniformly accelerated
charges of opposite sign, and for ““geodesic dipoles’ (Sec.
VII D), made of two free opposite charges moving along
geodesics. In Sec. VII B the role of the contraints, which
electromagnetic fields and charges have to satisfy on any
spacelike hypersurface, is emphasized. These constraints in
de Sitter space with compact spatial slicings require the total
charge to be zero. As is well known, there can be no net
charge in a closed universe (see, e.g., Ref. [19]). However,

77

PHYSICAL REVIEW D 64 124020

we find out that the constraints imply even local conditions
on the charge distribution if Z~ is spacelike and purely re-
tarded fields are only admitted. In the case of an unacceler-
ated electromagnetic monopole, we discover that the solution
resembling retarded field represents not only the monopole
charge but also a spherical shell of charges moving with the
velocity of light along the creation light cone of the mono-
pole. The total charge of the shell is precisely opposite to that
of the monopole. Retarded fields of both rigid and geodesic
dipoles blow up aong the creation light cone since, by re-
stricting ourselves to the fields nonvanishing in the future
domain of influence, we ““squeeze” the field lines produced
by the dipoles into their past horizon (creation light cone).

We do not discuss the radiative character of the fields
obtained. The problem of radiation is not a straightforward
issue since the conformal transformation does not map an
infinity onto an infinity and, thus, one has to analyze care-
fully the falloff (*‘the peeling off’") of the fields along appro-
priate null geodesics going to future, respectively, past space-
like infinity. A detailed discussion of the radiative properties
of the solutions found here and of some additional fields will
be given in a forthcoming publication [24].

A brief discussion in Sec. VIII concludes the paper. Some
details concerning coordinate systems on de Sitter space are
relegated to the Appendix.

II. CONFORMAL INVARIANCE OF SCALAR AND
ELECTROMAGNETIC FIELD EQUATIONS
WITH SOURCES

Conformal rescaling of metric is given by a common
spacetime dependent conformal factor Q) (x):

9ap—0ap=0%0ap, 9P—3P=0"%g. (21

An equation for a physica field W is caled conformally

invariant if there exists a number— conformal weight—

p € R such that ¥ = QP¥ solves afield equation with metric
g, if and only if ¥ is a solution of the original equation with
metric g.

It is well known (see, eg., Ref. [20]) that (i) the wave
equation for a scalar field & can be generalized in a confor-
mally invariant way to curved n-dimensional spacetime ge-
ometry by a suitable coupling with the scalar curvature R,
and (ii) the vacuum Maxwell’s equations are conformally
invariant in four dimensions with conformal weight p=0 of
covariant components (2-form) of electromagnetic field
F.ps, but they fail to be conformally invariant for dimen-
sions n#4.

The behavior of the above equations with sources is not
so widely known (cf. Ref. [10,21] for the electromagnetic
case). It is, however, easy to see that the wave equation for
the scalar field ® with the scalar charge source S

[O-¢R]D=S, (22

where in n dimensions é=%(n—2)/(n—1), Ris the scalar
curvature, and ng“BVaVﬁ is the d'Alembertian con-
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structed from the covariant metric derivative V,, under the
conformal rescaling Eq. (2.1) goes over into the equation of
the same form

[O-¢R]D=S, (2.3)

provided that
d-d=01" (Mg, (2.4)
S-8=0"1" (g (2.5)

and V, and R are the metric covariant derivative and scalar
curvature associated with the rescaled metric g [see, eg.,
Egs. (D.1)—(D.14) in Ref. [20]].

Next, it is easy to demonstrate that in four dimensions
Maxwell’s equations with a source given by a four-current
J¢,

v, Fer=3e,

ViaFpy=0 of Fs=V,A;~V4A,, (2.6)

are conformally invariant if the vector potentia does not
change, so that

A,=A,, Fup=F.5 F*P=Q7 % (27
and the current behaves as follows:
Je=0"4, J,=07%,. (2.8)
Since the Levi-Civita tensor transforms as
Eapys= 8 apys, (2.9
the following quantities are conformally invariant:
*3apy=E apyud™=*Jupy (2.10)
*Fap= SrfapuF "’ =*Fag. (2.11)

Therefore, Maxwell’s equations with a source can be written
using the externa derivative as
dF=0, d*F=-2%], (212)
where only conformally invariant quantities appear.
The continuity equation for the electromagnetic current is
also conformally invariant:
V,J9=0—V, =0 "%V, J*=0 (2.13)
thanks to Eq. (2.8) and the conformal property of the four-
dimensional volume element g2= (—Detg, ) ¥

2= 04g12.

g (2.14)
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It is interesting to notice, however, that as a consequence of
the invariance (2.7) of the electromagnetic potential under a
conformal rescaling, the Lorentz gauge condition is not con-
formally invariant:

V,A=0 (2.15)

implies

V,A*—2A“d, log|Q|=0. (2.16)
A remarkable property arises in four-dimensional space-
times: in both the scalar and electromagnetic case the total
charge distributed on a three-dimensional spacelike hyper-
surface is conformally (pseudo)invariant. This follows from
the conformal invariance of spatial charge distributions.
Denoting n,,, a future-oriented unit 1-form normal to the
hypersurface 3, we get
n,=|Qln,, n*=|Q| ne, (2.17)
The three-dimensional volume element is given by
q"?= (Detq,p) "2, where three-metric g, is the restriction
of the four-metric g, 4 to the hypersurface %,. Under the con-
formal transformation,
qﬂ2_>a112: |Q|3q1/2. (218)
A charge distribution is defined as a charge density multi-
plied by this volume element. Hence, the scalar charge dis-
tribution reads

o=5q"2 (2.19)

and

o—o=sgn(Q)o. (2.20)
We see that it is conformal invariant except for a change of
sign if the conformal factor Q) is negative. As seen from Eq.
(2.5), this fails to be true for n#4. In the following we
consider only the case n=4.

The electromagnetic charge distribution is given by

p=n,J%"2 (2.21)

Again, regarding Egs. (2.8), (2.17), and (2.18), we get

p—p=p. (2.22)
Thus, the electromagnetic charge is invariant even under
conformal transformation with a negative conformal factor
Q.

Similarly, we define the electric field with the three-
dimensiona volume element included:

£%=n, Fraql?, (2.23)

2A quantity is a conformal pseudoinvariant if it is invariant under
conformal transformation, except for a change of sign if the confor-
mal factor is negative. See Eq. (2.20).
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which represents the momentum conjugated to the potential
A, (cf., eg., Ref. [19]). With the definition (2.23), £¢ is
conformally invariant. Gauss's law simply reads

f vOege= | gads,, (2.24)
D dD

where V) is three-metric covariant derivative and D is a
region in 3.

1. MINKOWSKI| AND de SITTER SPACETIMES:
COMPACTIFICATION AND CONFORMAL RELATION

The conforma structure of Minkowski and de Sitter
spacetimes and their conformal relation to the regions of the
Einstein static universe is well known and has been much
used (see, e.g., Refs. [6,20] for basic expositions). However,
the complete compactified picture of both spaces and their
conformal structure do not appear to be described in detail in
the literature, athough all main ideas are contained in vari-
ous writings by Penrose (e.g., Refs. [9,10]). Since we shall
need some details in explicit form when analyzing the char-
acter of the fields of sources in de Sitter spacetime and their
relation to their counterparts in Minkowski spacetime, we
shall now discuss the compactification and conformal prop-
erties of these spaces.

Recall first that flat Euclidean plane E? can be compacti-
fied by adding a point at infinity so that the resulting spaceis
a two-sphere S? with a regular homogenous metric Jsph-
conformally related to the Euclidean metric:

Jgh= a(d9 2 +sin”d dp?)

=02(dr?+r2de?)=0%gg,q, 3.1
where « is a constant parameter with the dimension of
length, r = a tan(9/2), and 1 =1+ cos . Notice that gg,q IS
not regular at r =0, where the conformal factor (1=0. The
group of conformal transformations of E? acts on the com-
pact manifold S?.

Analogously, one can construct compactified Minkowski
space M¥ (see Ref. [10], Sec. 9.2 and references therein) on
which the 15-parameter conformal group acts. One starts
with the standard Penrose diagram of Minkowski space and
makes an identification of Z y;, and Z ;. by identifying the
past and future endpoints of null geodesics as indicated in
Fig. 2. The future and past timelike infinities, iy, and the
spatial infinity, i, are aso identified into one point. The
topology of M# is S*x St (thisis not evident from first sight,
but see Ref. [10]).

Rescaled Minkowski space (without the identification)
can be drawn in a two-dimensional diagram as a part of the
Einstein static universe, which is visualized by a cylindrical
surface imbedded in E3—see, e.g., Refs. [6,20]. However, in
Fig. 3 we illustrate the compactified Minkowski space M# by
a three-dimensional diagram as a part of the Einstein uni-
verse represented by a solid cylinder in E3. This is achieved
in the following way: In Fig. 2 the Minkowski spacetime
(with one dimension suppressed) is illustrated as a region
bounded by two cones joined base to base. Now we take a
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FIG. 2. Three-dimensiona Penrose diagram of Minkowski
space. The whole spacetime is mapped into the interior of two
cones joined base to base along a spacelike (Cauchy) hypersurface
t=0. The boundary of the two cones consists of past and future null
infinities, Z v, Z mink» Of the past and future timelike infinities
i ink i mink » @nd of the spacelike infinity, i . At these infinities,
the null, timelike, and spacelike geodesics start and end. A two-
dimensiona cut C going through iyine, iine, ad P,Qeimin is
considered, with two null geodesics A’ XA and B'YB indicated. It
is divided into four separate regions, |-I1V. Regions Il and IV are
mapped into regions I11I" and IV’ in the compactified Minkowski
space illustrated in Fig. 3.

two-dimensional cut C and we compactify it by dividing it
into four regions, 1-1V, as indicated in Fig. 2. We cut out
regions Il and IV and place them *“above” regions Il and |
so that they are joined along their corresponding null bound-
aries (e.g., points B,B" and A/A’ become identical). Now the
segment PO has to be identified with OQ and OQ with
PO—they correspond to a single segment in Fig. 2. Simi-
larly, boundaries PP and QQ are identified, and as aresult a
compact manifold is formed. Consider then al posible cuts
C, i.e, “rotate” C around the “lin€” i ;O vink» and make
the same identifications as we just described. Now all “ver-
tical” boundary lines as PP and QQ have to be identified
(notice that all these points were on the segment iy, O in
Fig. 2). The resulting four-dimensiona compact manifold is
represented in the three-dimensional Fig. 3. From the con-
struction described, it follows that the top and bottom bases
of the solid cylinder are identified and each of the circles on
the cylindrical surface, as, e.g., k, should be considered as a
single point. The “disks” inside these circles are thus two
spheres, i.e., without suppressing one dimension—three
spheres in M7,

Now it is important to realize that Fig. 3 can be under-
stood as a part of the Einstein static cylinder, which also
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P 2\—”//_{:

FIG. 3. Compactified Minkowski and de Sitter spaces. The com-
pactified Minkowski and de Sitter space M*, illustrated by the
three-dimensional diagram—a part of the Einstein universe repre-
sented here as a solid cylinder. The compactification is achieved by
considering first the two-dimensional section C in Fig. 2, cutting out
regions |11 and IV and placing them ** above” regions || and | so that
two-dimensional figure POQQOP isformed. PO isidentified with
00 (eg., point X with X'), OQ with PO (e.g., Ywith Y’), and PP
with QQ. All two-dimensiona cuts C are identified in this way
with, in addition, al “vertical” boundary lines being identified so
that the circle k, for example, is considered as a point. The top and
bottom bases of the cylinder, representing the past and the future
spacelike infinities of de Sitter space, are identified in the compact
manifold M¥.

represents the compactified de Stter space. In de Sitter space
two bases are future and past spacelike infinities. They are
not usualy identified in the standard two-dimensional Pen-
rose diagram of de Sitter spacetime (see, e.g., Ref. [6]), as
T ik @d Z i @e not identified in the standard Penrose
diagram of Minkowski space.

Manifold M# represents the compactification of both
Minkowski and de Sitter space. Similarly as S?, representing
the compactification of E?, can be equipped with a regular
metric ggn mentioned above, M*# can be equipped with the
regular metric

Ogins= a?(—dT 2+ dF 2+ sin’Tdw?), (32
where dimensionless coordinates T,7  (0,7), spacelike hy-
persurfaces T=0, and T= 7 are identified by means of null
geodesics, dw?=d®¥2+sin? 9dg? and the constant « has
dimension of length. The metric (3.2) is the well-known met-
ric of the Einstein universe, in which case

al=—, (3.3

where A is the cosmological constant.
In order to see this explicitly, write the Minkowski metric
in standard spherical coordinates,

Pavel Krtous$

PHYSICAL REVIEW D 64 124020

Oumink= — dt2+dr 2+ r2dw?, (34)
and introduce coordinates 1,7 € (0,7) by
~ 2at . 2ar
t=actan——>—, Tr=actar————, (3.5
a?—t2+r2 a?+t2—r2
inversely
asint asinT
=—= = = -, (3.6)
cosT +cost cosT +cost
so that
2
Ovin="——=—=5 (—dE?+dF ?+sn’T do?).
(cosr +cost)
(3.7

Let us notice that by requiring the ranges,t e (0,1), we fix
the branch of arctan in Eq. (3.5). Further, observe that for
T4+7> m, relations (3.6) imply negative r—we shall return to
this point in a moment.

In the case of de Sitter space with the metric

,
gas=—dr?+ a® cosh’—(dx *+sin’ x dw?),  (38)

we put
- T ~
t=2arctan(exp—), r=yx, (3.9
or
T -
r=alog tanz, X=T, (3.10)
so that
012
(—dT2+dr 2+sin’T dw?). (3.11)

Qas™ —
S §n?t

In this way we obtain explicit forms of the conformal
rescaling of both spaces into the metric of the Einstein uni-
verse:

Q= COST + cosT,

Oeins= Qiink Intink - (3.12)

Oeins= QisOes,  Qas=8nT, (3.13)
where ggins IS given by Eq. (3.2). As in the simple case of
conformal relation of E? to S?, the conformal factors Q yin
and Q45 vanish at infinities of Minkowski, respectively,
de Sitter space.

As a consequence of Egs. (3.5)—(3.11) we also find the
conformal relation between Minkowski and de Sitter space:
0= QI\_/Iilnk Qgs,

Imink= 2°Ugs, (3.14)
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where Q ik, qs ae given by Egs. (3.12) and (3.13). The
conformal factor () has the simplest form when expressed in
terms of the Minkowski time t:

sint t
Q=———=—. (3.15)
cosr+cost @

The conformal transformation is not regular at the infinity of
Minkowski, respectively, de Sitter space because () diverges,
respectively, vanishes there. We shall return to this point at
the end of this section. First, however, we have to describe
the coordinate systems employed in relating particular re-
gions I-IV in Figs. 2 and 3.

Relations (3.5) and (3.6) can be used automatically in
region | only. In other regions, ranges of coordinates have to
be specified more carefully. In the following we aways re-
quire Te(0,7). Then, if Te(0,7), we find that relations
(3.5) and (3.6) imply negative r in region IV. Also, if we
consider events with t<<0, r>0 (region IIl), we notice that
as a consequence of Egs. (3.5) and (3.6) with T (0,7), we
get T<0. Relations (3.5) and (3.6) can be made meaningful
in all regions I-1V if we alow negative r,T and adopt the
following convention: at a fixed value of time coordinate t,
respectively, T, the points symmetrical with respect to the
origin of spherical coordinates have opposite signs of the
radial coordinate, i.e., points with given {t,r,9,¢}, respec-
tively {T,7,9, ¢}, areidentical with {t,—r,7— &,p+ 7}, re-
spectively {T,—7,7—&,¢+ w}. The way in which regions
I-IV are covered by the particular ranges of coordinates is
explicitly illustrated in Figs. 5(@-5(c) in the Appendix,
where our convention is described in more detail.

In the Appendix, various useful coordinate systemsin de
Sitter space are given. First, we shall frequently employ co-
ordinates {T,r, 9, ¢} which are simply related [by Egs. (3.9)
and (3.10)] to the standard coordinates {7, x, 9, ¢} covering
nicely the whole de Sitter hyperboloid. Next, relations (3.5)
and (3.6) can be viewed as the definition of another coordi-
nate system {t,r,¥,¢} on de Sitter space [with the metric
being given by Eq. (A6)]. Let us remind that for fixed 9, ¢
valuesT >0 (commonly assumed in de Sitter space) corre-
spond to r>0 for T+T<a (region I) and to r<O for
T+7> (region 1V). Further, one frequently uses static co-
ordinates T,R associated with the static Killing vector of
de Sitter spacetime—Eqgs. (A8) in the Appendix.

Finaly, it will be useful to introduce the null coordinates
[cf. Eq. (A12)]

(3.16)

(3.17)

When employing null coordinates we shall consider only
T>0 (u,v would “exchange their role” if T <0); the ranges
of U,v and u,v are thus given by the choice,r € (0,7). This
leaves the standard (Minkowski) meaning of u,v inregion [;
however, u and v exchange their usua (Minkowski) role in
region IV (v=T+7>m) because here r<0. With this
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choice, the coordinates Ui, v and u cover de Sitter space

continuously, in particular the horizonv = 7 [v — *+ % on this
horizon—see Fig. 5(e)].
From Egs. (3.5) and (3.6) we get the simple relations

u v
u=catan=-, v=atanz,

5 5 (3.18)

which explicitly verify that local null cones (loca causal
structure) are unchanged under conformal mapping. Never-
theless, it is well known that the global causal structure of
the Minkowski and de Sitter space is different. This is re-
flected in the fact that, as mentioned above, the conformal
transformation between the two spaces is not regular every-
where. In particular, relation (3.18) shows that points at null
infinity with v — o0 in Minkowski space go over into regu-
lar points with v — 7 in de Sitter space, whereas spacelike
hypersurface t=3(u+v)=0 goes into spacelike infinities
T=0,7 in de Sitter space.

In the next sections, when we shall generate solutions for
the scalar and electromagnetic fields for given sources in
de Sitter space by employing the conformal transformation
from Minkowski space, we have to check the behavior of the
new solutions at points where the transformation is not regu-
lar.

Before turning to the construction of the fields produced
by specific sources, let us emphasize that in al the following
expressions for fields in de Sitter spacetime only positive t
can be considered. However, the results contained in Secs.
IV and V arevalid also for T <0 provided that the convention
described above is used.®

IV. UNIFORMLY ACCELERATED PARTICLES
IN de SITTER SPACETIME

In this section we study the correspondence of the world-
lines of uniformly accelerated particles under the conformal
mapping (3.5) and (3.6) between Minkowski and de Sitter
spacetimes. Let a particle have four-velocity u¢,
u*u,=—1, so that its acceleration is a“:U“=uf‘Vﬂu“,
a*u,=0. We say that the particle is uniformly accelerated if
the projection of a“=u*V,a“ into the three surface or-
thogonal to u® vanishes:

Pﬁa"=a“—(a/‘aﬂ)u“=0. (4.1
Here the projection tensor P4%=¢6%+u*u, and
uﬂé"=—a#a“. Multiplying Eg. (4.1) by a® we get
a*a,=0 so that

3In Sec. VII, we requireT > 0. The right-hand sides of expressions
(7.1), (7.2), (7.12), and (7.19) would have to be multiplied by a
factor of sgn to be also valid for T <0. Similar changes would also
necessary be in other equations but these contain null coordinates
that have not been defined for T <0.

124020-7



82

JRI BICAK AND PAVEL KRTOUS

11
3’

FIG. 4. Worldlines of particles in de Sitter spacetime. The
worldlines of geodesics and of uniformly accelerated particlesin de
Sitter spacetime, obtained by the conformal transformation of ap-
propriate worldlines in Minkowski space: 1,1" from the worldline
of a particle moving uniformly through the origin, 2,2’ from a par-
ticle at rest outside the origin, and 3,3’ from two uniformly accel-
erated particles. In de Sitter space, the worldlines 1 and 1’ describe
two uniformly accelerated particles; 2,2' and 3,3’ are geodesics.
Both particles in each pair are causally disconnected.

a,a*=congtant. (4.2
This definition of uniform acceleration goes over into the
standard definition used in Minkowski space [22]. It implies
that the components of a particle's acceleration in its instan-
taneous rest frames remain constant. Of course, as a special
case, a particle may have zero acceleration when it moves
along the geodesic.

Consider a particle moving with a constant velocity

R,
o= tanh 8= constant (4.3

along the z axis (¢=0, 9=0) of the inertia frame in
Minkowski spacetime with coordinates {t,r, ¥, ¢} so that it
passes through r =0 at t=0. Transformations (3.5) and (3.6)
map its worldline into two worldlines in de Sitter spacetime,
given in terms of parameter Ay, itS proper time in
Minkowski space, or in terms of \4g, its proper time in de
Sitter space, as follows:

- A mink cosh 8
t=arctan| — a2—2
AMMink— @
t cosh B 4.4
AN = AN (Ngs/ @) cosn B] )’ (44)
Mmink SiNh
T=arctan 2a“’2“k—ﬁ
Mink+ @
_ rctan| + sinh B
— AN = s (N s/ @)cosh 8]

In these expressions, the arctan has values in* (0,1);
Ngs€ R, and \ i e (0,0) for the worldline starting and end-

4Fe(—77,0) for B<0.
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ing with T=0 [denoted by 1 in Fig. 4; plus sign in the last
equation in (4.4)], whereas \ e (—«,0) for the second
worldline, starting and ending with T =77 [denoted by 1’ in
Fig. 4; minus sign in (4.4)]. One thus gets two worldlines in
de Sitter space from two ‘“‘halves’ of one worldiine in
Minkowski space.

These two worldlines are uniformly accelerated with the
constant magnitude of the acceleration equal (up to the sign)
to

1

a,= = sinh 8. (4.5)
An intuitive understanding of the acceleration is gained if we
introduce standard static coordinates {T,R, 9, ¢} in de Sitter
space (see the Appendix). The two worldlines described by
Eq. (4.4) in coordinatesT,T are in the static coordinates sim-
ply given by R=R,= constant. [As seen from Eq. (A8), for a
givenT,T, the same R corresponds toT and —T.] Owing to
the ““cosmic repulsion” caused by the presence of a cosmo-
logica constant, fundamental geodesic observers with fixed
T (i.e, fixed y) are “repelled”’ one from the other in propor-
tion to their distance. Their initial implosion starting at
T=0 (7= —) is stopped at T=7/2 (7=0—at the *‘neck”
of the de Sitter hyperboloid) and changes into expansion. A
particle having constant R=R,, thus a constant proper dis-
tance from an observer at T=R=0 (or a T =, R=0), has
to be accelerated towards that observer. The acceleration of
particle 1 points towards the observer at T =0, whereas that
of particle 1’ points towards the observer at T =7 (Fig. 4).
Notice that the two uniformly accelerated worldlines are
causally disconnected; no retarded or advanced effects from
the particle 1 can reach the particle 1" and vice versa. Thisis
analogous to two particles symmetrically located along op-
posite parts of say the z axis and uniformly accelerated in
opposite directions in Minkowski space. The worldlines of
uniformly accelerated particles in Minkowski space are the
orbits of the boost Killing vector. Analogously, in de Sitter
space the Killing vector d/dT aso has the character of a
boost.

Another type of simple worldline in de Sitter space arises
from transforming the worldlines of a particle at rest at
r=ry (Jro<a), 9=0, =0 in Minkowski space. It trans-
forms to two worldlines in de Sitter space given by

Tzarctan( %) (4.6)
— Akt rot o

- —2ar,

F =arctan m)

9=0, =0,

with Te(0,7), and Tsignr,e(0,7) for Ayiu>0 and
Tsignroe(—m,0) for Ayiw<O. Thus, a geodesic in
Minkowski space goes over into two geodesics in de Sitter
space. In Fig. 4 these are the worldlines 2 and 2.
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Urychlené ¢erné diry a struktura zafeni ...

ACCELERATED SOURCES IN de SITTER SPACETIME. ..

As the last example, let us just mention that the world-
lines of two particles uniformly accelerated in Minkowski
space get transformed into two geodesics 3,3" in de Sitter
space.

V. SCALAR AND ELECTROMAGNETIC FIELDS
FROM UNIFORMLY ACCELERATED PARTICLES
THE SYMMETRIC SOLUTIONS

Two uniformly accelerated particles described by world-
lines (4.4) were obtained by the conformal transformation
from the worldline of a particle moving with a uniform ve-
locity Ry/a in Minkowski space. Hence, their fields can be
constructed by the conformal transformation of a simple
boosted spherically symmetric field. In the case of scalar
field, Egs. (2.4), (2.20), and (3.15) then lead to the field

st 1l
_47Ta|r,|, (5.1
wherer’ is spherical coordinate in an inertial frame in which
the particle is at rest at the origin.

As emphasized earlier, we have to examine the field at the
null hypersurface v = 7, where the conformal transformation
fails to be regular. We find that the field (5.1) is indeed not
smooth there. The limit of & asv = = is approached from the
region v < 7 differs from the limit from o> 7; ® has ajump
at v =, although, as can be checked by a direct calculation,
this discontinuous field satisfies the scalar wave equation.
However, afield analytic everywhere outside the sources can
be obtained by an analytic continuation of the field (5.1)
from the domain v < 7 to the domainv > 7. We discover that
the new field in o> = differs from Eq. (5.1) just by a sign.
Therefore it simply corresponds to the charge of the particle
in o>, which is opposite to that implied by conformal
transformation. It is easy to see that, due to the conformal
transformation, the sign of the charge on the worldline with
> is opposite to the original charge s because the confor-
mal factor Q=t/a<0 for v>. Hence, the field which is
analytic represents the field of two uniformly accelerated
particles with the same scalar charge s, which move aong
two worldlines given by Eq. (4.4). In Sec. VI we shall see
that this field can be written as a linear combination of re-
tarded and advanced fields from both particles. We call it the
symmetric field. Regarding Eq. (5.1), in which r’ is first ex-
pressed in terms of the origina Minkowski coordinates
{t,r,9,¢}, and then using the transformation (3.6), we find
the field as a function of {T,7, 9, ¢}:

S \/az—Rg
(I)Wm:ﬂ 7 Z_ 2 o 22’
V(a?—RR,cos #)?— (a?—R?)(a?—R2)
(5.2)

where R= a(sint/sinT) is the static radial de Sitter coordi-
nate (see the Appendix). As could have been anticipated, the
field is static in the static coordinates since the accelerated
particles are at rest at R=R,, 9=¢=0. (Recal that we
need two sets of such coordinates to cover both worldlines
but the coordinate R is well defined in the whole de Sitter

&3
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spacetime—cf. the Appendix.) However, it is dynamical in
the coordinates {T,r,9,¢}, or in the standard coordinates
{7,x, ¥, ¢}, covering—in contrast to the static coordinates—
the whole de Sitter spacetime.

In order to construct the electromagnetic field produced
by uniformly accelerated particles in de Sitter spacetime, we
start, analogoudly to the scalar field case, from the boosted
Coulomb field in Minkowski space. The potential 1-form is
thus simply

e v

am ]

(5.3)

where the prime again denotes the coordinates in an inertial
frame in which the particle is at rest. Since electromagnetic
field described by its covariant component is conformally
invariant, the field (5.3) is automatically a solution of Max-
well’s equations in de Sitter space. However, like in the sca-
lar field case, we have to examine its character at v = 7. We
discover that the potential (5.3) does not, in fact, solve Max-
well’s equations there [in contrast to the scalar field (5.1),
which is discontinuous on'v = 7, but satisfies the scalar wave
equation]. This result can be understood when we realize that
by the conformal transformation the sign of the electric
charge—in contrast to the scalar charge—does not change at
the worldline with 7> 7 so that the total electric charge is
2e. A nonzero total charge in de Sitter spacetime, however,
violates the constraint, as we shall see in Sec. VII B. In fact,
it is well-known that in a closed universe the total electric
charge must be zero due to Gauss's law (e.g., Ref. [19]).
As with the scalar field, we still can construct a field
smooth everywhere outside the sources by analytic continu-
ation of the field obtained in the region v <7 across v =
into whole spacetime. Similar to the scalar case, the resulting
field in > 7 corresponds just to the opposite charge, so that
now, in the electromagnetic case, the total charge is indeed
zero. The electromagnetic field can be written as a combina-
tion of retarded and advanced fields from both charges, as
will be shown in Sec. VII. The potential describing this sym-
metric field has a simple form in the static coordinates:

e

sy adT

Agym=

R,R
1- —zcos{}
o

R—R,cos 9
+ e —

1 RY o2 dR+RROSinﬂd19}, (5.9
—Ra

where®

X%=(a?—RR,c0s¥)%— (a?—R2)(a?*~R?). (55)
As noticed in Sec. I, the Lorentz gauge condition is not
conformally invariant, so that the potentia (5.4) need
not satisfy the condition, although the origina Coulomb
field does. Expressing the static radia coordinate as

5The positive root x>0 is taken here—as in Eq. (5.2).
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R=a(sinT/sinT), and similarly T (see the Appendix) we can
find the potential in globa coordinates {T,r,9,¢}, respec-
tively, {7, x, 9, ¢}. Since the resulting form is not simple, we
do not write it here, but we give the electromagnetic field
explicitly in both the static and global coordinates. In static
coordinates it reads

q e a(az—Rﬁ) dTnd
F= Af—ET (R—Rycosd)dTAdR
RZ
+{ 1= =5 |RR,sin9 dTdd|, (5.6)

where X is given by Eq. (5.5). In {T,T,9,¢} coordinates we
explicitly find

e a®—R? o8

0_
sin®t

47 X3
X[(asinT —R,sinT cos®)diAdr

+R,sinT cosT sinT sind diAdd

(5.7)

Summarizing, the field (5.7) represents the time-
dependent electromagnetic field of two particles with charges
+e, uniformly accelerated along the worldlines (4.4) with
accelerations + o~ tsinh B=FR,/(a\/Ja®’—R?). The fidd is
analytic everywhere outside the charges. In the static coordi-
nates the charges are at rest at R=R,, and their static field is
given by Eq. (5.6).

VI. SCALAR FIELD: THE RETARDED SOLUTIONS

The symmetric scalar field solution (5.2), representing
two uniformly accelerated scalar charges, is nonvanishing in
the whole de Sitter spacetime. As mentioned before, and will
be proved at the end of this section [see Egs. (6.6) and (6.7)],
this field is a combination of retarded and advanced effects
from both charges. A retarded field of a point particle should
in genera be nonzero only in the future domain of influence
of aparticle’sworldlineg, i.e., at those points from which past
causal curves exist that intersect the worldline. Hence, the
retarded field of the uniformly accelerated charge, which
starts and ends at T=0 (see Fig. 4), should be nonvanishing
only at G=T—7>0. It is natural to try to construct such a
field by restricting the symmetric field to this region, i.e, to
ask whether the field

q)ret:q)syme(a)v (6.1)
where 6 is the usual Heaviside step function, is a solution of
the field equation.

The field (6.1) does, of course, satisfy the scalar field
wave equation (2.2) at U>0 since g, does, and aso at
U<0 since ®=0 is asolution of Eq. (2.2) outside a source.
Thus we have to examine the field (6.1) only at u=0, i.e,, at

Pavel Krtous$
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“creation light cone” of the particle’s worldline, also re-
ferred to as the past event horizon of the worldline [6]. The
field strength 1-form implied by Eq. (6.1) becomes

d® = (dDg)m) (1) + Py md(U)du. (6.2)
An explicit calculation shows that
O® = (0P gy 6(0). (6.3)

Therefore, the conformally invariant scalar wave equation
(2.2) (with £=1/6) has the form

[0-§R]Pe=([0-zRIPgm) 6(T)
:Ssym'g(a) = Smon 1

where S5, 1 denotes the monopole scalar charge starting and

ending at T=0. Hence, we proved that the field (6.1), where

®gr, isgiven by Eq. (5.2), satisfies the field Eq. (6.3) every-

where, including the past event horizon of the particle.
Anaogously, we can make sure that

(6.4)

(Dadv:cbsyme(_ﬁ) (6.5
has its support in the future domain of influence of the mono-
pole particle 1', starting and ending at T = 77, and is thus the
advanced field of source Sy, 1/ =Sgm8(—U).

From the results above, it is not difficult to conclude that
the symmetric field can be interpreted as arising from the
combinations of retarded and advanced potentials due to
both particles 1 and 1’, in which the potentials due to one
particle can be taken with arbitrary weights, and the weights
due the other particle then determined by

q)sym: (P17 (1= Py 1+ (1= Prg v+ (P 1 »
(6.6)

where {eR is an arbitrary constant factor. In particular,
choosing {=1/2, the field

q)S/m:%(q)ret+cI)adv) 6.7)
is the symmetric field from both particles. This freedom in
the interpretation is exactly the same as with two uniformly
accelerated scalar particlesin Minkowski spacetime (see Ref.
[15], Sec. IV B).

A remarkable property of the retarded field (6.1) is that
the field strength (6.2) has aterm proportional to §(1), i.e., it
is singular at the past horizon. Since the energy-momentum
tensor of the scalar field is quadratic in the field strength, it
cannot be evaluated at =0. The **shock wave” at the ** cre-
ation light cone” can be understood on physical grounds
similarly as the instability of Cauchy horizons inside black
holes (e.g., Ref. [12]); an observer crossing the pulse along a
timelike worldline will see an infinitely long history of the
source within afinite proper time. The character of the shock
is given by the pointlike nature of the source. If, for example,
a scalar charge has typical extension | at T=x/2, i.e., at the
moment of the minimal size of the de Sitter universe
(7=0), and the extension of the charge in the T coordinate
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would be roughly the same at 7 45, the corresponding shock
would be smoothed around Ti=0 with awidth ~1. However,
the proper extension of the charge at 7 45 would be infinite in
that case.

Let us note that the retarded field (6.1) could also be
computed by means of the retarded Green's function. In our
case of the conformally invariant equation for a scalar field,
the retarded Green's function in de Sitter space is localized
on the future null cone, asitisin the “origina’ Minkowski
space. (It isinteresting to note that in the case of a minimal,
or more genera coupling, the scalar field does not vanish
inside the null cone.) Thanks to this property we can under-
stand a “‘jump” in the field on the creation light cone: the
creation light cone is precisely the future light cone of the
point a which the source “enters’ the spacetime, i.e, it is
the boundary of a domain where we can obtain a contribu-
tion from the retarded Green's function integrated over
SOUrCeS.

VII. ELECTROMAGNETIC FIELDS: THE RETARDED
SOLUTIONS

In this section we shall analyze the electromagnetic fields
of free or accelerated charges with monopole and also with a
dipole structure. We shall pay attention to the constraints
which the electromagnetic field, in contrast to the scalar
field, has to satisfy on any spacelike hypersurface.

A. Free monopole

Let us start with an unaccelerated monopole at rest at the
origin of both coordinate systems used, i.e., a T=R=0.
With R,=0, the potential (5.4) and the field (5.6) simplify to

e snt 1+ cost cosT
Agm=—7-—= — di+dr
47 cost+cost | sinTsint
(7.1)
and
e
Fom=" 7~ Sm2~ diadf. (7.2)

Let us restrict the potential to the “creation light cone”
and its interior by defining

Ag=Agmd(T). (7.3)
The field in null coordinates t,v then reads
Fo=dA,=Fgmf(T) e ! S dUnds, (7.4)
=dA,= U)— — ——&(0)dundo, )
© e om 47 §np

so that the left-hand side of Maxwell’s equations becomes
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VFaM Jg]on
e |1—cosv 9% 9«
—+2(1- cos:;)— S(0)
4ma*| 1+cosp du
° Ty 5)
dma® do

Here J,,=(V,Fgrm) 6(U) is the current produced by the
charge at T=0. Addltlonal terms on the right-hand side of
Eq. (7.5), locaized on the null hypersurface =0, clearly
show that the restricted field (7.3) does not correspond to a
single point source. The terms of this type did not arise in the
case of the scalar field discussed in the previous section.

We can try to add afield localized on =0, which would
cancel the additional terms. Although we shall see in the
following section that this cannot be achieved, it is instruc-
tive to add, for example, the field

A*——iln(tan )5(u)dﬁ (7.6)

4

which cancels the second term on the right-hand side of the
field (7.4). Thus, denoting

Aron=AtA,,
_ (7.7)
Fmon=dAmon=Fgm0(U),
we find that with F,,, Maxwell’s equations become
e - 0”
\/ Fgw'gn_‘]ﬁ'\on 4(1_0031))5(”)_,.- (7.8
a Ju

Hence, the field Ao, does not represent only the unacceler-
ated monopole charge but also a spherical shell of charges
moving outwards from the monopole with the velocity of
light along the ** creation light cone” U=0. The total charge
of the shell is precisely opposite to the monopole charge so
that the total charge of the system is zero.

We shall return to this point in the following section; now
let us add yet two comments. It is interesting that, in contrast
to the scalar field strength (6.2), the electromagnetic field
Fon IS NOt singular at U=0. Apparently, the effects of the
monopole and the charged shell compensate along U=0 in
such a way that even the energy-momentum tensor of the
field is finite there.

Second, if the field A, COrresponding to the retarded
field from the charge e at T=0 and the outgoing charged
shell is superposed with the analogous field corresponding to
the advanced field from the charge —e at 7= 7 and the in-
going charged shell, the fields corresponding to charged
shells localized on =0 cancel each other and the field Ay,
[Eq. (5.4)] with R,=0 is obtained. The same compensation
occurs for two uniformly accelerated charges (R,#0) con-
sidered in Sec. V, asit follows from the symmetry. Therefore,
the symmetric electromagnetic field (5.4) can be interpreted
as arising from the combinations of retarded and advanced
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potentials due to both charges 1 and 1’ in the same way as
was the case for the symmetric scalar field; relation (6.6)
remains true if ®’s are replaced by A’s.

B. Constraints

The appearance of a shell with the total charge exactly
opposite to that of the monopole discussed above has deeper
reasons. It is a consequence of the constraints, which any
electromagnetic field and charge distributions have to satisfy
on a spatial hypersurface, and of the fact that spatial hyper-
surfaces, including past and future infinities, in de Sitter
spacetime, are compact. Integrating the constraint equation

VQer=p (7.9)
[see Eq. (2.23) for the definition of £¢] over a compact
Cauchy hypersurface X, we convert the integral of the diver-
gence on the left-hand side to the integral over a‘* boundary”
which, however, does not exist for a compact 2,. Hence, as it
is well-known, the total charge on a compact hypersurface
(in any spacetime, not only de Sitter) must vanish:

Qiat=0.

Therefore, the field F o, constructed in Eq. (7.7) represents
the monopole field plus the **simplest” additional source lo-
calized on the past horizon of the monopole that leads to the
total zero charge. This enables the monopole electric-field
lines to end on this horizon.

A stronger, even local condition on the charge distribution
in de Sitter spacetime (or, indeed, in any spacetime with
spacelike past infinity Z ) arises if we admit purely retarded
fields only. Here we define purely retarded fields as those
that vanish at Z . Then, however, the constraint (7.9) di-
rectly implies that at Z~ the charge distribution vanishes:

(7.10)

pli-0=0. (7.1)

In the Les Houches lectures in 1963 Penrose [9] gave a
general argument showing that if Z~ is spacelike and the
charges meet it in a discrete set of points, then there will be
inconsistencies if an incoming field is absent (see in particu-
lar Fig. 16 in Ref. [9], cf. Fig. 1, see also Ref. [11]). Penrose
also remarked that an alternative definition of advanced and
retarded fields might be found that leads to different results,
and that the application of the result to physical modelsis not
clear. We found nothing more on this problem in the litera-
ture since Penrose’s observation in 1963. Our work appears
to give the first explicit model in which this issue can be
analyzed.

C. Rigid dipole

Asthe first example of a simple source satisfying both the
constraint (7.10) and the local condition (7.11) required by
the absence of incoming radiation, we consider a rigid di-
pole. To construct an elementary rigid dipole, we place point
charges e/ and —e/e on the worldlines with R,= e« and
9=0,, fixed in the static coordinates, and take the limit
£—0. The constant dipole moment is thus given by p=ea.
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The resulting symmetric field can easily be deduced from the
symmetric fields (5.4)—(5.7) of electric monopoles:®

p cosd | _ o~
Agm=—7— sir12~r(smtcosrcﬁ cost sinT dr),
F 2 s nt dt

=——|2cos —diadr
ymo 4 sin’t
snd
— = (sintcost dAdt
sin“T

—cost sint ddadr)]|. (7.12)

Asin Sec. V, R,=0 corresponds to two worldlines and the
symmetric solution (7.12) describes the fields of two dipoles,
one a rest at T=0, the other at T = .

To construct a purely retarded field of the dipole at T =0,
we first restrict the symmetric field (7.12) to the inside of the
“creation light cone” of the dipole, analogously as we did
with the monopole charge in Sec. VII A. Writing [cf. Eq.
(7.3)]

Ao=Agmb(T), (7.13)
we now get
Fo=Fgm0(U), (7.14)

so that no additional term like that in Eq. (7.4) arises; how-
ever, expressing the left-hand side of Maxwell’s equations as
in Eq. (7.5), we find

p o~ 0
2 cosI(1—cosv)s(u)—.
v

(7.15)

Vquu:Jgiip_ m

Here Jgip,=(V .Fgm) #(1) isthe current corresponding to the
rigid dipole at T=0. Similarly to the case of the monopole,
there is an additional term on the right-hand side of Eq.
(7.15), localized on the null cone U=0, indicating that the
field (7.13) represents, in addition to the dipole, an additional
source located on the horizon Ti=0. In contrast to the mono-
pole case, however, this source can be compensated by add-
ing to the potential (7.13) the term

p ~
A, =— yy— cosd S(U)du.

(7.16)

In this way we finally obtain the purely retarded field of the
dipole with dipole moment p, located at T=R=0, in the
form

SHere in the potential we ignore a trivial gauge term proportional
to d cos 9.

124020-12
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Ardip: ActAs,
(7.17)

Frip=Fom0(T) + %sin 98(T)d oA,

where Ay, A, , Fym ae given by Egs. (7.13), (7.16), and
(7.12). It is easy to check that V ,F{f = Jr), is satisfied.

Regarding the retarded field (7.17), we see that it is, in
contrast to the symmetric field (7.12), singular on the “cre-
ation light cone” (past event horizon) U=0. This is not su-
prising; in order to obtain a purely retarded field, we
“squeezed” the field lines produced by the dipole into the
horizon.

D. Geodesic dipole

Next we consider dipoles consisting of two free charges
moving along the geodesic’ r=constant, ¥=constant,
¢=constant in the Minkowski space which, as discussed at
the end of Sec. IV [see Eq. (4.6) and the worldlines 2,2" in
Fig. 4] transforms into geodesics of the conformally related
de Sitter space. We call two free opposite charges a geodesic
dipole.

We start again by constructing first the symmetric field.
Two elementary geodesic dipoles located at T=0 and T =7
can be obtained by placing point charges +e/e on the world-
lines r=%ea, 9=0,7 and taking the limit e —0. As with
monopoles, to find the symmetric field we conformally trans-
form the field of a standard rigid Minkowski dipole (bewar-
ing the signs for t>0 and t<0 so that the field is analytic
outside the sources). The dipole moment in Minkowski space
p=ea is constant, the corresponding value in de Sitter
spacetime, however, depends now on time:

a . *1+cost
TP=——ea

— (7.18)
sint

p:

as it follows from the transformation relations (2.22) and
(3.6). In terms of p we find the symmetric field of geodesic
dipoles located at T=0 and T = 7 to read

p cosd
ar 2

Agym=

p cosd o o
- P [(1+cosT cost)dt+sinT sinTdr],

47a? Snft

“Charges are called free in the sense that they are assumed to be
moving along geodesics. Of course, there is an electromagnetic in-
teraction between them, which is neglected or has to be compen-
sated.
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p

d7a

Fom= 2| Cona

cos
{2 (cosT+ cosT)diadr
sin’r

sind -
— —5-[(1+cosT cost)doadt
sin’t

+sint sjn?dﬂ/\dF]]. (7.19)
Proceeding as with the rigid dipole, we generate the retarded
field of only one geodesic dipole at T=0 by restricting the
symmetric field by the step function:

A= Asyme(a) )
(7.20)

~ p 2cosd
Fo=Femd(T)—

T S(T) i AdUL
4ra“ 1—cosv

Since

2p “ ~ 9%
vV Fer=3% + ——35(U)| —sind—=+cosd sinv—
uFo gdp™ 6 (u) ED] do

a

- . d
cosﬁ(l—cos:;)ﬁ’(u)(?—

(7.22)

4ol v

where Jgdip=(V~MF;‘§/’:n) A(1), an additional source is present
at the horizon u=0; it can be compensated by adding an
additional field with potential, for example, given by

2p

Ao

sinv

Ao=—

dﬁ-i-sinﬂdﬂ) .
2 1-cosv

(7.22)

(1) ( cos &

The total retarded field of the geodesic dipole is then given
as follows:

Agdip: A0+ A* y

_ [ 2cos™
S(u) — doadu
1—cosv

- 2p

ngip: meﬁ(u) + 477a2
_ sinv

+snd

dﬁ/\dﬁ)
1—cosv

sn 98 (U)dIAdu. (7.23)

A7a?

It indeed satisfies Maxwell’s equations:

V=30, (7.24)

VIII. CONCLUSION

By using the conformal relation between de Sitter and
Minkowski space, we constructed various types of fields pro-
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duced by scalar and electromagnetic charges moving with a
uniform (possibly zero) acceleration in de Sitter background.
One of our main conclusions has been the explicit confirma-
tion and elucidation of the observation by Penrose that in
spacetimes with a spacelike past infinity, which implies the
existence of a particle horizon, purely retarded fields do not
exist for general source distributions.

In Sec. VII D we constructed the field (7.23) of the geo-
desic dipole which, at first sight, appears as being a purely
retarded field. Can thus purely retarded fields of, for ex-
ample, two opposite monopoles, be constructed by distribut-
ing the elementary geodesic dipoles along a segment T
e(0,a), 9=¢=0, so that neighboring opposite charges
cancel out, and only two monopoles, a T=0 andT=a, re-
main? Then, however, the local constraint (7.11) on the
charge distribution would clearly be violated!

The solution of this paradox is in the fact that the field
(7.23) isnot a purely retarded field; if we calculate (by using
distributions) the initial data leading to the field strength
(7.23), we discover that the electric-field strength contains
terms proportional to the s-function at T=0, T =0 so that the
field does not vanish at Z . Hence the field of the dipoles
distributed along the segment does not vanish at 7~ and thus
cannot be considered as a purely retarded field of the two
monopoles at T=0 and T =a.

We thus arrive at the conclusion that a purely retarded
field of even two opposite charges (so that the global con-
straint of a zero net charge is satisfied) cannot be constructed
in the de Sitter spacetime unless the charges “‘enter’” the
universe at the same point at Z~ and the local constraint
(7.11) is satisfied. If we alow nonvanishing initial data at
7™, the resulting fields can hardly be considered as *“ purely
retarded.”

By applying the superposition principle we can consider a
greater number of sources, and our arguments of the insuffi-
ciency of purely retarded fields (based on the global and
local constraints) can clearly be generalized also to infinitely
many discrete sources. Our discussion of the fields of dipoles
indicates that interesting situations may arise.

The absence of purely retarded fields in de Sitter space-
time or, in fact, in any spacetime with spacelike Z~ is, of
course, to be expected to occur for higher-spin fields as well.
In particular, there has been much interest in the primordial
gravitationa radiation. Since de Sitter spacetime is a stan-
dard arena for inflationary models, the generation of gravita-
tional waves by (test) sources in de Sitter spacetime has been
studied in recent literature (see Ref. [23], and references
therein). We plan to anayze the linearized gravity on
de Sitter background in light of the results described above.
The fact that particles are expected to have only positive
gravitational mass will apparently prevent any purely re-
tarded field to exist.

First, however, we shall present the generalization of the
well-known Born solution for uniformly accelerated charges
in Minkowski spacetime to the generalized Born solution
representing uniformly accelerated charges in de Sitter
spacetime [24]. As demonstrated in the present paper, to be
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“born in de Sitter” is quite a different matter than to be
“born in Minkowski.”
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APPENDIX: COORDINATE SYSTEMSIN de SITTER
SPACE

We describe here coordinate systems employed in the
main text. There exists extensive literature on various useful
coordinates in de Sitter spacetime—for standard reference
see Ref. [6], for more recent reviews, containing also many
references, see, for example, Refs. [25,26].

de Sitter spacetime has topology S*X R. It is best visual-
ized as the four-dimensional hyperboloid imbedded in flat
five-dimensional Minkowski space; it is the homogeneous
space of constant curvature spherically symmetric about any
point. The following coordinate systems are constructed
around any fixed (though arbitrary) point. Two of the coor-
dinates are just standard spherical angular coordinates
¥ e(0,m) and ¢ e (— ar, ) on the orbits of the Killing vec-
tors of spherical symmetry with the homogeneous metric

dw?=d92%+sin?0de?. (A1)

In the transformations considered below, these coordinates
remain unchanged and are thus are not written down. The
axisis fixed by 9=0,7.

Next, we have to introduce time and radia coordinates
labeling the orbits of spherical symmetry. The coordinate
systems defined below differ only in these time and radial
coordinates and, therefore, we essentially work with a two-
dimensional system. Radial coordinates commonly take posi-
tive values and coordinate systems are degenerate for their
value zero.

As discussed in Sec. Il below Eq. (3.15), the relations
between various regions |-V of Minkowski and de Sitter
spaces are conveniently described if we allow radial coordi-
nates to attain negative values. We adopt the convention that
a a fixed time the points symmetrical with respect to the
origin of spherical coordinates have the opposite sign of the
radial coordinate. Hence, the points with {t,r,9,¢} areiden-
tical with {t,—r,7—39,¢+ 7}, analogoudly for the coordi-
nates {T,7,9, ¢} introduced below.

Let us characterize this convention in more detail. Imag-
ine that on our manifold (either compactified Minkowski
space or de Sitter space) two coordinate maps
{tor_,9_,0_} and {t,,r.,9,,p,} ae introduced,
which for any fixed point are connected by the relations
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t=t,, r-=-r,,

(A2)

S_=m—9,., ¢e_=¢,+a7 mod 2,

where r, e R* and r_eR™. Both maps cover the whole

III v
(a)
11 1
t=m T=+00)
<
Il
= (b)
‘T I ; 7
A > ™ fraconst 3
i=0 [r=—ocd

5, 2,
0/("//4 b\\\gf)
2
2
N Q)
D)
Ny 7
N ()
\)‘// ?\\ X
N N
2 A
A /
o, >
O S
ay
22 VA
2, 4
2 4

FIG. 5. Coordinates in de Sitter space. (a) Regions |-V are
specified. They correspond to the same regions as in the cut C in
Fig. 3. Coordinate lines of the conformally Einstein coordinates (b),
of the conformally flat coordinates (c), of the static coordinates (d),
and of the null coordinates (e), are indicated. For the definition of
all these coordinate systems, see Egs. (A4)—(A14). All the figures
describe the same cut of de Sitter space. The ranges of coordinates
covering the cut, as well as directions in which they grow, can be
seen from the figures.

89

PHYSICAL REVIEW D 64 124020

spacetime manifold. Now we consider atwo-dimensional cut
given by 9, =13,, ¢, =¢g, with t,, r, changing. This
represents the history of ahalf-linel . in Fig. 2, illustrated by
regions | and 11, say. The history of a half-linel _, obtained
by the smooth extension of | , through the origin, illustrated
by regions Il and IV, is covered by the coordinates
{t_,r_,9_,¢_} with the same angular coordinates
J_=3,, ¢_=¢, but r_<0 (which, in our convention, is
identical tor , >0, ¥, =7—,, ¢, =@+ 7).

In exactly the same way we may introduce coordinates
{1.,7,9,0}, with {T, T, } covering regions | and IV in
Fig. 3, whereas {T_,7_} cover regions Il and IlI. In Fig. 5,
the two-dimensional cuts (with angular coordinates fixed)
through de Sitter space (or through the compactified space
M*) areillustrated. Both regions covered by {1, ¥} and by
{T_.Y_} are included (the right and left parts of the dia-
grams). However, in the figures, as well as in the main text,
we do not write down subscripts *“ +" and ““ — " at the coor-
dinates, since the sign of the radia coordinate specifies
which map is used.

de Sitter spacetime can be covered by standard coordi-
nates 7, y (e R, yeR™) in which the metric has the form

[6]:
9= —dr2+a? coshzé(dszrsinzxdwz). (A3)

It is useful to rescale the coordinate 7 to obtain conformally
Einstein coordinates {T,r}:

T=2 arctan( expg) , 1e(0,m),

T=x, Te(0m), (A4)

a2

9=
sin’t

(—dt?+dr2+sin’f dw?). (A5)

In these coordinates, de Sitter space is explicitly seen to be
conformal to the part of the Einstein static universe. Coordi-
nate lines are drawn in Fig. 5(b).

Another coordinate system used in our work are inertial
coordinates t,r of conformally related Minkowski space. We
call them conformally flat coordinates:

asint _ 2ta
t=——— T—adtan————, teR,
cosT + cost a?—t?+r?
(AB)
asint _ 2ra
r=———, T=acan————, reR",
COST + cosTt a?+t?—r?
a2
g:—z(—dt2+dr2+r2dw2). (A7)
t

Coordinate lines are drawn in Fig. 5(c).
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Commonly used are static coordinates T,R, related to the
timelike Killing vector d/dT of de Sitter spacetime:

2 2

T al t2—r al cosT — cost Ten
=5 10 =510 ——————, €,
2% o 2 gcosr+cost
r sin
RIQ—Z(J{T, RE<0,(1>, (A8)
t sint
R2 rR2\ 7!
g——(l——z)dT2+ 1-—| dR*+R’do”
o o
(A9)

As it is well known, these coordinates do not cover the
whole spacetime but only the domain with T+T <z and
T—T >0. The boundary of this domain is the Killing hori-
zon. The coordinate R can be extended smoothly to the
whole spacetime but it is not unique globally. It is also useful
to rescale coordinate R to obtain the expanded static coordi-
natest, r:

t=T, tek,
r=aarctanh—, TreR, (A10)
T\ ? T
g=(cosh;) (—d?+d?2+azsinh22dw2).
(A1D)
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Coordinate lines for the static coordinates are drawn in Fig.
5(d).

Finaly, three sets of null coordinates {u,v}, {u,v}, and
{U,v} are defined by

u=t-r, U=1-7, u=t-r,
- o~ — (A12)
v=t+r, v=t+r, v=t+r
From here we find
O SN R
u=a anz—aexpa, v=a anz—aexpa.
(A13)

The metric in these coordinates reads

2

g [—2duvdy+(u—v)?dw?]

:(u+v)2

aZ

S S R o T T 2
l—COS(Z-l—U)[ dvvdu+(1—cos(v—u))dw]

(A14)
= (eVa+el®) " —2 eV eduydy
+a?(eVe—e"'%)2dw?].

The corresponding coordinate lines are illustrated in Fig.
5(e).
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The scalar and electromagnetic fields of charges uniformly accelerated in de Sitter spacetime are
constructed. They represent the generalization of the Born solutions describing fields of two particles
with hyperbolic motion in flat spacetime. In the limit A — 0, the Born solutions are retrieved. Since in
the de Sitter universe the infinities J = are spacelike, the radiative properties of the fields depend on the
way in which a given point of J* is approached. The fields must involve both retarded and advanced
effects: Purely retarded fields do not satisfy the constraints at the past infinity J .
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The question of the electromagnetic field and associated
radiation from uniformly accelerated charges has been one
of the best known “perpetual problems” in classical physics
from the beginning of the past century. In the pioneering
work in 1909, Born gave the time-symmetric solution for
the field of two point particles with opposite charges, uni-
formly accelerated in opposite directions in Minkowski
space. In the 1920s, Sommerfeld, von Laue, Pauli, Schott,
and others discussed the properties of the field. The con-
troversial point that the field exhibits radiative features but
that the radiation reaction force vanishes for the hyperbolic
motion, and related questions, was discussed in many ar-
ticles from the 1960s onward. Even the December 2000
issue of Annals of Physics contains three papers [1] with
numerous references on “electrodynamics of hyperboli-
cally accelerated charges.”

In general relativity, solutions of Einstein’s equations,
representing “uniformly accelerated particles or black
holes,” are the only explicitly known exact radiative space-
times describing finite sources. They are asymptotically
flat at null infinity [2] (except for some special points) and
have been used in gravitational radiation theory, quan-
tum gravity, and numerical relativity (cf. review [3]). One
of the best known examples is the C-metric, describing
uniformly accelerated black holes. There exists also the
C-metric for a nonvanishing cosmological constant A.
However, no general framework is available to analyze
these spacetimes for A # 0 as that given in Ref. [2] for
A=0.

In this Letter, we present the generalization of the
Born solutions for scalar and electromagnetic fields to the
case of two charges uniformly accelerated in a de Sitter
universe, and explicitly show how in the limit A — O the
Born solutions are retrieved. We also study the asymp-
totic expansions of the fields in the neighborhood of
future infinity 7*. In de Sitter spacetime, conformal in-
finities, J*, are spacelike, which implies the presence of
particle and event horizons. It is known [4] that the radia-
tion field is “less invariantly” defined when I is spacelike
(it depends on the direction in which I is approached),
but no explicit model appears to be available thus far.

211101-1 0031-9007,/02/88(21)/211101(4)$20.00
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Our solutions can serve as prototypes for studying these
issues.

In recent work [5], we analyzed fields of accelerated
sources to show the insufficiency of purely retarded fields
in de Sitter spacetime. Consider a point P near J ~ whose
past null cone will not cross the particles’ world lines
(Fig. 1). The field at P should vanish if an incoming field
is absent. However, the “Coulomb-type” field of particles
cannot vanish there because of Gauss law [6]. The require-
ment that the field be purely retarded leads, in general, to
a bad behavior of the field along the “creation light cone”
of the “point” at which a source enters the universe (see
Ref. [5] for detailed discussion).

It is natural to use de Sitter space for studying radiat-
ing sources in spacetimes which are not asymptotically flat
and possess spacelike infinities: It is the space of con-
stant curvature, conformal to Minkowski space, and with
the Huygens principle satisfied for conformally invari-
ant fields. The de Sitter universe also plays an important
role in cosmology —not only in the context of inflation-
ary theories but also as the “asymptotic state” of standard
cosmological models with A > 0, which has been indeed
suggested by recent observations. In addition, the Born
fields generalized to de Sitter space should be relevant from
quantum perspectives: for example, for studying particle
production in strong fields, or accelerating detectors in the
presence of a cosmological horizon.

The de Sitter universe has topology S* X R. The metric
in standard “spherical” coordinates (note [7]) is

gas = —d7? + a®cosh®(r/a) (dx* + sin*ydw?),
(D
where dw? = d9? + sin®dde?, v € R, and o> = 3/A.
Putting y = 7, 7 = a logtan(7/2), 7 € (0, 7), in Eq. (1),
the de Sitter metric can be written in the form
gas = a’sin 2H(—dP* + di? + sin’Fdw?).  (2)

The lines 7 = 7 and 7 = —r are identified, the spacelike

hypersurfaces 7 = 0, 77 represent J ~ and 7" (Fig. 1).
By employing conformal techniques, we recently stud-

ied [5] two particles moving with uniform acceleration

© 2002 The American Physical Society 211101-1



92

VOLUME 88, NUMBER 21

PHYSICAL REVIEW LETTERS

Pavel Krtous$

27 May 2002

o’ i=0 o i=m vt o
=== T g T
SN : i S M
So b =< O

3R Ty /Ry Rz
S =~ - 0
Lo N el 4
S \ 7 7
. a4
I B A
O R N T ¢ I
S & LN e s B
Il ‘X S0 A t, 7= const
3 r S\ ST f////
g AW A
S N[
N 2
\
o' O t=0 I [0}
FIG. 1. The conformal diagram of de Sitter spacetime. Uni-

formly accelerated particles move along world lines 1 and 1'.
The shaded region is the domain of influence of 1, its boundary
JH s the “creation light cone” of this particle “born” at 7 = 0
at “point” O. Retarded fields of 1 and 1’ cannot affect point P;
a Coulomb-type field, however, cannot vanish there.

(note [8]) in de Sitter space. Their world lines are plot-
ted in Fig. 1 as 1, 1’ [for explicit formulas see Ref. [5],
Eq. (4.4); see also Eqgs. (6) and (10) below]. Both particles
start at antipodes of the spatial section of de Sitter space at
J~ and move one towards the other until 7 = 7 /2, the
moment of the maximal contraction of de Sitter space.
Then they move, in a time-symmetric manner, apart from
each other until they reach future infinity at the antipodes
from which they started. Their physical velocities, as mea-
sured in the “comoving” coordinates {7, y,, ¢}, have
simple forms v, = /g,y dx/dT = Fa,a tanh(7/a) X
[1 + a2a?tanh®(7/a)]~ /2, where |a,| is the magnitude
of their acceleration. In contrast to the flat space case,

e 1 aya®

Fym = — =
sym 47 Q3 sin’7

— sin? cos¥ sinF sindd? A dd].

the particles do not approach the velocity of light in the
“natural” global coordinate system. They are causally dis-
connected (Fig. 1) as in the flat space case: No signal
from one particle can reach the other particle.

Two charges moving along the orbits of the boost Killing
vector in flat space are at rest in the Rindler coordinate sys-
tem and have a constant distance from the spacetime ori-
gin, as measured along the slices orthogonal to the Killing
vector. Similarly, the world lines 1 and 1’ are the orbits
of the “static” Killing vector /4T of de Sitter space. In
static coordinates {T, R, ¢, ¢ }, T = 5 log[(cosF — cos?)/
(cos? + cosi)], R = a sinf/sin{, the particles 1, 1’ are at
restat R = =R, = Fa,a’/y/1 + aZa?, with four accel-
erations —(R,/a?)d/dR. The particle 1 (1') has, as mea-
sured at fixed 7', a constant proper distance from the origin
i=m/2,7 =0 (F = ). As with Rindler coordinates in
Minkowski space, the static coordinates cover only a “half”
of de Sitter space; in the other half the Killing vector /0T
becomes spacelike.

By the conformal transformation of the boosted Cou-
lomb fields in Minkowski space, we constructed [5] test
scalar and electromagnetic fields produced by charges
moving along the world lines 1, 1’ in de Sitter space. The
scalar field from two identical scalar charges s is given by

Dy = (s/4m)Q 7", 3)
Q = [a*(W1 + a2a® + agRcos?)* — a® + R?]'/?
“4)

[Ref. [5], Eq. (5.4)], whereas the electromagnetic field due
to opposite charges +e and —e is [Ref. [5], Eq. (5.7)]

[cosi sin’F sinddF A d9 + (a; a2 + a2 sinF + sinfcosd)di A dF

)

We call these smooth (outside the sources) fields symmet- |
ric because they can be written as a symmetric combination
of retarded and advanced effects from both charges.
Although Eqgs. (3) and (5) represent fields due to uni-
formly accelerated charges in de Sitter space, their re-
lation to the Born solutions is not transparent because
the sources are not located symmetrically with respect
to 7 = 0. Hence, we consider the world lines 2 and
2" (Fig. 2) which, due to homogeneity and isotropy of

ticles. These world lines and the resulting fields can be
obtained from Egs. (3)—(5) by a spatial rotation by 77 /2.
We find the world lines 2, 2 to be given by

cotf = —sinh(Agsar V1 + a2a?)/V1 + a2a?,
tanf = + cosh(Agsa ™ 'W1 + a2a?)/(aca),

¥ =0, ¢ = 0. The scalar and electromagnetic fields are

de Sitter space, also represent uniformly accelerated par- | ®pgs = (s/47) sin(sinf + cos?) 'R, (7
e &’ a,asind o e e e U -
Fgas = —E ﬁ W[sm 7costdir A d — (ao \/ao + «a cosr — Slnl‘)COtﬂdl A dF
+ (a; 'Wak + a2 — cosF sinf)sinfdf A d¥], (8)
R [(aoasinf — /T + a2a? cosF)? + sin’F sin’9]'/?
a sinf + cos7 '
In order to understand explicitly the relation of these |
fields to the classical Born solutions, consider Minkowski t = — @ cosi/(cosF + sinf)
spacetime with spherical coordinates {z, r, ¢, ¢} with met- ’
ric gm = —dt* + dr? + r’dw?. If we set r = asin¥/(cos¥ + sinf),
211101-2 211101-2
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FIG. 2. The world lines 2, 2/ of uniformly accelerated charges
symmetrically located with respect to the origins of both
de Sitter and conformally related Minkowski spacetimes.

with ¥, ¢ unchanged, we find that this Minkowski
space is conformally related to de Sitter space as follows
(Fig. 2):
cosF + sinf 2a?
sin? a? — 2 4+ 27
)
In coordinates {t,r,d, ¢}, which can also be used in

de Sitter space (note [9]), the world lines 2, 2/, Egs. (6),
acquire the simple form: 4 = 0, ¢ = 0, and

t = b, sinh(Ay/by), r = *b,cosh(Am/b,), (10)

gas = Q%gm, Q=

where Ay is the proper time as measured by gy, and
bo/a =+J1 + a2a® — a,. The world lines (10) are
just two hyperbolas (Fig. 2), representing particles with
uniform acceleration 1/b, as measured in Minkowski
space.

Transforming the fields (7) and (8) into conformally flat
coordinates {z, 7,9, ¢}, we obtain

Ppgs = (s/4m)Q 'R, (11)

e CK3

e sind
4m 2b, R3
X [r(b2 + 1 + r?)dt A dS — (b2 + 12 — 1?)

X cotddt A dr — 2tr2dr A d9], (12)

Fpas =

the factor R now being given by
R = [(b2 + 1* — r?)? + 4b2r¥sin®9]'/2/(2b,). (13)

Expressions (7), (8), (11), and (12) represent the gen-
eralized Born scalar and electromagnetic fields from the
sources moving with constant acceleration a, along the
world lines (6), respectively (10), in de Sitter universe.

To connect these fields with their counterparts in flat
space, note that they are conformally related by transfor-

211101-3

mation (9). Under the conformal transformation, the field
Dpys in (11) has to be multiplied by factor (), which
gives ®pgs = (s/47)R !, and Fpys in (12) remains un-
changed. The transformed fields then precisely coincide
with the classical Born fields; see, e.g., Refs. [1,2,10].

In order to see the limit for A — 0, we parametrize
the sequence of de Sitter spaces by A, identifying them
in terms of coordinates {t,r, 9, ¢}. As A = 3/a? — 0,
Eq. (9) implies Qp — 2, gqsa — 4gm. After the trivial
rescaling of ¢, r by factor 2, the standard Minkowski metric
is obtained. The limit of the fields (11) and (12), in which
b, is kept constant [cf. ao = (1 — b2a~?)/(2b,)], leads
to the scalar and electromagnetic Born fields in flat space.
Because of the rescaling of coordinates by factor 2, we get
the physical acceleration 1/b, = 2a,, and the scalar field
rescaled by 1/2.

What is the character of the generalized Born fields?
Focusing on the electromagnetic case, we first decompose
the field (8) into the orthonormal tetrad {e, } tied to coordi-
nates {7, 7, &, ¢}; for example, e; = (a~'sinf)d/ o1, etc.,
the dual tetrad e’ = (a/sin)d1, etc. Splitting the field
into the electric and the magnetic parts, Fggs = E A e’ +
B-e" Ae? Ae?, we get

P ¢ a sin’7
47 R3(sinf + cos7)3
X [~(W1 + a2a? cosi — aoa sinf) cosde;
+ (V1 + a2a® — a,a sin? cosF) sindey ],
2 . o= (14)
e a,a’ sin’7 .
B = 2 cosf sinf sinde,, .

C4m R3(sinf + cosF)3

The fields exhibit some features typical for the classical
Born solution. The toroidal electric field, E,, vanishes;
only B, is nonvanishing. At7 = 7/2, the moment of time
symmetry, B, = 0. It vanishes also for J = 0—there is
no Poynting flux along the axis of symmetry.

The classical Born field decays rapidly (E ~ % B ~
r~>) at spatial infinity, but it is “radiative” (E,B ~ r™!)
if we expand it along null geodesics ¢+ — r = const, ap-
proaching thus null infinity. In de Sitter spacetime with
standard slicing, the space is finite (S*). However, we can
approach infinity along spacelike hypersurfaces if, for ex-
ample, we consider the “steady-state” half of the de Sitter
universe (cf. Fig. 1) with flat-space slices, i.e., if we take
the “conformally flat” time 7 = const (note [9]). Intro-
ducing the orthogonal tetrad tied to conformally flat co-
ordinates {7, ¥, ¥, ¢}, the tetrad components of the fields
decay as ¥72 at 7 = const, ¥ — o, so that the Poynting
flux falls off as ¥ 7%,

The fields decay very rapidly along timelike world lines
as I is approached. This is caused by the exponential ex-
pansion of slices 7 = const [cf. Eq. (1)]. As 7 — <, the
electric field (14) becomes radial, Ez ~ exp(—27/a), and
B, ~ exp(—27/a). The energy density, u = %(E2 +
B?), decays as (expansion factor) *—as energy density
in the radiation dominated standard cosmologies. The

211101-3
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FIG. 3. Space trajectories of null geodesics vy, ys, and ¥
indicated on the slice 7 = const (¢ = 0). Charges 1, 1’ move
along ¢ = 0 from poles O, O’ to points E, E' and back. vy, s,
and 7, start at N_ at 7 = 0 and arrive at N, (with coordinates
X+, U4) at T = 7. The direction of y at N, is specified by
angles 9, ¢. (@. describes rotation around e, in the dimen-
sion not seen). 1y, crosses the world line of particle 1 at Ee(; ¥s
reaches N from the opposite direction.

e? a’sin? 94 csc y

(4m)? 4(1 + a2a?cos?9y )3

IScp| =

[cos? P sin® @, + (cos@s + a; Va2 + a 2sind cscd)y )] 2

density of the conserved energy ucont = (a/sinf)u ~
exp(—37/a) (determined by a timelike conformal Killing
vector d/d7) gets rarified at the same rate that the volume
increases.

Will a slower decay occur if J© is approached along
null geodesics? To study the asymptotic behavior of a
field along a null geodesic (see, e.g., Ref. [4]), we have to
(1) find a geodesic and parametrize it by an affine parame-
ter £, (ii) construct a tetrad parallelly propagated along the
geodesic, and (iii) study the asymptotic expansion of the
tetrad components of the field. We find that along null
geodesics lying in the axis ¢ = 0 (thus crossing the par-
ticles” world lines) the “radiation field,” i.e., the coefficient
of the leading term in 1/, vanishes, as could have been
anticipated —particles do not radiate in the direction of
their acceleration. The radiation field also vanishes along
null geodesics reaching infinity along directions opposite
to those of geodesics emanating from the particles (see
Fig. 3). Along all other geodesics, the field has radiative
character. Along a null geodesic coming from a general
direction to a general point on J*, we find the electric
and magnetic fields (in a parallelly transported tetrad { f,})
to be perpendicular one to the other, equal in magnitude,
and proportional to £~ !. The magnitude of Poynting flux,
ISl = 1Ep) > = IB(p2. is

5)

(see Fig. 3 for the definition of angles y+, ¥+, ¥, @x). |
These results are typical for a radiative field. Most in-
terestingly, this radiative aspect depends on the specific
geodesic along which a given point on spacelike I is ap-
proached (cf. [4]). Moreover, the radiative character does
not disappear even for static sources but it does along null
geodesics emanating from such sources.

Since the field can be interpreted as the combination of
retarded and advanced effects, similarly to the flat space
case [2], the radiation reaction force also vanishes.

In summary, we have constructed the fields of uniformly
accelerated charges in a de Sitter universe which go over
to classical Born fields in the limit A — 0. Aside from
some similarities found, the generalized fields provide the
models showing how a positive cosmological constant im-
plies essential differences from physics in flat spacetime:
Advanced effects occur inevitably, and the character of the
far fields depends substantially on the way in which future
(spacelike) infinity is approached. Since vacuum energy
seems to be dominant in the universe, it is of interest to
understand fundamental physics in the vacuum dominated
de Sitter spacetime.
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Radiation from accelerated black holesin a de Sitter universe

Pavel Krtous* and Jifi Podolsky' o
Institute of Theoretical Physics, Faculty of Mathematics and Physics, Charles University in Prague, V Holesovickach 2,
180 00 Prague 8, Czech Republic
(Received 27 January 2003; published 2 July 2003)

Radiative properties of gravitational and electromagnetic fields generated by uniformly accelerated charged
black holes in asymptotically de Sitter spacetime are studied by analyzing the C-metric exact solution of the
Einstein-Maxwell equations with a positive cosmological constant A. Its globa structure and physical prop-
erties are thoroughly discussed. We explicitly find and describe the specific pattern of radiation which exhibits
the dependence of the fields on a null direction along which the (spacelike) conformal infinity is approached.
This directional characteristic of radiation supplements the peeling behavior of the fields near infinity. The
interpretation of the solution is achieved by means of various coordinate systems, and suitable tetrads. The
relation to the Robinson-Trautman framework is also presented.

DOI: 10.1103/PhysRevD.68.024005

I. INTRODUCTION

There has been great effort in general relativity devoted to
investigation of gravitational radiation in asymptotically flat
spacetimes. Some of the now classical works, which date
back to the 1960s, set up rigorous frameworks within which
ageneral asymptotic character of radiative fields near infinity
could be elucidated [1-11]. Also, particular examples of ex-
plicit exact radiative spacetimes have been found and ana-
lyzed, eg., Refs. [12—15], for a review of these important
contributions to the theory of radiation see, for example,
Refs. [16—20].

One of the fundamental approaches to investigate the ra-
diative properties of a gravitationa field at large distances
from a bounded source is based on introducing a suitable
Bondi-Sachs coordinate system adapted to outgoing null hy-
persurfaces, and expanding the metric functions in negative
powers of the luminosity distance [1-4]. In the case of
asymptotically flat spacetimes this framework enables one to
define the Bondi mass (total mass of the system as measured
at future null infinity Z*), and characterize the time evolu-
tion including radiation in terms of the news functions. Us-
ing these concepts it is possible to formulate a balance be-
tween the amount of energy radiated by gravitational waves
and the decrease of the Bondi mass of an isolated system.
Unfortunately, this standard explicit approach is not directly
applicable to spacetimes whose conformal infinity Z* has a
spacelike character as is the case of an asymptoticaly
de Sitter universe which we wish to study here.

Alternatively, in accordance with the Newman-Penrose
formalism [5,6], information about the character of radiation
in asymptoticaly flat spacetimes can be extracted from the
tetrad components of fields measured along a family of null
geodesics approaching Z *. The gravitationa field is radia-
tive if the dominant components of the Weyl tensor C,z,s
(or of the Maxwell tensor F, in the electromagnetic case)
fall off as 1/#, where 7 is an affine parameter along the null
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geodesics. The rate of approach to zero of the Weyl and
electromagnetic tensor is generaly given by the “peeling
off” theorem of Sachs[3,7,8]. In analogy to this well-known
behavior it is natural to expect that those components of the
fields in paralelly transported tetrad which are proportional
to 1/»n characterize gravitational and electromagnetic radia-
tion also in more general cases of spacetimes not asymptoti-
cally flat. We shall adopt such a definition of radiation below.

In the presence of a positive cosmological constant A,
however, the conformal infinity Z* has a spacelike charac-
ter, and for principa reasons the rigorous concept of gravi-
tational and electromagnetic radiation is much less clear. As
Penrose noted in the 1960s [9,10] already, following his geo-
metrical formalization of the idea of asymptotical flatness
based of the conformal technique [8,11], radiation is defined
“lessinvariantly” when Z is spacelike than when it has a null
character.

One of the difficulties related to the spacelike character of
the infinity is that initial data on Z~ (or final data on Z)
for, e.g., electromagnetic field with sources cannot be pre-
scribed freely because the Gauss constraint has to be satisfied
a Z~ (or Z%). This results in the insufficiency of purely
retarded solutions in case of a spacelike 7~ —advanced ef-
fects must also be presented. This phenomenon has been
demonstrated explicitly recently [21] by analyzing test elec-
tromagnetic fields of uniformly accelerated chargesin de Sit-
ter background.

We will concentrate on another crucia difference in be-
havior of radiative fields near null versus spacelike infinity.
In the case of asymptotically flat spacetimes, any point N, at
null infinity Z* can be approached essentially only along
one null direction. However, if future infinity Z* has a
spacelike character, one can approach the point N, from
infinitely many different null directions. It is not a priori clear
how the radiation components of the fields depend on a di-
rection along which N, is approached. In this paper such
dependence will be thoroughly investigated.

In fact, radiative properties of a test electromagnetic field
of two uniformly accelerated pointlike charges in the de Sit-
ter background has recently been studied [22,23]. Within this
context, the above mentioned directional dependence has

©2003 The American Physical Society
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been explicitly found. In particular, it has been demonstrated
that there are always exactly two specia directions—those
opposite to the direction from the sources—along which the
radiation vanishes. For al other directions the radiation is
nonvanishing and it is described by an explicit formula
which completely characterizes its angular dependence.

In the present paper, these results will be considerably
generalized to both gravitational and electromagnetic field
which are not just test fields in the de Sitter background.
Interestingly, it will be demonstrated that the gravitational
and electromagnetic fields of the C-metric with A >0, which
is an exact solution representing a pair of uniformly acceler-
ated possibly charged black holes in the de Sitter—like uni-
verse, exhibits exactly the same asymptotic radiative behav-
ior as the test fields [22,23]. We are thus able to supplement
the information about the peeling behavior of the fields near
Z* with an additional general property of radiation, namely,
with the specific directional pattern of the radiation at con-
formal infinity.

The C-metric with A=0 is a well-known solution of the
Einstein (-Maxwell) equations which, together with the fa-
mous Bonnor-Swaminarayan solutions [15], belongs to a
large class of asymptoticaly flat spacetimes with boost and
rotational symmetry [24] representing accelerated sources. It
was discovered aready in 1917 by Levi-Civita [25] and
Weyl [26], and named by Ehlers and Kundt [13]. Physical
interpretation and understanding of the global structure of
the C-metric as a spacetime with radiation generated by a
pair of accelerated black holes came with the fundamental
papers by Kinnersley and Walker [27] and Bonnor [28]. Con-
sequently, a great number of works analyzed various aspects
and properties of this solution, including its generalization
which admits a rotation of the black holes. References
and summary of the results can be found eg., in Refs.
[24,29-31]. Another possible generalization of the standard
C-metric exists, namely, that to a nonvanishing value of the
cosmological constant A [32], cf. [33,34]. However, in this
case a complete understanding of global properties, mainly a
character of radiation, is still missing despite a successful
application of this solution to the problem of cosmological
production of black holes [35], and its recent analysis and
interpretation [36—38].

There exists a strong motivation to investigate the
C-metric solution with A >0. Aswill be demonstrated below,
it may serve as an interesting exact model of gravitational
and electromagnetic radiation of bounded sources in the
asymptotically de Sitter universe (in contrast to A=0, in
which case the system is not permanently bounded). The
character of radiation, in particular the above mentioned de-
pendence of the asymptotic fields on directions, along which
points on the de Sitter—like infinity Z* are approached, can
explicitly be found and studied. These results may provide an
important clue to formulation of a general theory of radiation
in spacetimes which are not asymptotically flat. In addition
to this purely theoretical motivation, understanding the be-
havior of accelerated black holes in the universe with a posi-
tive value of the cosmological constant can aso be interest-
ing from perspective of contemporary cosmology.

The paper is organized as follows. First, in Sec. Il we
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present the C-metric solution with a positive cosmological
constant in various coordinates which will be necessary for
the subsequent analysis. The global structure of the space-
time is described in detail in Sec. I11. Next, in Sec. IV we
introduce and discuss various privileged orthonormal and
null tetrads near the de Sitter—like infinity Z* together with
their mutual relations, and we give corresponding compo-
nents of the gravitationa and electromagnetic C-metric
fields. Section V contains the core of our analysis. We care-
fully define interpretation tetrad parallelly transported along
all null geodesics approaching asymptotically a given point
on spacelike Z* from different spatial directions. The mag-
nitude of the leading terms of gravitational and electromag-
netic fields in such a tetrad then provides us with a specific
directional pattern of radiation which is described and ana-
lyzed. This result is subsequently rederived in Sec. VI using
the Robinson-Trautman framework which also reveals some
other aspects of the radiative properties. Particular behavior
of radiation along the algebraically special null directionsis
studied in Sec. VII. For these privileged geodesics the results
are obtained explicitly without performing asymptotic ex-
pansions of the physical quantities near Z*. In this case we
also study a specific dependence of the field components on
a choice of initia conditions on horizons.

The paper contains four appendixes. Appendix A summa-
rizes known and also several new coordinates for the
C-metric with A>0. The properties of the specific metric
functions are described in Appendix B. In Appendix C useful
relations between the various coordinate one-form and vector
frames are presented, together with the relations between the
different privileged null tetrads. Appendix D contains general
Lorentz transformations of the null-tetrad components of the
gravitational and electromagnetic fields.

II. THE C-METRIC WITH A COSMOLOGICAL
CONSTANT IN SUITABLE COORDINATES

The generalization of the C-metric which admits a nonva-
nishing cosmological constant A >0, representing a pair of
uniformly accelerated black holes in a *“‘de Sitter back-
ground,” has the form

9= - Fdt?+ Edy2+ idx2+ Gdg?
A?(x+y)? F G ’

(2.1)
where
1
F=-— ——— 1+y2—2mAy3+e2A2y4,
asA
(2.2

G=1—x%>-2mAx3—e?A%x*,

see Egs. (A1), (A2). Herete R, o e (—7C,7C), m, e A, C
are constants, and ranges of the coordinates x, y [or, more
precisely, of the related coordinates &, v defined below by Eq.
(2.7)] will be discussed in detail in the next section. For
convenience, we have parameterized the cosmologica con-
stant A by the ““de Sitter radius’ as
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The metric (2.1) is a solution of the Einstein-Maxwell
equations with the electromagnetic field given by (see
[39,40])

(2.3

F=edyadt. (2.49)

The constants m, e, A, and C parametrize mass, charge,
acceleration, and conicity of the black holes, although their
relation to physical quantities is not, in general, direct. For
example, the total charge Q on a timelike hypersurface
t=const localized inside a surface y=congt, defined using
the Gauss law, is given by Q= 3(&,— &;)Ce, where the con-
stants &,, &, are introduced at the beginning of the next
section. Obviously, Q depends not only on the charge param-
eter e. Similarly, physical conicity is proportiona to the pa-
rameter C, but it also depends on other parameters, see Eq.
(3.4) below. The concept of mass (outside the context of
asymptotically flat spacetimes) and of physical acceleration
of black holes is even more complicated. We will return to
this point at the end of the next section. For satisfactory
interpretation of the parameters m, e, and A in the limit of
their small values see, e.g., Ref. [36].

In the following we will always assume

m>0, e2<m?, A>0, (2.5)
and F, as a polynomial iny, to have only distinct real roots.
Also, instead of the acceleration constant A we will conve-
niently use the dimensionless acceleration parameter « de-
fined as

snha=a,A, cosha=1+ajA2

We will aso use other suitable coordinates which are in-
troduced and discussed in more detail in Appendix A. Here
we list only the basic definitions and the corresponding
forms of metric.

The rescaled coordinates 7, v, &, ¢ are defined

(2.6)

r=tcotha, o¢=9¢,
2.7
v=ytanha, §&=-X,
cf. Eq. (A5), in which the metric takes the form (A6),
1 1
g=r?| —Fdr?+ —dv®+ =d&?+ Gde? |, (2.8
F g
where
S A 2.9
M= Axty) wvcosha—ésnha 29
and
2m e?
f]~"=1fv2+cosha—u37coshza—zu“, (2.10)
a, ay
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2m e?
G=1—¢*+sinha— £—sinh? a — &,
aj an

The coordinates w, 7, o, ¢ adapted to the Killing vectors
d., d, and the conforma infinity Z (w=0) are defined by

w=—vcosha+ésinha,

(2.11)
cosh «

g
see Egs. (A21), (A22), and the metric (A23),

sinha

do= dv+

de

1 FG
—dw?+ —do?+gde? |, (2.12)

ai 2
9= g2\ ~Far g £

where
E=Fcosh? a+Gsinh? a. (2.13)

Finally, we will aso use the C-metric expressed in the

Robinson-Trautman coordinates Z, ? u, r which has the form
(A29) (see[41] for a definition of the symmetric product v)

r? —
g= Ed{vdg— duvdr —Hdu?, (2.19)
with
r2
= H= . 2.1
p? g, gig (2.15)

It follows immediately from Egs. (2.9) and (2.11) that

ap

r= . (2.16)
(O]

For explicit definitions of the coordinates u, ¢ and
further details see Egs. (A25), (A28), and related text in
Appendix A.

I11. THE GLOBAL STRUCTURE

In this section we shall describe the global structure of the
C-metric with A>0. In particular, we shall analyze the char-
acter of infinity, singularities, and possible horizons. (See
recent work [38] for similar discussions that also cover cases
not studied here.) From the form (2.8) of the metric we ob-
serve that it is necessary to investigate zeros of the metric
functions F and G given by Eq. (2.10). We will only discuss
the particular case when the function F has n distinct rea
roots, where n is the degree of polynomial dependence of F
on v (n=4 for e#0). Let us denote these roots as v;, v,,
ve, and v, in a descending order (the meaning of the sub-
scripts will be explained below). In the case e=0, the value
of v, is not defined, etc. Analogously, we denote the roots of
Gaséy, &, &, and &, in an ascending order. Similarly to
discussion of the C-metric with vanishing A [27,29,30], the
zeros of the function F correspond to horizons, and the zeros

024005-3



98

P. KRTOUS AND J. PODOLSKY

of G to axes of ¢ symmetry. Following these works and Ref.
[36] for A>0 in particular, the qualitative diagrams of the
&vdlice (i.e, 7, ¢=const) are drawn in Fig. 1. In this dia-
gram we use relations

vy coth a< &, <0< &<y coth o, (3.2)

which are obvious from Fig. 9 in Appendix B. Different col-
umns and rows in the diagrams in Fig. 1 correspond to dif-
ferent signs of the functions G and F. The metric has a physi-
cal signature (—+++) for & <&E<§, and &3<E<é,. We
will be interested only in the first region.

Infinity Z of the spacetime corresponds to r=o, or
equivaently to

0w=0, ie, wv=¢tanha, (3.2
(double line in Fig. 1). We will restrict to the region
v>¢tanh a (i.e. r>0) which describes both interior and ex-
terior of accelerated black holes in de Sitter—like spacetime
(the shaded areas in Fig. 1). The metric has an unbounded
curvature for r =0 which corresponds to a physical singular-
ity inside the black holes, a zigzag line on the boundary of
the diagrams in Fig. 1, in particular of the column
§1<¢£<éy.

For afurther discussion of the global structure we employ
the double null coordinates, 7, & ¢ defined by Egs. (A38),
(A33), (A34) in which the metric is (A39),

L[ 28°F 1, )
g=r TnidTJVdNU-FEdf +Gde~|.

sinT 3.3)

Using these coordinates we can draw the conformal diagram
of the spacetime section v, i.e., for & ¢ = const—see Fig. 2.
The domains I-1V in this figure correspond to the regions
I-IV in Fig. 1.

The region | describes the domain of spacetime above the
cosmological horizons given by v=1wv., which has a similar
structure as an analogous domain in the de Sitter spacetime.
The region |l corresponds to a static spacetime domain be-
tween the cosmological horizon and the (outer) horizon of
the black hole. If the black hole is charged (e+#0), region 111
corresponds to a spacetime domain between the outer hori-
zon v=1v, and the inner horizon v=v;, and region IV to a
domain below the inner horizon of the black hole (similar to
the analogous domains of the Reissner-Nordstrom space-
time). The domain IV contains a timelike singularity at
v=o (r=0). In the uncharged case (e=0, m#0) thereis
only region Il which corresponds to a domain below the
single black hole horizon v=1v,. In this case the singularity
a v=o has a spacelike character, similarly as for the
Schwarzschild black hole. If both e=0, m=0, we obtain de
Sitter spacetime expressed in accelerated coordinates. In this
case there is no black hole horizon, and region |1 (the domain
below the cosmological horizon v) is *cut off” by nonsin-
gular poles v=o. We will return to this particular case at the
end of this section.

Before we proceed to discuss further properties in detail
let us note that (as will be explicitly demonstrated in the next
section) the C-metric is the Petrov type D spacetime, i.e,, it
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admits two double principal null directions. These directions
lie exactly in the section v depicted in Fig. 2.

In this paper we are mainly interested in a behavior of
fields near the infinity. Therefore, we will concentrate mostly
on the region I. This region has similar properties for all
possible values of the parameters m, e, and «. Its more pre-
cise diagrams are drawn in Fig. 3. Observers in one of the
regions | (near the future infinity Z*) will consider them-
selves to live in an asymptotically de Sitter—like universe
“containing”” two causaly disconnected black holes (for m
#0). Here by two black holes we understand those black
holes (i.e., regions 11l and 1V) immediately “visible” from
the given asymptotical region |, athough the geodesicaly
complete spacetime can, of course, contain an infinite num-
ber of black holes. As we have said, the conformal infinity Z
is given by the condition (3.2), ®=0. Thanks to a timelike
character of dw at w=0 [see Eqg. (2.12)] the infinity has
indeed a spacelike character as for de Sitter universe (see
Refs. [8,9,42] for ageneral discussion of conformal infinity).
In Fig. 1 the infinity corresponds to the diagonal line, in Fig.
2, however, it obtains a richer structure. It comprises of two
parts—future infinity Z* and the past infinity Z ~—both pos-
sibly consisting of several digoint parts (depending on the
global topology) in different asymptotically de Sitter do-
mains |. Because the conformal diagramsin Fig. 2 are slices
with afixed coordinate & and the condition (3.2) depends on
¢, the conformal infinity Z would have a different position in
diagrams with different values of ¢ We shall return to this
fact at the end of this section. Note, that for values of the
coordinate v smaler than é&,tanhea, the hypersurface
v=const reaches Z. Clearly, the coordinate v is not well
adapted to the region near the conformal infinity Z. Near the
infinity it is more convenient to use the coordinates w, 7, o,
¢ defined by Egs. (2.11) [see Egs. (A21), (A22); see dlso Fig.
3].

The coordinate 7 is a coordinate along the **boost”” Killing
vector @, and in region | it can be understood simply as a
trandlational spatial coordinate. The coordinates & ¢ play
roles of longitudinal and latitudina coordinates of a suitably
defined hypersurface at an *instant of time.” For example, in
region | the spacelike hypersurface v=const has topology
RxS? (if it does not cross infinity Z) with the coordinate =
aong the R direction, and £, ¢ on the sphere S%. To justify
the “longitudinal” character of the coordinate & we intro-
duce, instead of ¢, an angular coordinate ¥ by the relation
sin9=/G [cf. Eq. (A10)]. Thisis a longitudina angle mea-
sured by a circumference of the ¢ circle [see the metric
(2.8)]. Alternatively, we can introduce the angle ©, defined
by Eqg. (A12), measured by the length of a *“meridian.” At
infinity Z or, in general, on any hypersurface = const, the
coordinate lines o= const coincide with the lines of constant
& The coordinate o thus also parameterizes the longitudinal
direction near the infinity, similarly to the coordinate &.

In Sec. Il we mentioned that the coordinate ¢ along the
second Killing vector @, takes vaues in the interval
(= 7C,wC). Here C>0 is the parameter which alows usto
change the conicity on the axis of the ¢ symmetry, i.e, it
allows us to choose a deficit (or excess) angle around the
axis arbitrarily. Such a change of the range of the coordinate
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FIG. 1. A qualitative diagram of the &wv section (7,¢
= constant) of the studied spacetime. The three cases correspond to
(a) charged accelerated black holes in asymptotically de Sitter uni-
verse (e#0, m#0), (b) uncharged black holes (e=0, m+0), and
(c) de Sitter universe (e=0, m=0). Horizontal lines indicate the
horizons, vertica lines are axes of ¢ symmetry. The diagona
double line v= ¢ tanh « corresponds to infinity Z. Singularities are
depicted by “‘zigzag” lines. The boundary of each diagram corre-
sponds to & v=*oo. Mutual intersections of different lines are
governed by relations (3.1). Different columns and rows correspond
to different signs of the functions G and F, respectively, and thus to
different signatures of the metric, which are indicated on the sides
of the diagrams. The metric (2.8) describes, in general, four distinct
spacetimes—the domains in columns &;<¢<&, and &;<E<é,,
separated in addition by infinity (the diagonal line). In this paper we
discuss only the physically most reasonable spacetime with the co-
ordinates &, vin the ranges £, < ¢< ¢, and v> ¢ tanh « (the shaded
areas). Sections £= const which correspond to the conformal dia-
grams in Fig. 2 are indicated by thick lines.
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0,2

FIG. 2. The conformal diagrams of the v section (&,¢
=congt). Similarly to Fig. 1, the three diagrams correspond to the
cases of (a) charged accelerated black holes, (b) uncharged black
holes, and (c) de Sitter universe (in accelerated coordinates). The
conformd infinities Z are indicated by double lines, the singularities
are drawn by ““zigzag” lines, and horizons by thin lines. The hori-
Z0Nns v=1g, vy, v; correspond to the valuesU=ma or =nm, m,
ne 7. Thus, the integers (m, n), indicated in the figure, label differ-
ent blocksT e (mar,(m+1)7), T e (nm,(n+ 1) 7) of the conformal
diagrams. There are four types of these blocks, labeled by -V,
which correspond to the regions I-IV in Fig. 1. The sections
7= const (drawn in Fig. 1) areindicated by thick lines. Similar lines
could, of course, be drawn also in other blocks. Only a part of the
complete conformal diagram is shown in the cases (a) and (b),
however, the rest of the diagram would have a similar structure as
the part shown. The complete diagram depends on a freedom in the
choice of a globa topology of the spacetime given by identifica-
tions of different blocks of the conformal diagram. In the case (c),
the diagram does not contain any black hole—it is *‘closed on its
sides” by poles of a spacelike section S® of de Sitter universe (see
the discussion at the end of Sec. Il1).
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& = constant

FIG. 3. The & (left) and the conformal (right) diagrams near infinity Z. Only one asymptotically de Sitter—like region of the spacetime
(domains | and Il of Figs. 1 and 2) is shown. Ranges of various coordinates introduced in the paper are indicated (orientation of the
coordinate labels suggests a direction in which the coordinates increase). The thick line in the conformal diagram corresponds to the &v
diagram and vice versa. In the &v diagram the lines of constant w and o are aso drawn. The coordinates o, o are not unambiguous in the
full domain I, however, they are invertible near Z, in the domain £<0. On the boundary £=0 (shown in diagram) the coordinates w, o
change their timelike/spacelike character. [Notice the difference between the null coordinate v (““v'’; diagonal straight lines) and the ““radial”

coordinate v (““upsilon’; curved lines) in the v conformal diagram.]

¢ is allowed for any axially symmetric spacetime. The range
is usually chosen in such a way that the axis of the ¢ sym-
metry is regular. However, for the C-metric such a choice is
not globally possible. In this case the axis consists of two
parts é=¢; and ¢é= &,—one of them joins the “north”” poles
of the black holes, the other one joins the ** south™” poles. The
physical conicity (defined as a limiting ratio of ““circumfer-
ence’ and 27X “radius’ of a small circle around the axis)
calculated at the axes ¢; and &, is

1 1
K1:§CQ,|.§=g1: K2:_§CQ,|.§=g2: (34)
respectively, see, e.g., Ref. [36]. In generd, the values of |G|
at &, and &, are not the same, see Eq. (3.5) below. Therefore
we can set k=1 (zero deficit of angle, i.e., aregular axis) by
a suitable choice of the parameter C only at one part of the
axis.

This fact has a clear physical interpretation. The axis with
nonregular conicity corresponds to a cosmic string which
causes the * accelerated motion™ of the black holes. The cos-
mic string [43] is a one-dimensional object, sort of a “rod”
or a “spring,” which is characterized by its mass density
equal to its linear tension. These parameters are proportional
to the deficit angle, namely, a string with a deficit angle
(k<1) has a positive mass density and it is stretched, a
string with an excess angle (x> 1) has negative mass density
and is squeezed. In Appendix B, Eg. (B7), we prove for
m#0, A#0 that

Ko<Kip. (3.5
Using this fact, we may conclude that by eliminating a non-
trivial conicity at the axis é=¢&, (so that k,=1) we obtain
Kk1>1, i.e,, a squeezed cosmic string at the axis é=¢&;. Al-
ternatively, if we set the physical conicity k;=1 at é=¢;,

we obtain k,<1, i.e, a stretched cosmic string at the axis
&= ¢&5. In both these cases, as well as in the general cases of
cosmic strings on both parts of the axis, the system of black
holes with string(s) between them is not in an equilibrium.
The string(s) acts on both black holes and cause what we
usualy call an “accelerated motion” of black holes. How-
ever, the precise interpretation of acceleration is not so
straightforward.

The problem here is that we consider a fully self-
gravitating system, not just a motion of test particles on a
fixed background. The motion of black holes is actually re-
alized through a nonstatic, nonspherical deformation of ge-
ometry of the spacetime in a direction of motion, i.e., aong
the axis of ¢ symmetry. Moving black holes together with
the cosmic string(s) curve the spacetime in such a way that,
strictly speaking, it is not justified to use the term accelera-
tion in arigorous sense. This has several reasons. First, black
holes are nonlocal objects and one can hardly expect a
uniquely defined acceleration for such extended objects. Sec-
ondly, thanks to the equivalence principle we cannot distin-
guish between acceleration of the black holes with respect to
the universe, and acceleration due to the gravitational field of
each hole. Finally, one has to expect a gravitational dragging
of local inertial frames by moving black holes, i.e., it is not
obvious how to define an acceleration of black holes with
respect to these frames. A plausible definition could be given
if some privileged cosmologica coordinate system playing a
role of ““nonmoving’” background is available. Unfortunately,
we are not aware of such a system applicable in a genera
case. In the next paragraph we shall demonstrate this ap-
proach just for a simple case of empty de Sitter spacetime.
Summarizing, it is not straightforward to define the accelera-
tion of black holes in the general case. One usually identifies
the acceleration only in an appropriate limiting regime. The
usage of the term acceleration for the parameter A in the
C-metric (see Refs. [28-30] for the case A=0, and, e.g.,
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Ref. [36] for the case A # 0) has been justified exactly in this
way.

Of course, the situation extremely simplifies in the case of
vanishing mass and charge (m=0, e=0). In this case there
are no black holes, and the spacetime reduces to de Sitter
universe. However, if we still keep A#0, a trace of (now
vanished) ‘““accelerated”’ sources remains in the metric (2.8)
through the parameter . By a simple transformation (A12),

a
T=a,r, R=7A, cosO=—¢, d=¢p, (3.6

we obtain the metric (A17) of the de Sitter space in acceler-
ated coordinates T, R, ®, @ introduced in Ref. [36] and
discussed in Ref. [23]. These coordinates are an analogue of
the Rindler coordinates in Minkowski space generalized to
the case of the de Sitter universe. They are adapted to accel-
erated observers: the origins R=0 represent two uniformly
accelerated observers which are decelerating from antipodal
poles of the spherical space section of the de Sitter universe
towards each other until the moment of minimal contraction
of the universe, and then accelerate away back to the antipo-
dal poles (see Fig. 4). In the standard de Sitter static coordi-
nates Tys, Rys, Ogs, Pgs Of the metric (A19), related to Eq.
(3.6) by Eq. (A20), these observers are characterized by
Rys= Ry, ©4s=0. Thus, they are static observers staying at
constant distance R,=a, tanh a [see Eq. (A18)] from the
poles Rys=0 of de Sitter space, measured in their instanta-
neous rest frame (or, equivalently, in the de Sitter static
frame). They are uniformly accelerated with acceleration
A= agl sinh « toward these poles—in fact, this acceleration
exactly compensates the acceleration due to cosmological
contraction and subsequent expansion of de Sitter universe.

We can consider the above accelerated observers as *‘ rem-
nants” of accelerated black holes of the full C-metric uni-
verse. Of course, in the oversimplified case of de Sitter space
these **sources” just move aong the worldlines and we are
able to measure their acceleration explicitly. It is thus natural
to draw the conformal diagram [Fig. 4(a)] of de Sitter uni-
verse, based on the standard global cosmological coordi-
nates, in which the remnants of sources are obviously de-
picted as moving ‘““objects.” On other hand, we can draw an
alternative conformal diagram based on the accelerated co-
ordinates [Fig. 4(b)], in which the remnants of the sources
are located at the “fixed” poles of the space sections of the
universe. The diagram in Fig. 4(a) is adapted to global cos-
mological structure of the universe and explicitly visualizes
the motion of the sources, whereas the diagram in Fig. 4(b) is
adapted to sources and thus ‘“hides’ their motion.

This intuition can be carried on to the genera case with
nontrivial sources. The coordinates 7, v, & ¢ [or aternatively
the accelerated coordinates defined in the general case by Eq.
(A12)] are adapted to sources and thus the conformal dia-
gramsin Fig. 2 “hide’” the motion of the black holes. There-
fore, it would be very useful to find an analogue of the co-
ordinates of Fig. 4(a) for the general case m#0, e+ 0, to be
able to explicitly identify the accelerated motion of the black
holes. However, as was already mentioned, we are not aware
of such coordinates.
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FIG. 4. Conformal diagrams of de Sitter universe (a) in the
standard cosmological coordinates (A20), and (b) based on the ac-
celerated coordinates (3.6) [cf. Eq. (A12)]. In contrast to Fig. 2(c),
the diagram (b) depicts two sections of constant &, namely, ¢=§&;
(®=0) at the right haf of the diagram, and (=&, (@ =) at the
left half. We can see that the position of infinity (double line) is
different for these two values of & For intermediate values of &
infinity Z would attain an intermediate position at
R=a, /& coth «, according to Eq. (3.2). The infinity has a simple
shape in diagram (a), where it is indicated by the horizontal lines
Rys=. In both diagrams the left and right boundaries are
identified—they correspond to one of the two poles of the appro-
priate coordinates (the other pole is located in the center of the
diagram). A horizontal line thus corresponds to the main circle of a
spatial S® section of de Sitter universe. Bold lines corresponds to
the origins of the accelerated coordinates (R=0) which have been
employed in the paper as ‘‘remnants” of the sources. In diagram (a)
they move with respect to the cosmological frame. Diagram (b) is
adapted to their accelerated motion and therefore the sources are
located at origins. Dashed line corresponds to value R=x, i.e,
v=0, where the accelerated coordinates are not well defined. Rela-
tive position of the hypersurface R=c0 and of infinity Rys=c can
be visualized with help of a conformally related Minkowski space
(lower half indicated by the shaded domain P, the upper half indi-
cated by dotted line). In this space the infinity corresponds to hy-
persurface t=0, the coordinate singularity R=o corresponds to
t'=0, where t and t' are Minkowski time coordinates in inertial
frames moving with relative velocity tanh a—see Appendix A for a
related discussion.

Using the insight obtained from the de Sitter case, we also
observe that the *‘changing of shape” of infinity Z in the
conformal diagrams for different values of the coordinate &,
as discussed above, is actually an evidence of nonvanishing
acceleration of the sources. In the case of pure de Sitter space
we have obtained this *‘ changing of position” of Z when we
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have used the coordinates adapted to the accelerated observ-
ers. We expect that the analogous ‘“ changing of shape’” of the
infinity in a general case also indicates accelerated motion of
the sources.

IV. PRIVILEGED ORTHONORMAL AND NULL TETRADS
NEAR Z%

We wish to investigate properties of null geodesics and
the character of fields near infinity Z (domain | in Figs. 1, 2).
Therefore, we will assume <0, G>0, and £<0. Before we
discuss the geodesics and behavior of the fields we first in-
troduce some privileged tetrads which will be used for physi-
cal interpretation. In the following, we will denote a normal-
ized vector tangent to the coordinate x, i.e., the unit vector
proportional to the coordinate vector d,, by e,.

We will employ several types of orthonorma and null
tetrads which will be distinguished by specific labels in sub-
script. We denote the vectors of an orthonormal tetrad as
n, q, r, s. Here n is a unit timelike vector and the remaining
three are spacelike. With this normalized tetrad we associate
anull tetrad of null vectors k, |, m, m, such that

K L +q), | —1( )
= n = n—
\/2( @ no e
(4.1)

1 1
m=—(r—is), m=—(r+is).

fz( ) ‘/2( )
Using the associated tetrad of null one-forms &, N, x, p dual
to the null tetrad k, |, m, m, the metric can be written as

g=—KVA+tpuvu, (4.2

which implies

k-1=—1, m-m=1, (4.3)

all other scalar products being zero. From this it follows that
Ky= 7gaﬁlﬁv Aa: 7gaﬁkﬁr
(4.4)

Mu:gaﬁrﬁﬂl ﬁa:gaﬂmﬁ

The Weyl tensor C,z,s has ten independent real compo-
nents which can be parametrized by five standard complex
coefficients defined as its components with respect to the
above null tetrad (see, e.g., Refs. [42,44]):

Wo=C,p,s k*mPk'm’,
W,=C,p,s KY1PkYM?,
W,=—Cp,p,s K*mPIYM?, (4.5)
W3=C,p,s!*KPI"M?,

W 4= C o0 “MPIYMC.

The coefficients ¥, transform in a simple way under specia
Lorentz transformations of the null tetrad k, I, m, m, namely,
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under null rotation around null vectors k or |, under a boost
in the k-1 plane, and a spatial rotation in the m-m plane [44].
These transformation are summarized in Appendix D. The
tensor of electromagnetic field F 5 has six independent real
components which can be parametrized, similarly to the
Weyl tensor, as

(DO: Faﬂ kam'B,

1
(I)]_: _Faﬁ (kalﬂ_ m“rﬁﬁ),

5 (4.6)

@2: FCU,B rﬁ“lﬁ.

The transformation properties of coefficients ®,, under the
null rotations, special boost, and spatial rotation can also be
found in Appendix D.

Now, we first introduce an algebraically special tetrad
N, Js, s, S Which is associated with the principal null
directions of the C-metric spacetime. We define

7 G

Ns=—&=-—7 a,, r5=e§=7¢9§,
4.7
1 1
qS:_e'r:_r\/?]__arr Ss=e¢=@0¢,

and the corresponding null tetrad kg, lg, mg, mg by Egs.
(4.1). It is straightforward to check that these null directions
ks, |5 can be expressed as

sinv 1 sinT 1

ke=—— —=0;, l&=————=42;, (48
* Var|s| V- F S var|s| V-F “8

where the global null coordinates T, v, parametrized by a
constant &, are introduced in Eq. (A38). It turns out that the
Wey!l tensor has the simplest form in this tetrad. It can be
expressed as

C_l F 1Y 2
= Hdr

1
X ]__—gdv/\dg dvadé—FGdradedrade
f

g
+ —dvade dvade — G

7 dradédradé

+2d7Aadvdradv—2dénde dénde |. (4.9

Transforming this into the null tetrad kg, Ag, ps, psWe find
that the only nonvanishing component is 5, namely,
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\I,S: i(fw_,’_g//)er
212

= © (vooshatgsinha) |2
=\a; g/{(UCO a+E£sn a)Tg

=— ( m—2e’Aé— e_z)é
rr
(4.10)
PE=PS=PS=PS=0,

This exhibits explicitly that kg, | are the double principal
null directions [44], which lie in the 7v plane.
Similarly, the electromagnetic field tensor (2.4) in coordi-
nates 7, v, & ¢ reads
F=edvadr. (4.11)
Using relations (4.1), (4.7), we find that the only nonvanish-
ing coefficient of electromagnetic field is @3,

e
S__
Dy=— =

2r2Y CI)SZCI);:O.

(4.12)

The specia null tetrad defined above is appropriate for
discussion of algebraic properties of the fields. However,
near future infinity Z* we will also have to use a different
tetrad ny, 0o, o, S and the related null tetrad ko, 1y, Mg,
m,. These will serve as reference tetrads with respect to
which we will parametrize a general asymptotic direction.
These tetrads are adapted to the Killing vectors 4., d,, and
to de Sitter—like infinity Z*. Namely, the timelike vector n,
is asymptotically orthogonal to Z*, and q,, r,, S, are tan-
gent to Z*. We define

V—& 1 /¢
nozem:Tﬂm! rO:e(r:F ]_-_garr!

eq, =

(4.13)
! a
G ¢
the corresponding null tetrad k,, I,, my, M, isgiven by Egs.
(4.2).
Relations between the tetrads ng, qs, rs, Ssand ng, qq,
o, S immediately follow from the definitions (4.7), (4.13)

and from relations of coordinates (2.11) [cf. Egs. (C2b),
(C20)],

F g .

ng= Ecosha ny,+ Tgsnha [
g . F

rg= _—gsmha ny,+ Ecosha los

0s= o>

1
:_eT:_—ﬂﬂ =
do =9 s

(4.14)
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FIG. 5. A spacetime diagram (¢ direction is suppressed) that
depicts relations between the reference tetrad n,, g, o, S (OF
Ko, 1o, My, My), the algebraicaly specia tetrad ng, qg, s, S (Or
ks, Is, mg, Mg, and the Robinson-Trautman tetrad Kgr, Igr, Mgr,
Mgr . The reference tetrad is naturally adapted to the infinity (n, is
norma to Z*) and the Killing vectors (q, and s, are tangent to
them), while the algebraically specia tetrad is adapted to both
double principal null directions ks and |s. These two are related by
a boost in the n,—r,, plane, with the boost parameter 35 given by
Eq. (4.15). The vectors q, and g5 are identical, smilarly s,=s;.
Orthogonal projections ks , I3 of the principal null directions onto
w= const hyperplane (shaded) define the angle 6 [Eq. (4.18)] that,
similarly to B, characterizes the relation between the reference and
the special tetrads. The vector kgr of the Robinson-Trautman tetrad
points into the principal null direction kg with the coefficient of
proportionality approaching zero on Z*, cf. Eq. (4.28). The other
null direction Igr belongs to the n,-kg plane and it becomes *““infi-
nitely long” on Z ™.

A geometrical meaning of these transformations is seen in
Fig. 5. Both tetrads are related by a simple boost in the ng-r
plane with a boost parameter B given by

tanh Bs= \/ %tanh a.

This boost is described by relations similar to Eq. (D10),
with the vectors g and r interchanged.

We obtain even a better visuaization if we perform a
projection of the principal null directions kg, I to a three-
dimensional hyperplane orthogonal to the timelike vector n,.
We thus obtain *spatial” directions k; , I3 ,

(4.15)

ks =kgt (KgNo)n,,  Etc., (4.16)

of the null vectors kg, |5 which lie in the g,-r, plane, sym-
metrically with respect to the vector r, (see Fig. 5). If we
denote by 6 the angle between q, and ks , we can write
kg ocsin 6 1o+ cos 6 g, and taking into account the normal -
ization (4.3) we obtain
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1
k= (ng+sin g ry+cosbs qo),
S \/ECOSHS [0} S o) S qO

(4.17)

ls (Ng+sinfs ro—cosfs qo),

 V2cos Os

see aso Eq. (C3). Comparing this with relations (4.14) and
using Eq. (4.1), we find that the angle 6 is given in terms of
the metric functions F, G, £ as

. g F o
sin 6= j:tanha, CoS f= Ecosha ,

(4.18)

i.e., tanh Bs=sin 6.

We will be interested mainly in the tetrads at the confor-
mal infinity Z*, i.e, for =0, where v=¢tanha and
E=—1, see Egs. (3.2), (A24). From the definitions (4.15),
(4.18) and using Egs. (A10), (A11) we find that the boost
parameter B and the angle 65 (which both characterize di-
rections *‘from the sources’) may on the Z* have values in
the ranges

Bse[0,a], (4.19)

sin f;e[0,tanh «].
The zero values occur on the axis of ¢ symmetry (points
“between’ the moving black holes; §=¢;,¢5,), the maximal
values occur on the ‘““ equator” —the ¢ circle of maximal cir-
cumference (§=0,v=0).

Transformation formulas (C3) allow us to find compo-
nents of the Weyl tensor and tensor of electromagnetic field
in the reference null tetrad ko, I,, My, My, namely,

1
Y= E\If§(3 cos 2 65— 1),

3
\Iff:\Pg:—E\If;sinescos*ZGS, (4.20)
3 .
lIfgz\lfﬁ’,r=§\lf§sm2¢9Sco_'~‘720s,
OI=PI=—tan D3, ®J=cos loD;, (4.21)

or, more explicitly [using Egs. (4.10), (4.12), and (4.18)]

F'+g'1
Ve="go7 3(2Fcos? a—Gsinh’ a),

F/ + g//

‘I’g:q’g:W\ —FGcosha sinha, (4.22)

F!_,'_gﬂ )
\PSZ‘I’EZ — Wgsmhz a,
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o e F
Cblz_? ECOShCV,

e |¢g
@8:(1)3:? jgsinha.

As we have already mentioned, the tetrad ny, 4o, o, S
serves as the reference tetrad with respect to which we char-
acterize an arbitrarily rotated tetrad n,, q,, r,, S. The tetrad
n., q,, f;, S is obtained from the reference tetrad by a spa-
tial rotation given by angles 6, ¢,

(4.23)

N,=nNgy,

0,=C0S 6q,+Sin 6 CoS pr,+sin O sin sy,

(4.24)
.= —sin 6g,+ cos 6 CoS ¢r ,+Ccos H Sin ¢S,

S = —SiN ¢r ,+ CoS PS, .

Let us note that the angles 6, ¢, understood as standard
spherical coordinates spanned on the axes qq, o, S, de
scribe exactly the spatial direction ki = (1/v2)q; of the null
vector k,, where the spatial direction means projection or-
thogonal to the vector n,. The relation between null tetrads
following from Eq. (4.24) can be found in Eq. (C5). This
transformation is obtained as a consecutive composition of
null rotation with fixed k [Eq. (D3)], null rotation with fixed
| [Eg. (D6)], and of special boost and spatia rotation (D9)
with parameters

L:—tangexp(—icﬁ),

.0 0 .
K= sin cos; exp(—ide), (4.25)

2

B= —2 o d=
=cos 5, =¢.

Finaly, we aso introduce the Robinson-Trautman tetrad
Ker, Irr, Mgr, Mg (see, e.g., Ref. [44]) naturally connected
with the Robinson-Trautman coordinates ¢, ¢, u, r [see Egs.
(2.9) and (A25), (A28)]

kRT: 0I’ f

1 reg
|W=_§Hﬂr+au=_gﬂr+auv
A

(4.26)
P 1

Mgr= — d; a;,
R % Jar ¢

_ _Pa_ 1 9
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Here we have written down equivalent expressions using
both metric functions H, P commonly used in the Robinson-
Trautman framework, and the metric functions G, £ of the
C-metric [see Egs. (2.14), (2.15)]. The vector kg of this
tetrad is oriented along the principal null direction kg, and it
will be demonstrated in Sec. VII that this tetrad is parallelly
transported along the geodesics tangent to principa null di-
rections.

The tetrad (4.26) is simply related to the particularly ro-
tated tetrad k,, 1., m,, m, [Eq. (C5)] with 6= 65, ¢=0, 65
given by Eq. (4.18):

Krr=exp(Brr)Kr,  rr=exp(— Brr)l;,
(4.27)
Mgr=m;, rﬁR‘l’= rﬁr '
i.e., the Robinson-Trautman tetrad can be obtained from the
reference tetrad ko, 15, my, My by the spatia rotation (C5)
with 0= 65, ¢=0, followed by the boost (D9) with param-

eter
V2w 2

We also give the relation between the Robinson-Trautman
and the algebraically special tetrad. Because the vectors kgr
and kg are proportional, the Robinson-Trautman tetrad is ob-
tained from the special tetrad by the null rotation (D3) fol-
lowed by the boost (D9) with the parameters

. g
L=—snéfs=— :;L_tanha,

\/ia./\
rv—Fcosha

(4.28)

(4.29)

B=exp Brr COS =

The explicit relation of both tetrads can be found in Egs.
(C3) and (C4).

Using the transformations (D4), (D11) and (D5), (D12)
with these parameters L, B, we find that the only nonvanish-
ing components of the gravitational and electromagnetic
fields in the Robinson-Trautman tetrad are

e?| 1
T =w3= —(m—zeZAg— T )F’"
(4.30)

3 Ar A?r?
RT_ _ S RT _ S
v= _@_Pq’ , Wi 3—P2 s,

e Ar
O =05=- 57 PR = V25 @1, (43D

with ¥35 and ®$ aso given by Egs. (4.10) and (4.12), see
Ref. [44].
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V. GRAVITATIONAL AND ELECTROMAGNETIC
FIELDS NEAR Z7

Now we are prepared to discuss radiative properties of the
C-metric fields near the de Sitter—like infinity Z*. As we
have aready explained in Sec. |, by the radiative field we
understand a field with a dominant component having the
1/ fall-off, calculated in atetrad parallelly transported along
a null geodesic z(7). We will in particular concentrate on
investigation of a directional dependence of the gravitational
and electromagnetic radiation.

To study the dependence of the fields on the directions
along which the spacelike infinity Z* is approached, it is
crucid to find a parallelly transported tetrad aong al null
geodesics. However, it is difficult to find a general geodesic
and the corresponding tetrad in an explicit form, except for
the case of very special geodesics along the privileged prin-
cipa null directions, which will be discussed in Sec. VII.
Fortunately, it is not, in fact, necessary to find an explicit
form of the geodesics and tetrads because we are interested
only in the dominant terms of the fields close to Z7. It is
fully sufficient to study only their asymptotic forms.

Near infinity Z*, null geodesics z(7) can be expanded in
the inverse powers of the affine parameter »— . In particu-
lar, in coordinates 7, w, o, ¢ introduced in Eq. (2.11), the null
geodesics z(n) can be expanded as

a,
w(??)”“w*?Jr"',

ay
)~
n
(5.1)

an
0(77)%0++0*7+"'1

as
¢(W)’~“¢++<P*7+"'v

where the affine parameter » has the dimension of length.
There is no absolute term in the expansion of the coordinate
o because w=0 a ZI7*. The constant parameters
7., 04, ¢, [and the corresponding values v, and &, given
by Eq. (2.11)] label the point N, at Z* which is approached
by the geodesic z(#). The parameters 7, , o, , ¢, charac-
terize the direction along which this point N is approached.
The remaining coefficient w, can be determined from the
normalization of the tangent vector which must be null. The
tangent vector has the form

Dz ap
J— 7(0)*‘9(1}_’— T*af—’_a-*aa'_'— (P*a‘P).

a7 (5.2

The asymptotic form of the metric (2.12) along the null geo-
desic is
7
g~ w—z(—dwz—f+d72—f+g+d02+ G.d¢?), (5.3)
*
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where 7, and G, arethe functions F and G evaluated at the
point N, at infinity Z*, and we used £, = — 1. Therefore,
the condition that the tangent vector is a null vector implies

wi=—F,2—F.G.02+G, 2. (5.4)
Notice that w, <0 since <0, and
1
r(m=~yn+---, where y=——, (5.5

*

which follows from Eqg. (2.16).

We wish to compare geodesics approaching the given
point N, along different directions. We thus need to ensure
““the same”” universal choice of the affine parameter » for all
geodesics. It is natural to require that the energy (or, equiva-
lently, the frequency) of the ray represented by the null geo-
desic

Dz
Eo=—p No= —aAﬁ'n0 (5.6)
(see [45]), is the same independently of the direction of the
geodesic, i.e., that the component of the tangent vector to the
normal direction n, is fixed. From Egs. (5.6), (5.2), and
(4.13) it immediately follows that

2 2
cay &
E~—=y—,

. ; (5.7)

The value of the energy E, with respect to any asymptotic
observer characterized by the four-velocity n, thus obviously
approaches zero as p— . This behavior is caused by the de
Sitter—like character of Z*. Therefore, we have to compare
the values of E, at the same **proximity” toZ*, i.e., at some
fixed large but finite value of the coordinate r (see [46]). We
conclude from Eg. (5.7) that fixing the energy at a given
prescribed value of r is equivalent to fixing the value of the
constant parameter y independently of a direction of the geo-
desic. Let us note that this approach is fully equivaent to
fixing a finite value of conformal energy, i.e., of the energy
defined with respect to a vector normal to Z* normalized
using a conformal metric §= w?g.

Next, it is necessary to find an interpretation tetrad k;, |;,
m;, m; which is paralelly transported along the geodesic
z(7). However, using only an asymptotic expansion of the
tetrad at infinity Z*, we cannot determine unique initial con-
ditions which define this tetrad somewhere in a finite region
of the spacetime. But without specifying these initial condi-
tions, the parallelly transported tetrad at 7" is given only up
to an arbitrary (finite) Lorentz transformation. It thus seems
that we are losing al information because of this nonunique-
ness. However, it is not so. It will be demonstrated that the
crucial information about the behavior of the fields at infinity
Z7 is hidden in an “infinite” Lorentz transformation corre-
sponding to the parallel transport from a finite region of the
spacetime up to infinity. It will thus be sufficient to find only
the leading term of this transformation.

To be more specific, we naturally choose the vector k; of
the parallelly transported interpretation null tetrad to be pro-
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portional to the (parallelly transported) tangent vector of the
geodesic. This ensures that k; is finite in finite regions of
spacetime (see[47]). However, we till have afreedom in the
normalization of k; which can be multiplied by an arbitrary
finite factor, constant along the geodesic. Similarly to the
choice of the “universal’ affine parameter for different geo-
desics, we have to choose the parallelly transported tetrads in
some suitable ““comparable” way for various geodesics ap-
proaching the same point N, at infinity from different direc-
tions. Not having an explicit form of the geodesics (except
for those special ones discussed in Sec. VII), we have to
eliminate the dependence on initial conditions by fixing final
conditions for the tetrad at infinity Z*. Namely, we will
require that the normalization of the vector k; is specified
independently of the direction of the geodesics. This is
achieved, for example, by the condition

ki~dr:1. (58)

Thanks to Eq. (5.5) we thus have
ko= 1Dz 59
=Sy (5.9

Concerning vectors m;, m; of the parallelly transported
interpretation tetrad, there is a priori no ‘‘canonical’” pre-
scription how to choose these in a universal way for different
geodesics. The only constraint is the correct normalization
(4.3). Therefore, we have to find such physical quantities
which are invariant under this freedom. It will be shown
below [see Eq. (5.18) and discussion therein] that the mag-
nitude of the leading term of the fields at Z* is, in fact,
independent of the specific choice of the vectors m;, m;.

However, there is a natural possibility to fix the null vec-
tor |; of the tetrad by the condition that the timelike unit
vector n,, orthogonal to infinity Z*, liesin the k;-1; plane. In
this case the parallelly transported tetrad can be obtained by
a boost in the k;-1; plane from the rotated tetrad k,, I,, m,,
m, [see Egs. (4.24) or (C5)] with properly chosen angles 6,
¢. Clearly, the vector k, has to point exactly in the direction
of the geodesic or, equivaently, the spatial vector g, has to
point in the spatial direction of the geodesic (here again by
spatial vectors we mean those orthogona to n,=n,, i.e,
tangent to Z"). Using Egs. (5.9), (5.2), and (4.13) we obtain

a, 1
ki*ﬁ no—;(r*¢97+o*¢90+<p*0) . (510

The unit vector g, in the spatial direction of the geodesic is
thus

1
=~ - ; ( Tx a‘r+ Oy 17(,.4‘ Py 0@)

T o @
:*\/*]'1&)_*%Jr fo+g+w—*r0+ G 5.
* *

Wy

(5.11)
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The leading term of the expansion of the paralelly trans-
ported tetrad near the infinity then can be written as

v2a, a,
ki~ vy kr:_77(no+qr): my~m;,
(5.12)
|i%ﬂ|r:ﬂ(no_qr): mi~m,.
ViaA 2aA

Here, we have made a particular choice of the vectors m;,
m;. In general, m; could differ from m, by a phase factor (a
rotation in the m;-m; plane) which, as we mentioned, cannot
be fixed in a canonical way. Our choice m;=m, is ‘' natural”
for the approach presented here. However, in the next section
we will encounter another *suitable’” choice of the vector
m;.
Now we have to identify the angles 6, ¢. Let usrecall that
these angles are just spherical coordinates of the spatial di-
rection g, ki~ with respect to the reference frame g, ro, S, -
Comparing Egs. (5.11) and (4.24) we find that the parameters
T, , 0, @, , Characterizing the asymptotic spatial direction
of the geodesic (5.1), fix the angles 6, ¢ as

1
Te= cos 6,
W—Fy
! in 6 cos ¢ (5.13)
og,=— ————SN6HCos ¢, .
* W=F: Gy
r
P =— sinédsin¢.
YNG4

In the following we will use these angles 6, ¢ to parametrize
the direction along which a null geodesic approaches the
point N, onZ™*.

Now we are ready to calculate the leading terms of the
components ¥, of the Weyl tensor in the paralelly trans-
ported tetrad given above. First we find the components W7,
in the rotated tetrad k,, I,, m,, m,. These can easily be
obtained from Eq. (4.22) using relations (D4), (D7), and
(D11) with the parameters (4.25). Notice that al these com-
ponents are of the same order in », namely, ~ 7_;‘3 [cf. also
Eg. (5.17) below]. To obtain the components ¥, in the par-
alelly transported tetrad we perform an additional boost
(5.12) in the k-1, plane with the boost parameter given by

V2a
B=— 2.
Y7

(5.14)

Using relations (D11) we immediately observe that it res-
cales ¥, by different powers of 7, namely,

. 1
\Ifln"’ F, n=0,1,2,3,4. (515)
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The field thus clearly exhibits the peeling behavior. The
leading term of the gravitational field representing radiation
near infinity Z* is W~ 1/7. Explicitly, this term asymptoti-
caly takes the form

. 1
’\III ~ I+ 2
4 16a4 cos? BS(F 9

X (Sin 6+ sin 65c0s p—i Sin H5cos 6 sin ¢)>.
(5.16)

Here we should note that [see Eq. (4.10)]

1f” ")~ 2e%A ! 5.17
1—2( +§")~—(m-2e fﬁﬁ- (56.17)

The phase of the component \Ifi4 depends on the choice of
the vector m; [see Eq. (4.5)]. Because the vector m; was
chosen arbitrarily, only the modulus |¥},| can have a physi-
cal meaning. Using the peeling behavior (5.15) we can even
justify that the magnitude |¥)| does not depend on any
change of the null vectors I;, m;, m; at infinity. Indeed, we
may perform an arbitrary finite Lorentz transformation which
leaves the vector k; fixed. Such a transformation can be gen-
erated by a combination of the discussed spatial rotation in
the m;-m; plane (D9) which change only a phase of ¥, and
of anull rotation (D3). Under this transformation, the com-
ponent ¥, transforms according to Eq. (D4) as

Wi =W+ ALW L+ 6L2W L+ 43 + LW (5.18)
Since L is finite and the components W~ "5,
n=0, 1, 2, 3 are of the higher order in /7 than ¥~ "1,
they do not change the leading term of the field, i.e, ¥,
remains invariant. (Let us note that the same is obviously not
true for leading terms of other components of the Weyl ten-

sor.)
The invariant physical quantity || is thus
vy 3 (m—2e?A¢,) 1
474 ya2coh, 7
X[(sin @+sin 65cos ¢)%+sin? G508 O S ¢ ],
(5.19)

where the angle 6, identifying the principal null directions at
infinity is, thanks to Egs. (4.18), (2.6), (2.13) and £, =—1,
given by

G,aiA? 1
in 6=/ =1+G,aiA%
sin b 1+G,.a3A? cos’ b g2y

(5.20)

Note that the term (m—2e?A&.) in Eq. (5.19) is positive,
which follows (although not immediately, see Appendix B)
from the conditions (2.5).
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Ty

FIG. 6. The magnitude of the leading terms of gravitational and
electromagnetic fields, given by Egs. (5.19) and (5.23), as a func-
tion of a direction from which the point N, at infinity is
approached—the directional pattern of radiation. The directions
from the origin N of the diagram correspond to spatial directions
in spacelike conformal infinity Z*. The magnitude of the fields
measured along a null geodesic with a tangent vector k is drawn in
the spatial direction —k* from which the geodesic arrives (i.e., the
geodesic points into the spatial direction k*). The angles 6, ¢ pa
rametrizing the spatial direction k* are measured from the axis q,
and around the axis q, starting from the r,-g, plane, respectively.
The specia geodesics in principal null directions kg and I, i.e., the
null geodesics coming from the “left” black hole and the “right”
black hole (pointing *“from the sources”), are denoted by z{Y and
z{" . They approach the point N, at infinity along the spatial direc-
tions ki and IS . On the other hand, z{" and z{ are ““antipodal”
null geodesics approaching the infinity along the spatial directions
—k&, —1t, opposite to that of z{ and 2", respectively. The
leading radiative term of the fields completely vanishes along these
antipodal geodesics.

Analogously, we obtain the components CI>in of the elec-
tromagnetic field in the parallelly transported null tetrad in
the form

) 1
(I)In"’ F, n=0,1,2, (5.21)

which also exhibits the peeling behavior. The leading term of
the radiative component @), is asymptotically
;1 e 1
2 2v2 va, cosbs y
X (sin#+sin 5c0sp—i Sin B;cosH SN ).

(5.22)

Similarly to the \I"4 component, only the modulus of this
expression is independent of a choice of the interpretation
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4

FIG. 7. The particular sections -0, o-¢, and 7¢ of the direc-
tional pattern of radiation shown in Fig. 6. The oriented angles 6 of
the spatial directions of the geodesics from sources (6= 65 and 6
=m7—0s, ¢$=0) and of the antipoda geodesics (6=65 and
6=m— 05, ¢=) are indicated.

tetrad. Moreover, the square of modulus now has a clear
physical meaning—it is exactly the leading term of the mag-
nitude of the Poynting vector S in the parallelly transported
frame defined with respect to the timelike vector n;. Thus,
we obtain

2

) e 1
47|S|=|PY P~ 55— —
7T|3| | 2| 872aA0032057;

X[(sin 0+ sin 05C0S ¢)%+ sin? O5cos% G Sin ¢ ].
(5.23)

The direction of the Poynting vector S is asymptotically
given by the vector g; . Interestingly, the dependence of | ¥}
and |®L|? on the direction along which a point N, at infinity
I is approached (i.e., the dependence on angles # and ¢) is
exactly the same, namely,
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FIG. 8. The directional pattern of radiation from Fig. 6 for different values of the angular parameter 5. Because the directional
dependence (5.24) of the gravitational and electromagnetic radiation depends only on this single parameter 6 given by Eq. (4.18), both
changes of a position N, at infinity Z* and changes of the physical parameters m, e, A, and A manifest only through a change of the angle
. The diagrams with different values of 6 can thus be interpreted either as the directional patterns at different points of infinity Z*, or as
the directional characteristics at ““the same” point (with fixed values of the metric functions F and G), but in spacetimes with, for example,

different acceleration of the black holes.

A(6,¢)=(sin 6+sin 65cos ¢)2+sin? 6,08 6 sin® ¢.
(5.24)

The angular dependence (5.24) for afixed value of 65 which
characterize the directional pattern of radiation at a given
point of Z* is shown in Figs. 6 and 7, and for various 6, in
Fig. 8.

Let us now discuss the main results (5.19) and (5.23).
These expressions can be understood as a more detailed
characterization of radiative fields near the spacelike confor-
mal infinity, supplementing thus the peeling behavior (5.15),
(5.21). It follows from Egs. (5.19), (5.22) that the dominant
components of both fields decay asymptotically near 77,
corresponding to r=9, as (yn) *=r"1. The electromag-
netic field is proportional to the charge parameter e whereas
the gravitational field is proportional to the mass parameter
m modified, interestingly, by the term —2e?A¢, whichisa
combination of electric charge and acceleration parameters,
and the constant £, denoting a specific point at infinity 7.
Both the gravitational field |¥),| and the electromagnetic
Poynting vector 47 |S|~|®}|? are proportional to a2
=1A [but they also depend implicitly on A through the pa-
rameter 5, see Eq. (5.20)]. The radiation at Z* thus in-
creases with a growing value of the cosmological constant A.

The angular dependence of the magnitude of radiation
A(6, ¢) is presented in Figs. 6 and 8. Their grid is given by
the coordinate lines #=const and ¢ = const, respectively. It
is straightforward to investigate the behavior of the function
A(8, ¢) for a fixed 6. The minimal vaue is A(6,)
=(sinf—sinfy?, and the maximum is A(6,0)=(siné
+sin 6)2. The global maximum A= (1+sin )? occurs for
0= /2, ¢$=0. The greatest magnitude of radiation thus ar-
rives at infinity from the direction of r,. On the other hand,
the minimal value A=0 is obtained for 6=605, ¢== and
0=m— 0, ¢=m. These are exactly the spatial directions
—I{, —k! of antipodal null geodesics z{’ and z{, along
which the radiation completely vanishes. The value of A
along the geodesics " and z{") coming from the black holes
in the directions ki (6=6s,¢=0) and IS (6=7— 0,

¢$=0) is A=4sir? 4,. The value along the direction g (cor-
responding to #=0) is A=sin?6,, and dong s, (0= 7/2,
¢=ml2) is A=1.

Finaly, it is interesting to observe that for a vanishing
acceleration of the black holes, i.e., for A=0 which implies
0s=0, we obtain

| i4|"_ > —sin? 6,
(5.25)
1 e 1
|®Y|~ — ———sind
2v2 YAz 7

The angular dependence .A=sin? 6 is now independent of ¢
so that the directional pattern is axially symmetric (see the
diagram on the very left of Fig. 8). Moreover, the gravita
tional and electromagnetic fields decay as 1/% even in this
case of nonaccelerated black holes if the fields are measured
aong a nonradial null geodesic (#+#0,77). A generic ob-
server thus detects radiation. This effect is intuitively caused
by observer's asymptotic motion relative to the ‘' static”
black holes. Only for special observers moving aong null
geodesics radially from the black holes (6=0,7) the radia-
tion vanishes as one would expect for ““static’’ sources.
Interestingly, the angular dependence A(6, ¢) is exactly
the same as that obtained in Ref. [22] for test electromag-
netic field of two accelerated charges in de Sitter space (see

[48]).

V1. THE RADIATION IN THE ROBINSON-TRAUTMAN
FRAMEWORK

In this part we rederive the above results using the frame-
work naturally adapted to the Robinson-Trautman coordinate
system (2.14). Thiswill not only provide us with an indepen-
dent way of deriving the characteristic directional pattern of
radiation generated by accelerated charged black holesin the
asymptotically de Sitter universe, but opens a possihility to
investigate even more general exact radiative solutions from
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the large and important Robinson-Trautman family.

We start again with investigation of asymptotic null geo-
desics approaching infinity Z, i.e., those for which r —co,
Assuming a natural expansion of these geodesics in powers
of Ur (rather than in the affine parameter 1/ as was done in
the previous section),

c
§*§++F+"',

d

U=y + -+, (6.1)

r(p)—e as n—,

where £, , u,, ¢, d are constants, the derivatives with re-
spect to the affine parameter » are

. P
{~—zct,
. > (6.2)
. P P
b~ — (et )t m(20+),

The expressions for U, U are obtained from Eq. (6.2) by
replacing ¢ with d. Similarly, we may expand the metric
functions and other quantities. Using Egs. (6.1) and (6.2) and
the Christoffel symbols (A32), the geodesic equations in the
highest order read

i i P2 T P2
CFZO, dFZNr—z, aAr—*N—z, (6.3)
where
N=2P;?%cc+2d+a,°d?, (6.4)

P, being the asymptotic value of P at the point N, at infin-
ity. However, a normalization of the tangent vector for null
geodesics requires

N=0. (6.5)
Consequently, the asymptotic form of the null geodesics ap-
proaching Z* is

c d
r=~vymn, §%§++Fv u%u++F!
_ (6.6)
Dz c c d
dy NI 20 29 29

where the constant y can be identified with that introduced in
Eq. (5.5), Z., u, specify the point N, on Z* towards
which the particular geodesic is approaching, and c, d are
parameters representing the direction along which N, is
reached. In fact, this direction is basically parameterized just
by the complex constant c since, using relations (6.5), (6.4),
d is then given as d=—a%(1+\1—2a,%P,2cc). For a

particular c, there are thus only two real values of d which
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represent two possible different orientations with which the
null geodesics may approach Z* in the given spatial direc-
tion. In particular, for the special choice c=0 we obtain
d=0 and d=—2a3%. The first corresponds exactly to the
privileged principal null direction along kg “from the
source” (i.e., the null geodesic z{" along the spatial direction
ks), the second to an opposite orientation of this direction
“away from the source’” (the ““antipodal” null geodesic z{
aong —k3), see Fig. 6.

In order to find the behavior of radiation near Z* we
again have to set up the interpretation tetrad transported par-
allelly along a general asymptotic null geodesic, and project
the Weyl tensor and the tensor of electromagnetic field onto
this tetrad. We start with the Robinson-Trautman null tetrad
(4.26), naturally adapted to the Robinson-Trautman coordi-
nate system (2.14). We have seen in Sec. |V that the vector
kg is oriented along one of the principal null direction,
namely, kg, and (as we will seein Sec. V1) the tetrad (4.26)
is parallelly transported along the algebraically specia geo-
desics. In this standard tetrad the only nontrivial components
WRT and ®FT | which represent the gravitational and electro-
magnetic field, are given by Egs. (4.30) and (4.31). Let us
now perform two subsequent null rotations and a boost of
this Robinson-Trautman null tetrad (4.26). We first apply Eqg.
(D6), then (D3), and finally (D9) with the parameters

C

(6.7)

B=1+%a,%d, ®=0.

The resulting null tetrad, using relation (6.5), then takes the
following asymptotic form as r —oo:

c d+2a3
/A +—zl9£+ —zﬂ_‘i‘ —rﬂu

I.%

i E/{
P/ cd o

M= 2a3¢c ¢

1, c
1+5a,°d |9~ 5794,

Eda_ Eﬂ
2a3¢ ¢ P2u)

i~ ([ 1+ 2a;2d
i r A

2

O+ 5>

Obviously, the above vector k; is tangent to a genera
asymptotic null geodesics (6.6). Moreover, the tetrad is cho-
sen in such away that the timelike unit vector orthogona to
z—+

ap

r
ny= (—Hﬂr-i-ﬂu)%aﬂr-l—Tﬂu, (6.9

1
e
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introduced in Eq. (4.13), belongs to the plane spanned by the
two null vectors k; and |;. Indeed,

1 r v2a,

o~ (—ki+—li.
V2 \/23./\ r

(6.10)

Note that this choice corresponds to a boost Eq. (D9) which
becomes unbounded as r — .

As discussed in the previous section, in order to compare
the radiation for al null geodesics approaching the given
point at de Sitter—like infinity Z*, it is necessary to intro-
duce a unique and universal normalization of the affine pa-
rameter » and of the vector k;. We concluded that a natural
and also the most convenient choice is to keep the parameter
v fixed [see discussion near Eg. (5.6)] and to require Eq.
(5.9). These conditions are obviously satisfied by Eq. (6.8),
cf. Eq. (6.6). Therefore, the tetrad (6.8) is exactly the inter-
pretation tetrad suitable for analysis of behavior of fields on
™.

Now we perform a projection of the above null tetrad onto
the spacelike infinity Z*. These projections ki, I, my" [cf.
Eq. (4.16)] are

1 _
ki == 2[cd+Ta+(d+al)d,),

(6.11)
1 re L miz=m. mi=m
Ii ~ Zai ki ' i i i i

The radiation approaching Z* along the null vector k; propa-
gates in the spatial direction ki"oq,. Imposing the normal-

ization condition g,-qg,=1, the unit vector of the radiation
direction thus takes the form

1 _
q~— a—/\r[c0{+cag+(d+ai)au]. (6.12)

Of course, this vector is identical to the vector q, introduced
previously in Eq. (4.24). Using Egs. (C2f)—(C2h), (4.13),
and (4.18) we obtain

1 ) )
9= EB(_Sm 00,1 COSOr,+1S,),

d,=—J—H(cosbg,+Sinbd,), (6.13)

1
0,= —=(Ny+COS Ot SiN O o).
r m( o SQO ) O)
Substituting this into Eq. (6.12), using £, = — 1, and compar-
ing with the expression (4.24), we obtain the following rela-

tion between the Robinson-Trautman parameters ¢, d and the
angles 0, ¢

c+c
v2a,P.

=8N 65C0S O — COoS O5Sin 6 COS ¢,
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c—c
v2a,P.

=—sin#sndg, (6.14)

1+a)2d=cos#scosf+sin fsin f cos .

Of course, this parametrization identically satisfies the nor-
malization condition (6.5). Moreover, it can now be demon-
strated that the above null tetrad (6.8) is in fact identical to
the paralelly transported tetrad (5.12), except for the trans-
verse vector m;, which was previously defined as mj=m,,
m, given by Eq. (C5) [cf. Egs. (4.24), (4.1)]. Such avector is
related to the vector m; adapted to the Robinson-Trautman
framework (6.8) by the spatid rotation (D9),
m;=exp(—i¢)m,, where the rotation angle ¢; is given by

(cos A+ cos f)sin ¢
1+cosfh;cosf+sinhssin @ cosg’

gnd)i:

sin ssin 0+ ( 1+ cos f5cos #)cos ¢

1+cosfscosf+sinfhssinfcosg
(6.15)

COS ;=

) 0s 0 65 . 0
exp(|¢)cosicos§+sm§sm§

exp(i i) =

S + . . 93. a
ECOSE exp(uj;)sm;sni

cos

Finally, we calculate the leading components of the gravi-
tational and electromagnetic fields in the interpretation frame
(6.8) asymptotically close to infinity Z*. As we have said,
the Lorentz transformation from the tetrad (4.26) to the
tetrad (6.8) is given by two subsequent null rotations and the
boost with the parameters given by Eq. (6.7). Starting with
the components (4.30) in the standard Robinson-Trautman
frame, using Egs. (D7), (D4), (D11) and (D8), (D5), (D12),
we obtain after somewhat lengthy calculation

3A%(m—2€?A¢ ) 11 )2
1- C+—2d s

Vi~ —
¢ rP% v2aiA  2aj
(6.16)
o eA 1 1 = 1 q
~ - c .
Z varp, VialA  2a)

Substituting from Eq. (6.14) for the parameters ¢ and d, and
using Egs. (5.20) and (2.15) we get

3 (m—2e?A¢,)

Pl o
4 4 aircos’ b

X (sinfs+sin 6 cosdp+i cosssinfsing)?,  (6.17)

1 e

- -
2 2y/3 a,r COS Oy

X (SinOs+sin @ cos¢p+i cosfssin 6sin ).
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We should have recovered the previous results (5.16) and
(5.22). Comparing them we find that the expressions differ in
the angular part. However, this is a consegquence of the dif-
ference of interpretation tetrads used in the previous and in
this sections. The results are, in fact, identical after perform-
ing a spatia rotation (D9) with the angular parameter ¢;
given by Eqg. (6.15). This changes the phase of the compo-
nents according to Egs. (D11), (D12), and we obtain ¥
=exp(2ig) ¥}, ®,=exp(ig)D,, where the left hand side
isgiven by Eq. (6.17), and the right-hand side by Egs. (5.16),
(5.22). Both results are thus equivalent.

The tetrads (5.12) and (6.8) have been introduced in a
way natural to each specific approach. The fact that they
differ in definitions of the vector m; documents what we
have aready discussed above: there is no canonical way how
to choose the interpretation tetrad. It also means that the
phase of the results (5.16), (5.22), or (6.17) is not physical.
Invariant information, independent of a choice of the inter-
pretation tetrad, is contained in the modulus of the tetrad
components of the fields. Obviously, the magnitudes of the
field components (6.17) are the same as the results (5.19) and
(5.23) derived previously.

VII. RADIATION ALONG THE ALGEBRAICALLY
SPECIAL NULL DIRECTIONS

In the final section we concentrate on a family of special
geodesics 2 approaching infinity Z* aong principal null
direction kg, and investigate the fields with respect to the
corresponding interpretation tetrad. Using Egs. (A32) it is
straightforward to observe that the coordinate lines

u=u,=const, (=, =const (7.2
(i.e, also &=const, ¢=const) are null geodesics, r is their
affine parameter, and the tangent vector is kgr=4, . [For
simplicity, in this section we use the affine parameter r, a
general affine parameter 7 can be introduced by a trivial
rescaling r =7, cf. Eq. (5.5).] The geodesics z\'(r) ema-
nate “‘radially’”” from the “left”” black hole up to the infinity
(similarly we could investigate analogous geodesics z."
along I from the “right” black hole). As we have seen in
Sec. IV [cf. Eq. (4.27) and the subseguent discussion], the
tangent vector kgr is oriented along the principa null direc-
tion ks. These geodesics thus approach the infinity from the
specific spatial direction characterized by the angles

$=0

or by the parameters c=0, d=0 [see Eq. (6.14)].

Moreover, in such a case we can identify explicitly the
paralelly transported interpretation tetrad—it can easily be
shown using Egs. (A32) that the Robinson-Trautman tetrad
(4.26) is parallelly transported along z{(r), i.e.,

0= 0, (7.2)

kRT'VkRT:O, kRT’VIRT:O, kRT~VmR-|—:0 (73)

We can thus set the interpretation tetrad

(kivlilmivrﬁi)z(kRTllRTlmRTvaT) (74)
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in the whole spacetime, not only asymptotically near 7%, as
in Eq. (6.8) for c=0, d=0. As follows from Egs. (4.30) and
(4.31), all components of gravitational and electromagnetic
fields are explicitly

. ) e\ , 1
\I,I4:_3 m—2e Af—T A gr,

.3 e? 1
i_ _ 2 o
V,= 7 ( m—2e“Aé ; )A\/Q—r , (7.5

2
i 2 e’} 1 i i
‘1’2:— m—2e Af—T r—g, ‘I’l:q’O:O,

and

. eAJG1 i
2= T 1

v2 I

1
—, (7.6)

¢ dp=0
2 o
Clearly, the leading terms in the 1/r expansion give the pre-
vious general asymptotical results (5.19) and (5.23) with 6, ¢
specified by Eq. (7.2), and r=vy7. In the case of de Sitter
spacetime (m=0,e=0) the field components identically
vanish, in the genera case the fields have a radiative charac-
ter (~1/r) except for a vanishing acceleration A and/or for
G.=0. The “static” case A=0 has been already discussed
after Eq. (5.25). The case G, =0 corresponds to observers
located at the privileged position—on the axes £é=¢; and
&=¢,. This is analogous to the well-known situation of an
electromagnetic field of accelerated test chargesin flat space-
time which is also not radiative along the axis of symmetry.

Let us note that in this case the affine parameter r coin-
cides, in fact, both with the luminosity distance and the par-
allax distance for the congurence of the above null
geodesics—as for any Robinson-Trautman spacetime de-
scribed by the metric (2.14). Indeed, the luminosity distance
r isrelated to the affine parameter r by the relation [3]

er_l -
dar 2" ke

(7.7)
Thanks to Egs. (A32) one obtains (1/2)V - kgr= Ur, and thus
r.=r. This means that the radiative 1/r fal-off of the fields
is naturally measurable (even locally) by observers moving
radially to infinity, using both the parallax and the luminosity
methods for determining the distance.

In the previous sections, when we studied the radiation
along general geodesics, we have been able to fix the inter-
pretation tetrad only asymptoticaly, by specifying appropri-
ate final conditions at infinity [see Egs. (5.8), (5.12) and the
discussion nearby]. For the special family of geodesics (7.1)
discussed here we can specify the interpretation tetrad by
setting the initial conditions anywhere in the finite region
inside the spacetime. Because any point at infinity Z* isonly
reached by one algebraically special geodesic z) from the
“left” black hole, this does not allow us to study the direc-
tional pattern of radiation with respect to the interpretation
tetrad fixed by these explicit initial conditions. However, we

024005-18



Urychlené ¢erné diry a struktura zafeni ...

RADIATION FROM ACCELERATED BLACK HOLESINA ...

can study the standard positional pattern of radiation along
these special geodesics—the dependence of radiation on the
position of asymptotic point N in the infinity.

The initial conditions for interpretation tetrad inside a fi-
nite region of the spacetime can be chosen in many different
ways, e.g., using some natural tetrad on a spacelike hyper-
surface (“‘initial instant of time,”” cf. [49]), on a * surface of
sources,” on a special null hypersurface, etc. Obviously, geo-
metrically privileged locations where we can specify such
initial conditions are horizons, in particular the cosmological
horizon v= v, or the outer horizon v= v, of the “left” black
hole. The former one (its “future”’ half) forms a (past)
boundary of the domain in which any observer has to reach
the future infinity Z* (the domain | containing Z* in Fig. 2).
The latter one forms the ** surface’” of black hole and can thus
be understood as a “‘surface of sources’ (the boundary be-
tween regions |1 and I11). Although we have in mind mainly
these two cases, the following discussion can be applied to
any horizon v= vy, . The specia geodesics cross such horizon
at null hypersurface v =nr, the global null coordinatesT, ©
being defined in Eqg. (A38), and the integer n fixed by the
horizon under consideration (in particular n=0 and n=—-1
in Fig. 2).

First, we observe that the choice (7.4) is the most natural
one. The Robinson-Trautman tetrads in the whole
spacetime—and thus the corresponding initial conditions on
any horizon v=v,—are actually invariant under a shift along
the Killing vector @.. Indeed, expressing the Robinson-
Trautman tetrad in terms of the coordinate vectors
d.,d,,d,,d, [using Egs. (4.26), and (C2f)-(C2h)] we find
that the coefficients are independent of 7, i.e., the Lie deriva
tives vanish,

Z:ngFU‘: 0, Z:aTIRT:: 0, l:ﬂTn1Fﬂ*: 0. (7.8)

The definition of the interpretation tetrad (7.4) thus respects
the symmetry of spacetime.

There is also another possibility to fix the interpretation
tetrad ki ,l;» ,m;, ,m;, on the horizon v=v,. We choose the
null vector k;,xkgr tangent to the geodesic, and the null
vector |;, tangent to the horizon. Now we have to specify the
length of one of these vectors, length of the other one is then
fixed by the normalization (4.3). It will be achieved by re-
quiring that the vector |;, is parallelly transported along the
null geodesic generator of the horizon (note, however, that
this condition cannot be satisfied for the vector k;.). Finaly,
we should fix the remaining vectors m;, ,m;, . However, we
will be interested only in the magnitude of the leading terms
of the field components (as in the previous sections) and
therefore a specific choice of the vectors m;, ,m;,, is
irrelevant—see the discussion before Eq. (5.18). The inter-
pretation tetrad defined in this way is a natural choice for
observers localized on the horizon—its definition remains
“the same” (is parallelly transported) along the generators of
the horizon.

To follow explicitly the procedure described above, we
use the global null coordinates T, . The definition of these
coordinates depends on a choice of parameter 6. As ex-
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plained in Appendix A, the metric (A39) is regular with re-
spect of these coordinates on the horizon v= 1, if we set

5=5, (7.9

where &, is given by Eq. (A36). In the following we assume
such a choice. We aso introduce the sign of & :

+1=sgn 4, (7.10

then

cost|,-,, =C0OSv ==*1 (7.11)

U=mm

v=vp

v=nm

For the cosmological horizon sgné.=1, whereas for the
outer horizon sgné,= — 1. With these definitions the metric
coefficient g evaluated on the horizon v= v, reads

| Snl

G| vwy = —TE—— (1= cosT) "2, (7.12)
v=nw h
where 8, is defined in Eq. (A42), and
a
rh=r| A (7.13)

V=% y,cosha—ésinha’

Here and in the following we repeatedly use relation (A41).

Now, we fix the vectors k; ,l;; a the bifurcation two-
surface T=mm, U=nw of the horizon in a “symmetric
way,” namely,

d;.
[nl °
(7.14)

o 0 M

v=nm

V2[5, V2[5,
™

Using the fact that the only nonvanishing Christoffel coeffi-
cient I'f; is

_ &\ F1
Tilv=y, =% (tan5> : (7.15)
we find that the vector |;, defined by
1 bn B
lir| e, = = (1=*=cosl)d;, (7.16)

Tenm \f2rh |5h|

is parallelly transported along the geodesic null generators of
the horizon 7 =const, £=const, ¢=const, with the initial
condition (7.14). Obvioudly, |, is tangent to the generator,
and l;;- V|-, =0. Teking into account the normalization

(4.3) and thev Fr?etric coefficient (7.12) we find the normaliza-

tion of the null vector k;,
2 |3,
=05
|6n]

h

v=up T

)

;. (7.17)

—

v=nmw

The null vectors k;/,l;; do not coincide on the horizon
with the Robinson-Trautman null vectors k;, |; given by
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Eq. (7.4). Expressing the tetrad (4.26) inthe T, v coordinates
[cf. Egs. (C4), (4.8)] we find

=————|cotz
ri cosha

2a,d T\t
— ( 2) . (7.18)

il
i.e., the vectors k;, and k; are proportional. The vectors |;/
and |; do not even point into the same null direction. We
could explicitty relate the interpretation tetrad
ki ,lis,m;, ,m;, to the tetrad (7.4) by a combination of a
boost in the k-l plane (D9) followed by a transformation
(D3) leaving k fixed. Of course, this relation obtained on the
horizon is propagated by a parallel transport up to infinity
Z". The parameter B of the boost transformation simply
follows from relation k;, = Bk; between the vectors k;, and k;
[see Egs. (7.17), (7.18)],

Iy cosh a ( U)ﬂ

a, V2|83,

As we discussed in Sec. V [see Eq. (5.18)] the magnitude of
the leading term of the fields is independent of the transfor-
mation with k fixed, so we do not need to identify the second
transformation (D3) explicitly.

Using the transformation properties (D11) and (D12) of
the fields we finally derive the magnitude of the leading term
of the fields with respect to the interpretation tetrad

tan— (7.19)

ki ,li» ,m;, ,m;, specified on the horizon v=v,,. We obtain
[Wy|~B Wy, |Dh2~B2dY? (720
~ cosha U,
B™?=2| 8y on(vn— £, tanh @) exp| — ok
h

where ¢, and u, denote the coordinates of the point N, on
Z*, and we have used relations (7.13) and (A38).

As expected, such a different choice of the interpretation
tetrad does not change the radiative character of the fields
(the 1/r fall-off), it only modifies the field components by a
finite factor. Nevertheless, such modification can be
substantial—we have obtained an additional factor which is
exponentia in the Robinson-Trautman coordinate u, namely,
exp[ —(A/3)+A? u, /8,]. This expresses the dependence
of the magnitude of gravitational and electro-magnetic radia-
tion on position of the asymptotic point N, at de Sitter—like
infinity Z*. Notice that the exponential ** damping” of radia-
tion depends not only on the cosmological constant A but
also on the acceleration A of the black holes. Interestingly,
the factor [(A/3) +A? is exactly the Hawking temperature
27T recently discussed, eg., in Ref. [50].

VIII. SUMMARY

In the present paper we have thoroughly investigated the
C-metric with a positive cosmological constant A>0. This
exact solution of the Einstein-Maxwell equations represents
aradiative spacetime in which the radiation is generated by a
pair of (charged) black holes uniformly accelerated in
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asymptotically de Sitter universe. By introducing new con-
venient coordinates and suitable interpretation tetrads near
the conformal light infinity Z* we were able to analyze the
asymptotic behavior of gravitational and electromagnetic
fields. The peeling off property has been demonstrated, the
leading components of the fields in the parallelly transported
tetrad are inversely proportiona to the affine parameter of
the corresponding null geodesic.

In addition, as a main result of our investigation, an ex-
plicit formula which describes the directional pattern of ra-
diation has been derived: it expresses the dependence of the
fields on directions along which a given point N, at confor-
mal infinity Z* is approached. This specific directional char-
acteristic supplements the peeling property, thus completing
the asymptotic behavior of gravitational and electromagnetic
fields near infinity Z* with a spacelike character.

It was already observed in the 1960s by Penrose [9,10]
that radiation is defined lessinvariantly” when Z* is space-
like than in the case when it is null (asymptotically flat
spacetimes in particular). Our results can thus be understood
as an investigation of this “ nonuniqueness.” In fact, the peel-
ing off property supplemented by the directiona pattern of
radiation (5.19), (5.23) characterize fully the radiation near
the de Sitter—like infinity Z ™.

The specific pattern of radiation has been obtained here
by analyzing the exact model of uniformly accelerated black
holes in de Sitter universe. It is in agreement with the analo-
gous recent result for the test electromagnetic field generated
by accelerated charges in the de Sitter background [22,23].
We are convinced that the directional pattern of radiation
derived hasa ‘' universal” validity and appliesto all radiative
fields of a given Petrov algebraic type near the spacelike
conformal infinity Z*. The proof of this statement will be
presented elsewhere [51].
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APPENDIX A: VARIOUS COORDINATES
FOR THE C-METRIC WITH A

The C-metric with possibly nonvanishing cosmological
constant A =3/a3 can be written as

g= —hl —Fdt?+ 1dy2+ idx2+Gd<p2
AZ(x+y) F G
(A1)
with
F=-— S 1+y?-2mAy3+e?A?%y?
ajA? ’
(A2)

G=1—x%-2mAx3—e?A%x*.
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The functions F and G are polynomials of the coordinates y
and x, respectively, and are mutually related by

1
F=—Q(y)—gA27, G=Q(—x), (A3)
where Q(w) denotes the polynomial
Q(w)=1—w?+2mAws—e?A?w*, (A4)

The constants A, m, e, and C [such that ¢ e (—7C,wC)]
parametrize acceleration, mass, charge of the black holes,
and conicity of the ¢-symmetry axis, respectively.

The metric (A1), (A2) is an ordinary form of the C-metric
in the case when the cosmological constant A vanishes, i.e.,
when F=—Q(y). This has been extensively used for inves-
tigation of uniformly accelerated (pair) of black holes in
asymptotically ~ flat ~ spacetime, see, eg., Refs
[13,27,28,30,31]. However, for A # 0 the form of the gener-
alization is not so obvious and unique. For example, in Ref.
[35] the term with the cosmological constant was included in
the metric function G rather than in F. Also, the parametri-
zation of the metric (A1) is not unique. A ssimple rescaling of
the coordinates can be performed which removes the accel-
eration parameter A from the conformal factor. These related
metric forms, which alow an explicit limit A—0, were in-
troduced, e.g., in Refs. [32,36,44].

Throughout this paper we use the particularly rescaled
coordinates 7, v, & ¢ given by

r7=tcotha, o=,
(A5)
v=ytanha, &=-—X,

where the dimensionless acceleration parameter « is intro-
duced in Eg. (2.6). In these convenient coordinates the
C-metric (A1), (A2) takes the form

1.1
g=r?| —Fdr*+ zdv’+ cdi*+Gde’ |, (A)

with the function r given by

_ 1 _ aj A7
r_A(X+y)_vCOSha—§Sihha (A7)
and
2m e?
—F=1—1v*+cosha— v°—cosh? a — v*,
as ai
(A8)
2 i 2m 3 i nh?2 eZ 4
G=1-¢&+sinha—§& —snh® a— &".
ay ay
These coordinates have the following ranges. 7eR,

pe(—7wC,wC), &£e(&;,&), and ve(étanh a,»), with
&1,&, being the two smallest roots of G—see discussion in
Sec. II1.

The metric functions F, G and F, G as functions on the
spacetime manifold are related by
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F=Ftanh’a, G=G, (A9)
but they are usually understood as functions of different ar-
guments, namely, F(y), G(x) and F(v), G(£). In this sense
we will also use a notation for differentiation of these func-
tions F'=dF/dy and 7' =dF/dv or G'=dG/dx and G’
=dF/d¢. The metric function G takes the values
Ge[01], (A10)
G=0 for ¢é=¢,,&, (axes of @ symmetry), and G=1 for
£=0 (on “equator,” i.e., a ¢ circle of maximum circumfer-
ence). At infinity Z the metric function F takes the values
—Fe[cosh™2 a,1], (A11)
with F=—cosh™2a on the axes of ¢ symmetry, and
F=—1 on the equator (£,v=0).
The above coordinates 7, v, &, ¢ are closely related to the
accelerated coordinates T, R, ©, @ introduced and discussed
in Refs. [36,52]. If we define

T=a,r, R=a—A, d®=id§, d=¢p, (A12)
v g
the metric (A6) takes the form
r? 1
9=z HdT2+ﬁdR2+R2(d®2+gd®2)}
(A13)

where

2

1 2
H=—F=1———cosha
v a.A

2m+ sh? ° Al4
F CO: O‘E' ( )

These coordinates have an obvious physical interpretation in
two particular cases—in the case of a vanishing acceleration
of the black holes (A= 0), and for empty de Sitter spacetime
(m=0, e=0). In both these cases the metric function G re-
duces to asimple form G=1— &2, so the definition (A12) of
the angle © gives

sn®=\1-£.

For vanishing acceleration A=0, i.e, by setting =0, we
obtain R=r, and the metric (A13) reduces to the well-known
metric for the Reissner-Nordstrom black hole in Minkowski
or de Sitter universe [36,53],

cos®=—¢, (A15)

1
Ola—o=—HdT?+ ﬁdR2+ R%(dO2+sin?@dd?),
(A16)

with the metric function (A14) simplified by cosh a=1.

In the case of empty de Sitter space (m=0, e=0), but
with generally nonvanishing acceleration, the metric function
F dso simplifies to F=1?— 1. The de Sitter metric in accel-
erated coordinates thus takes the form (cf. Ref. [36])
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1-a,°R3 2
Jas= =2 2| | 1- =z |dT?
(1+a,“R,Rcos®) ay

2

+1- %) 7ldR2+ R%(d®2+sin? @)dcpz)) ,
(A17)
where we introduced the constant
Ry,=a, tanh a. (A18)

An explicit relation to the standard de Sitter static coordi-
nates Tys, Rys, Ogs, Pys, in which

Ris Ris|
gds:_(l_a_z dT5s+ 1_a_2 dR3s

A A
+R%(dO3+sin? O 4dd o) (A19)
is
R & . Rcos® +R, T
dsC0SBas™= 1+a,?R,Rcos®’ %
(A20)
Rsn®+1-a,’R’
Rdss.n®dsz A ° (DdS:q)'

1+a,°R,Rcos® '’

The origin R=0 clearly corresponds to worldlines of two
static observers Rys=R,, 0 4s=0 which move with a uni-
form acceleration A. Further details concerning the interpre-
tation of the accelerated coordinates in de Sitter space were
discussed at the end of Sec. Il (see also Ref. [23)).

It is aso instructive to elucidate a geometrical relation
between these two coordinate systems (A17) and (A19). It is
well known that the de Sitter spacetime is conformally re-
lated to Minkowski space (see Refs. [8,11], or recently Ref.
[21]). Specifically, the (shaded) domain P of de Sitter space-
time depicted in Fig. 4 corresponds to the t<O region of
Minkowski spacetime in standard spherical coordinates t, t,
9, ¢, the metrics being related by gys=(a, /) 2gvink. The
de Sitter static coordinates Tys, Rys, @q4s, Pys Can be ob-
tained from the spherical coordinates of Minkowski space by
a ‘“‘spherical Rindler” transformation, i.e, Rys=a,t/t,
Tds/aA: (1/2) |Og |(t2_t2)/ai| , ®dS: 9, (I)dS: ¢. On the
other hand, the accelerated coordinates T, R, ®, & are adso
obtained from conformally related Minkowski space by the
same construction, however, starting from a different spheri-
cal coordinates t', t’, 9', ¢’ which are defined in the iner-
tial frame boosted along the J=0 direction with the boost
given exactly by the acceleration parameter « (i.e., with the
relative velocity tanh ). Using this insight we can easily
visualize the relation between the hypersurface Rys= (the
conformal infinity Z of de Sitter universe; the t=0 hypersur-
face of conformally related Minkowski space) and the hyper-
surface R=x (the coordinate singularity of accelerated co-
ordinates in de Sitter space, which is easily removable, for
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example, by the coordinate v=a, /R; the hypersurface
t'=0 of Minkowski space), as indicated in Fig. 4. For more
details see Ref. [23].

It is particularly useful to introduce also new coordinates
7, o, o, ¢ for the C-metric naturally adapted both to the
Killings vectors 4., d,, and to infinity Z. In terms of the new
coordinate

. ap
w=—vcosha+§S|nha=—T, (A21)

infinity Z is given by a simple condition w=0. The coordi-
nate o is introduced by requiring an orthogonality of the
coordinates. Indeed, if we define o by the differential form

q _sinhad +cosha
g= J,:. v g

d¢,

(A22)

=0 for ¢&uv=0,

[which, thanks to Eq. (A8), is integrable] the C-metric takes
the form

a3 1 FG
g= ;Az( _.7:de+ Edw2+ ?d(Tz"' Qd<p2 ’ (A23)

where

E=Fcosh® a+Gsinh?

) 2m
=—1—-w|vcosha+ésnha— a—(uzcoshza

A

2

e
+ vé cosh a sinh e+ £2 sinh? a) + ;Z(v3coshsa
A

+v2¢ cosh? a sinh a+ v&? cosh a sinh? e+ €3 sinh® a) |.

(A24)

Obviously, on Z, where =0, we obtain £= — 1. Thanks to
relation <0 in region | of Fig. 3, we observe from metric
(A23) that near infinity Z*, the coordinate w plays the role
of atime if £<0. It can be shown that for £<0 the coordi-
nate transformation (A21), (A22) from v, ¢ to w, o isinvert-
ible. We will use the coordinate ¢ only in this region. The
hypersurface £=0 is always located above the cosmological
horizon and it touches the horizon onthe axes é= ¢, &,, see
the left part of Fig. 3.

The C-metric can also be put into the Robinson-Trautman
form (see Ref. [54]). Introducing the coordinates r and u,

Ar=(x+y)" 1%,
(A25)
Ad _ d
U—E'f‘ t,

we obtain from Eq. (A1) the metric
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1
g= r2<6dx2+Gd¢2) —duvdr —Ar?duvdx— A?r?Fdu?,
(A26)
where the function A%r2F, expressed in the coordinates x, r
using y=(Ar) " 1—x, reads

2
r 1
A%?F=— ——A?G+ArG' — 5 G”
ajy 2

+l A 71Gm 1 A 726/”/ A27
5 (AN 27 (AT . (A27)

This is the generalization of the Kinnersley-Walker coordi-

nates [27] to A # 0. Introducing the complex coordinates ¢, ¢
[or red coordinates ¢, ¢, related by (= (1V2)(y—ip)] in-
stead of the coordinates X, ¢,

! dZ+d{)=dy=Ad o
J— = = u——,
= (de+dD=dy c

(A28)
i _
S (d¢—d)=de,

(notice that = 7tanh a+ o sech «), we put the C-metric into
the Robinson-Trautman form

2

r _
g= Edgvdg—duvdr—Hduz (A29)

(or, alternatively, with dZvd{ replaced by dy?+de?), where
the metric functions are
P ?=G=g,
(A30)

r
H=A%%F+G)= —¢&.
a,
Using Egs. (A27), (A30), and (A28), which for P=G~2

imply AG'=-2(InP), and G"=-2AInP with
A=2P?3,d;, we recover that

r2 2 e?
H=———2r(InP),+AlInP- F(m—2e2A§)+ =
A
(A31)

This is the standard genera expression for the metric func-
tion of the Robinson-Trautman solution [44]. Let us finally
note that the Christoffel coefficients for the metric (A29) are

1 P 2P P?H
(- pl—_ M 28 L £
Fie=p == T = Tw=

o1 1
Ihy=5HH, +sH,,

u_ u _
FZZ P ’ u 2 i 2 2
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rPH+r%P,, 1 1

P3 , Fr va, F[JTZEH,T'

I'_ — -
F:f uis 9

Finally, for a discussion of the globa structure of the
spacetime it is necessary, following the general approach
[55,56], to introduce global double null coordinates U, v, &,
¢. For this, we supplement the above defined null coordinate
u with the complementary null coordinate v (see [57]). In
terms of the coordinates 7, v these are [cf. Eq. (A25), (A5)]

S S A33
U—m(v*+7'), U—m(v**ﬂ, ( )

where the tortoise coordinate v, is defined by the differential
relation

1
dv, =‘7__dv. (A34)

Taking into account the polynomial structure (A8) of the
function F,

F= 701] (v—wp), (A35)

where y,=const and v, (h=i,0,c,m) are the values of the
coordinate v at the horizons (the roots of ), we obtain

v =2 Syloglu=u|, dh=(F'],=)7h (ASD)

In these coordinates the C-metric with A >0 takes the form

) Fcosh? a 1, )
g=r Tduvdv—i— Edg +3gde“|. (A37)
A

Now, we can define the global null coordinatesT, v, &, ¢
parametrized by a constant coefficient 8, covering, for suit-
able values of &, the horizons smoothly,

'U m
, Sgn| tanz =(—D1",

B (A38)
, sgn(tan%)=(l)”.

ucosha
2|6la,

t 4
an | =exp

; v B v cosh «
g =P 25a,

The C-metric in these coordinates then takes the form

,[ 28°F 1., 5
g=r mdﬁvdﬁ+§d§ +gde“|. (A39)

The horizons v=v;, v,, v, Now correspond to the values T
=ma or v=na, with m,neZ (see Fig. 2).
Notice, that it follows from Egs. (A38), (A36) that

sgn &

T
=11 lv—u".
K

tanstans

Stans (A40)
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Evaluating this expression on the particular horizon v= 1w
and comparing with Eq. (A35) we find that with the choice
8= 6, the expression

VRN
— tan—tan—
2 2

|1_6k/6h:
| 3l o

U=y

= %ol I vh—u (A41)
k#h

is finite and nonvanishing. Here we introduced the constant

=11 |vn— v /. (A42)
k#h

Using this fact it is possible to guarantee a regularity of the
smoothness and that it is finite and nonzero) and smoothness
of the coordinates r and v near the horizon vy, by the choice
6= 6, of the coefficient §in Egs. (A38), assuming that T, ©
forms a smooth coordinate map in the neighborhood of this
horizon. However, such an appropriate factor & cannot be
chosen for al horizons simultaneously—a different smooth
map U, v parametrized by different coefficients 6 has to be
used near the different horizons to demonstrate the smooth-
ness of the metric in the whole spacetime (see, e.g., Refs.
[55,56] for a general discussion).

APPENDIX B: PROPERTIES OF THE METRIC
FUNCTIONS F AND G

First, let us note that F and G can be represented in terms
of polynomial S(w)

cosh® a cosh a cosh® a
Y e, Y 2
A A ax
(B1)
sinh? & B sinha sinh? &
as ~ T\ ay a
where
S(w)=—w?(1—2mw-+e®w?). (B2)

A typical graph of the polynomia S(w) is drawn in Fig. 9.
By inspecting the graph we obtain, e.g., relations (3.1) be-
tween the roots of the metric functions F and G.

We may also prove some interesting properties, including
Eq. (3.5), of the metric function G in the case of charged
accelerated black holes. [Similar properties—in particular
the inequality (B7)—can be also proved for uncharged accel-
erated black holes, i.e., for e=0, m#0, A#0.] In the case
e#0, A#0, the metric function G is a polynomial of the
fourth order in ¢ and its zeros have been denoted in the
ascending order as &, &, &3, &€4. The extremes of G (zeros
of ¢') are £P=0, £éP=(3m+ 9Im?—8e?)/(4Ae?). The
zero of G”=12(Am—2e°A?¢) is é¥=m/(2Ae?), and G"”
>0 for £< £, Using the conditions (2.5), a straightforward

Pavel Krtous$

PHYSICAL REVIEW D 68, 024005 (2003)

T S(w)
sinhao sinha sinho sinho
o 31 @ £h Nz €3 [y 5}4
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e = iy
—a, sinh’a

= :ff cosiva
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g
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FIG. 9. (a) A qualitative shape of the metric functions F and G
(in the case m+ 0, e+ 0) which are polynomialsin v and &, respec-
tively. It follows from the representation (B1) that both functions F
and G are, up to the specific rescaling and the constant term, given
by the same polynomial S(w), the graph of which is presented here.
The zeros of F and G are thus given by intersections of the graph of
Swith the horizontal lines —a; 2 cosh? a and —a), 2 sinh® a, respec-
tively. Relations (3.1) between the zeros of F and G follows imme-
diately from this fact. (b) A graphical representation of the triangu-
lar estimate (B6) for the areas A, A, under the graph of G'.

calculation leads to an inequality g|§(+1)>0. The condition
that G has four real roots requires G| 1<0. This confirms
that the graph of G has always a qualitative shape shown on
Fig. 9. The extremes of G are located between its zeros, so
that £,<0<&,<&W . Expressing the vanishing linear coef-
ficient in G in terms of the roots we obtain (&,+ &,) £3é4=
—&1€:(&31 &,), the right-hand side is clearly positive, as
well as £3€,4, so we obtain

—&1<&s.

From the conditions (2.5) it also follows that ¢&< &3 and
thus we have

(B3)

£,<0< <M< g®, (B4)
This means that G’ is convex on the relevant interval
(&1,&5), itispositive on the interval (£,,0) and negative on
(0,£,). The positivity of G” on the interval (&4,¢,) aso
implies m—2e?A¢., >0, which is the relation used in the
discussion following the result (5.19). Clearly, [ gig’d§=0,

i.e, the areas

0 &
A1=f g'd¢, A2=—f g'dé¢ (B5)
&1 0
are the same. Thanks to the convexity of G’, we can estimate
A, and A, by simpler triangular areas [see Fig. 9(b)], and we
obtain

1 1
- Efzg’|§=§2<A2:A1<_ Eflg,|§=§1- (B6)
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Using Eq. (B3) this implies

G e-6,<G le=¢,- (B7)
Considering Eq. (3.4) we obtain the important relation (3.5) which is necessary for the discussion of conicity in Sec. Ill.

APPENDIX C: RELATIONS BETWEEN THE COORDINATE FRAMES

In this appendix we summarize for convenience the relations between different coordinate one-form and vector frames. For
coordinate one-form frames (dr,dv,d¢,d¢), (dr,dw,do,d¢), and (dZ,dZ,dr,du) we obtain

£ 1 1 g
= - — Cla)
dr=dr ]—'coshaaAd Fcosha zdr tanhadw, (€13
F FG snh?a 1 1
__z - —_ = Cib
dv=— Zcoshadw+ —sinh ado gcoshaaAdu v 2dr+gtanhadz/x (C1b)
g FG . 1
dé=—=sinhadw+ —-cosh ado =—gsinha—du+gdy, (Clc)
£ £ ap
a
dw=— cosh adv+sinh adé¢ = %dr (Cld)
q _sinhad Jrcoshczd B St h 1d tanh @ a, N (Cle)
o= —F dvt —5—dé T FpEne T T 0T s a dy,
1 1 1 1 1 g
o du= — _= Z cif
aAolu o2 d Feomady ogadr— zdo+ Stanhado, (C11)
1 cosh sinha 1
S dr=— - C1
dr ——dvt ———d¢ —do, (Clg)
1
_ _ _i Cih
\/—dg tanhad7+ 7 Y dvt = d§ ide =tanhadr+ ———do—ide, (C1h)
where
dy= > (d0+dD), de=-—(d{—dD), di=—(dy—idg), =0 (C1i)
=— , =—(d{—d{), =— —i , dg=dc. i
v L va ¢
Coordinate vector frames (4,,4,,9,,d,), (9.,4,,9,,d,), and (d,,d;,d, ,d,) are related by
d.=0, C2a
= o duttanhad,, (C2a)
sinh« 2 tanh o
__ e - T a8 — C2b
d,=—coshad, + ——0, Foog a9 coshaaAz?, 9, (C2b)
cosh r2 1
(9§=sinha0w+Ta00 =sha-d,+ 53, (C2c)
F G 1 r2
d,=— 5 coshad,+ Zsinhad; :_Z.a/\au‘f‘aar, (C2d)
FG FG g 1
=g = == C2e
d,= — sinh ad,+ — cosh ad stanhaa,dy+ ——a,, (C2e)
gt g SN snhad, =t o iahas (C2f)
"™ Fooma ¥ Toosha #I9M % “Feoma O FON 40
w? w? ®? tanh o
- _ - Y 29 — 2 c2
0= Foosha?" cosha % Foosha Ot @ 0™ —F— @70y, (€29
ﬁaz—gtanhaa +Gtanhad,+ G+ =—gtanhaa +La +id, (C2h)
& F T v I e F ™" Feosha' o' T
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where

1 i 1
,=—(9,+ 39, d,=——(9,~3d;), d,=—(9,+i0,), d;=0,. C2i
=5 (9t 00, 0,== (0=, 9="(9,+19,), 9=9, (C2)
It is also useful to express the relations between different null tetrads introduced in the paper. The special null tetrad
[defined by Eq. (4.7), using Eq. (4.1)] the reference null tetrad [see Eq. (4.13)], and the Robinson-Trautman tetrad (4.26) are
related by

=exp(— Brr)SEC OKgr,

1 O O _
ks= Etan 0 coti kot tanE lo+my+m,

=sin 04 exp( — Brr)tan K gr+ exp( Brr) cot Od gr+ Mer+ Mgr],

1 Os O _
ls= = tan g tanE kot cot§ [+ my+m,

2
(C3)
1 O Os__
mg= Etan Oy Kot 1o+ cotE m0+tan§ My | = Mg+ exp( — Bgrr)tan OKgr,
_ 1 A s\ _
mg= Etan 04 kot Io+tan§mo+ cotE My | = Mg+ exp( — Bgrr)tan OKgr,
1 . Os A _
Kgr= Eexp(,BRT)sm A cotE ko+tan§Io+ My+ Mg | = exp( Brr)COS OKs,
1 . O O _ . _
lgr= Eexp( — Brr)Sin b4 tanE kot coti lo—my—m, | =exp(— Bgrr)tan 4 sin K+ csc OJs—mg—my),
(C4)
1 Os Os__ .
Mpr= 5 SN A —k0+lo+cot5mo—tan5mo =mg—Sin 6K,
_ 1. Os Os__\ _
Mer= 58N 04 —kot+ Ioftan5m0+ cotEm0 =Mmg—Sin OKe.
The factor Bgr is defined in Eq. (4.28). The rotated null tetrad [cf. Eq. (4.24)] is related to the reference tetrad as
1 0 6 _ o
k,= Esmﬁ cotzko+tanilo+exp(|¢>)m0+exp(—|¢)mo ,
1. 0 0 ) A
l,= Esne taniko+cotzlo—exp(|<;S)m0—exp(—|¢>)m0 ,
(CH)
1. 0 ) 0 A
m;=5sin 0 —ko+lo+cot§exp(| ¢)mo—tan§exp(—| d)my|,
_ 1 0 . 0 o
m;=5sin 0 —ko+lo—tan§exp(| ¢)mo+cot§exp(—| d)mg]| .
Here, the angle 6; is defined by Eq. (4.18).
T
APPENDIX D: TRANSFORMATIONS OF THE Po=— CKM\E: _C}\;K}\:C}\mﬁ: C,L,TA,T:
COMPONENTS W,, AND &, (D)
The components W, of the Weyl tensor (see [58]) Wo=—Cuunu=~Cruu
lI/O:CK,u,K,u! \I}4:C)\E)\E, ZRG‘PZZCMK)\:C#;’“;,
‘I}l: - CK/L/LEZ - C,U./TK,U.: CK}\K/J.: CK,U,K)\ ' 21m \IIZZ [ CK)\,U.,(T: [ CM;K)\ '
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and the components ®,, of tensor of electromagnetic field

q)O:F 2Req)1:FK)\,

K
(D2

(DZZFE)\' 2|m(I)1=IFM7,

transform in the well-known way under special Lorentz
transformations, see, e.g., Ref. [44].
For a null rotation with k fixed,

k=k,,

|=lo+Lmy+Limy+LLK,,
(D3)

L being a complex number which parametrize the rotation,
the components of the Weyl tensor transform as

Vo=V,

W =LWS+ WY,

W,=L2WS+ 2L W+ W9, (D4)
Wo=L3W3+3L2W o+ 3L W+ Wy,

W, = LW+ 4L+ 6LAWS+ 4L W3+ WY,

and the components of tensor of electromagnetic field trans-
form according to

Dy=Dg,
O,=LD3+ DY, (D5)
D ,=L2D5+ 2L DS+ DS,
Under a null rotation with | fixed,
k= Ko+ Kmy+Kmy+KKl,,

=1y,

(D6)
m=my+Klg,

m=my+Kl,,

K being a complex number which parameterize the rotation,
the components of the Weyl tensor transform as
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Yo=K Wi+ 4K3W 5+ 6KV S+ 4KW S+ WS,
Y, =K3W3+3K2W5+3KWI+ VY,
V,=K2We+2KW+ Vg, (D7)
Vy=KW9+W¥3,
V=",
and for electromagnetic field we have
Do=K?D5+ 2K+ D],
O =KD+ 3, (D8)
O,=P3.

A boost in the n-q=k-| plane and a spatial rotation in the
r-s=m-m plane is given by

k=Bk,, I=B71,,

o _ (D9)
m=exp(i®)m,, m=exp(—id)m,
or, introducing B=exp g,
n=cosh Bny+sinh 8q,,
g=sinh Bn,+cosh Bq,,
(D10)

r=cos®r,+snds,,
s=—sin®r,+cosds,,
B, B being real numbers which parametrize the boost, ®

parametrizing an angle of the rotation. The components WV ,
now transform

Vo=B2exp(2i P)W¥Y,

V,=Bexp(i®)¥?,

V,=3, (D11)
Po,=B texp(—id)¥3,
V,=B 2exp(—2i®)V¥],
and ®,, transform as
®o=Bexp(i®)DyY,
O, =7, (D12

®,=B Lexp(—iD)D.
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Gravitational and Electromagnetic Fields near a de Sitter—Like Infinity
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We present a characterization of general gravitational and electromagnetic fields near de Sitter—like
conformal infinity which supplements the standard peeling behavior. This is based on an explicit
evaluation of the dependence of the radiative component of the fields on the null direction from which
infinity is approached. It is shown that the directional pattern of radiation has a universal character that
is determined by the algebraic (Petrov) type of the spacetime. Specifically, the radiation field vanishes
along directions opposite to principal null directions.
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A direct observation of gravitational waves will be
properly understood only when it can be compared with
reliable predictions supplied by numerical relativity. To
make such predictions is difficult since, among other
things, no rigorous statements are available which relate
the properties of sufficiently general strong sources to the
radiation fields produced. Only a few explicit radiative
solutions of Einstein’s equations are known which can be
used as test beds for numerical codes (see, e.g., [1,2]), in
particular, spacetimes representing ‘“‘uniformly acceler-
ated particles or black holes.” These have also been the
main inspiration for our present analysis of the general
asymptotic properties of radiation in spacetimes with a
positive cosmological constant A. The motivation for
considering de Sitter—like universes arises not only by
their role in inflationary theories but also by the fact that
many nonvacuum cosmological models with A > 0 (as
suggested by recent observations) approach the de Sitter
universe asymptotically in time (‘“‘cosmic no-hair con-
jecture”’) and hence have a de Sitter—like infinity.

We have recently constructed the test fields of uni-
formly accelerated charges in de Sitter spacetime (the
Born solutions generalized for A > 0) and investigated
how their radiative properties depend on the way in which
infinity is approached [3]. Somewhat surprisingly, we
have found analogous results [4] in the case of the exact
solution of the Einstein-Maxwell equations with A > 0,
namely, the ‘“charged C-metric” describing a pair of
charged accelerated black holes in a de Sitter universe.

In the following, we shall demonstrate that the direc-
tional pattern of radiation near an infinity of de Sitter
type has a universal character that is determined by the
algebraic (Petrov) type of the spacetime. In spacetimes
which are asymptotically de Sitter, there are two disjoint
past and future (conformal) infinities J~ and I*, both
spacelike [5,6]. In such spacetimes both cosmological
horizons and event horizons for geodesic observers occur
and, consequently, advanced effects have to be present if
the fields are smooth [7]. Curiously enough, with A >0
the global existence has been established of asymptoti-
cally simple vacuum solutions which differ on an arbi-
trary given Cauchy surface by a finite but sufficiently
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small amount from de Sitter data [8], while an analogous
result for data close to Minkowski (A = 0) is still under
investigation [2,8]. Thus, many vacuum asymptotically
simple spacetimes with de Sitter—like J* do exist.
Assuming their existence, Penrose proved already in
1965 [5,6] that both the gravitational and the electro-
magnetic fields satisfy the peeling-off property with re-
spect to null geodesics reaching any point of J*. This
means that along a null geodesic parametrized by an
affine parameter 7, the part of any spin-s zero rest-
mass field proportional to n_(k“), k=0,1,...,2s, has,
in general, 2s — k coincident principal null directions. In
particular, the part of the field that falls off as n~!is a
radiation (“null”) field. The peeling-off property is easier
to prove with A > 0 than in asymptotically Minkowskian
spacetimes when J* is a null hypersurface [5]. With a
spacelike J*, however, one can approach any point on J*
from infinitely many different null directions and, con-
sequently, the radiation field becomes mixed up with
other components of the field when the null geodesic is
changed. This fact of the “origin dependence” of the
radiation field in the case of a spacelike J* has been
repeatedly emphasized by Penrose [5,6]. Exactly this
directional radiation pattern, i.e., the dependence of
fields (with respect to appropriate tetrad) on the direction
along which the null geodesic reaches a point on a space-
like J*, is analyzed in the present work.

Following general formalism [5,6], a spacetime M
with physical metric g can be embedded into a larger
conformal manifold M with conformal metric g related
to g by § = w’g. Here, the conformal factor w, negative
in M, vanishes on the boundary of M in M called con-
formal infinity 1. It is spacelike if the gradient dw on J
has timelike character. This may be either future infin-
ity J* or past infinity J~. Near J* we decompose g into
a spatial 3-metric /g tangent to 7 and a part orthogo-
nal to J*:

g = w A(—N¥dw? + Ig). (D
The conformal lapse function N can be chosen to be

constant on I*, e.g., equal to £ = 4/3/A. The form (1)
allows us to define a timelike unit vector n normal to ™,

© 2003 The American Physical Society 061101-1
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n* = o 'Ngt'd,w. 2)

Next, we denote the vectors of an orthonormal tetrad as

t, q, r, s, where t is a unit timelike vector and the

remaining three are unit spacelike vectors. With this

tetrad we associate a null tetrad k, 1, m, m, such that
k'l=—-1, mm =1,

k=(t+q)/v2, 1=(t—q)/V2
m=(r—is)/V2, m=(r+is)/v2

Various specific tetrads introduced below will be distin-
guished by an additional label in subscript.

As usual, we parametrize the Weyl tensor C,g,s
(representing the gravitational field) by five complex
coefficients

\II() = Caﬁygk“mﬁk’/m‘s, \Ij] = Caﬁ,ygkalﬁkyma,
’\Pz = _C \1,3 = Caﬁ,},glakﬁl)’ma,

3)

aﬁygk“mﬁlyﬁla,

q’4 = Ca'g.yglal'flﬁlym&, (4)
and the electromagnetic field F,z by three coefficients

@0 = Faﬁk“mﬂ, CI)Z = Faﬂﬁl“lﬁ,

®, = LF, (k15 — momPh) ©)
1 E af m-m-).

These simply transform under special Lorentz trans-
formations — null rotations with k or 1 fixed, boosts in
k-1 plane, and spatial rotations in m-m plane. For in-
stance, under a null rotation with 1 fixed, parametrized
by K € C:

1=1, k=k,+ Km,+ Km, + KK1,
_ (6)
m=m, + K1, m=m, + Kl
Wy = K*WS + 4K3WS + 6K>WS + 4KV9 + W3,
(7

®y = KDy + 2KPS + P,

Similarly, null rotations with k fixed can be parametrized
by L € C. For boosts in k-1 plane, cf. Egs. (12) and (13).
For details and notation, see, e.g., Refs. [4,9].

Our goal is to investigate the field components in an
appropriate interpretation tetrad parallelly transported
along all null geodesics z(n) which terminate at 7* at a
point P . A geodesic reaches J* at an infinite value of the
affine parameter 7. The conformal factor w and lapse N
can be expanded along the geodesic in powers of 1/7:

w%w*n_]+~-~, 1\7z1\7++.... (8)

The value N. =N |p, is the same for all geodesics
ending at point P,. We require that the approach of geo-
desics to It is ‘“‘comparable,” independent of their
direction, so we assume also w. to be constant. This is
equivalent to fixing the energy E, = —p-n (p = g—; being
4-momentum) at a given small value of w, i.e., at a given
proximity from the conformal infinity [4].

061101-2

To define an interpretation null tetrad k;, 1;, m;, m;, we
have to specify it in a comparable way for all geodesics
along different directions. The geodesics reach the same
point P, and we prescribe its form there. We require the
null vector k; to be proportional to the tangent vector of
the geodesic,

__1 Dz

V2N, dn’
the factor is again chosen independent of the direction.
The null vector I; is fixed by k;:l; = —1 and by the
requirement that the normal vector n belongs to the
k;-l; plane. The vectors m;, m; (or, r;, s;) cannot be
specified canonically—they will be chosen by Egs. (12)
and (16).

Now, the projection of k; on the normal n is

—k;-n=(1/v2)n7}, (10)

so that, as 7 — oo, the interpretation tetrad is “infinitely
boosted” with respect to an observer with 4-velocity n.
To see this explicitly, we introduce an auxiliary tetrad t,,
q., I';, S, adapted to the conformal infinity, t,. = n, with q;
oriented along the spatial direction of the geodesic,

q; * ki = (k;n)n + k;, (11)

k; )]

and we choose the remaining spatial vectors r;, s, to
coincide with those of the interpretation tetrad. Using
Eqgs. (8) and (9) and the definition of I;, we get

ki = Bi kr = 77_1(11 + qr)/\/i m; = m,
L= B;I I = 7)(11 - qr)/\/i

B; = 1/7 being the boost parameter. Under such a boost
the field components (4) and (5) transform as [4,9]

i — p2iapr i — pl=J@r
Vi=BTUW, =B Td (13)

12)
]ili = Iilr,

Together with behavior (22) of the field components in a
tetrad adapted to J* we obtain the peeling-off property.

We shall now derive the directional dependence of
radiation near a point P, at J*. It is necessary to pa-
rametrize the direction of the null geodesic reaching P, .
This can be done with respect to a suitable reference
tetrad t,, q,, Ty, So, With the time vector t, adapted to
the conformal infinity, t, = n, and spatial directions
chosen arbitrarily. It is convenient to choose them in
accordance with the spacetime geometry. Privileged
choices will be discussed later (cf. Fig. 1).

The unit spatial direction q, of a general null geodesic
near J* can be expressed in terms of spherical angles 6,
¢, with respect to the reference tetrad,

q, = cosf q, + sinf cos¢p r, + sinfsing s,.  (14)

It is useful to introduce the stereographic representation
of the angles 6, ¢

R = tan(6/2) exp(—ig). (15)
061101-2
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Then the null rotation (6) with K = R transforms Kk, into
k with its spatial direction k' o q, specified by 6, ¢.

Now, the interpretation tetrad is related by boost (12) to
the tetrad t,, q,, r;, s;, which is a spatial rotation of the
reference tetrad. If we choose

0
r, = —sinf cosd{q0 + tanE (cos¢ r, + sing so)}-i-ro,

0
s, = —sinf cosd{qc + tanE (cos¢ r, + sing so)}-i-so,
(16)

the spatial rotation is a composition of the null rotations
with 1 fixed, k fixed, and the boost, given by parameters
K=R,L=—R/(1+|R|?), B=(1+|R|*>)™". This de-
composition into elementary Lorentz transformations
enables us to calculate the field components in the inter-
pretation tetrad. We start with \I’;?, or ®? in the reference
tetrad and we characterize these in terms of algebraically
privileged principal null directions (PNDs).

Principal null directions of the gravitational (or elec-
tromagnetic) field are null directions k such that ¥5 = 0
(or &y = 0) in a null tetrad k, 1, m, m (a choice of 1, m, m
is irrelevant). In the tetrad related to the reference tetrad
by null rotation (6), such a condition for W, takes the
form of a quartic (or quadratic for ®,) equation for K, cf.
Egs. (7). Theroots K = R,,n =1,2,3,4(or K = RE,n =
1, 2) of this equation thus parametrize PNDs k,, (or k£).
As follows from the note after Eq. (15), the angles 6,,, ¢,,
of these PNDs are related to R, exactly by Eq. (15).

In a generic situation we have W3 # 0 (or ®§ # 0), and
we can express the remaining components of the Weyl (or
electromagnetic) tensor in terms of roots R,, (or RE)

Vg = —JW(R, + Ry + Ry + Ry),

W9 =1WI(R|R, + RiR3 + R{Ry + RyR3y + RyRy + R3Ry),
W9 = —1WS(R\RyR; + R\ RyRy + R R3R, + RyR3Ry),

W9 = WIR,RyR3R,, A7)

D) = —SPY(RT + RE),  ®f = DIR{RE.  (18)
Transforming these to tetrad k., 1, m_, m,, we obtain

WL = W5 (1 + |R*)?
CoRRNRN R o
R, R, R, R,

RE RE
@5 = (1 + |R|2)’1<1 —R—')<l —R—2>. (20)

a a
Here, the complex number R,,
R, = —R7' = —cot(0/2) exp(—ig), 21

characterizes a spatial direction opposite to the direction
given by R, i.e., the antipodal direction with 6, = 7 — 6

061101-3

and ¢, = ¢ + w. Finally, we express the leading term of
the field components in the interpretation tetrad. The
freedom in the choice of the vectors m;, m; changes just
a phase of the field components, so only their modulus has
a physical meaning. It is also known [5,6] that as a
consequence of field equations, field components in a
reference tetrad near J* behave as

WO = Wo.n73, D9 ~ 9,972

; )

Combining Egs. (13), (20), and (19), we thus obtain
[Wil =~ [Wg,In~"cos*(0/2)

R R R R
X 1_171 1_172 1_173 1—Ri, (23)

a a a a

. RE RE
|c1>'2|z|cI>g,F|7;—'cos4(9/2)’1—R—1 ‘1_172 . (24)

a a

These expressions characterize the asymptotic behav-
ior of fields near de Sitter—like infinity. In a general
spacetime there are four spatial directions along which
the radiative component of the gravitational field W)
vanishes, namely, directions R, = R,, n =1,2,3,4 (or
two such directions for electromagnetic field Cbiz). In fact,
their spatial parts —k; are exactly opposite to the pro-
Jjections of the principal null directions k- onto I™.

In algebraically special spacetimes, some PNDs co-
incide and Eq. (23) simplifies. Moreover, it is always
possible to choose the ‘“‘canonical” reference tetrad:
(1) the vector q, oriented along the spatial projection of
the degenerate (multiple) PND, say kj- (.e., k, = ky);
(i1) the q,-r, plane oriented so that it contains the spatial
projection of one of the remaining PNDs (for type N
spacetimes this choice is arbitrary). Using such a refer-
ence tetrad, the degenerate PND kj is given by 6, = 0,
ie.,, Ry = 0 [cf. Eq. (15)], whereas one of the remaining
PNDs, say kf—, has ¢; =0, i.e,, Ry = tan% is real.

Thus, for Petrov type N spacetimes (with quadruple
PND) R; = R, = R; = R4 = 0, so the asymptotic behav-
ior of gravitational field (23) becomes

i) = 19,1y cos? . 25)
The corresponding directional pattern of radiation is
illustrated in Fig. I(N). It is axisymmetric, with a maxi-
mum value at § = 0 along the spatial projection of the
quadruple PND onto J*. Along the opposite direction,
6 = m, the field vanishes.

In the Petrov type III spacetimes, R; = tan%, R, =
Ry = R, = 0, so (23) implies

|Wi| = I\I’X*In’lcos“g 1+ tanﬁ tang e'? (26)

2 2 2
The directional pattern of radiation is shown in Fig. 1(I1T).
The field vanishes along 6 = 7 and along 6 = 7 — 0,
¢ = 7 which are spatial directions opposite to the PNDs.
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FIG. 1. Specific directional patterns of radiation for space-
times of Petrov types N, III, D, II, and L. Directions in the
diagrams represent all spatial directions tangent to J*. For
each type, the radiative component | ¥}| along a null geodesic is
depicted in the corresponding spatial direction k' parame-
trized by spherical angles 6, ¢. [Degenerate] principal null
directions (PNDs) are indicated by [multiple] bold arrows.
Thick lines represent spatial directions (opposite to PNDs)
along which the radiation vanishes.

The type D spacetimes admit two double degenerate
PNDs, Ry =R, = tan% and R; = R4, = 0. The gravita-
tional field near J* thus takes the form

2
|Wi| = I‘I’X*In’lcos“g 1+ tanﬁ tang el ©@n
2 2 2
with two planes of symmetry, see Fig. 1(D). This direc-
tional dependence agrees with the radiation pattern for
the C metric with A > 0 derived recently [4].

For Petrov type II spacetimes only two PNDs coincide
so that R, = tan%, R, = tan%exp(—iq&z), Ry =R, =0.
The directional pattern of radiation is in Fig. 1(1I).
Finally, in the case of algebraically general spacetimes
one needs five real parameters to characterize the direc-
tional dependence Fig. 1(I) of the gravitational field.

An analogous discussion can be presented for the elec-
tromagnetic field. The square of expression (24) is, in fact,
the Poynting vector with respect to the interpretation
tetrad, |S;| = ;& |®}|%. If the two PNDs coincide (RY =
RE = 0) the directional dependence of the Poynting vec-

061101-4

tor at J* is the same as in Eq. (25) [Fig. I(N)]; if they
differ (Rf = tan%, RY = 0), the angular dependence of
S;| is given by Eq. (27) [Fig. 1(D)]. The latter has already
been obtained for the test field of uniformly accelerated
charges in de Sitter spacetime [3].

To summarize: it is well known that for null I* the null
direction l;, which is complementary to the tangent vector
k; of the null geodesic z(n) reaching I*, is tangent to J*
and does not depend on the choice of z(7). This is not the
case when I is spacelike. The radiation field (5 ~! term)
is thus “less invariant” [6]. We have shown that the
dependence of this field on the choice of z(7) has a
universal character that is determined by the algebraic
(Petrov) type of the fields. In particular, we have proved
that the radiation vanishes along directions opposite to
PNDs. In a generic direction the radiative component of
the fields generated by any source is nonvanishing. Thus,
unlike in asymptotically flat spacetimes, the absence of
1~ component cannot be used to distinguish nonradia-
tive sources: for a de Sitter—like infinity the radiative
component reflects not only properties of the sources
but also their ‘“kinematic” relation to an observer at
infinity. Intuitively, near spacelike J* our observer is,
in general, moving ‘“nonradially” from sources and
thus measures infinitely boosted fields. Some important
questions, such as how energy is radiated away in asymp-
totically de Sitter spacetimes, still remain open. Since
vacuum energy seems to be dominant in our Universe,
these appear to be of considerable interest.
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Radiation from accelerated black holesin an anti—de Sitter universe
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We study gravitational and electromagnetic radiation generated by uniformly accelerated charged black
holes in anti—de Sitter spacetime. This is described by the C-metric exact solution of the Einstein-Maxwell
equations with a negative cosmological constant A. We explicitly find and interpret the pattern of radiation that
characterizes the dependence of the fields on a null direction from which the (timelike) conformal infinity is
approached. This directional pattern exhibits specific properties which are more complicated if compared with
recent analogous results obtained for asymptotic behavior of fields near a de Sitter—like infinity. In particular,
for large acceleration the anti—de Sitter—like infinity is divided by Killing horizons into several distinct
domains with a different structure of principa null directions, in which the patterns of radiation differ.

DOI: 10.1103/PhysRevD.68.124004

I. INTRODUCTION

In the context of exact solutions of Einstein's field equa-
tions, gravitational radiation has been studied for decades. In
particular, various techniques have been developed to rigor-
ously characterize asymptotic properties of the gravitational
field, i.e, the geometry of spacetime at “‘large distance”
from bounded sources.

In the fundamental work [1] gravitational waves emitted
by axisymmetric systems were analyzed by considering an
expansion of metric functions in inverse powers of an appro-
priate “‘radia’ coordinate r parametrizing outgoing null geo-
desics. In particular, the news function was defined that char-
acterizes radiation, and which is related to a decreasing
(Bondi) mass of the source. Generalizations and refinement
of this method, with a deeper understanding of its relation to
the Petrov types (such as the peeling-off behavior of the
Wey! tensor) were subsequently achieved in [2—-6], see, e.g.,
[7-10] for reviews. Nevertheless, in these works the analysis
of radiative fields remained confined to asymptotically flat
spacetimes thus ruling out, for instance, the presence of a
nonvanishing cosmological constant A. In addition, it was
based on the use of privileged coordinate systems.

It was Penrose [11-13], see [14] for a comprehensive
overview, who introduced a covariant approach to the defi-
nition of radiation for massless fields, which is based on the
conformal treatment of infinity (a comparison of the Bondi-
Sachs and Penrose approaches was recently presented in
[15]). This enables one to apply methods of local differential
geometry “‘at infinity,” and thus to define in a rigorous geo-
metric way such basic concepts as the Bondi mass, the
peeling-off property, and the Bondi-Metzner-Sachs group of
asymptotic symmetries. In particular, gravitational radiation
propagating along a given null geodesic is described by the
¥, component of the Weyl tensor projected on a parallelly
transported complex null tetrad at infinity. The crucial point
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is that such a tetrad is (essentially) determined uniquely by
the conformal geometry [14]. Moreover, an advantage of the
Penrose method is that it can be naturally applied aso to
asymptotically simple spacetimes which include the cosmo-
logical constant [12-14]. This is quite remarkable since
there is no analogue of the news function in the presence of
A [16,17].

However, specific new features appear in the case of
asymptotically de Sitter (A>0) or anti—de Sitter (A <0)
spacetimes, for which the conformal infinity Z is, respec-
tively, spacelike or timelike [12—-14,18]. First of al, the con-
cept of radiation for a massless field is ““less invariant” in
cases when 7 is not null. Namely, it emerges as necessarily
direction dependent since the choice of the above-mentioned
null tetrad, and thus the radiative component ¥, of the field,
turns out to be different for different null geodesics reaching
the same point on Z. This is related to the fact that with
nonvanishing A even fields of nonaccelerated sources are
radiative along a generic direction, as it has been shown for
test charges [19] or for Reissner-Nordstrom black holes [20]
in a de Sitter universe, and it will be shown here for a nega-
tive A (Sec. V C). In addition, the character of infinity plays
acrucia role in the formulation of the initial value problem.
A spacelike Z implies the insufficiency of purely retarded
massless fields so that, for example, in de Sitter space purely
retarded solutions of the Maxwell equations are impossible
for generic charge distributions [21]. On the other hand, it is
well known that a timelike Z prevents the existence of a
Cauchy surface, and one is necessarily led to a kind of
“mixed initia value boundary problem,” see, e.g., [22—24].
For all the above reasons, the definition of radiation is much
less obvious when A #0.

Any explicit exact example of a source which generates
gravitational waves in an (anti—)de Sitter universe is thus of
paramount importance since this may provide us with insight
into the character of radiation in spacetimes which are not
asymptoticaly flat. Exact solutions with boost-rotation sym-
metry [25-27], which represent radiative spacetimes with
uniformly accelerating sources, play a unique role when
A =0. Among these the C-metric, which describes acceler-
ated black holes, admits a natural generalization to a nonva-
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nishing value of the cosmological constant, and it will thus
be considered in the present paper.

The C-metric [28—-31] is a classic solution of the
Einstein(-Maxwell) equations which has been physicaly in-
terpreted and analyzed in fundamental papers[32—-35] and in
many other works, see, eg., [25,27,36—38] for references
and summary of the results. A generalization of the standard
C-metric to admit a nonvanishing value of A has also been
known for a long time [39], cf. [40,41] (also, related solu-
tions have been obtained by considering extremal limits of
the C-metric with an arbitrary A [42]). These spacetimes
have found successful application to the problem of cosmo-
logical pair creation of black holes [43—46]. However, a
deeper understanding of their physical and global properties,
including the character of radiation, has been missing until
recently. The interpretation of the C-metric solutions with
A>0, in particular the meaning of parameters in the metric
and the relation to the ““background” de Sitter universe, was
clarified in [47] by introducing an appropriate coordinate
system adapted to uniformly accelerated observers. The
causal structure was further studied in [48] for various
choices of the physical parameters. Very recently [20], we
have carefully analyzed the C-metric with A>0 and, among
other results, we have demonstrated that gravitational and
electromagnetic fields of this exact solution exhibit asymp-
totically a specific directional pattern of radiation at Z. In-
terestingly, this directional dependence of fields on null di-
rections from which the conformal infinity is approached is
the same as for the test fields of uniformly accelerated
charges in a de Sitter universe [19].

In the present work we wish to investigate an analogous
asymptotic behavior of fields of the C-metric with A <0, i.e,,
the directional dependence at conformal infinity Z of radia-
tion generated by uniformly accelerated (possibly charged)
black holes in an anti—de Sitter universe. Some fundamental
differences from the cases A=0 appear since Z now has a
timelike character. In fact, the whole structure of the
“anti—de Sitter C-metric”’ is much more complex and new
peculiar phenomena thus occur. As observed in [49] and
thoroughly studied in the recent work [38], for a small value
of acceleration, A<\—A/3, the metric describes a single
uniformly accelerated black hole in an anti—de Sitter uni-
verse [50] whereas for A>+/— A/3 this represents a pair of
accelerated black holes. The “limiting case” given by
A=+ —AI3, previously investigated in [51,52], plays a spe-
cia important role in the context of the Randall-Sundrum
model since it describes a black hole bound to a two-branein
four dimensions. However, this case is not investigated in the
present work.

Our paper is organized as follows. First, in Sec. Il we
present the C-metric solution with a negative cosmological
constant, in particular the Robinson-Trautman coordinates
which will be used in the subsequent analysis. Basic proper-
ties of the solution are aso summarized, including a descrip-
tion of the global structure. Sections 11—V contain the core
of our analysis. First we define a suitable interpretation tetrad
parallelly transported along null geodesics approaching as-
ymptotically a given point on conformal infinity Z from all
possible spacetime directions. The magnitude of the leading
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terms of gravitational and electromagnetic fields in such a
tetrad then provides us with a specific directional pattern of
radiation. Convenient parametrizations of null directions ap-
proaching Z are introduced in Sec. 1V, and the results are
subsequently described and analyzed in Sec. V. Thisis done
for both the cases of a single black hole and a pair of black
holes accelerating in an anti—de Sitter universe (and for van-
ishing acceleration). The paper also contains two appendixes.
In Appendix A the behavior of radiation along special null
directions is studied. In particular, for geodesics along prin-
cipal null directions the results are obtained in closed explicit
form without performing asymptotic expansions of the
physical quantities near Z. Appendix B summarizes the Lor-
entz transformations of the null-tetrad components of the
gravitational and electromagnetic fields.

II. THE C-METRIC WITH A NEGATIVE COSMOLOGICAL
CONSTANT

The C-metric with a cosmological constant A <0, con-
tained in the family of solutions [39], can be written as

g= —ﬁl —Fdt*+ Eo|y2+ io|x2+Gd<p2
AZ(x+y) F G ’
(2.1)

where F and G are, respectively, polynomials of y and X,

F= W ,1+y2,2mAy3+92A2 4,

G=1-—x?—2mAx%—e?A%x*. (2.2
These functions are mutually related by
—-A
F=-Q)+ 35, G=Q(-), 23

where Q(w) =1—w?+2mAw3—e?A?w*. The metric (2.1)
is a solution of the Einstein-Maxwell equations with a non-
null electromagnetic field given by
F=edyndt, (2.4

or related expressions which can be obtained by a constant
duality rotation. There exist two double-degenerate principal
null directions (PNDs)

kixd—Féd,, ky*xd+Fa,, (2.5
so that the spacetime is of the Petrov type D. It admits two
Killing vectors @;, @, , and one conformal Killing tensor Q
(cf. Refs. [14,53,54)),

1 1
Fdt?— Edy2+ adx2+ quoz) .
26)

_ 1
O ATy

The metric (2.1) can describe different spacetimes, de-
pending on the choice of parameters and of ranges of coor-
dinates. We are interested in the physically most relevant

124004-2



Urychlené ¢erné diry a struktura zafeni ...

RADIATION FROM ACCELERATED BLACK HOLESIN...

case when the metric describes one black hole or pairs of
black holes uniformly accelerated in anti—de Sitter universe.
In this case the constants A, m, e and C, such that
¢e(—mC,wC), characterize acceleration, mass, charge of
the black holes, and conicity of the ¢ symmetry axis, respec-
tively. They have to satisfy m=0, e?<m?, A, C>0, and they
have to be such that the function G has four rea roots in the
charged case (e,m+#0) or three real roots in the uncharged
case (e=0,m#0). The coordinates x, y have to satisfy
y>—x and X e[ X¢,X,], where x;<<0<x, are two roots of G,
namely those closest to zero [see [20,38,44,50] for details
and discussion of other cases, cf. aso Figs. 1(d) and 3 be-
low]. From these conditions we obtain 0=G<1, and
m+2e?Ax>0. The spacetime (2.1) reduces to the anti—de
Sitter universe for m=0, e=0.

The coordinates x and ¢ are longitudinal and latitudinal
angular coordinates, x; denotes the axis of ¢ symmetry ex-
tending from the “forward” pole of the black hole (in the
direction of acceleration) to infinity, whereas x,, denotes the
axis from the opposite **backward” pole. For nonvanishing
acceleration the axis cannot be regular everywhere—at |east
one part of it has to have a nontrivial conicity, depending on
the choice of the parameter C. This corresponds to the pres-
ence of cosmic strings (or struts) which are responsible for
the acceleration of the black holes, see the references above
for more details.

The spacetime metric (2.1) can be put into various forms.
In this paper we concentrate on investigation of radiation
near infinity, for which the Robinson-Trautman form seems
to be a convenient one. Introducing real coordinates r, u and

complex coordinates ¢, ?by

Ar=(x+y) %,
dy
Adu= E‘th,

! d +d_—dy dx+dt
5( { O‘F_E ,

i _
—(d¢—d¢)=de, 2.7)
‘/2( {—d)=de (
we put the C-metric (2.1) into the form [55]
r2 _
g= ad(vdg—duvdr —Hdu?. (2.8)
The metric functions are
P 2=G, H=A%?%F+G), (2.9)

or explicitly

A, 2 ) e?
H=——r —2r(InP)’u+AInP—F(m+2e AX) + il

3
(2.10)

with A=2P29,J;, where x is expressed using the relation
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f d Au- (4D 2.11
The functions (2.9), (2.10) represent a particular case, corre-
sponding to the C-metric, of the standard general expression
for the Robinson-Trautman spacetimes [31]. As opposed to
the metric form (2.1), the Robinson-Trautman coordinates
allow an explicit limit A=0. The coordinates are not defined
globally but it is possible to cover the whole universe by
many coordinate patches of the same type. Therefore, it is
sufficient to study the spacetime only in just one Robinson-
Trautman coordinate map; such a patch is indicated by a
shaded domain in Figs. 4—6. We additionally assume there
that the coordinate u is increasing from the past to the future.

The global causal structure of the C-metric with A <0 has
recently been analyzed in [38]. In particular, the character of
infinity, singularities, and possible horizons has been de-
scribed in detail.

Infinity Z of the spacetime is given by

r=c, or equivdently x+y=0, (2.12)
where the conformal factor
1

Q=F=A(x+y) (2.13)

vanishes. The conformal (unphysical) metric §=Q?2g,

1 _
§= adgvdﬁ duvdQ—HQ?du?, (2.14)

is regular at infinity, given by 0=0. Moreover, it follows
from Eq. (2.10) that at Z the metric function reads

A
HO? =-—, (2.15)
I 3
i.e, it is independent of the parameters m, e, and A. The
vector np=—(HQ2d,+ d,) is orthogonal to each hypersur-
face () =const. In particular, it is outgoing and norma to
infinity Z a any of its point, with the norm G(np,np)
=HQ?=—A/3>0. The universe is thus weakly asymptoti-
caly anti—de Sitter [16], at least locally, with the conformal
infinity Z having a timelike character (in generd, it is not
asymptotically anti—de Sitter according to the definition
based on the *reflective boundary condition” [16,17,23,56]:
the (2+1)-metric induced on Z by G is not conformally flat
since the associated Bach tensor is nonvanishing). Through-
out the paper, however, it will be more convenient to employ
the spacelike outward vector n=np/+/H orthogonal to Z,

(2.16)

1
n=\/ﬁﬂr—\/—ﬁﬂu,

which has a unit norm n-n=g(n,n)=1 with respect to the
physical metric.

At r =0 the metric has unbounded curvature which corre-
sponds to a physical singularity hidden behind the black hole
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horizon. Similarly to the C-metric with vanishing A [32-37]
or the C-metric with A >0 [20,47,48], the zeros of the func-
tion F correspond to Killing horizons associated with &, .
Interestingly, unlike in the A=0 case, the anti—de Sitter
C-metric describes either a single uniformly accelerated
black hole (for A<+ —A/3), or a pair of uniformly acceler-
ated black holes (when A>+/—A/3).

A. A single accelerated black hole

Indeed, as described in [38,50], when the acceleration pa-
rameter A is small, namely A<\ —A/3, and m#0, the met-
ric (2.1), (2.2) describes a single uniformly accelerated black
hole. The condition of small acceleration guarantees that the
function F has only two zeros y,,y; in the charged case, or
only one zero y, for the uncharged black hole. These zeros
define outer and, if applicable, inner horizons of the black
hole. The relevant ranges of coordinates X, y representing the
spacetime outside the black hole are depicted in Fig. 1(d).

In [38] the causa structure of this spacetime was repre-
sented by the Penrose-Carter conformal diagram of a two-
dimensional t-y section (i.e., the section of constant angular
coordinates X, ¢). This section is, in fact, spanned by the
PNDs k; and k,, cf. Eq. (2.5). A part of such a conformal
diagram representing an exterior of the black hole is depicted
in Fig. 1(c). The conformal infinity Z is indicated here by a
double line. The outer horizons H,, given by y=y,, sepa
rate region |1l outside the black hole from an interior of the
black hole, denoted as 111 [57]. A more detailed structure of
the interior of the black hole depends on whether the hole is
charged or not, and its causa structure is analogous to the
Schwarzschild or Reissner-Nordstrom black holes. Because
we are mainly interested in region Il near the infinity, we will
not discuss the interior of the hole here.

It seems to be more instructive to combine the t-y sections
for different values of x into a unifying three-dimensional
picture in which just the coordinate ¢ is suppressed, as it is
done in Fig. 1(a). Despite the fact that this is not a complete
and rigorous conformal diagram, it helps to visualize and
understand the global causal structure of the spacetime. The
outer horizon H, of the black hole is here indicated by two
joined conical surfaces, and the conformal timelike infinity Z
is depicted as a deformed outer boundary. It has a *‘simple”
topology Rx S? if we include * nonsmooth” points on the ¢
axis where the string is located. For a vanishing acceleration
the timelike infinity would be rotationally symmetric around
the vertical axis, and smooth everywhere. Its deformation for
A+ 0 indicates that the coordinates are adapted to the accel-
erated source (for an analogous discussion in the A>0 case
see [20]) and that there is a string (a conical singularity) on
the ¢ axis. Particular surfaces S of a constant X, correspond-
ing to the two-dimensional conformal diagram 1(c), are also
indicated. The section Sg with x=X; corresponds to the axis
from the “forward” pole of the black hole, the value x=x, to
the axis from the opposite *‘ backward” pole. In Fig. 1(a) the
conicity parameter C is chosen in such a way that the string
is located only on the axis x=X;, and the conical singularity
isindicated by nonsmooth embedding of the t, y= const sur-
face into the three-dimensional diagram, i.e., by a nonsmooth
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111 Ho
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FIG. 1. Spacetime outside a single accelerated black hole mov-
ing in an anti—de Sitter universe with acceleration A<\—A/3.
Diagrams (a) and (b) depict a three-dimensional section ¢ = const,
diagram (c) is a conformal diagram of the t-y section, and diagram
(d) shows relevant ranges of coordinates x and y. The diagrams
focus on region Il between the outer black hole horizon H,
(y=Yy,) and timelike infinity Z, y=—x. Therefore, only a small
part of an interior of the black hole near the horizon H, is shown
(region II1). In diagram (a) the horizon H,, is represented by two
conical surfaces which intersect on a bifurcation surface of the Kill-
ing vector @, (a continuation of cones inside the black hole to an-
other asymptotic domain is not shown). The outer deformed bound-
ary of domain Il corresponds to infinity Z. A particular section S
given by x=const is shown, and the axes x=x, and x=X; are
indicated. It is assumed in diagram (a) that the string causing accel-
eration of the black hole is located on the ““forward” axis x=x; and
the corresponding conical singularity is represented by nonsmooth
behavior at Sg (the edge at x=x;). Diagram (b) is a deformation of
diagram (a) in which both the top and the bottom of the diagram are
squeezed to single points, and the longitudinal x direction is embed-
ded smoothly at both axes. The black hole horizon H, has thus a
droplike shape, symmetrical around the vertical axis. Diagram (c) is
the Penrose-Carter conformal diagram of the t-y section
S (X,¢=const). Both principal null directions lie in this section.
The precise shape of infinity Z (double line) depends on the value of
coordinate x, cf. Eg. (2.12) [and this dependence is the reason for
the deformed shape of Z in diagram (a)]. Lines t=const, and
y=const (coinciding with r=const in S) are drawn with labels
oriented in the direction of an increasing coordinate. A small part of
the interior of the black hole is indicated by the dark area at the left
of the diagram. Finaly, diagram (d) depicts the x-y section for rel-
evant ranges of coordinates (shaded area). The infinity is again rep-
resented by the double line, and the horizon H,, is shown. The thick
line x= const corresponds to the t-y section of diagram (c); similarly
the thick line t=const in diagram (c) corresponds to the x-y section
from diagram (d).
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gluing of x=const sections at x;. Notice that since F>0 for
y<Y,, region Il near infinity Z is everywhere static, and
there are no Killing horizons which extend up to Z [cf. also
Egs. (5.6), (5.7)]. We can thus interpret the spacetime as a
universe having global anti—de Sitter—like infinity (except
the nonsmoothness at the string) with the black hole moving
“inside” it (in contrast to the case discussed below, where
pairs of black holes “enter” and “‘exit” the spacetime
“through” the infinity).

The diagram 1(b) is a deformed version of the diagram
1(a): gluing of the angular coordinate x is now done
smoothly even on the axis where the string is located, and
the top and the bottom of the diagram are *‘squeezed” to
single points. The horizon H,, thus has a shape of two joined
“drops,” and sections x=const are deformed accordingly.
Here we can see that coordinatest, y, X, ¢ used to construct
this diagram are adapted to the source, not to the infinity—
the horizon H,, is symmetric around the vertical axisin con-
trast to infinity Z which is deformed in the direction of ac-
celeration. Diagram 1(b) is not so crucia in the present case
of asingle black hole but an analogous representation of the
black hole horizon will be used in the case of two accelerated
holes which we are going to discuss now.

B. A pair of accelerated black holes

A more complicated situation occurs when A>/—A/3,
m= 0. For such large values of acceleration the metric (2.1),
(2.2) describes an infinite number of pairs of accelerated
black holes in anti—de Sitter universe. In Fig. 2, representing
a part of the section ¢=const, one pair of black holes is
indicated by the (outer) horizons H, which have droplike
shapes analogous to the horizon in diagram 1(b). The main
difference from the previous case is that both black holes
“simultaneously enter” the universe at infinity Z, approach
each other with an opposite deceleration until they stop, and
start to move apart, again up to the infinity Z. The same
situation repeats infinitely many times both in the past and in
the future—the diagrams in Fig. 2 should be infinitely long,
composed of parts isomorphic to the part shown there. In the
following we study only one such part of the whole universe.
Relevant ranges of coordinates x and y are drawn in Fig. 3.

Clearly, both the global causal structure of the spacetime
and the algebraic structure are now more complex. The met-
ric function F has two more zeros, y, and y., which corre-
spond to the two additional Killing horizons outside of the
black holes. We shall refer to these as acceleration horizons
H,, and cosmological horizons H, [58]. In contrast to the
black hole horizons, spatial sections of these horizons are
noncompact. The horizons are represented by inclined planes
in Fig. 2(a) or as corresponding horizontal lines in Fig. 3.
They separate static and nonstatic regions of the spacetime
outside of the black holes: the domains O and Il are static,
whereas the domains It and 1~ are nonstatic. Regions |1
enclose the black holes, the regions O are “* as far as possible
away” from the black holes. Two black holes of a given pair
are separated by the acceleration horizons H,, and they are
thus causally disconnected. Different pairs of black holes are
separated by the cosmological horizons H,.
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1

FIG. 2. Schematic diagrams of a part of spacetime outside ac-
celerated black holes moving in an anti—de Sitter universe with
acceleration A>/— A/3. Diagrams represent a three-dimensional
section ¢=const. They depict a domain near one pair of black
holes. However, they should continue periodicaly in the vertical
direction, featuring thus an infinite chain of pairs of black holes
entering and later exiting the spacetime through timelike infinity Z.
Only regions of spacetime outside the outer black hole horizons H,,
are drawn. Interiors of black holes and continuations of the space-
time into other asymptotically anti—de Sitter universes (through the
Einstein-Rosen bridge or through charged black hole) are hidden
under the horizons H,, and not studied in the paper. The outer black
hole horizons 'H,, are represented by droplike gray shapes analogous
to that of Fig. 1(b), the timelike infinity Z is depicted as a deformed
cylindrical boundary of the diagrams. Diagram (a) shows the Kill-
ing horizons outside the black holes: acceleration horizons H, sepa-
rating two black holes, and cosmological horizons H, separating
different pairs of black holes (only one pair of holes is drawn in the
diagram). These horizons divide spacetime into several regions:
static domains O and |1, nonstatic domains I+ and |-, and domains
inside the holes hidden under H,,. Diagram (b) indicates embedding
of t-y sections for different constant values of the coordinate X,
which are spanned by principal null directions. Three qualitatively
different sections S, , Sg, and S¢ are shown. Exact conformal dia-
grams corresponding to these sections can be found in Figs. 4—6.
Diagram (c) shows hypersurfaces u= const which are generated by
null geodesics along the principal null directions k; that are dis-
cussed in Appendix A.

Figure 2(b) shows the foliation of the spacetime by the t-y
surfaces x= const, the surfaces spanned by the PNDs. These
are of three different types, namely Sp, Sg, and Sc. Clas-
sification of these types is seen from the x-y diagram in
Fig. 3, where the t-y sections are represented by vertical
lines. These different types of t-y sections are distinguished
by the number of horizons which they intersect.

For xe(—VY¢,X,] the section denoted as S, passes
through all regions O, I, Il (and regions inside black holes),
and intersects all horizons H., Ha, H,. Such a section cor-
responds to the conformal diagram drawn in Fig. 4. The in-
tersection of such a section with the conformal infinity 7
is timelike. We denote as Zp a part of the infinity with
Xe (=Y, Xpl, i.€, the part which can be reached by the sec-
tions Sp, cf. aso Fig. 10.

The situation is different for section Sg of a constant
X€ (—Ya, — Yo Which goes only through regions I, Il (and
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FIG. 3. A qudlitative x-y diagram in the case of large accelera-
tion A>\/— A/3 [cf. Fig. 1(d) for smal acceleration]. The relevant
domain of coordinates x and y is indicated by the shaded area. It is
given by the coordinate x between the axes x; and x,, and the
coordinate y between the infinity Z, y=—x, and the outer black
hole horizon H,, y=Y, (the interior of black holes, y>y,, is not
studied here). The infinity is represented by a double line, the ho-
rizons by horizontal lines. The t-y sections of constant x are repre-
sented by vertical lines. Three such typical sections S, Sg and Sc
are shown. They are distinguished by the number of horizons which
they intersect. These sections correspond to the conformal diagrams
inFigs. 4-6. A, B.., C.. are points at the infinity which belong to
these three sections, respectively. They can be found aso in Figs.
4-6.

regions inside black holes), and does not intersect the hori-
zon H,. This section corresponds to the conformal diagram
presented in Fig. 5. The intersection of such a section with
infinity is spacelike, and consists of two digoint parts, onein
the future and another in the past of the section. A part of the
infinity which can be reached in this way will be labeled as
Z,+ and Z,-, respectively, cf. Fig. 10.

Finally, for xe[X;,—Y,) the section Sc of constant x ex-
tends only to the region Il (and regions inside the black
hole), and it does not intersect the horizons H, and H,. The
conformal diagram of this typeis givenin Fig. 6. Section S¢
intersects the infinity in a timelike surface, and a part of the
infinity which can be reached by these sections will be de-
noted by Z,,, cf. aso Fig. 10.

The above described three types of conformal diagrams
depicted in Figs. 4—6 have been drawn recently in [38] (to-
gether with specia limiting cases x=—y. and x=-y,
which we do not discuss here). Their qualitative dependence
on the value of coordinate x has been already noted there but
not discussed in more details. Putting all these conformal
diagrams together to the single three-dimensional picture
shown in Fig. 2(b) elucidates the character of this depen-
dence. Moreover, it clarifies how the timelike infinity Z can
form a spacelike boundary of a conformal diagram as for
section Sg, Fig. 5—this spacelike boundary is the intersec-
tion of the two timelike hypersurfaces Z and Sg .

In Fig. 2(c) the surfaces u=const are shown. These null
surfaces are formed by null geodesics u, {= const tangent to
PND (see Appendix A), and they indicate how the spacetime
is covered by Robinson-Trautman coordinates. A surface of
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FIG. 4. Conforma diagram of the t-y section S, intersecting
both the horizons H,, H, outside black holes (right), and its em-
bedding into three-dimensional diagram ¢ =const (left). Each of
sections of constant x (and ¢) with x e (—Y¢,Xp] intersects al ho-
rizons and extends through the whole spacetime. Both three-
dimensional and two-dimensional diagrams should continue peri-
odically in the vertical direction. In the two-dimensional conformal
diagram the infinity Z is depicted by double lines. Section S, inter-
sects the infinity in a timelike surface belonging to domain Z,, cf.
Fig. 10. Cosmological horizons H,., acceleration horizons H,, and
outer black hole horizons H, are represented by diagona lines.
Domains between the horizons are labeled as O, 1+, 11, and 111, cf.
Fig. 2(a). Interiors of black holes are indicated only partially, by the
dark area behind the horizon H,,. Lines of coordinatest and y are
shown with labels oriented in direction of an increasing coordinate.
An area covered by one Robinson-Trautman coordinate map (coor-
dinates u, r) is indicated by the shaded background. Without the
loss of atypical behavior, the special section x= X, has been chosen
for this diagram; other sections with x> —y. look qualitatively the
same, only with embedding not lying in the plane of symmetry of
the three-dimensional diagram.

constant u reduces to a horizon H, for u=—o0, and to a
horizon H, and H, for u=9. A connected domain covered
by finite values of coordinate u is indicated in Figs. 4—6 by
the shaded background. Remaining parts of spacetime have
to be covered by different patches of Robinson-Trautman
coordinates defined analogously. The domain indicated in
figures by a shaded background, covered by a single
Robinson-Trautman map, thus reaches up to all types of in-
finity except to the part Z,-, which is, however, related to the
part Z,+ by a simple time reversion. Therefore, we do not
loose any substantial information using only this Robinson-
Trautman coordinate map.

I11. GRAVITATIONAL AND ELECTROMAGNETIC FIELDS
NEAR T

Now we are prepared to discuss radiative properties of the
C-metric fields near the timelike infinity Z. As we have a-
ready mentioned in Sec. |, following [14], by radiative field
we understand a field with the dominant component having
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FIG. 5. Conforma diagram of the t-y section Sg intersecting
only the horizons H, outside black holes, and its embedding into
three-dimensional diagram ¢ =const. Such a section of constant x
(and ¢) with xe (—y,,—Y,.) intersects all horizons except the cos-
mological ones. In contrast to section S, of Fig. 4, section Sy does
not extend through the whole spacetime, but it can be found near all
pairs of black holes. The section still extends between both holes of
a given pair. Section Sy intersects the infinity in two spacelike
surfaces, one forming a future boundary of Sg belonging to domain
Z,+, the other forming a past boundary belonging to domain Z,-, cf.
Fig. 10. Notation for infinity, horizons, etc., isthe same asin Fig. 4.
The shaded area again indicates Robinson-Trautman coordinate
patch.

the 1/# fall-off, calculated in a tetrad parallelly transported
along a null geodesic z(#), 7 being the affine parameter. In
the following we derive the characteristic directional pattern
of radiation, i.e., the dependence of the radiative component
of the fields on the direction along which a given point at the
infinity is approached.

We start with a general null geodesics z( %) approaching a
fixed point N, at infinity Z as n— +o (or n— —). We
observe that coordinates x, y, and u, ¢, as well as metric
functions F, G, and P, are finite at the point N, , whereas the
affine parameter 7 and the Robinson-Trautman coordinate r
go to infinity as the geodesic approaches Z, cf. Sec. Il. We
denote the limiting values on 7 of the coordinates and the
metric functions by a subscript *‘ce.”

To obtain a more detailed description how N., is reached,
we have to find the tangent vector of the geodesic,

Dz . ) ) )
——=to+yd,+Xd+ ¢d,.

a7 3.1

As mentioned in [32], an explicit form of the tangent vector
can be obtained using specific geometrical properties of the
C-metric (2.1). The presence of two Killing vectors é;, d,,,
and of one conformal Killing tensor Q (cf. Sec. Il) implies
that there exist three constants of motion E=—4;- D—;
J=4, -3z, and Q=3Q(g2,52), respectively, for any null
geodesic. Namely, we have

FIG. 6. Conformal diagram of the t-y section S¢ not intersecting
any horizons outside black holes, and its embedding into the three-
dimensional diagram ¢ = const. Such a section of constant x (and ¢)
with x e [X;,—Y,) does not intersect cosmological and acceleration
horizons. In contrast to section Sy of Fig. 4, section S¢ does not
extend through the whole spacetime, but it can be found near any
black hole. Unlike section Sg from Fig. 5, it even does not extend
between holes of a given pair of black holes. Section S intersects
the infinity in a timelike surface which belongs to domain Z,, of the
conforma infinity, cf. Fig. 10. Notation for infinity, horizons, etc.,
and the meaning of the shaded area are the same as in Fig. 4.

- Ft ,__ Gé
TAx+y)2 YT A(x+y)?
Fi?—F Y%+ G 1%+ Gp?
Q= q a (32
2A%(x+y)
In addition, Dz/d » has a null norm
—Ft?+F 1Y%+ G 152+ Gp?=0. (3.3

The above four equations imply
t=EA%(x+y)?F 1, y=eA%x+y)2JEZ-QF,

P=JA%x+y)2G7L, k=A% (x+Y)2/QG—J?,
(3.4

where €,, €,==*1 are the signs of y and X, respectively.
The components of the tangent vector Dz/d%n in the
Robinson-Trautman coordinates (2.7) are thus given by

P =—eAVQG—J?— e, AVE?-QF,

) 1
u= m(ey\/E —-QF+E),

. 1
— =2 -1 -1
g“—ﬁ(ey E —QFF +EF

—6,/QG-J2G1-iJG Y.

(35
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We immediately observe that there exists a family of
simple null geodesics i = AE, {=0=1, corresponding to the
specia choice of the constants J=0=Q, €, = —sgnE. These
lie in the planes x, ¢=const, cf. Eq. (3.4), and they are
considered in Appendix A.

Now, we notice that i remains finite at infinity Z,

f~—AVQG..—J*— e, AVE’~QF..=v. (3.6

This means that r and » are asymptotically proportional,

r=yn. (3.7
We can thus easily obtain the asymptotic behavior of the
above tangent vector by expanding expressions (3.5) in pow-
ers of 1/7 (assuming y# 0 because the geodesic approaches
infinity). We get [59]

bz 1 , —
%~W(r 0r70057c657d(9u),

(3.8)

with the constants ce C and d e R related to the conserved
quantities E, J, Q by

1
c=——(eVE>*—QF.F,'+EF.*
2

- 60/QG..— G 1-iJG 1),

1
JAE. (&

JEZ—QF.+E).

(3.9

These constants are not independent. In fact, they satisfy the
normalization condition (3.3) which in Robinson-Trautman
coordinates asymptotically reads [recal Egs. (2.9) and
(2.15)]

-2, = é 2_
2P “cc+2d+ 3 d=0. (3.10

The expansion (3.8) of the tangent vector corresponds to
the asymptotic form of null geodesics z(7) near Z given by
Eg. (3.7) and

§:§m+i+...’

d
U=Upt — -+,
02/ 02/

(3.11)

The constants {.., U, specify the position at Z which par-
ticular geodesic (3.11) is approaching (or from which it is
receding), whereas c, d represent the (spacetime) direction
along which N, is reached. The constant vy fixes the affine
parameter 7. From Eq. (3.7) we see that if y>0 thenr is
growing and geodesics are approaching the infinity for
n— +o—we will denote these as outgoing. On the other
hand, when y<<0 then the geodesics approach 7 (r —«) as
n— —, i.e, the coordinate r is decreasing with a growing
7. The corresponding geodesics are ingoing: they “start” on
7 and recede from this into finite regions of the spacetime.
Solving the normalization condition (3.10) we obtain

Pavel Krtous$
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g 3.3 /1 A 2cc
TATEA N T IR

where e=*+ 1. For any given c there are thus two real values
of d, according to the sign of e. In fact, the above parameter
€ identifies whether the geodesic is future or past oriented. To
see this explicitly, let us consider the future-oriented timelike
vector @, near infinity [d,- d,= —H=~(A/3)r?<0]. The
projection of tangent vector (3.8) onto @, is, using Eq.
(3.12),

Dz 2 1 Ad)* . A 2cc
P R b A A

(3.13)

(3.12)

The geodesic is thus future or past oriented when ey>0 or
€y<0, respectively. Of course, it is physically natura to
restrict ourselves to future-oriented geodesics only. Without
loss of generality we thus assume the identification

sgn y=e. (3.14)
Consequently, geodesics with e= + 1 are outgoing (reaching
7 for p— +) whereas those with e= — 1 are ingoing (start-
ing a Z for p— — ).

In order to find the radiative behavior of fields near Z we
have to set up an interpretation tetrad transported parallelly
aong a general asymptotic null geodesic, and project the
Weyl tensor and the tensor of electromagnetic field onto this
tetrad. In fact, in the following we will employ several or-
thonormal and null tetrads which will be distinguished by
specific labels in subscript. We denote the vectors of a ge-
neric orthonormal tetrad ast, q, r, s, where t is a unit time-
like vector and the remaining three are spacelike. With this
normalized tetrad we associate a null tetrad k, |, m, m,

k= ! (t+q), I= ! (t—q)
VZ q’ Vi q!
1( is), m: 1(+') (3.15)
m=—(r—is), m=—(r+is), .
V2 V2
such that
k-l=—1, m-m=1, (3.16)

all other scalar products being zero.

The Wey! tensor is parametrized by five standard complex
coefficients ¥,,, n=0,1,2,3,4, defined as its specific compo-
nents with respect to the above null tetrad, see Eq. (B1).
Similarly, the tensor of electromagnetic field is parametrized
by ®,, n=0,1,2, see Eq. (B2). The well-known transforma-
tion properties of coefficients ¥,, and &, under null rota-
tions, boost, and spatial rotation of the tetrad are summarized
in Appendix B.

To define a suitable interpretation tetrad k; , I;, m;, m; we
need to specify either its initial condition inside the space-
time, or its final condition at timelike infinity Z, in a compa-
rable way for al geodesics approaching infinity along differ-
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ent directions. We consider geodesics which reach the same
point N, at Z, and thus we prescribe the final condition there.
We naturally require that the null vector k; is proportional to
the tangent vector (3.8) of the asymptotic null geodesic
(3.11),

K~ & D2 (3.17)
boydy '

We wish to compare the radiation for all such null geodesics
approaching the given point at Z, and it is thus necessary to
consider a unique and universal normalization of the affine
parameter 7, and of the vector k;. A natural and also the
most convenient choice is to keep the parameter y fixed—
see an analogous discussion in [20] near Egs. (5.6) and (5.9).
In fact, this is equivalent to fixing the component p-n of the
4-momentum p=Dz/d» at some large value of r, i.e, at the
given proximity of the conformal infinity.

Following a genera framework introduced in [14], the
null vector |; of the interpretation tetrad now can be fixed
asymptotically by normalization (3.16) and the requirement
that on Z the vector n normal to the infinity belongs to k;-I;
plane. Obviously, the direction of |; a a point N, on Z thus
uniquely depends on the choice of the particular null geode-
sic (3.11) approaching infinity, i.e., on the specific vector k; .
Remaining vectors m;, m; cannot be prescribed
canonically—there is a freedom in choice of their phase fac-
tor (arotation in the transverse m;-m; plane). Therefore, we
have to find such physical quantities which are invariant un-
der this freedom. Obviously, the moduli |V ,| and |® | of the
fields at 7 are independent of the specific choice of the vec-
tors m;, m;.

To derive the field components in the above-defined inter-
pretation tetrad we start with the simple Robinson-Trautman
null tetrad Kgr, lgr, Mgr, Mgr (see, eg., [31]) naturaly
adapted to the Robinson-Trautman coordinates (2.8)

kmzar, |RT=—%H0r+0U,

Mer= (3.18)

ﬁl'U

_ P

Note that the vector kgr is oriented along the double degen-
erate principa null direction k;, cf. Eq. (5.4). In this tetrad
the only nontrivial components W™ and ®F", which repre-
sent the gravitational and electromagnetic fields, are

eZ
\PZRT: — ( m+ ZeZAx— T)r—g,

3 Ar A?r?
w?:—EFWE‘T, szsvw?,

e Ar
@?T:—F, <I>§T:—f23<1>TT. (3.19)

The interpretation tetrad k;, |;, m;, m; can be obtained by
performing two subsequent null rotations and a boost of this
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Robinson-Trautman null tetrad (3.18). We first apply Eq.
(B6), then Eqg. (B3), and finally Eq. (B9) of Appendix B with
the parameters [60]

K= 1+Ad o
MY e
I__Acr
BGEE
A
B=¢ 1+gd, d=0. (3.20)

The resulting null tetrad, using relation (3.10), then takes the
following asymptotic form as n— eo:

1
kiweﬁ(rzﬂr—cﬂg—?ﬂz—dﬂu),

AT _ 6
li"N“GE r ﬂr+C0§+CﬂZ+ d+K a,l,
P- ACdﬂ+ 1+Ad P
e R
P A ATl T
miNW 1+ Ed a§+g?@—P—iﬁu. (3.21)

The above vector k; is indeed obviously tangent to a gen-
eral asymptotic null geodesics (3.11), and satisfies the con-
dition (3.17). Moreover, the normal n to Z, cf. Eq. (2.16),
belongs to the plane spanned by the two null vectors k; and
l;, asrequired,

~6(\/—A k—\/—6ll) (3.22
n~‘/§ g YK A y7n) 22)

Notice that the projection of k; on n is

K € 3
i~n~7—77 A

(323

For outgoing geodesics (e= +1,77— + ) we indeed obtain
k;-n>0, whereas for ingoing ones (e= — 1,5— — ) thereis
ki-n<O.

Therefore, the tetrad (3.21) is exactly the interpretation
tetrad suitable for analysis of the behavior of fields close to
infinity Z. As seen above, the Lorentz transformations from
the tetrad (3.18) to (3.21) are given by two subsequent null
rotations and the boost with the parameters (3.20). Starting
with the components (3.19) in the Robinson-Trautman frame
we thus obtain, using Egs. (B7), (B4), (B10) and (B8), (B5),
(B11), the asymptotic form of the leading terms of gravita-
tional and electromagnetic fields

. 3(m+2e?Ax..) A AT?
i~ A1 —d | - —
ynP% 6 3v2
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A AT
A( 1+_d)_
6 3v2

€e

- , (3.24)
V2ynP.

where x., is the coordinate of the point N,, related to the
coordinates ¢.., U, by Eq. (2.11). The other terms decrease
faster in accordance with the well-known peeling behavior,
which is a consequence of the boost contained in Eq. (3.22)
that is infinite on Z, cf. [14]. Notice also that the square of
®;, gives the modulus of the Poynting vector, 4|S|
~|®5|?, defined in the interpretation tetrad (3.21). Interest-
ingly, the dependence of |W}| and |®}|? on the direction
along which the point N, at infinity Z is approached is ex-
actly the same.

Expressions (3.24) are (formally) identical to Egs. (6.16)
of [20] in which radiation in the C-metric spacetime with
A>0 was investigated. Interestingly enough, one can aso
directly set A=0. The directional dependence given by the
parameters ¢ and d vanishes in this limit (since I; becomes
independent of k;) and formulas (3.24) can be compared with
the results obtained in classic work [32] (see also [33]) for
accelerated black holes in asymptoticaly flat spacetime.

Nevertheless, the physical and geometrical meanings of
Egs. (3.24) is very different now since new interesting and
specific features occur for the A <0 case. The following sec-
tions will be devoted to deeper description and analysis of
the above result.

IV. PARAMETRIZATIONS OF THE NULL DIRECTION
AT T

For a physica understanding of expressions (3.24), as
well as for explicit demonstration of fundamental differences
between radiation generated by accelerated black holes in
spacetimes with A>0 and A <0, we introduce more conve-
nient parameterizations of the direction k; along which the
infinity Z—now timelike—is approached. To parametrize
this radiation direction we first choose a suitable reference
tetrad t,, 4o, o, S ON Z which is orthonormal, adapted to
the infinity,

qo=n, (4.1)
and with t, future oriented. Otherwise the tetrad can be cho-
sen arbitrarily. A natural choiceisto consider atetrad closely
related to the Robinson-Trautman tetrad (3.18), namely,

H 2
k0: EkRT, |0: ﬁIRTi mO: mRT, (42)

so that [cf. Eq. (3.15)]

9= \/ﬁ to,
1
o= \/_ﬁ(to"' Jo)

1r

(rot+isy).
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The null direction k; can be obtained (up to normaliza-
tion) from the above reference vector k, by a null rotation
(B6), and thus it can be parametrized by a complex param-
eter Ras [61]

kick,+ Rm,+ Rm,+ RRI,. (4.4)

Comparing this expression with Eq. (3.21) we can relate Rto
the parameters ¢ and d,

)8, R
CONTRTTRE

6 [R?

=X 1R

(4.5)

Now we may rewrite the directiona pattern (3.24) in terms
of the parameter R. First, recall that there is no canonical
way how to choose the phase of the transverse null vectors
m;, m;. Therefore, invariant information independent of a
choice of the interpretation tetrad is contained only in the
moduli of fields components. Substituting relations (4.5) into
expressions (3.24) we obtain

3A%(m+2e?Ax..) |1-RR[31-R,R|?

W)~

ynPs (1-[R»*
(1 lelA [1-RR||1-R.R|
oL~ , 4.6
where
A P,
R1:0, R2: - g T (47)

We have introduced here not only R, but also a ‘‘ super-
fluous” parameter R;=0. This is motivated by a general re-
sult [62] concerning an asymptotic structure of the fields
when A<O0. In fact, the real parameters R;, R, have an
important  physical meaning—they represent double-
degenerate principal null directions (PNDs) k; and k;, [cf.
Eg. (2.5)] at the infinity Z. Indeed, the specific complex pa-
rameter R representing a PND with respect to the reference
tetrad has to satisfy quartic equation (=0 (see, e.g., [31]),
i.e, using Eq. (B7),

RS+ 4RPWS+ 6R2WS+ 4RV +W3=0. (4.8
This, in view of Egs. (4.2), (B10), and (3.19), asymptatically
reduces exactly to
(R—Ry?(R—Ry)?=0. (4.9
Therefore, the first double-degenerate PND k; is indeed

given by R=R;, whereas the second one, k,, is given by
R: Rz.
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Instead of using the complex parameter R for identifica
tion of the null direction k; we can introduce two real param-
eters with an obvious geometrical meaning. First, we per-
form a normalized projection of the null vector k; onto Z,
defining thus the unit timelike vector t,, tangent to the infin-
ity:

t_m (4.10)
" ken[ '

Then t, represents the radiation direction along Z corre-
sponding to the null vector k;oct,+ en. We can characterize
tp (and thus k;) with respect to the reference tetrad as

tp=cosh ¢ tot+sinhy(cose rotsing s).  (4.11)

The parameters ¢, ¢ are pseudo-spherical coordinates,
e[ 0,0) corresponding to aboost, and ¢ €[ 0,277) being an
angle. Their geometric meaning is visualized in Fig. 7. How-
ever, these parameters do not specify the null direction k;
uniquely—there always exists one ingoing and one outgoing
null direction with the same parameters ¢ and ¢, which are
distinguished by e.

Substituting Eq. (4.4) into Eq. (4.10) and comparing with
Eq. (4.11) we can express ¢y and ¢ in terms of R as

2|R|

tanh l//:mz, ¢=—argR. (412)

Observing that the sign of the expression 1—|R|?k;-n de-
termines whether k; is ingoing or outgoing, i.e.,

e=sgn(1—|R}?), (4.13)

we can write down the inverse relations,

tanhgexp(—i(/;) for k; outgoing (e=+1),

R=
cothgexp(fi(j)) for k; ingoing (e=—1),
(4.14)
and also the relations to the parameters ¢ and d,
A 2c H . Ad .
—€e\~g p_-Snhyexp(ig), e 1+=d|=coshy.
(4.15)
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o

R,

!

FIG. 7. Parametrizations of a null direction at timelike infinity
Z. All null directions at a point N..eZ can be characterized by a
future oriented null vector k. According to their orientation
e=sgn(k-n) with respect to Z, these can be divided into outgoing
and ingoing families—see, e.g., vectors k{®9 and k(" in the figure.
(Special null directions tangent to Z will not be discussed here.) The
null direction is parametrized by a boost ¢ and an angle ¢, or
aternatively by spherical angles 6, ¢. These parametrizations are
defined with respect to the reference tetrad t,,, g, I, S,- In the top
diagram the vectors t,, q,, I, (Wherer,=cos¢r,+sings) ae
depicted, the remaining spatia direction s; is suppressed. In the
bottom left diagram the timelike direction t, is suppressed and all
spatial directions are drawn. Finally, in the bottom right diagram the
spatial direction g,=n normal to Z is omitted. The parameters i, ¢
specify the normalized orthogonal projection t, [Eq. (4.10)] of the
null vector k onto Z by Eq. (4.11). All possible t, form a two-
dimensiona hyperboloid H drawn in the bottom right diagram. This
hyperboloid can be radially projected onto a two-dimensional disk
tangent to the vertex of the hyperboloid given by t,. The disk can
be parametrized by radial coordinate p=tanh ¢, and angle ¢. Alter-
natively, the null direction can be characterized by the normalized
spatial projection g, [Eqg. (4.17)] of the null vector k into the
3-space orthogonal to t,. The projection g, can be parametrized by
spherical angles 6, ¢ with respect to the reference tetrad, see Eq.
(4.18). All spatia projections g, form a two-dimensional sphere S
shown in the bottom left. This sphere can be orthogonally projected
onto Z, where it again forms a two-dimensional disk parametrized
by p=sin 6, and ¢, cf. Eq. (4.19).
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k outgoing (e=+1)

k ingoing (e=—1)
k1 outgoing (e1=+1), ¥1=0

a) Ra>1 . .
(@) ky ingoing (e2=—1), 1270, ¢2=0

k outgoing (e=+1) k ingoing (e=—1)
ki outgoing (e1=+1), ¥1=0

b) Rx<1
(b) 2 ko outgoing (e2=+1), 12740, ¢2=0

FIG. 8. Possible directiona patterns of radiation (4.16) [or, equivalently, (4.6), (4.21)] which express the magnitude of the leading terms
of gravitational or electromagnetic fields as a function of a direction from which the point N., at infinity Z is approached. The corresponding
outgoing (e= + 1, small white spot) or ingoing (e= — 1, black spot) null geodesic with a tangent vector k are parametrized by p=tanh ¢ and
¢, cf. Fig. 7. The patterns (a) apply to points N.. in which the double degenerate PND k, (white spot) is oriented outwards from the universe
whereas k, (black spot) inside it. The patterns (b) apply to points in which both the PNDs are outgoing. The pattern (b) would also apply for
points where both PNDs are ingoing, only with exchanged words *‘ingoing”” and ‘‘outgoing.” The radiation completely vanishes along

directions which are exactly mirrored of the PNDs, with respect to Z.

Substituting from Eqg. (4.15) into Eqg. (3.24) we obtain

[A| (m+2e2Ax.,)
4 Yn
X |R; 1(1+ € cosh ) — e sinh ¢ exp(i ¢) |2,

]
2 24 yny

X R, }(1+ € cosh ) — e sinh ¢ exp(i ¢) .
(4.16)

W~

The dependence of the fields on the parameters ¢ and ¢ is
shown in Fig. 8.

There exists yet another natural possibility how to char-
acterize the null direction at the infinity. Instead of decom-
posing the propagation vector k; into the component normal
to Z and the transverse timelike vector t,, tangent to Z, we
may alternatively consider its normalized spatial projection
g, , where by the spatial projection we mean a projection to a
suitable three-dimensional space, say that orthogona to t,
(see Fig. 7). This spatial propagation vector

_ ki+(ki'to)to

Sy (4.17)

such that kj<t,+q,, is naturally characterized by spherical
angles 0 and ¢ with respect to the spatial vectors qq, Iy, S
of the reference tetrad, namely,

g,=C0s6 gotsinf(cose ry+sing s,).  (4.18)
Obviously, this is more convenient for a unified description
of both outgoing (e=+1) and ingoing (e=—1) null geo-
desics. The former are parametrized by 6 [ 0,7/2), the latter
by 6e (7/2,7]. Comparing with the previous parametriza-
tions of the null direction k; we obtain

. 2R
sin #=tanh )= WEp,

o, LIRE
cos = e sech = 1+|R|2’

0=esinhy= 2IR] 4.19
tan f= e sin lﬂ—m (4.19)

The parameter p is used in Figs. 7, 8, and 11. The inverse
relation

R=tangexp( —i¢), (4.20)
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and analogous expression Eq. (4.14), show that R is actually
a stereographic parametrization of g,, and Lorentzian stereo-
graphic parametrization of t;,.

Expressing the fields (4.16) using 6 and ¢ we get

oAl (m+2e’Ax,) . 2
Wi~ = oz |Re (L +cos0)—sindexp(i g%

|DL|~ \/m l|R‘1(1+cosa)—sin'éiexp(icza)l
2 24 ypylcosd]' 2 :
(4.21)

We have thus presented the directional radiation pattern at
the anti—de Sitter infinity using three suitable parametriza-
tions of the null direction along which the infinity is ap-
proached, namely Egs. (4.6), (4.16), and (4.21). The pattern
is depicted in Fig. 8. Now we can proceed with its physical
interpretation.

V. ANALYSIS OF THE RADIATION PATTERN

First, we observe that the radiation *“blows up” for direc-
tions with |R|=1, i.e,, y—», §=m/2, p=1. These are null
directions tangent to the infinity Z, and thus they do not
represent a direction of any outgoing or ingoing geodesic
approaching the infinity from the “interior” of the space-
time. The reason for this divergent behavior of the radiation
is purely kinematic: by imposing the ‘‘comparable” final
conditions for the interpretation tetrad [cf. the discussion
after Eqg. (3.17)] we have fixed the projection of the
4-momentum peck; onto the normal n. Clearly, this condition
leads to an “infinite” rescaling of k; if k; istangentto Z, i.e,,
orthogonal to n. Such rescaling results in the above diver-
gence of | W), and | D).

This divergence at |R| =1 actualy splits the radiation pat-
tern into two components—the radiation pattern for outgoing
geodesics, |R|< 1, and to the pattern for ingoing geodesics,
|IR|>1, cf. Eq. (4.13). These two different patterns corre-
spond to Eq. (4.16) with e=+1 and e=—1, respectively.
They are depicted in Fig. 8 as separate diagrams.

From Egs. (4.6) it can immediately be observed that ra-
diation completely vanishes, | ¥},|=0=|®}|, along specific
null directions with R=R,, satisfying

Rm:R_l or Rm:R—Z.

(5.1
In fact, the direction given by /R, n=1,2 is the mirrored
reflection of the PND k,, with respect to Z: using Egs. (4.13),
(4.14) we find that both 1/R,, and R, correspond to the same
=1, (and ¢=0) but with the opposite €. The radiation
thus vanishes along mirrored reflections of the PNDs [63].

In terms of pseudo-spherical parameters #, ¢ we find, cf.
also Egs. (4.16), that the radiation vanishes along outgoing
(e=+1) null geodesics such that

Im

coth7 =R,, ¢n=0, (5.2
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or along ingoing (e= —1) geodesics given by

tanh%= Ri=¢,=0, or
tanh% = R2 f qu: (53)

Clearly, only one of the conditions (5.2), (5.3) involving R,

can be satisfied for a given value of R,. Therefore, further

description of the radiation pattern necessarily depends on

the specific algebraic structure of the spacetime at a given

point N, at Z, in particular on the orientation of PNDs.
The PNDs have explicit form, cf. Egs. (4.4), (4.7),

1
Ky 5 (tot do) =Ko*Kgr,

K 1
o —
)

1-R3 2R,

to+ m(ﬁ]f*‘ mg fol- (5.4)

Using the relation (4.14) they can be parametrized as
l»bl: 0,

2 [RZ

N for Ro<1
tanh—-=
UR,

for R,=1’ $2=0.

> (5.5

By inspecting Egs. (5.4) we observe that the first PND k;
always points along the normal n=q,, i.e., outside the uni-
verse. However, for the second PND k, there are distinct
possibilities according to whether R,=1. At points on 7
where R,<1 the vector k, is outgoing (e,=+1), i.e, ori-
ented outside the universe. In the regions where R,>1 it is
ingoing (e,=—1), oriented inside the universe. At specia
points where R,=1 the PND k= (t,+r,) has no component
along n; it is tangent to Z.

Which of these three alternatives can occur depends on
values of the parameters describing the spacetime. Before we
continue with a discussion of the different possihilities, let us
note that the three possible regions of Z with the distinct
structure of PNDs exactly coincide with regions of different
characters of the Killing vector field ;. Recalling (2.12), the
value of the metric function F at a given point N, on Z is
F.=F|y-_, . Considering Egs. (2.3), (2.9), and (4.7) we
obtain

R3— ,
Fm:jp—:(Rz—l)Gm, (5.6)
which demonstrates the relation between the structure of
PNDs and the character of the spacetime near infinity. If
R,<1 then F,,<0 and the Killing vector @, near 7 is space-
like. If, instead, R,>1 then F..>0 and @, is atimelike Kill-
ing vector field—the region near 7 is thus static. The above
two domains of infinity are separated by the Killing horizon
consisting of points for which R,= 1, where the Killing vec-
tor is null. Note that the Killing horizons may indeed extend
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<

FIG. 9. When A<\—A/3, the C-metric represents a single,
uniformly accelerated black hole. The region near infinity Z is ev-
erywhere static. The first PND k; is oriented outside the universe,
whereas the second one k, points inside it.

(for sufficiently large acceleration) to the conformal infinity,
which is a specific property of anti—de Sitter C-metric.

A. A single accelerated black hole

We now discuss the case when the acceleration parameter
A is smal, A<{—A/3. As explained in Sec. Il A, the
C-metric then describes a single uniformly accelerated black
hole in an anti—de Sitter universe. Its global structure for a
constant ¢ is visualized in Fig. 1. There are no Killing hori-
zons extending to Z (which would correspond to F.,=0, i.e,,
R,=1) since using Eq. (4.7), (2.10), and 0<G<1 thereis

R,>P, =——=>1, (5.7)

1
VG..
for all xe[xs,Xp]. Accordingly, the region near infinity Z is
everywhere static. We thus find that the first PND k; is a-
ways oriented outside, whereas the second one k;, is always
oriented inside the universe, see Eq. (5.4) and Fig. 9.

The corresponding radiation pattern is shown in Fig. 8(a).
There exists just one direction along which the outgoing
radiation (e=+1,|R|<1) vanishes, namely the direction
Rn=1R,. It is the mirrored reflection of the ingoing PND
k, [see the left part of Fig. 8(a)]. In terms of pseudo-
spherical parameters the direction is described by Eq. (5.2),
i.e, Ym= i and ¢y= h,=0, where y,—the boost param-
eter characterizing k,—is given by Eq. (5.5). The radiation
pattern for ingoing radiation (e=—1, |R|>1) is visualized
in the right part of Fig. 8(a). Again, there exists just one
direction of vanishing radiation given by R,=1/R;= [i.e,

m=1=0, cf. Eq. (5.3)], which is also the mirrored reflec-
tion of a PND, this time of the outgoing K .

B. A pair of accelerated black holes

A more interesting but also more complicated situation
occurs when A>+/—A/3. In this case the C-metric repre-
sents pairs of uniformly accelerated black holesin an anti—de
Sitter universe, asindicated in Figs. 2—6; see Sec. |1 B. There
are (outer) black-hole horizons H,, acceleration horizons
‘H., and cosmologica horizons H,; see Fig. 2(a). At Z, the
horizons H, and H, can be identified by R,=1. They sepa-
rate various static and nonstatic regions of Z, and simulta-
neously the domains of infinity with different structure of the
PNDs, as shown in Fig. 10. The vector k; is always oriented
outside the universe. In the static domains of Z where

Pavel Krtous$
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FIG. 10. For large values of A>\/— A/3 the C-metric represents
pairs of accelerated black holes. The conformal infinity Z shown on
the left is divided by horizons H, and H, into several distinct do-
mains. Zo and Z,, are static, whereas 7Z,+ and Z,- are nonstatic.
Moreover, in the regions Z (corresponding to sections S,) and Z;,
(corresponding to S¢) the PND k; is oriented outwards, whereas
the PND k, is oriented inwards. In Z;+ (sections Sg) both k; and k,
point outside the universe, in Z,- both the PNDs point inside it.

R,>1, denoted as Zo and 7, Kk, is oriented inside it; see Eq.
(5.4). These domains of the infinity can be reached through
the sections S, and Sc, cf. Figs. 4, 6. On the other hand, in
the domain where R,<<1, denoted as Z,+ (accessible through
Sg, Fig. 5), both PNDs are oriented outside the spacetime.

In each of these regions the radiation pattern (4.16) is thus
different. In particular, it admits a different number of direc-
tions along which the radiation vanishes. Recalling that the
rediation vanishes along mirrored reflections of PNDs, we
see that in the static regions Zg and Z;, there is just one
outgoing (e=+1) direction aong which the radiation
vanishes, as in the previous case of a single black hole. This
is the mirrored reflection of k,, R,=LUR, [¥mn= >,
¢dm=d»,=0, cf. Eq. (5.2)]. The corresponding directional
pattern is again given by the left part of Fig. 8(a). However,
in the nonstatic region Z,+ there is no outgoing direction
along which the radiation vanishes because mirrored reflec-
tions of both PNDs are ingoing. In other words, the condition
(5.2) cannot be satisfied because R,< 1. The radiation pattern
for outgoing directions for this case is shown in the left part
of Fig. 8(b).

Of course, the number of null directions with vanishing
radiation in the pattern for ingoing geodesics (e=—1) is
complementary. In the domains Zg and Z;; with R,>1 there
is again just one zero, now given by the mirrored reflection
of k; (Rpy=2, ¢¥n=1=0); see the right part of Fig. 8(a).
On the other hand, in the domain Z;+ there are exactly two
zeros for ingoing radiation given by mirrored reflections
of both PNDs [R,=, #,=0, and R,=1R,, =1,
¢m=0, cf. Eq. (5.3)] as shown in the right part of Fig. 8(b).

In addition, there is also another domain with R,<1,
namely the domain Z,-; see Fig. 10. Here both PNDs are
oriented inside the spacetime. However, the region |~ of the
spacetime and its infinity Z,- are not covered by the same
map of Robinson-Trautman coordinates as that used above.
We have to introduce another *‘time-reversed” map to cover
the white domain in Fig. 5. Still, the directions of vanishing
radiation are given by mirrored directions of the PNDs at the
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infinity, similarly to the cases discussed above. The mirrored
directions of the PNDs are both outgoing so that the radia-
tion pattern for outgoing geodesics contains two zeros |cf.
the right part of Fig. 8(b)], whereas the pattern for ingoing
geodesics does not have any zero directions, cf. the left part
of Fig. 8(h).

To summarize, the directional patterns of outgoing radia-
tion [Egs. (4.16) with e=+1, or Egs. (4.6) with |R|<1] in
the domains Zo, Z;+, Z,-, and Z;, of the conformal infinity
are given by the left (a), left (b), right (b), and left (a) parts of
Fig. 8, respectively. For ingoing radiation [Egs. (4.16) with
e=—1, or Egs. (4.6) with |R|>1] these are given by the
right (a), right (b), left (b), and right (a) parts of Fig. 8,
respectively.

C. Vanishing acceleration

Finally, we briefly describe the character of radiation
when the acceleration vanishes, in which case the spacetime
describes a single nonaccelerating black hole in an anti—de
Sitter universe (*‘Reissner-Nordstrom—anti—de Sitter solu-
tion”). It is thus spherically symmetric with surfaces t, y
=const being the orbits of the rotational group, and radial
directions being contained in sections x, ¢=const. From
A=0 it follows R,=, cf. Eq. (4.7), and the above genera
expressions simplify. In particular for A=0 not only
Krroeky o (1V2)(to+ o), but also Igrockyo (1v2) (to—qy) is
a PND, see Eq. (5.4); thisis consistent with relations (3.19)
in which only the components ¥5' and ®5' remain nonva-
nishing. At the infinity Z the PNDs are mutually mirrored
reflections, k; oriented outside the universe and k, inside it,
parametrized by ¢, =0=s,; see Egs. (5.4), (4.12). Both the
PNDs point in radia directions of the spherical symmetry.
Moreover, since R,>1, it follows from relation (5.6) that the
region near Z is always static, without the Killing horizon
extending there.

For vanishing acceleration the expressions (4.16) and
(4.21) reduce to

|Al m

4

|¢i|~\/mﬂsinh¢:\/MH|tana| (5.8)
2 24 yy 24 vy T

The corresponding directional pattern of radiation, shown in
Fig. 11, is axially symmetric and independent of e, i.e, it is
the same both for ingoing and outgoing null geodesics. In-
terestingly, even for a nonaccelerated black hole there is thus
radiation on Z along any nonradial null direction, i.e., except
for 4y=0, e==1, which corresponds to both PNDs. This
may seem quite surprising since the region near infinity is
static. It is a completely new specific feature: for A>0 a
generic, nonradial observer near Z+ would also detect radia-
tion generated by nonaccelerated black holes [20], but the
region near infinity is nonstatic. In asymptotically flat space-
times (A =0) there is no radiation on Z* from black holes
with A=0 [32], which, remarkably, aso follows from ex-
pression (3.24).

Al m

nh? = — —tan’ 6,
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k outgoing (e=+1)
ki outgoing (e1=+1), 91=0

k ingoing (e=—1)

ko ingoing (e2=-1), 12=0

FIG. 11. The directional patterns of outgoing/ingoing radiation
are the same and axially symmetric when A=0. In such a case the
PNDs k; and k, are mutua mirror images under reflection with
respect to Z. Therefore, there is exactly one direction given by
=0 aong which the radiation vanishes, both for outgoing and
ingoing null geodesics.

VI. SUMMARY

It was observed already in the 1960s by Penrose
[12,13,18] that radiation is defined “‘less invariantly” in
spacetimes with a non-null Z. Recently we have analyzed the
C-metric solution with A>0 [20] and found an explicit di-
rectional pattern of radiation. This fully characterizes the ra-
diation from uniformly accelerated black holes near the de
Sitter—like conformal infinity Z*, which has a spacelike
character. Here we have completed the picture by investigat-
ing the radiative properties of the C-metric with a negative
cosmological constant. This exact solution of the Einstein-
Maxwell eguations with A<<O represents a spacetime in
which the radiation is generated either by a (possibly
charged) single black hole or pairs of black holes uniformly
accelerated in an anti—de Sitter universe.

We have analyzed the asymptotic behavior of the gravita-
tional and electromagnetic fields near the conformal infinity
Z, which has atimelike character. The leading components of
the fields have been expressed in a suitable paradlelly trans-
ported interpretation tetrad. These components are inversely
proportiona to the affine parameter of the corresponding null
geodesic. In addition, an explicit formula (4.16) [or, equiva
lently, Egs. (4.6) and (4.21)] which describes the directional
pattern of radiation has been derived: it expresses the depen-
dence of the field magnitudes on spacetime directions from
which a given point N, at infinity Z is approached. This
specific directional characteristic supplements the peeling
property, completing thus the asymptotic behavior of gravi-

124004-15



144

PODOLSKY, ORTAGGIO, AND KRTOUS

tational and electromagnetic fields near infinity Z with a
timelike character.

We have demonstrated that the situation is much more
complicated in the anti—de Sitter case than in the case
A>0. The new specific feature is that timelike conformal
infinity Z is, in general, divided by Killing horizons into
several static and nonstatic regions with a different structure
of (double degenerate) principal null directions. In these dis-
tinct domains of infinity the directional patterns of radiation
differ. For example, there are different numbers of geometri-
caly privileged directions (namely one, two, or none) in
which the radiation vanishes completely. These exactly cor-
respond to mirrored directions of principal null direction,
with respect to Z. Accordingly, there exists an asymmetry
between outgoing and ingoing radiation patterns in al the
domains.

Asinthe A >0 case[64], it seems plausible that a general
structure of the radiation pattern at conformal infinity de-
pends only on the PNDs there, i.e, it is given by the alge-
braic (Petrov) type of the spacetime. This hypothesis will be
proven elsewhere [62].
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APPENDIX A: RADIATION ALONG SOME PARTICULAR
NULL GEODESICS

Here we concentrate on a geometrically privileged family
of special geodesics which asymptotically take the form
(3.11) with c=0. It follows from Eqg. (3.12) that this corre-
sponds either to outgoing null geodesics with d=0 or ingo-
ing ones with d=—6/A.

In fact, the geodesics c=0=d are exact null geodesics

u=u,=const, (=/,=cong, (A1)
in the whole spacetime, with r being their affine parameter.
They approach infinity Z along the (double degenerate) prin-
cipal null direction kgr= 4, , which is characterized by the
parameter =0, see Eq. (4.15) (or by #=0). It can be
shown that the Robinson-Trautman tetrad (3.18) is parallelly
transported along these geodesics,
and it is also invariant under a shift along the Killing vector
o, e, EﬂthT=O, EﬂtIRT=O, L Mgr=0, respecting thus a
symmetry of the spacetime. Consequently, we can
naturally set the interpretation tetrad (k;,l;,m;,m;)
= (Kgr,lgr,Mgr,Mgr) in the whole spacetime, not only as-
ymptoticaly near Z, as in Eq. (3.21) for c=0, d=0. As
follows from Egs. (3.19), all components of gravitational and
electromagnetic fields are explicitly given by
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3A?

7P

2
e\ 1
m+262AX_T>T’

[
5=

) e?\ 1
m+2e AX_T 2

. e?\ 1 . .
\Ir'2=—(m+2e2Ax—T)F, vi=¥y=0, (A3

and

eA 1

TR

1 .
1 r—z f q)'O: 0. (A4)

N[ @

Clearly, the leading terms in the L/r expansion give the pre-
vious general asymptotical results (3.24) with c=0=d. In
the case of anti—de Sitter spacetime (m=0,e=0) the field
components obviously identically vanish. In the general case
the fields have a radiative character (~ 1/r) except for avan-
ishing acceleration A and/or for P=c. The interesting
“static’” limiting case A=0 has been aready discussed in
Sec. V C. The case P= corresponds to observers located at
the privileged position where G=0, i.e,, on the axes x=x,
and x=x; where the strings/struts are localized. This is
analogous to the situation when A >0 [20], and an electro-
magnetic field of accelerated test charges in flat spacetime:
thisis also not radiative along the axis of symmetry, which is
the direction of acceleration.

Let us aso recal (see [20]) that the affine parameter r
coincides both with the luminosity and the parallax distance
for the congruence of the above null geodesics. The radiative
Ur fall-off of thefieldsis naturally measurable (even locally)
by observers moving radialy to infinity, using both the lu-
minosity and the parallax methods for determining the dis-
tance.

Concerning the other special family of ingoing null geo-
desics, c=0, d=—6/A, e=—1, it can be observed that the
transformation given by Eq. (3.20) becomes singular and Eq.
(3.21) is not thus justified. However, from Egs. (3.8), (3.17),
and (3.18), with the condition (3.22) for fixing I;, it follows
that in this case

A
li=— =129 ~— =¥ n’Kar, (A5)

6 6

which—somewhat surprisingly—fully agrees with expres-
sions (3.21) for the specia case c=0, d=—6/A. Thus the
interpretation tetrad along these geodesics is equivalent to
the tetrad (3.21) along the PND given by c=0, d=0 [which
itself agrees with the Robinson-Trautman tetrad (3.18)] after
interchanging ki« |; and m;«- —m;, accompanied by a boost
(B9) with B=—6/(Ar?). Components of the gravitational
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and electromagnetic fields can thus easily be obtained from
Eg. (A3),(A4). In particular, it follows that ¥)~0~W¥},
Wy~ Wi~y % Wo~n®, and ©y=0, ®j~y 2
®{,~7 3. Obviously, the radiative parts of the fields vanish
along these specia ingoing geodesics, which agrees with the
expression ,=0 in Eq. (5.3), cf. Eq. (4.15). Indeed, this
direction is just the reflection of the PND k; .

APPENDIX B: TRANSFORMATIONS
OF THE COMPONENTS ¥,, AND @,

The Weyl tensor can be parametrized by five standard
complex coefficients defined as components with respect to a
null tetrad (see, e.g., [31]):

W= C,p,sk*mPkYm?,
W1 =C,p, sk 1Pk7mM?,
Wy=—C,p,sK“mPIYM?,
W3=C,p,s“kAI"M?,
W,=C,p,sl “MPI7M°. (B1)

Similarly, the tensor of electromagnetic field is parametrized
as

(I)OZ Faﬁkamﬁ,
1= 3F,5(k1P—m*mP),
D,=F,zm"~. (B2)

These transform in a well-known way under the following
particular Lorentz transformations. For a null rotation with k
fixed, L e C,

k=k,,
|=1,+Lmy+ Lmy+Lm,+LLKk,,

m=mgy+LK,, (B3)

Vo=W3,

W =LWS+ WY,
W,=L2W3+ 2L W+ WS,
Woy=L3W5+3L2Wo+3L WS+ WS,

W,=L*W+4L3WS+6L2WI+4L WS+ WS,  (B4)
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®y=dg,
D=L+ DY,
D,=L2PJ+ 2L Do+ DY, (B5)
Under a null rotation with | fixed, K e C,
k=Kky+Kmy+Km,+KKl,,
I=lo,

m=my+Kl,, (B6)

V=K W3+ 4K3W 5+ 6K2W 5+ 4KV I+ WS,
W, =K3W 3+ 3K2W 5+ 3KV I+ VY,
W,=K2W 9+ 2KWS+ W9,

V=KW 5+ V3,

W,=vg, (B7)

Do=K2D5+ 2K+ D],
O, =KD5+ D7,
Dy=D3. (B8)

Under a boost in the k-l plane and a spatia rotation in the
m-m plane given by

k=Bk,, |=B71,,
m=exp(i®)m,, (B9)
B, ® € R, the components ¥,, and ®,, transform as

V,=B2exp(2id)¥?,

v, =Bexp(i®)V¥?,

v,=",

V=B lexp(—id)V¥3,

V,=B 2exp(—2i®)¥?, (B10)

®o=Bexp(i®)DyY,
(Dl:(bg,

®,=B lexp(—id)d3. (B11)
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We analyze the asymptotic structure of general gravitational and electromagnetic fields near an anti—de
Sitter—like conformal infinity. The dependence of the radiative component of the fields on a null direction
aong which the infinity is approached is obtained. The directional pattern of outgoing and ingoing radiation,
which supplements standard peeling property, is determined by the algebraic (Petrov) type of the fields and also
by the orientation of the principal null directions with respect to timelike infinity. The dependence on the
orientation is a new feature if compared to spacelike infinity.

DOI: 10.1103/PhysRevD.69.084023

In spacetimes which are asymptoticaly flat the behavior
of radiative gravitational and electromagnetic fields near in-
finity has been rigorously analyzed by means of now classi-
cal techniques, such as those in Refs. [1-3]. However, it still
remains an open problem to fully characterize the asymptotic
properties of more general exact solutions of the Einstein-
Maxwell equations. Even in spacetimes which admit a
smooth infinity Z the concept of radiation is not obvious
when the cosmological constant A is nonvanishing. If we
define the radiative component of a field as the 5~ term of
the field with respect to a parallelly transported tetrad along
anull geodesic (7 being affine parameter), then for A # 0 the
radiation depends on the direction along which the geodesics
approach a given point at Z [2,3].

It is natural to analyze and describe such dependence.
Recently, we studied [4] this behavior of fields near Z in the
case A>0 and demonstrated that the directional pattern of
radiation close to de Sitter—like infinity has a universal char-
acter that is determined by the algebraic type of the fields. In
the present work we investigate the complementary situation
when A <O0. Interestingly, athough the method is similar to
the previous case, the results turn out to be more compli-
cated, and completely new phenomena occur. This stems
from the fundamental difference that the anti—de Sitter—like
infinity Z is timelike, and thus admits a “‘richer structure”” of
radiative patterns. This fact was recently demonstrated by
analyzing radiation generated by accelerating black holes in
an anti—de Sitter (AdS) universe [5]: 7 is divided by the
Killing horizons into several domains with a different struc-
ture of principal null directions, in which the patterns of
radiation differ. Moreover, ingoing and outgoing radiation
have to be treated separately. It is the purpose of our work to
generalize these results and to describe all the possible radia-
tive patterns for gravitational and electromagnetic fields near
an anti—de Sitter—like infinity.

A study of spacetimes with A # 0 is motivated also by the
fact that they have now become commonly used in various
branches of physical research, e.g., in inflationary models
brane cosmologies, supergravity or string theories, in par-
ticular due to the AdS conformal field theory (CFT) corre-
spondence. Although branes and strings are typically studied
in higher-dimensional spacetimes, four-dimensional models
have also been considered (see, e.g., Refs. [6], [7]). Our con-
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tribution analyzes only standard 3+1 universes with
A <0; generalization to higher dimensions does not seem to
be straightforward.

I. SPACETIME INFINITY, FIELDS, AND TETRADS

The conformal infinity Z can be introduced [2,3] as a
boundary of physical spacetime M with physical metric g,
when embedded into a larger conformal manifold M with
conformal metric §= w?g; the conformal factor w (negative
in M) vanishes on Z. Assuming § is regular there, the metric
g is “infinite” on Z, and 7 is thus infinitely distant from the
interior of spacetime M. We will be interested here in a
timelike conformal infinity which is characterized by a space-
like gradient dw on Z. The conformal metric g near such an
anti—de Sitter—like infinity can always be decomposed into
Lorentzian three-metric 7g tangent to Z, and a part orthogo-
na to it,

9= 2(7g+N2dw?). (1)
The spacelike unit vector n normal to the infinity is then
n'“:—wfl’l{lg””d,,w. 2

We denote the vectors of an orthonormal tetrad as
t, g, r, s (t timelike) and the associated null tetrad as

k=L (t4q), 1= —(t-q)
- q), _‘/2 a),

V2
l( is), m: 1( +is) 3
m=—(r—is), m=—(r+is),
V2 V2
so that k-1=—1, m-m= 1. In the null tetrad the Wey! tensor

Capys Can be parametrized by five complex coefficients ¥,
j=0,1,2,3,4, and the electromagnetic tensor F,z by three
coefficients ®;, j=0,1,2; see Refs. [8], [9].

We wish to investigate the behavior of these field compo-
nents in an appropriate interpretation tetrad paralelly trans-
ported along future oriented null geodesics z( ») which reach
a given point P, a Z. Such geodesics form two distinct

©2004 The American Physical Society
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families which are distinguished by their orientation €. geo-
desics outgoing to Z which end at P, (e=+1) and geode-
sics ingoing from Z which start at P, (e=—1). A geodesic
thus reaches the point P, for the affine parameter 7— ew.
The lapse-like function N>0 and the conforma factor
<0 can be expanded along the geodesic in powers of 1/7
as N=N.+-, wo~ew, n '+ Here, N.=N[p_is the
same for all geodesics reaching P.,. Moreover, we require
that the approach of al geodesics to the infinity is *“compa-
rable,” independent of their direction, so we assume w, to
be a (negative) constant. It is equivalent to fixing the mo-
mentum p,=p-n (p=Dz/d#% being the four-momentum) at
a given small value of w. This choice of the *‘comparable”
approach to 7 is the only one we can apply unless there are
additional geometrical structures (as, e.g., a Killing vector)
which would allow us to fix a different quantity (e.g., the
energy). We will see that this choice has significant conse-
quences for the character of the radiation pattern.

The interpretation tetrad k;, I;, m;, m; aso has to be
specified ** comparably” for al geodesics having different di-
rections. We require that (i) the null vector k; is proportional
to the tangent vector of the geodesic

1 Dz
Ki=———, (4)
V2N, d7

the factor being independent of the direction, and (ii) the null
vector |; is fixed by normalization k;- [;= — 1 and the require-
ment that norma vector n belongs to k;-I; plane [3]. The
remaining vectors m;, m; cannot be specified canonicaly.
Below, these vectors will be chosen arbitrarily and we will
only study moduli |¥},| and |®}| of the radiative field com-
ponents which are independent of such a choice.

As np—ew, the interpretation tetrad is ‘“infinitely”
boosted with respect to an observer with four-velocity tan-
gent to Z. To see this explicitly, we introduce an auxiliary
tetrad t,, Qp, rp, S @dapted to the infinity, g,=en, with
timelike vector ty, given by the projection of k; to Z,

tpocki—(ki-njn, 5
and the spatial vectorsry, s, being identical tor;, 5. Check-
ing that k;-n~e(1/v2) »~* we obtain

1
ki=Bikp= ﬂflﬁ(tﬁ en), mi=mp,

1 —
li:Bi_llb:nE(tbien)’ m;=my, (6)

B;=1/7 being a boost parameter which approaches zero on
7, i.e, it represents an "“infinite” boost. Under this the fields
transform as W =B 1¥?, ®|=B '®P. Considering the
behavior (10) in a tetrad adapted to 7 this implies standard
peeling-off property.

Pavel Krtous$
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FIG. 1. Parametrization of a null direction k near timelike infin-
ity Z. All null directions form three families: outgoing directions
(k-n>0, vector k® in the figure), ingoing directions (k-n<o,
vector k() and directions tangent to Z. With respect to areference
tetrad t,, qo, o, S, adirection k can be parameterized by boost ,
angle ¢, and orientation €, or by parameters p, ¢, or by a complex
number R. In the upper diagram, the vectorst,, q,, I ,, are depicted,
the remaining spatial direction s, is suppressed; in the bottom the
direction gq,= n is omitted. The parameters ¢, ¢ specify the normal-
ized orthogonal projection t, of k into Z [cf. Egs. (5) and (7)]. To
parametrize k uniquely, we have to specify also its orientation
e=sgn(k- n) with respect to Z. Vectors t,, corresponding to all out-
going (or ingoing) null directions form a hyperbolic surface H. This
can be radially mapped onto a two-dimensional disk tangent to the
hyperboloid at t,, which can be parametrized by an angle ¢ and a
radial coordinate p=tanh ¢. In the exceptional case e=0 the boost
p—o0, and kectp+r 4 is tangent to 7. Finally, the parameter Ris the
Lorentzian stereographic representation of i, ¢, € [cf. Eq. (8)].

Il. DIRECTIONAL PATTERN OF RADIATION

Now we explicitly derive the dependence of the radiation
on the direction of a null geodesic along which the infinity is
approached. First, we parametrize this direction with respect
to a suitable reference tetrad t,, qo, o, S adapted to the
conformal infinity, namely g,=n. The vectorst,, r,, S, can
be fixed conveniently with the help of the particular geom-
etry of the spacetime. The timelike vector t, is related to the
vector t, by a boost (cf. Fig. 1)

t,=(cosh )t,+ (sinh )r,, (7)

with  ry=(cos@)r,+(sing)s, [and s,=(—sing)r,
+(cos ¢)s,] . Because the vector ty, is related to the projec-
tion of k; we can use the ““Lorentzian angles’ ¢, ¢ and the
orientation e to parameterize the direction of the null geode-
sic. Instead of these parameters it is also convenient to use
their Lorentzian stereographic representation R,

B tanh(y/2)exp(—i¢p) for e=+1,

| coth(y/2)exp(—igp) for e=—1. ®

084023-2
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We dlow aso the infinite value R=c corresponding to
=0, e=—1,i.e, ke(IV2)(t,— o).

Next, we express the field components W7 (and @) with
respect to the reference tetrad using agebraically privileged
principal null directions (PNDs). The PNDs of the gravita-
tional (or electromagnetic, respectively) field are the null di-
rections k such that W,=0 (or ®,=0) in anull tetrad k, |,
m, m (the choice of I, m, m being irrelevant). If we param-
etrize k by the above stereographic parameter R, the condi-
tion on PND with respect to the reference tetrad takes the
form [8,9]

R+ 4RV S+ 6R?WI+ 4RV )+ W5=0,
R2®5+2RD+ D=0, 9

respectively. There are thus four (or two) PNDs characterized
by the roots R=R,,, n=1, 2, 3, 4 (or R=R™ n=1.2). In
a generic situation we have ¥ 3+ 0, and the remaining com-
ponents \Ifj’ j=0, 1, 2, 3, can be expressed in terms of R,
(analogously for @7, j=0, 1); see Ref. [4].

Using the conditions (i) and (ii) above and Egs. (6)—(8),
we can now find the Lorentz transformation from the refer-
ence tetrad to the interpretation tetrad (up to a nonunique
rotation in the m;—m; plane). We can thus express the field
components ¥, (or ®)) with respect to the interpretation
tetrad in terms of W7 (or ®7), and consequently in terms of
the parameters R, of PNDs and 9 (or RE™ and ®9); cf.
Ref. [4]. Taking into account a typical behavior of the fields
in a tetrad adapted to 7 (e.g., Ref. [3]),

V=W, p 3, OO~d0, 72 (10)
we finally obtain the directional pattern of radiation—the
dependence of radiative components of gravitational and
electromagnetic fields on the null direction (given by R)
aong which the timelike infinity is approached:

(Wl =Wl =R

X 1—2—; 1—2—; 1—FF:—:‘1 1—2—:, (12)
) REM EM
| @3]~ |®5 |7 1 - [RI™ 1_R%1 1—R%n. (12)
Here, the complex number R,
Rpn=R 1= coth®(//2)exp(—i $), (13

characterizes a direction obtained from the direction R by a
reflection with respect to Z, i.e., the mirrored direction with
Um= 1, ¢m= ¢ but opposite orientation €,,= — €.

The expression (11) has been derived assuming W3+0,
i.e, R,# . However, to describe PND oriented along |, it is
necessary to use a different component \IfjO as a normaliza-
tion factor. For example, with ¥'g we obtain
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(Wl =g 7 L= |Rul?

Ram
R

R4m

_Rom Ram
R

R

_Rin

X
R

1 1 1— 1- —2 (14)

Interestingly, the radiation pattern thus has the same form if
we reflect all PNDs, R,—(R,), and switch ingoing and
outgoing directions, R—R,.

I11. DISCUSSION

Expressions (11) and (12) characterize the asymptotic be-
havior of the fields near anti—de Sitter—like infinity. We will
analyze here only the gravitational field, the discussion of the
electromagnetic field being analogous. First, we observe that
the radiation ““blows up” for directions with |R|=1 (i.e,
y—x). These are null directions tangent to the infinity Z,
and thus they do not represent a direction of any geodesic
approaching the infinity from the “interior” of the space-
time. The reason for this divergent behavior is purely kine-
matic: when we required the ** comparable”” approach of geo-
desics to the infinity we had fixed the component of the
four-momentum peck; normal to Z. Clearly, such a condition
implies an “infinite” rescaling if k; is tangent to Z, which
results in the divergence of | W}

The divergence at |R|=1 splits the radiation pattern
into two components—the pattern for outgoing geodesics
(JR|<l,e=+1) and that for ingoing geodesics (|R|>1,
e=—1). These two different patterns are depicted in dia-
grams in Fig. 2 separately.

From Eq. (11) it is obvious that there are, in general, four
directions along which the radiation vanishes, namely PNDs
reflected with respect to Z, given by R=(R,),. Outgoing
PNDs give rise to zeros in the radiation pattern for ingoing
geodesics, and vice versa. A qualitative shape of the radiation
pattern thus depends on (i) orientation of PNDs with respect
to Z (i.e., the number of outgoing, ingoing, or tangent PNDs),
and (ii) degeneracy of PNDs (Petrov type of the spacetime).
Depending on these factors, there are 51 qualitatively differ-
ent shapes of the radiation patterns (3 for Petrov type N
spacetimes, 9 for type I, 6 for D, 18 for Il, and 15 for
type | spacetimes); 21 pairs of them are related by the duality
of Egs. (11) and (14). The most typical are shown in Fig. 2.

The reference tetrad can be chosen to capture a geometry
of the spacetime. To simplify the radiation pattern we can
also adapt it to the algebraic structure, i.e., to correlate the
tetrad with PNDs. For example, we can always orient t,
along the orthogonal projection to Z of the most degenerate
PND, say k4. For the outgoing k, we then obtain k,ockg,
R,=0 (4,=0,e,=+1); for the ingoing k, we get k|,
Ry=2 (,=0,6,=—1) and we have to employ the pattern
(14). Thus, for spacetime of the Petrov type N we get
=0, n=1,2,3,4, and the directional dependence

|| < (cosh ¢+ €1€)? (15)

illustrated in Fig. 2 (Na). Similarly, the radiation pattern sim-
plifies for other algebraically specia spacetimes.
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£E XX

4 tangent

4 outgomg

Vi)

4 outgoing

(ITIb)

3 outgoing, 1 ingoing

r 3 (Da)
4 outgoing

(Db)
2 outgoing, 2 ingoing

(D) (Dd)

4 tangent

V(11a)
4 outgoing

(ITb)

(Ta)
4 outgoing

510

2 outgomg 2 ingoing

3 outgoing, 1 ingoing

FIG. 2. Directional patterns of radiation near atimelike Z. All 11
qualitatively different shapes of the pattern when PNDs are not
tangent to Z are shown (the remaining 9 are related by a simple
reflection with respect to Z). Patterns (Nb), (Dc), (Dd) are just afew
examples with PNDs tangent to Z. Each diagram consists of pat-
terns for ingoing (left) and outgoing geodesics (right). |W¥y| is
drawn on the vertical axis, and the directions of the geodesics are
represented on the horizontal disk by coordinates p, ¢ introduced in
Fig. 1. Reflected (degenerate) PNDs are indicated by (multiple) ar-
rows under the discs. For PNDs that are not tangent to Z these are
directions of vanishing radiation. The Petrov type (N, IlI, D, I, 1)
corresponding to the degeneracy of PNDs is indicated by the labels
of diagrams; the number of ingoing and outgoing PNDs is aso
displayed.
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At generic points the PNDs are not tangent to Z. However,
they can be tangent on some lower-dimensional subspace
such as the intersection of Z with Killing horizons—cf. the
anti—de Sitter C-metric [5]. These subspaces are important,
eg., in the context of a lower-dimensiona version of the
Randall-Sundrum model: a two-brane moving in a C-metric
reaches the infinity with PNDs tangent both to it and to Z [6].

In the case when the PND k; istangent to Z, the reference
tetrad has to be chosen differently, e.g., in such a way that
R,=1. For the type N spacetime we then obtain the direc-
tional dependence [see Fig. 2 (Nb)]

|1-RI*

Wi
Vel R

=(coshy—sinhycos$)®.  (16)

The only zero of this expression is for R=1 (¢—x,¢$=0;
limit considered through directions with |R|# 1) which does
not correspond to any outgoing or ingoing geodesic. For type
D spacetime (R;=R,,R;=R,=1) the directional depen-
dence becomes [Figs. 2 (Dc), (Dd)]

|[1-R[?|1-R;/Ry|?

Wi | : 17
| 4| |1_|R|2|2 ( )

This has zero at R=(Ry)n, (if |Ry|#1), and it does not
diverge for R=1, with a directionally dependent limit there.
If all PNDs are tangent to Z, R, = exp(—i¢,), (not necessary
degenerate) the pattern can be written

[cosh ¢y—sinh ¢ cos( p— b)) V2.
(18)

Wyl =[Weln* 11
n=1234

There are no outgoing or ingoing directions along which
radiation vanishes in this case—see, e.g., Fig. 2 (Dd).

To summarize, when 7 is timelike the radiation fields de-
pend on the direction along which the infinity is approached.
Analogously to the A>0 case [4] the radiation pattern has a
universal character determined by the algebraic type of the
fields. However, new features occur when A <O0: both out-
going and ingoing patterns have to be studied; their shapes
depend also on the orientation of PNDs with respect to the
infinity, and an interesting possibility of PNDs tangent to 7
appears. Radiation vanishes only along directions which are
reflections of PNDs with respect to Z, in a generic direction
it is nonvanishing. The absence of 7~ * term thus cannot be
used to distinguish nonradiative sources. near an anti—de
Sitter—like infinity the radiative component reflects not only
properties of the sources but aso their relation to the ob-
server.
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Abstract

We analyse the directional properties of general gravitational, electromagnetic
and spin-s fields near conformal infinity Z. The fields are evaluated in
normalized tetrads which are parallelly propagated along null geodesics which
approach a point P of Z. The standard peeling-off property is recovered
and its meaning is discussed and refined. When the (local) character of
the conformal infinity is null, such as in asymptotically flat spacetimes, the
dominant term which is identified with radiation is unique. However, for
spacetimes with a non-vanishing cosmological constant the conformal infinity
is spacelike (for A > 0) or timelike (for A < 0), and the radiative component
of each field depends substantially on the null direction along which P is
approached.

The directional dependence of asymptotic fields near such de Sitter-like or
anti-de Sitter-like 7 is explicitly found and described. We demonstrate that the
corresponding directional structure of radiation has a universal character that is
determined by the algebraic (Petrov) type of the field. In particular, when A > 0
the radiation vanishes only along directions which are opposite to principal
null directions. For A < 0 the directional dependence is more complicated
because it is necessary to distinguish outgoing and ingoing radiation. Near such
anti-de Sitter-like conformal infinity the corresponding directional structures
differ, depending not only on the number and degeneracy of the principal
null directions at P but also on their specific orientation with respect
toZ.

The directional structure of radiation near (anti-)de Sitter-like infinities
supplements the standard peeling-off property of spin-s fields.  This
characterization offers a better understanding of the asymptotic behaviour
of the fields near conformal infinity under the presence of a cosmological
constant.

PACS numbers: 04.20.Ha, 98.80.Jk, 04.40.Nr
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1. Introduction

Many studies have been devoted to theoretical investigations of gravitational waves. The first—
by Einstein himself—appeared immediately after the formulation of general relativity [1, 2],
and was soon followed by other papers [3, 4]. Since then numerous works on gravitational
radiation have concentrated on specific approximate (analytic or numerical) analyses of various
spatially isolated gravitating sources, most recently binary systems, collision and merger of
black holes or neutron stars, supernova explosions and other possible astrophysical sources.

In rigorous treatments within the full Einstein theory, several interesting classes of exact
radiative solutions were found and investigated in the late 1950s and the early 1960s—for
example [5-11]. For reviews of these contributions to the theory of gravitational radiation see,
e.g., [12-19]. Although most of such spacetimes seem to be physically not very realistic, they
serve as useful explicit models and test beds for numerical relativity and other approximations.
Almost simultaneously, general frameworks which allow one to study asymptotic properties of
radiative fields were also developed and applied in now classical works [20-29] and elsewhere
(see, e.g., [30-35] for reviews and many references).
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Despite this long-standing effort, however, there still remain open fundamental problems
concerning the very concept of gravitational radiation in the context of the ful/l nonlinear
Einstein theory. No rigorous statements are available which would relate the properties of
sufficiently general strong sources to the radiation fields produced. Also, the presence of a
non-vanishing cosmological constant A is not mathematically compatible with asymptotic
flatness that is naturally assumed in many of the existing analyses. Although important
results on the existence of vacuum solutions with A # 0 have already been obtained [36], in
order to fully understand the properties of gravitational and electromagnetic radiation in such
‘de Sitter-type’ or ‘anti-de Sitter-type’ spacetimes, further studies are necessary.

As a particular contribution to this task we will here describe the asymptotic directional
behaviour of general fields in spacetimes which admit any value of the cosmological constant.

1.1. On studies of asymptotic behaviour of radiative fields in general relativity

First, we briefly summarize the main methods which have been developed to characterize
rigorously the asymptotic properties of fields in general relativity. It is not our intention to
present an exhaustive and thorough review of previous works. We only wish to set up a context
in which we could place our present analysis and results.

One fundamental technique for investigating radiative properties of gravitational and
electromagnetic fields at ‘large distance’ from a spatially bounded source is based on
introducing a suitable Bondi—-Sachs coordinate system adapted to null hypersurfaces, and
expanding the metric functions in inverse powers of the luminosity distance r which plays
the role of an appropriate ‘radial’ coordinate parametrizing outgoing null geodesics [20, 21,
23, 37]. In the case of asymptotically flat spacetimes this framework allows one to introduce
the Bondi mass (the total mass of a system as measured at future null infinity 7) and momentum,
and characterize the time evolution including radiation in terms of the news functions which
are the analogue of the radiative part of the Poynting vector in electrodynamics. Using
these concepts, it is possible to formulate a balance between the amount of energy radiated
by gravitational waves and the decrease of the Bondi mass of an isolated system. These
pioneering contributions were subsequently refined and generalized [24, 38, 39], and also
extended after the development of the complex null tetrad formalism and the associated spin
coefficient formalism [25, 26] which lead to great simplifications in the expressions, see, e.g.,
[13, 17, 18, 30, 32] for reviews. Nevertheless, in these works the analysis of radiative fields
assumed that spacetime is asymptotically flat. This ruled out, for instance, a non-vanishing
cosmological constant A. These methods generally are based on privileged coordinate systems
which are not automatically possible to generalize to the cases when A # 0.

Alternatively, information about the character of radiation can be extracted from the
tetrad components of fields measured along a family of null geodesics approaching Z. One
can consider only a bundle of such geodesics, as Z need not exist globally. The rate of approach
to zero of the Weyl or Maxwell tensor is given by the celebrated peeling-off theorem [22, 23,
25, 29, 33, 40]. The component of a spin-s zero-rest-mass field (with respect to a parallelly
transported and suitably normalized interpretation tetrad) proportional to n~U*1, where 5 is an
affine parameter along the null geodesics, j = 0, 1, ..., 2s, appears to have in general 2s — j
coincident principal null directions. Consequently, the part of the field that falls off as n~!
exhibits 2s-degeneracy of principal null directions. It is thus considered as the radiation
field because its asymptotic algebraic ‘null’ structure [12, 33, 41-44] locally resembles
that of standard plane waves [5]. The gravitational or electromagnetic field thus represents
outgoing radiation if the dominant component of the Weyl or Maxwell tensor, conveniently
expressed in the Newman—Penrose formalism [25, 26, 45] as quantity W4 or ®,, respectively, is



156 Pavel Krtous

R236 Topical Review

non-vanishing. This component manifests itself through typical transverse effects on nearby
test particles [23, 46, 47]. Such a characterization of the radiative field remains valid also in
more general spacetimes because the peeling-off property holds even for a non-vanishing A
(the precise meaning of the peeling-off behaviour of fields will be discussed below in the main
text, see sections 5.2 and 6).

Another major step made by Penrose [27-29, 48] (see [33] for a comprehensive overview)
was his coordinate-independent (geometric) approach to the definition of radiation for massless
fields based on the conformal treatment of infinity. The Penrose technique enables one to
apply methods of local differential geometry near conformal infinity Z (also referred to as
‘scri’) which is defined as the boundary €2 = 0 of the physical spacetime manifold (M, g) in
the conformally related ‘unphysical’ spacetime manifold (M, &), § = Qg (see section 2).
Properties of radiation fields in M can thus be studied by analysing conformally (i.e.,
isotropically) rescaled fields on Z in the compactified manifold M. For asymptotically flat
spacetimes, Z is a smooth null hypersurface in M generated by the endpoints of null geodesics.
In this case it is possible to define in a geometric way the Bondi mass, to derive the peeling-
off property, or to characterize the Bondi-Metzner—Sachs group of asymptotic symmetries
[21, 27, 37,49, 50]. In particular, one can evaluate gravitational radiation propagating along a
given null geodesic which is described by the W, component of the Weyl tensor projected on a
parallelly transported complex null tetrad. The crucial point is that such a tetrad is (essentially)
determined uniquely by the conformal geometry, see [33]. Moreover, the Penrose covariant
approach can be naturally applied also to spacetimes which include the cosmological constant
[28, 29, 33, 51]. This is quite remarkable, since there is no analogue of the news function in
the presence of A [52, 53] (for a comparison of the Bondi—Sachs and Penrose approaches,
see, e.g., [50, 54-59]).

The above mentioned analysis led Penrose to the elegant idea of (weakly) asymptotically
simple spacetimes—those having a smooth g and Q on Z (see, e.g., [27,29 , 33-35, 60-62] and
references therein for the precise definition). Because it entails a certain fall-off behaviour of
the physical metric near Z, this is a fruitful rigorous concept for studying asymptotic radiation
properties of isolated systems in general relativity. It follows from the important recent works
[63-69], and also [70-80], that there indeed exist large classes of exact—though not given
in explicit forms—solutions to Einstein’s field equations which globally satisfy the required
regularity conditions on Z (see [19, 36, 62, 81, 82] for a review). Let us emphasize that,
until now, the only explicitly known exact metrics satisfying Penrose’s asymptotic conditions
(although not globally since there are at least four ‘points’ at Z which are singular) are boost-
rotation symmetric spacetimes representing uniformly accelerated ‘sources’ or black holes
[11, 13-15, 17, 18, 39, 83, 84]. Nevertheless, the original Penrose conjecture of asymptotic
simplicity may appear to be too restrictive in general. More recent studies have indicated
that gemeric Cauchy data fail to be smoothly extendable to the conformal boundary
[74, 75, 85, 86], see also [71, 80, 87-89]. More general spacetimes with polyhomogeneous
7 were thus studied in [57, 90, 91] and in other works, for which the metric g admits an
asymptotic expansion in terms of »~/ log’ r rather than =/, This new setup naturally extends
the Bondi—Sachs—Penrose approach. For example, when A = 0 the Bondi mass still remains
well defined at polyhomogeneous Z, and it is a non-increasing function of retarded time as
in [21, 23, 92]. For the class of polyhomogeneous vacuum metrics the asymptotic symmetry
group is the standard BMS group, and the peeling-off property of the curvature tensor is the
same as that for smooth metrics [23] up to the terms of order r~**), 0 < € < 1, but the term
~r~3logr also appears. Further studies of polyhomogeneity for zero-rest-mass fields, such
as the existence of conserved quantities (NP constants) at Z [33, 93-97], can be found, e.g.,
in [98, 99].
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Let us now concentrate on the main differences between the asymptotically flat spacetimes
and those with a non-vanishing cosmological constant A. Interestingly, specific new features
appear in the case of asymptotically ‘de Sitter-like’ (A > 0) or ‘anti-de Sitter-like’ (A < 0)
solutions for which the conformal infinity 7 is, respectively, spacelike or timelike. As Penrose
observed and repeatedly emphasized in his early works [28, 29, 100], the concept of radiation
for massless fields turns out to be ‘less invariant’ in cases when Z does not have a null character,
see section 9.7 of [33]. Namely, it emerges as necessarily direction dependent since the choice
of the appropriate null tetrad, and thus the radiative component W, of the field, may differ
for different null geodesics reaching the same point on Z. This is, for example, demonstrated
by the fact that with a non-vanishing A even fields of ‘static’, non-accelerated sources have a
non-vanishing radiative component along a generic (‘non-radial’) direction, as was shown for
test charges in [101] or for Reissner—Nordstrom black holes in [102, 103] in a (anti-)de Sitter
universe.

For A # 0, the non-null character of conformal infinity Z also plays a fundamental role
in the formulation of the initial value problem. As mentioned above, quite surprisingly the
global existence has been established of asymptotically simple vacuum solutions (with a
smooth 7) which differ on an arbitrary given Cauchy surface by a finite but sufficiently small
amount from de Sitter data [36, 64], while an analogous result for data close to Minkowski
(A = 0) is still under investigation (see [19, 36, 81] for more details). Thus, many vacuum
asymptotically simple spacetimes with de Sitter-like Z do exist. However, a spacelike Z as
occurs in this case implies the existence of cosmological and particle horizons for geodesic
observers, which results in insufficiency of purely retarded massless fields—advanced effects
must necessarily be present. For example, the electromagnetic field produced by sources
cannot be prescribed freely because the Gauss constraint has to be satisfied at Z~ (or Z*). This
phenomenon has been demonstrated explicitly [ 104] by analysing test electromagnetic fields of
uniformly accelerated charges on a de Sitter background. On the other hand, it is well-known
that for a timelike Z, which occurs when A < 0, the spacetimes are not globally hyperbolic,
and one is necessarily led to a kind of ‘mixed initial boundary value problem’, see, e.g.,
[68, 105-107]. The data need to be given on a spacetime slice extending to Z and also on 7
itself. The rigorous concept of gravitational and electromagnetic radiation is thus much less
clear in situations when A # 0.

Here we will analyse mainly the directional structure of radiative fields. This structure
is significantly different for null and spacelike/timelike conformal infinities. In the case of
asymptotically flat spacetimes, the dominant radiative component of the field at any point P at
null infinity 7 is essentially unique. One can however approach a point P from infinitely many
different null directions, and if Z has a spacelike or timelike character it is not a priori clear
how the radiation components of the fields in the corresponding interpretation tetrads depend
on a specific direction.

Such a directional dependence was explicitly found and described for the first time in the
context of the fest electromagnetic field generated by a pair of uniformly accelerated point-like
charges in the de Sitter background [101, 108]. In particular, it was demonstrated that there
always exist two special directions—those opposite to the direction from the sources—along
which the radiation vanishes. For all other directions the radiation field is non-vanishing. This
is described by an explicit formula which completely characterizes its angular dependence
(see [101]).

Subsequently, we have carefully analysed the exact solution of the Einstein—-Maxwell
equations which generalizes the classic C-metric (see, e.g., [7, 83, 109, 110] for reviews
and references) to admit a cosmological constant [111-115]. For A > 0 it represents
a pair of uniformly accelerated possibly charged black holes in a de Sitter-like universe.
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In [102] we demonstrated that the corresponding electromagnetic field exhibits exactly the
same asymptotic radiative behaviour at the spacelike conformal infinity Z as for the test
fields [101] of accelerated charges. Moreover, we found and explicitly described the specific
analogous directional structure of the gravitational radiation field, and we proved that the
directional pattern of radiation is adapted to the principal null directions of this Petrov type D
spacetime.

Elsewhere [103] we investigated the asymptotic behaviour of fields corresponding to the
C-metric with A < 0, i.e. the directional dependence of radiation generated by accelerated
black holes in an anti-de Sitter universe. Some fundamental differences from the case A > 0
occur since the conformal infinity Z now has a timelike character. In fact, the whole structure
of the spacetime is more complex and new phenomena also arise: Z is divided by Killing
horizons into several domains with a different structure of principal null directions—in these
domains the directional structure of radiation is thus different. The radiative field vanishes
along directions which are mirror images of the principal null directions with respect to Z.
Moreover, ingoing and outgoing radiation has to be treated separately.

These studies of particular exact radiative models with a non-vanishing A gave us a
sufficient insight necessary to understand the asymptotic behaviour of general fields near
spacelike or timelike conformal infinities. The directional dependence of gravitational and
electromagnetic radiation is given mainly by spacetime geometry, namely by the character of
7 and by the specific orientation and degeneracy of principal null directions at infinity.

In[116] we demonstrated that the directional structure of radiation close to a de Sitter-like
infinity has a universal character that is determined by the algebraic type of the fields. For
example, the radiation completely vanishes along spatial directions on Z which are antipodal
to principal null directions. In the following work [117] we investigated the complementary
situation when A < 0. Although the idea is similar to the previous case, the asymptotic
behaviour of fields turns out to be more complicated because 7 is timelike, and thus admits a
‘richer structure’ of possible radiative patterns.

1.2. Outline of the present work

It is the purpose of this review to present these results—concerning the asymptotic directional
structure of general fields near conformal infinity Z of any type—in a synoptic, compact
and unified form. The paper is organized as follows. First, in section 2 we summarize
basic concepts of conformal geometry and their relation to quantities in a physical spacetime.
In particular, we introduce the conformal infinity Z, correlate its character with the sign
of the cosmological constant A and investigate the correspondence between null geodesics
in physical and conformal spacetimes. Section 3 is devoted to careful analysis of various
orthonormal and null tetrads which are key ingredients in our subsequent study of the
asymptotic behaviour of fields. We define an interpretation tetrad which is parallelly
propagated along a null geodesic, and we demonstrate that—after performing a specific
boost—it becomes asymptotically adjusted to Z (i.e., naturally normalized and adapted to
normal and tangent directions at a given point of conformal infinity). This fact becomes
crucial in section 4 in which we explicitly evaluate the components of general gravitational,
electromagnetic or any spin-s field in the interpretation tetrad near conformal infinity. For
zero-rest-mass fields the dominant component decays as ' (where 7 is the affine parameter
of a null geodesic) and thus represents radiation.

The complete expression (4.19) fully chracterizes the asymptotic behaviour of the field
near any Z, including the directional structure, i.e. the dependence on the direction of the
geodesic along which a point P € T is approached as n — oo. The final section 5 contains
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a detailed discussion of the result. In asymptotically Minkowskian spacetimes with A = 0
for which 7 has a null character, the directional dependence completely vanishes. The
presence or absence of the n~! component of the field can thus be used as an invariant
characterization of radiation. In this context we also elucidate the precise meaning of the
peeling-off behaviour. For A # 0 the asymptotic structure of fields is more complicated
because the dominant component depends substantially on the direction of a null geodesic
along which P is approached. We introduce a convenient parametrization of such directions
near a spacelike or timelike Z which occur in spacetimes with A > 0 or A < 0, respectively.
Finally, we describe in detail the asymptotic directional structure of radiative fields near such
de Sitter-like or anti-de Sitter-like conformal infinities. Itis proved to be essentially determined
by the algebraic type of the field, namely by the number, degeneracy and specific orientation
of the principal null directions at point P € Z.

Two appendices are included. In appendix A we present expansions of the conformal
factor 2 and the conformal affine parameter 7 in terms of the physical affine parameter n of
a null geodesic. We demonstrate their polyhomogeneous character. We also investigate the
conditions under which the two main vectors of the interpretation tetrad become coplanar with
the normal to Z. Appendix B summarizes the description of spin-s fields, tetrads and their
Lorentz transformations in spinor formalism.

2. Conformal infinity and null geodesics

In this section we recall some basic concepts and properties concerning the geometry of a
physical spacetime and its conformally related counterpart which will be necessary for our
subsequent analysis. Many of these concepts can be found in standard literature, e.g., in
[12, 33, 61]. However, we summarize them for convenience and to introduce our notation.

2.1. Conformal geometry

We wish to study spacetimes which locally admit conformal infinity. According to the general
formalism [27, 29, 31, 33, 61], such an n-dimensional manifold M with physical metric g can
be embedded into a larger conformal manifold M with conformal metric g via a conformal
transformation

g = Q% 2.1)

Obviously, the spacetimes (M, g) and (M, &) have identical local causal structure (the same
light cones). The conformal factor €2 is assumed to be positive in M, and vanishes on the
boundary of M in M. Such a boundary Q = 0 is called conformal infinity Z. Let us note that
in the following it is not necessary to require global existence of Z. However, we assume that
2 is smooth near Z, and we impose suitable regularity conditions for the conformal metric.
Specifically, we assume that the conformal factor is sufficiently smooth along null geodesics
approaching Z in (M, ), cf equation (2.16) in this section.

To indicate explicitly which of the above metrics is used for raising indices, we introduce
g as the inverse of g,;, and §” as the inverse of g,.

The derivative operator of § is related to that of g. The relation between the derivative V
associated with g and V associated with g is (see, e.g., [61])

VaVe = Vv + 45,V 7o, = Q7 (85d, Q2 + 85, Q2 — g8 Q). (2.2)

This implies relations between the curvature associated with V, and the curvature associated
with V. By contracting the formula for the Riemann tensor we obtain relations between the
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conformal and physical Ricci tensors,

Ric,;, = Ric,, — (n —2)Q7'v,d,Q — Q7 'g,,0Q

+2(n —2)Q7%d,Qd,Q2 — (n — 3)Q%g,,gd.Q d,; 2, (2.3)
where [ = g“b V.V, and the scalar curvatures,

R=Q2R-2mn—1DQ0Q - (n — D(n —HQ *g%d,Q2d, Q. (2.4)
The Weyl tensor is unchanged by a conformal transformation,

c,tl=c,rt (2.5)

2.2. Conformal infinity T and its character

The conformal infinity is localized by the condition €2 = 0. Its character is determined by the
gradient dS2 on Z—it can be timelike, null or spacelike. We introduce a normalized vector fi
which is normal to the conformal infinity Z,

i’ = Ng*’d,Q, g0’ = o, o=-1,0,+1. (2.6)
For o = %1 the conformal ‘lapse’ function N > 0 is given by N = |§*°d,2d,2|~"/?, and
§ = o N°dQ? + 7§, where 7§ is a restriction of & on Z. For ¢ = 0 the ‘lapse’ N is chosen

arbitrarily. The normalization factor o determines the character of the conformal infinity,
namely

—1: 7 is spacelike,
o=10: 7 is null, 2.7
+1: 7 is timelike.

This is illustrated in figure 1.
In fact, we can explicitly evaluate the ‘lapse” N. Transforming (J into [J = §**V,V,, in
(2.4) using relation (2.2), we obtain

b R 2. QR
§7d,Q2d)Q=——+Q -0+ — ). (2.8)
nn—1) n n(n —1)
By contracting the Einstein field equations
Ric — JRg+ Ag = xT, (2.9)

we get R = ﬁ(nA — xT). Assuming a vanishing trace T of the energy—momentum tensor,
which is valid in vacuum, pure radiation or electrovacuum (n = 4) spacetimes, equation (2.8)
on Z implies
2A

n—1n-2)°
The character of the conformal infinity is thus correlated with the sign of the cosmological
constant. For o # 0 we also obtain that the ‘lapse’ is constant on T, N|z = £ > 0, where £
is a typical length, which for spacetime dimension n = 4 is £ = 4/|3/A]. For (anti-)de Sitter
spacetime, the scale £ represents its characteristic radius. When o = 0 (A = 0) we choose N
to be an arbitrary constant on Z. The normalized timelike/null /spacelike vector i given by
(2.6) which is normal to conformal infinity 7 is thus set uniquely.

Analogously we introduce a vector n normal to €2 = const in the physical spacetime
(M, g) such that

gan‘n” = o, @2.11)

oN|7* = §"d,Qd, Q7 = — ie., o=—signA. 2.10)
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Figure 1. The local character of the conformal infinity Z (situated on the boundary = 0 of M
in M) is determined by the norm o of vector fi normal to Z. For o = —1, 0 or +1 the infinity Z is
spacelike, null or timelike, respectively. When o = —1 or o = 0, the future conformal infinity Z*
and the past conformal infinity Z~ can be distinguished; the corresponding diagrams are drawn in
the upper and lower parts of the figure. For o = +1 the future and past infinities of null geodesics
are the same, and therefore the diagrams are identical.

which implies the relation
n = Qn. (2.12)

Strictly speaking, it is not possible to introduce the vector n normalized in the physical
geometry (M, g) at 7 directly. The conformal infinity does not belong to the physical
spacetime, and even if we extend the manifold M into the conformal manifold M, the
physical metric g is not well defined on Z: it is related to the conformal metric g by the factor
Q72, see (2.1), which becomes infinite.

We could try to extend the definition of the physical metric (and other tensors related
to physical spacetime) up to the infinity 7 using some limiting procedure, e.g., using its
expansion along curves approaching Z. However, the ‘infinite ratio’ between g and g still
poses problems. Physically defined vectors transported in a natural way to Z are rescaled to
zero when measured in conformal geometry and vectors from the conformal tangent space
at 7 have an infinite length if measured using the physical metric. The tangent space of the
conformal manifold at 7 is infinitely ‘blown up’ with respect to the tangent space of the physical
manifold defined at the conformal infinity by a suitable limiting procedure. Nevertheless, one
can deal with such infinite scaling using the conformal technique: its important feature is that
the conformal rescaling is isotropic—it rescales all directions in the same way. If the rescaling
enters expansions of physical tensor quantities only as a common factor which is some power
of €, it is ‘well controlled’: we can associate with any physical quantity a conformal quantity
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rescaled by a proper power of 2 which is correctly defined at conformal infinity, independent
of the direction along which 7 is approached.

The conformal geometry and the definition of the conformal infinity can thus be understood
as a convenient way to deal with tensors at infinity—any physical quantity can be ‘translated’
into its conformal counterpart which is well defined at Z. However, it can be convenient
sometimes to speak directly about physical quantities at Z and we will do so if the ‘translation’
to the conformal picture is clear. Exactly in this sense, we can speak about the physical normal
vector n at Z, even if it is related to the well defined conformal normal fi by relation (2.12)
which is degenerate on Z. Similarly, in the next section we use a null tetrad adjusted to the
infinity 7 normalized in the physical geometry.

Let us note however that one has to be careful with asymptotic expansions if these are
not isotropic, i.e., if they rescale one direction by an ‘infinite amount’ as compared with
other directions. This will be the case of, for example, interpretation null tetrads parallelly
transported to 7 as discussed in section 3.4. Various components of physical tensors with
respect to the interpretation tetrad thus will not rescale in the same way and their behaviour
has to be studied more carefully, cf section 4.3.

2.3. Null geodesics

Now we consider geodesics in the physical spacetime (M, g) and we relate them to geodesics
in the conformal spacetime (M, ). It follows from (2.2) that null geodesics are conformally
invariant, i.e., null geodesics z(n) with respect to V coincide with null geodesics Z(77) with
respect to V. The affine parameter 7 for geodesics in conformal spacetime is related to the
affine parameter n for geodesics in physical spacetime by
W _ o fe., 2ot
dn dn di

(we fix a trivial factor corresponding to constant rescaling of 7 to unity).

Without loss of generality we take the affine parameter 7 such that 7 = 0 at conformal
infinity Z. Therefore, as 77 — 0 the null geodesic Z(7) in conformal spacetime approaches a
specific point P € 7, i.e., Z(0) = P. Such a geodesic can be either outgoing or ingoing with
respect to physical spacetime M:

(2.13)

Dz dQ
—d, Q2| =—| = —¢, (2.14)
dn 7 dii |
where
. +1: for outgoing geodesics, 7 < 0in M, 2.15)
Bt for ingoing geodesics, 7 > 0in M. '

By this condition, the normalization of the affine parameter 7 is fixed uniquely, including the
orientation of the null geodesic Z(7}). As we have already mentioned, we assume smoothness
of the conformal factor along Z(7), hence we may expand €2 in powers of 7j near Z. Taking
into account that 7|7 = 0, and equation (2.14), we have

Q= —€ij+ Qi+, (2.16)

with €, constant. Substituting into equation (2.13), straightforward integration leads to the
relation between the physical and conformal affine parameters

1
n:—g(l — 2eQ7 In|fj| — nofy + - - -). 2.17)
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Here 7y is a constant of integration. Consequently, near Z we obtain in the leading order that
ii & —n~! and Q ~ en~'. The null geodesic z(n) thus reaches the point P € 7T for an infinite
value of the affine parameter n, namely z(eco) = P.

The leading term in the expansions (2.16) and (2.17) is sufficient for all calculations
throughout this paper. However, for other purposes it can be useful to express these expansions
up to the next order. It is not simple to invert expansion (2.17) due to the presence of the
logarithmic term. In appendix A we demonstrate that (cf equation (A.6))

1
i=——(1—=2eQn "Injy| +non~ " +- ), (2.18)

n

and (cf equation (A.7))
Q=en'+ (=2 In|n| +eno+ Q) 2+ -. (2.19)

Nevertheless, the logarithmic terms in these expansions disappear provided Penrose’s
asymptotic Einstein condition (cf equation 9.6.21 of [33]),

Vd Q2 ~ 18,00, (2.20)
is satisfied, cf equation (A.16).

3. Various null tetrads

We now wish to investigate the behaviour of fields near conformal infinity in standard
general relativity in four dimensions (n = 4). For this purpose we introduce the normalized
‘interpretation’ tetrad which is parallelly transported along null geodesics z(#) approaching 7.
To achieve this we will employ several orthonormal and null tetrads which will be distinguished
by specific labels in subscripts.

3.1. Tetrads and their transformations

We denote the vectors of an orthonormal tetrad as t, q, r, s, where t is a unit timelike vector,
typically chosen to be future oriented, and the remaining three are spacelike unit vectors. With
this tetrad we associate a null tetrad of null vectors k, 1, m, m, such that

- L = L—
k=J(t+q), 1= St—a. o
m:\/%(r—is), m:%(r+is),
where the only non-vanishing scalar products are
gk’ = —1, g ,m'm’ = 1. (3.2)

Similarly, we introduce a conformal null tetrad k,1,m, m in conformal spacetime M
normalized by the conformal metric § as g,,k*1> = —1, gabﬁl“ﬁlb
with conformal orthonormal tetrad t, q, ¥, 8.

Transformations between orthonormal tetrads (and corresponding null tetrads) form
the Lorentz group. In the context of null tetrads it is convenient to consider four
simple transformations from which any Lorentz transformation can be generated [12]:

null rotation with k fixed, parametrized by L € C,
k=k, 1=, +Lm,+Lm,+LLk,, m=m, + LK,, (3.3)

=1, which is associated

null rotation with 1 fixed, given by K € C,
k=k,+Km,+Km,+KKl,, 1=1,, m=m,+Kl, (3.4)
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Figure 2. Tetrads adjusted to conformal infinity Z of various characters, determined by o, cf
figure 1. If the vector K is oriented along the tangent vector of the null geodesic Z(#) it is either
outgoing (¢ = +1) or ingoing (¢ = —1).

boost in the k-1 plane, B € R, and a spatial rotation in the m—m plane, ¢ € R,
k = Bk,, 1=B71, m = exp(ig)m,. (3.5)

The transformations of the corresponding normalized spinor frames are listed in appendix B,
relations (B.4)—(B.6).

3.2. The tetrad adjusted to T

We say that a conformal null tetrad is adjusted to conformal infinity if the vectors k and T on
7 are coplanar with i (the vector (2.6) normal to conformal infinity), and satisfy the relation

= 6%(—Gl~(+i), (3.6)

where € = £1. As shown in figure 2, for a ‘de Sitter type’ spacelike infinity (o = —1)
there is it = et = e(k +1)/+/2, for an ‘anti-de Sitter type’ timelike Z (0 = +1) i = —e§ =
—e(k — 1)/ V2, and i = el/ V2 for null ‘Minkowskian’ Z (o = 0). If the null vector K is
chosen to be oriented along the tangent vector of the null geodesic Z(7), the parameter € then
identifies whether the geodesic is outgoing (¢ = +1) or ingoing (¢ = —1), see (2.15). Note
that the condition (3.6) also implies g,,m*n” = 0 = g,,Mi’, so that the vectors m, m of the
tetrad adjusted to conformal infinity are always tangent to I.

Analogously we define a tetrad in the physical spacetime adjusted to conformal infinity
by the condition

n= e%(—0k+l), (3.7)
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where the vector n normal to 7 in (M, g) is normalized by (2.11) (cf discussion at the end of
section 2.2).

3.3. The interpretation tetrad

Let us introduce an interpretation null tetrad k;, I;, m;, m;. It is any tetrad which is parallelly
transported along a null geodesic z7(n) in the physical spacetime M, with k; tangent to z(n).
We thus require

k; = L% y = constant (3.8)
1 ﬁg dn ’ ’ .
and
k('V,k! =0, KV, 10 =0, k¢V,m! =0, k¢ V,m! = 0. (3.9)

Here, ¢ is a constant scale parameter introduced below equation (2.10). For a geodesic the
first equation in (3.9) is satisfied automatically. It only remains to investigate the remaining
three conditions for parallel transport of the vectors l;, m; and m;.

The interpretation tetrad is not unique—there is a freedom in its particular initial or final
specification. It is possible to scale the vector k; by fixing the constant y in (3.8). By such
a choice we fix the ‘physical wavelength’ of the associated null ray. The initial scale of the
vector k; can be fixed somewhere in the spacetime, e.g., with respect to a Killing vector or with
respect to worldlines of sources, etc. Unfortunately, on a general level, we do not know how to
specify privileged initial conditions for the interpretation tetrad. However, our goal here is to
compare the field measured in interpretation tetrads transported along different null geodesics
approaching the same point at Z. It is thus natural to choose the final conditions for tetrads
in a ‘comparable’ way independently of the geodesics. Observing that the normalization of
the tangent vector Dz/dn was chosen naturally with respect to the asymptotic structure of
the spacetime by equations (2.13) and (2.14), we require that the vector k; is proportional to
Dz/dn by the same factor. Namely, we require that the constant y in (3.8) is independent of
the choice of the geodesics. In the following we will set

y = 1. (3.10)

This is equivalent to the condition that the component of the vector k; normal to the
conformal infinity is the same for all interpretation tetrads approaching a given point on Z, cf
equation (3.16).

There is a remaining freedom in the choice of the interpretation tetrad which corresponds
to a null rotation with k; fixed, and to a spatial m;—mm; rotation. However, we will find that the
asymptotic characterization of the field components derived in section 4.5 does not, in fact,
depend on such freedom. To demonstrate this property, we now analyse an explicit relation
between the interpretation tetrad and a conformal tetrad adjusted to Z.

3.4. Asymptotic behaviour of the interpretation tetrad

We consider a particular null tetrad kg, I,, m,, m,, where K, is tangent to a null geodesic 7(1),
- 1 Dz
ka = __fa

V2e dip

1, is coplanar with k, and @ on Z, and such that the vectors of the tetrad are parallelly

transported along Z(#) in conformal geometry,

kY, kb =0, kY1t =0, kY, m’ =0, kv, = 0. (3.12)

@3.11)



166 Pavel Krtous

R246 Topical Review

Using expressions (3.11), (2.14), and (2.6) we immediately derive the relation —ok, + I, =
€~/2# on conformal infinity, which demonstrates that the tetrad considered becomes adjusted
to 7 for ij = 0 at the point Z(0) = P € 7.

On the other hand, from (3.8), (3.11), (2.13) we obtain

k = Ok, (3.13)

so that using (2.12), g,,kin® = —e\/LEQ. The interpretation tetrad is thus not adjusted to 7
since it does not satisfy equation (3.7).

To find an explicit relation between the tetrads ki, l;, m;, m; and k,, I,, m,, m,, we
first introduce an auxiliary null tetrad k,, 1, m,, m, by conformal rescaling of the tetrad
Ra7 iaﬂ ﬁla’ ﬁla’

k, = Qk,, I, = QI,, m, = Qm,, m, = Qm,. (3.14)

The auxiliary tetrad is normalized with respect to the physical metric g, it is adjusted to Z but
its vectors are no longer parellelly transported along the geodesics z(n) in M.

Secondly, we perform a specific boost of the interpretation tetrad such that the boost
parameter is given by the conformal factor, introducing thus the tetrad ky, 1, my,, my,

k, = Q7 'k;, I, = QI m, = m;, m, = m. (3.15)
The vector k;, is then normalized on 7 in the same way as k,, namely
g kin’ = —e%. (3.16)

Considering (3.13), the tetrad (3.15) has to be related to the auxiliary tetrad (3.14) by a
null rotation with fixed k and a possible spatial rotation in the m—m plane,

ks = Ky, L, =1, +Lm,+Lm, +LLk,, my, = exp(ip)(m, + Lk,), (3.17)

with parameters L eC, ¢ eR,cf(3.3),(3.5). For the interpretation tetrad it implies

k; = QKk,, L=Q '+ Lm, + Lm, + LLOk,, m; = exp(i¢)(m, + LQKk,),
(3.18)

with L = Q'L. Now, substituting these expressions into the conditions (3.9) for parallel
transport of the interpretation tetrad, and using (2.2), (3.12) and (3.13) we obtain

kid,¢ =0, k‘d,L = Q*m’d, Q. (3.19)

The first equation implies ¢ = ¢y = const, see equation (3.11). Assuming again the regularity
of conformal geometry near infinity, the term on the right-hand side of the second equation
can be expanded in powers of 7. Moreover, for 7) = 0 the vector m, is tangent to Z, see the
text below equation (3.6), so that the expansion has the form

V20mld, Q = M7+ Mayii + - -, (3.20)

where M|, M, are constants which depend on derivatives of Q2. Using (2.16) we thus integrate
(3.19) to get

L=MInj|+Lo+---, ie., L=—eMfjn|fj| —eLoii+---, 3.21)

where L is a constant of integration. Using (2.18) we obtain the expansion in physical affine
parameter 7,

¢ = ¢o,
N (3.22)
L=—MIng|+Lo+---, ie., L=—eMn 'Inln|+eLon™ ' +---.

Calculations to the next order in the affine parameter are presented in appendix A.
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We observe that L approaches zero near I. Inspecting relations (3.17) we thus obtain
an important result: the tetrad ky, 1y, my, my, associated with any interpretation tetrad by the
boost (3.15), becomes asymptotically adjusted to conformal infinity Z. Asymptotically it may
differ from the chosen auxiliary tetrad k,, 1,, m,, m, only by a trivial rotation in the m,—m,
plane by a fixed angle ¢, and in this sense it is ‘essentially unique’.

Let us note that in general the vectors k;,l; of the interpretation tetrad are not
asymptotically coplanar with the normal n to Z. From equations (3.18) with L given by (3.21)
we see that the vector I; has components in the m,—m, directions which are perpendicular to
n. Fortunately, these components grow only logarithmically and, as we shall see later, they do
not influence the leading term of the fields evaluated with respect to the interpretation tetrad.
Moreover, it is demonstrated in appendix A (see equation (A.17)) that

My ~ (77 @) |,_]:O ~ (n®},) |n:m, (3.23)

where @, is the specific component of the energy—momentum tensor evaluated in the auxiliary
tetrad (3.14). This vanishes for a vacuum spacetime. It also disappears in non-vacuum cases
when the asymptotic Einstein condition (2.20) holds—it is satisfied provided that matter
fields decay faster then ~7 near conformal infinity. For such spacetimes, the In|#| term in
expansion (3.21) of the parameter L near Z is absent, so that

L ~ Ly, ie., L=~ —eLoi, (3.24)

and, by the proper choice Ly = 0, the vectors k;j, I; of the interpretation tetrad can be arranged
to become asymptotically coplanar with the normal n. This coplanarity was assumed
previously in [33] (see discussion concerning figure 9-20 therein), and in [116, 117].

Let us also discuss the geometrical meaning of the integration constants L( and ¢y. In the
above derivation we have represented the transformation (3.18) from the auxiliary tetrad to
the interpretation tetrad as an application of null rotation with fixed k given by the parameter
L =L, + QL (L, independent of L, cf equation (3.21)), spatial rotation with the parameter
¢ = ¢, and finally boost with the parameter B = 2. This can be rearranged as the sequence
of k-fixed null rotation given by the parameter L., boost with B = Q, then k-fixed null
rotation given by the parameter L, and finally spatial rotation with ¢ = ¢9. The last two
transformations exactly correspond to the freedom in the choice of the interpretation tetrad—
the condition (3.8) determines the interpretation tetrad exactly up to such null rotation with k
fixed, and a spatial rotation in the m—m plane. The parameters L, and ¢ thus determine a
specific choice of the interpretation tetrad which is usually given by some physical prescription
in a finite domain of the spacetime.

It will be demonstrated below that the asymptotic directional behaviour of the fields
(see section 4.3) is independent of the parameter Ly. It will depend on the parameter ¢
only through a phase of the complex component of the field, and such dependence can be
eliminated by considering just the magnitude of the field. We will return to the corresponding
question of the phase (‘polarization’) dependence of the fields in the discussion of the results.

3.5. The reference tetrad and parametrization of null directions

In the following, we will need to identify the direction k; of the null geodesic and orientation
of the associated interpretation tetrad near conformal infinity using suitable directional
parameters. For this purpose we set up a reference tetrad. The reference tetrad ko, 1,, m,, m,
is any tetrad adjusted to Z which satisfies the coplanarity and normalization condition (3.7),

n= ew%(—ako +1,). (3.25)
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Otherwise, the reference tetrad can be chosen arbitrarily, ergo conveniently. It may thus either
respect the symmetry of the spacetime (by adapting the reference tetrad to the Killing vectors)
or its specific algebraic structure (in which case it can be oriented along the principal null
directions). The parameter ¢, = %1 in (3.25) will be chosen in such a way that the vectors
k, and 1, are future oriented. For o = —1, 0 this means that ¢, = +1 on Z* and ¢, = —1 on
Z~. For 0 = +1 the parameter €, can be chosen either +1 or —1: it corresponds to k, oriented
outside or inside M, cf figure 2.

We use the given reference tetrad Ko, 1,, m,, m, as a fixed basis with respect to which it
is possible to define uniquely other directions, for example asymptotic directions along which
various null geodesics approach a point P at Z, or the principal null directions, see section 4.2.
It is natural to characterize such a general null direction k by a complex parameter R in the
following way: the direction k is obtained (up to a rescaling) from Kk, by the null rotation (3.4)
with the parameter K = R,

k x k, + Rm, + R, + RRl,. (3.26)

The value R = oo is also permitted—this corresponds to k being oriented along 1.

Let us mention that the reference tetrad introduced above is not well defined in conformal
geometry—it is normalized using the physical metric. However, it could be rescaled
isotropically by the common factor ! to obtain the associated conformal reference tetrad
which is well defined in the conformal geometry. For convenience, in the following we will
use the physically normalized reference tetrad instead of the conformally normalized one—see
discussion at the end of section 2.2.

4. The fields and their asymptotic structure

Now we have all ‘prerequisites’ needed to analyse the asymptotic properties of the fields.
We are mainly interested in gravitational and electromagnetic fields. However, the principal
result—the asymptotic directional structure of the fields—can be derived for general fields of
spin s. In all these cases we will study the dominant (radiative) component of the field as one
approaches conformal infinity. For this purpose, it is useful to parametrize the fields using
complex tetrad components which have special transformation properties.

4.1. The field components and their transformation properties

Following the notation of [12], gravitational field is characterized by the Weyl tensor C,pcq
and can be parametrized by five complex coefficients
Uy = Capeak’m’km?,

W) = CpeakPkm?,

Uy = Cpeak*m’mel,

W3 = Cpea’K1°m,

Wy = Cypegl'm’1I'm?,

“4.1)

whereas electromagnetic field is described by the tensor F,;, which is parametrized by three
complex coefficients

@) = Fpk'm’,
@) = jF (kY —m*m’), 4.2)

&, = F,m°l”.
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By a field of spin s we understand field which transforms according to spin-s representation
of the Lorentz group. It can be characterized by (2s + 1) complex components

T, j=0,1,...,2s. 4.3)

A more detailed (spinor) description of such fields can be found in appendix B. The
gravitational field W; or electromagnetic field ®; are special cases of (4.3) for s =2, 1,
cf (B.8)—(B.10).

These field components transform in a well-known way under special Lorentz
transformations introduced above (see, e.g., [12] or appendix B). For a null rotation with
k fixed, cf equation (3.3), the field transforms as

Y =07+ jLY]  + <é)L_2T})—2 * <é>L_3Tf—3 +oo4 L. (“44)

Under a null rotation with 1 fixed, see equation (3.4), the transformation reads
o . o 2s —J 2~r0 25—j A0
T, =7;+Q@2s— )HKYj,, + ) KX, +-- -+ K775 4.5)

Under a boost in the k-1 plane, and a spatial rotation in the m—m plane, given by equation (3.5),
the components Y'; transform as

Y, =B exp(i(s — )Yy (4.6)

4.2. Principal null directions and algebraic classification

For gravitational, electromagnetic or any spin-s field there exist principal null directions
(PNDs) which are privileged null directions k such that Yy = 0 in a null tetrad k, I, m, m
(a choice of 1, m, m is irrelevant). The PND k can be obtained from a reference tetrad
k,, 1,, m,, m, by a null rotation (3.26) given by a directional parameter R € C. We choose
the remaining vectors 1, m, m to be given by the same null rotation, i.e., by (3.4) with K = R.
The condition Yy = 0 thus takes the form of an algebraic equation of the order 2s for the
directional parameter R, see equation (4.5),

25 A0 2s 2s—1~r0 2s o o
RT3, + R Y5+ -+ RY?+7Y5 =0. 4.7)
2s — 1 1
In particular, for gravitational field it reduces to a quartic
RS + 4RPWS + 6R*WS + 4RV + W = 0. (4.8)
The complex roots R,,n = 1,2, ..., 2s, of equation (4.7) parametrize PNDs k,, with respect

to the reference tetrad Ko, l,, m,, m,. The situation when Y3, = 0 formally corresponds to an
infinite value of one of the roots, say R; = oo, in which case k; = 1,. There are four principal
null directions for gravitational field, two for electromagnetic field, and 2s for spin-s field.
According to whether some of these PNDs coincide, the fields are algebraically special and
can be classified into various (Petrov) algebraic types [12, 33, 44].

In a generic situation Y73, is non-vanishing and the polynomial on the left-hand side of
equation (4.7) can be decomposed as

‘ 25\ . 2
R®YS + ( IS)RZ“ITQ’SI P <2 s 1>RT;’ Y
.

=T (R—=R)(R—Ry) - (R — Ryy). (4.9)
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By comparing the coefficients of various powers of R itis possible to express all Y7 components
in terms of Y5, and the algebraically privileged principal null directions characterized by R,.
For example, the components of gravitational field can be written
W = —1Wo(R| + Ry + R3 + Ry),
‘-Ijg = é\yE(R]RQ + R1R3 + R{R4 + R2R3 + RyRy + R3R4),
\I’? = —%W:(R1R2R3 + RiRyRy+ RiR3R4 + RyR3Ry),
Wi = Wy R RyR3Ry.

(4.10)

Similar expressions apply to other fields; we write only the expression for the Y; component,

2s
TS = (—1)2fT2°S]_[Rj. 4.11)

j=1
Finally, let us note that a rescaling of all field components by a common factor does not
change the algebraic structure, i.e., the PNDs remain unchanged. This observation is useful
when we study the algebraic structure of the fields near conformal infinity. As we will discuss in
section 4.4, the field components T;.’ decay to zero near conformal infinity, see equation (4.18).
However, the leading term of the field still carries information about its algebraic structure. In

other words, asymptotically we define PNDs in terms of the leading order of the field.

4.3. Field components in the interpretation tetrad

Using the above quantities and relations we may now analyse the asymptotic behaviour of
a general gravitational, electromagnetic or any spin-s field with respect to the interpretation
tetrad near conformal infinity. To evaluate the field components T} in the interpretation
tetrad ki, I;, m;, m; we employ its relation to the tetrad ky,, 1, my, m, which is asymptotically
adjusted to Z, then the relation between this tetrad and the auxiliary tetrad k,, 1,, m,, m,, and
finally we perform the transformation to the reference tetrad ko, 1,, m,, m,. We thus express
)} in terms of Y.

The tetrads Kk, l;, m;, m; and Kk, ly, my, m, are related by the boost (3.15), i.e.,
ki = Qky, I = Q7 '1,, where Q = B ~ en’l, see equation (2.19). The next transformation
to the auxiliary tetrad is given by the 1-fixed null rotation and spatial rotation (3.17), with the
parameters L and ¢ given by (3.22). As we have already demonstrated above, with ¢ = 0
these two tetrads asymptotically coincide. Using (4.6) and (4.4) we thus obtain

Y}~ (en)’ ™ exp(i(s — /)po) T3 4.12)

We observe that the field components are asymptotically independent of the parameter L, and
they depend on the parameter ¢, only through the phase. Because these parameters Ly and ¢g
specify the choice of the interpretation tetrad, we have thus explicitly demonstrated that the
magnitude of the leading term of field components is independent of a particular choice of the
interpretation tetrad.

The specific phase behaviour of T} under spatial rotations indicates that different field
components have different polarization properties. The polarization can carry important
physical data. However, to retrieve such information it would be necessary to fix the initial
conditions for the interpretation tetrad somewhere in a finite domain of the physical spacetime.
In the general situation which we study here, we are not able to fix the interpretation tetrad
in such a complete way, and thus the polarization information contained in the phase of the
field components is not accessible. Therefore, in the following we will concentrate on the
magnitude of the field components, and for simplicity we choose ¢y = 0.
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Considering that all T;‘ for j =0, 1, ..., 2s are of the same order, cf equation (4.18), the
expression (4.12) demonstrates the well-known peeling-off property of the fields according to
which various tetrad components are proportional to different powers of the affine parameter
n as one approaches conformal infinity along a null geodesic. The dominant component is
Jj = 2s. Such a term Tés represents the radiative part of the field. In particular, the dominant
component of the gravitational field is characterized by \Il}‘ ~ nZ\I’j, the electromagnetic field
by ‘2 ~ endj, etc.

Finally, we express Y5 in terms of components Y. Both the reference and the auxiliary
tetrads are adjusted to Z and thus they only differ by a transformation which leaves the normal
vector n fixed. Such a transformation can be obtained, e.g., by the null rotation (3.3) of the
reference tetrad, followed by the null rotation (3.4), and the boost (3.5) with the parameters

B R
" 1—0RR’
(For a general transformation between two tetrads adjusted to Z we should also admit a spatial

rotation but this only changes a phase of the field components which was discussed above.) It
has an explicit form

L =0R, K B = ec,(1 — o RR). (4.13)

€€,

k, = m(ko + Rmo + Rm,, + RRIO),
€€ - -
l,=—"_(6’RRKk, + 0 Rm, + o Rin, +1,), (4.14)
1—-0oRR
m, = m(O’Rko +m, +O'R21i10 + Rlo)

Using (3.14) and (3.25) we easily check that 6\/%(—012a +1,) = i, which is the condition
(3.6). Moreover, the vector k, satisfies (3.26), and represents the direction along which the
null geodesic approaches conformal infinity: this direction is characterized by the complex
directional parameter R.

It only remains to perform the transformation of the leading field component
corresponding to (4.13). Using (4.4)—(4.6) we obtain

O 25\ - 25\ -
T8 = B[ [Lhrgs + ( 1S>L2”1T§X_1 + <2S)L2”2T§S_2 T T(‘)’} L @19
Applying now the identity (4.9), the expression in the bracket can be written as
Yo(L™' = R)(L™" = Ry) -+ (L7" — Ryy), so that

Y5 = Y5, B~ (1 = RiL)(1 = RyL)--- (1 — Ry, ). (4.16)
Using (4.12), (4.13) we thus obtain explicitly

i~ (%) (1 =R R)(1 —0RyR)--- (1 — Ry R).  (4.17)

4.4. Asymptotic behaviour of the field components in the reference tetrad

For a complete analysis of radiation it is important to identify the specific ‘fall-off’ of the
field. The correct asymptotic behaviour can only be obtained by a detailed study of the
field equations. There exists a wide spectrum of various results concerning this topic in
the literature. As mentioned in the introduction, the decay behaviour of the fields is well
understood in asymptotically flat spacetimes and there are some important results also in the
case of a non-vanishing cosmological constant.
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However, our goal in this work is to study the directional dependence of the leading
term of the fields, not its decay behaviour. We will thus only assume the fall-off typical
for zero-rest-mass fields, without engaging in a study of the field equations. Motivated by
discussion of behaviour of fields with a consistent field equation (s < 2) in asymptotically flat
spacetimes ([29, 33] or, e.g., [51, 62] for a gravitational field), we will assume

o
fY\O ~ T/*
J s+17
n

T_;’* = constant. (4.18)

For gravitational and electromagnetic fields this means that \I!;’ % \Ilj?*n‘3, <I>‘} % @3*77‘2.
Recalling the behaviour (2.19) of the conformal factor and the fact that the tensor
of an electromagnetic field and the Weyl tensor are conformally invariant, F,, =F,,
Cupe? = Cupe?, the fall-off (4.18) follows from the condition that the conformal quantities
F., and d ;¢ = Q7' Cype? are regular at infinity. For A # 0 such behaviour of a gravitational
field can be obtained rigorously, see, e.g., [36, 51], and it is plausible also for asymptotically
flat spacetimes. Inspired by these observations, in the following we will assume the behaviour
(4.18) in a general situation.

Of course, some of the field components may decay faster even if the fall-off (4.18) is
valid for a generic component. This happens when the reference tetrad is aligned along PNDs,
as we will discuss in the next section. If at least one of the field components Y falls off as
in (4.18) (i.e., at least one T;?* is non-vanishing) it is always possible to change the reference
tetrad in such a way that all T}’* # 0. When all field components T;? decay faster than (4.18)
we call such a field asymptotically of type 0, i.e., the field with a trivial algebraic structure.

Letus however emphasize again that the assumption (4.18) is not crucial for the asymptotic
directional structure of the field. It influences the decay of the field, not its directional
dependence. Because we are mainly interested in the analysis of the directional structure we
will not study the behaviour (4.18) in more detail.

4.5. Asymptotic directional structure of radiation

Substituting (4.18) into equation (4.17) we finally obtain

Ti ~ léé’rfx* (1—oRR)(1— oRzR)_~ (1= O'RZXR).
n (1 —oRR)*

This expression fully characterizes the asymptotic behaviour on 7 of the dominant component
of any massless field of spin s in the normalized interpretation tetrad k;, I, m;, m; which is
parallelly propagated along a null geodesic z(77). Due to the remaining freedom corresponding
to a spatial rotation (3.5) in the transverse m;—; plane, only the modulus |T§S | has an invariant
meaning, the phase of Y} describes a polarization. The field decays as =, where 7 is the
affine parameter, so we call expression (4.19) the radiative part of the field.

The complex parameter R represents the direction of the null geodesic along which a
given point P € 7 of conformal infinity is approached as n — e€oo. Let us recall that the
constants R, characterize the principal null directions, i.e. the algebraic structure of the field
at P. The directional structure of radiation is thus completely determined by the algebraic
(Petrov) type of the field. However, the dependence of Y, on the direction R along which
P e T is approached occurs only if o # 0, i.e., at a ‘de Sitter-like’ or ‘anti-de Sitter-like’
conformal infinity. For Z of ‘Minkowskian’ type which has a null character, o = 0, this
directional dependence completely vanishes.

The directional pattern of radiation (4.19) has been derived assuming that the field
component Yy is non-vanishing, cf (4.9). More precisely, we assume that this component
does not vanish asymptotically faster than a typical field component, namely that Y3, # 0,

(4.19)
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see (4.18). The vanishing coefficient Y73, indicates that the reference tetrad is asymptotically
aligned along some PND. Indeed, considering the fact that by interchanging k, with 1, the
component Y goes to Y5, the condition Y5, = 0 implies that the vector I, of the reference
tetrad is the PND, say k;. In terms of the directional parameter this means that Ry = oco. In
such a case we have to use a different normalization factor to express the field components.
With the help of relation (4.11), for Y§ # 0 we can write
(OR—R)OR—R,")--- (0R — Ry
(1—0oRR)’ '

This expression describes the same directional dependence as expression (4.19), it is only
normalized using a different field component.

Expression (4.19) is useful if Y3, # 0, expression (4.20) is applicable when Y, # 0.
In situations when Y§. = Y35, = 0, so that both the vectors k, and 1, are PNDs, another
non-vanishing component Y7 has to be used for the normalization. A particular example of

normalization using a different field component for the gravitational Petrov type D field will
be discussed in section 5.4, see equation (5.23).

o
T ~ —€ Y5 (4.20)
n

5. Discussion of the directional structure of radiation on Z

In this section we will discuss the general expression (4.19) for different values of 0 = —sign A
in detail. For practical purposes, we will restrict the description to gravitational and
electromagnetic fields; general spin-s field will be mentioned only for maximally degenerate
field of algebraic type N.

5.1. Radiation on null T

For ‘Minkowskian’ conformal infinity we have o =0, 1, o« n, and the field thus has no
directional structure. In such a case the radiative parts of the gravitational and electromagnetic
fields (4.19) are uniquely given by
o o
|‘1’i|’“M’ |¢E|%M, (5.1)
Il Il
i.e., they are the same for all null geodesics approaching a given point P € I. For (locally)
asymptotically flat spacetimes it is thus possible to distinguish between the radiative and
non-radiative fields. Radiation is absent at those points of null conformal infinity where the
constants W7, or ®J, vanish. As we discussed, this occurs when the principal null direction
is oriented along the vector 1, o n. This can be viewed as an invariant characterization of the
absence of radiation near 7.
In section 4.5 we suggested that for W}, = 0 we should use the alternative form of the
directional pattern of radiation (4.20). However, in the case o = 0 it reduces to

o
|| ~ |T;|*| |Ri Ry Ry Ry | ! (5.2)
1

with one of the R, infinite. We thus again obtain W} = 0 in the order n~".

5.2. On the meaning of the peeling-off behaviour

Let us give here some general comments concerning the character of the fields near infinity
which apply also to spacelike and timelike Z. Because for the Minkowskian infinity the
leading term of the field is independent of the direction along which the infinity is approached,
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one tends to attribute the invariant meaning to the components of the field with respect to
the interpretation tetrad, say, to the components W} of the gravitational field. The peeling-off

behaviour \II} ~ /= could thus be rephrased that the Weyl tensor becomes asymptotically
of type N—only the component W, ‘survives’ when one is approaching infinity. However,
as pointed out in [33], such an interpretation can be misleading. The peeling-off property is
a consequence of a delicate interplay between the decay behaviour (4.18) of the field and of
the different asymptotic scaling of the vectors of the interpretation tetrad. Consequently, the
asymptotic type N characterization of the Weyl tensor is not invariant—the Weyl tensor of
type N should have one quadruply degenerate PND which should coincide with the vector
k; of the interpretation tetrad, i.e., with the vector tangent to the geodesic along which the
infinity is approached. But this vector obviously depends on our choice and cannot thus be an
invariant characterization of the Weyl tensor.

The invariant asymptotic algebraic characterization of the field (asymptotic PNDs of the
field) can be obtained by the conformal technique. As discussed already in section 4.2, PNDs
do not depend on isotropic rescaling of the field and they can thus be defined using the leading
term of the field tensor, i.e., using the field components with respect to the reference tetrad (or
any other tetrad) which is related by an isotropic rescaling to a tetrad well defined in the sense
of the conformal manifold M. Defining PNDs in this way, the field can be of a general type
up to infinity. The PNDs defined at infinity can be used to define canonical reference tetrads
as will be done in sections 5.4 and 5.5. For example, the C-metric spacetime is of Petrov type
D everywhere, including at infinity, and its double degenerate PNDs at Z have been used to
define the reference tetrad in [102].

Because the interpretation tetrad is not of the type described above (the vectors k; and I;
scale differently with respect to the conformal manifold), the field components in this tetrad
can exhibit apparent degeneracy typical for type N fields.

As we have found, the asymptotic algebraic structure of the field allows us to give a
clear unambiguous characterization of the field near Minkowskian (null) infinity. The leading
radiative term (along any null geodesic approaching 7) disappears if a PND is tangent to
infinity. For spacelike and timelike infinities the leading term depends on a direction along
which 7 is approached, and it is absent only along some specific directions, given again by the
orientation of PNDs as described in detail in the following sections.

The invariant characterization of the absence of radiation using PNDs raises a question
of the relation between the algebraic structure of fields (orientation of PNDs on 7) and the
structure of sources. For example, in the case of two accelerated black holes (the C-metric)
the two (double degenerate) PNDs play the role of ‘radial’ directions from the holes, cf [102,
109]. It would be interesting to discover a similar relation between PNDs and sources in a
more general situation. We will analyse this question in another work.

5.3. Parametrization of directions by (pseudo-)spherical angles

In order to characterize more lucidly the directions on spacelike or timelike Z, it is convenient
to express the complex directional parameter R in terms of (pseudo-)spherical parameters.
At any point P € Z we have a reference null tetrad ko, ,, m,, m, which is adjusted to
conformal infinity. Such a tetrad is associated with an orthonormal adjusted tetrad t,, qo, I'o, So,
where t, is a unit timelike vector and qo, ', S, are perpendicular spacelike unit vectors,

1 1
toz —(k0+10), o — _(ko_lo)’
V2 a V2

1 _
ro, = _(mo +m0)7 So =

V2

; 5.3)
_(mo - Ii10)»

V2
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see (3.1). From the coplanarity and normalization condition (3.25) it follows that

t, = €on when 7 is spacelike (o = —1), (5.4)

Qo = —€on when 7 is timelike (o0 = +1), ’
where n is the normal to Z, cf figure 2. We can now project a null vector k, whose direction
is represented by the parameter R by (3.26), onto the corresponding conformal infinity.

In spacetimes with A > 0, for which 7 is spacelike, we perform a normalized spatial

projection to a three-dimensional space orthogonal to t,,

_k+(k-t)t,

K - to]

where k - t, = ga;,katg. The unit spatial direction q corresponding to k can be expressed in
terms of standard spherical angles 6, ¢, with respect to the reference tetrad,

) (5.5)

q=cosfq,+sinf(cospr,+sings,). (5.6)
Substituting (3.26) into (5.5), and comparing with (5.6) we obtain

R =tan g exp(—ig). 5.7

Therefore, R is exactly the stereographic representation of the angles 6, ¢. Additionally, for
o = —1 the orientation of the null vector k with respect to Z coincides with the orientation of
k,, € = €,, cf figure 2.
Alternatively, in spacetimes with A < 0 for which Z is timelike the normalized projection
of konto 7 is
_ k — (k ° qo)qo
|k : q0|
The resulting unit timelike vector t is tangent to the Lorentzian (1 + 2) conformal infinity. We
can analogously characterize t (and thus k) with respect to the reference tetrad as
t = cosh ¢ t, + sinh ¥ (cos g r, +sings,). 5.9)
The parameters ¥/, ¢ are pseudo-spherical parameters, ¥ € (0, 0o) corresponding to a boost,
and ¢ € (—m, +r) being an angle. Their geometrical meaning is visualized in figure 3.
However, these parameters do not specify the null direction k uniquely—there always exist
one ingoing and one outgoing null direction with the same parameters i and ¢, which are
distinguished by € = £1. Substituting equation (3.26) into (5.8), and comparing with equation
(5.9) we express ¥ and ¢ in terms of R as
2 |R|
1+|RI*
Observing that sign(1 — |R|2) characterizes a difference in orientations of the vectors k and
k, with respect to infinity, € = ¢, sign (1 — |R|?), we can write down the inverse relations,

(5.8)

tanh ¢ = ¢ = —arg R. (5.10)

tanh z exp(—igp) for € = +e¢,,
R= 3& (5.11)
coth 5 exp(—igp) for € = —e¢,.

We also allow an infinite value R = oo which corresponds to ¥ =0,€ = —¢,, i.e.,
k o (to — qo)/+/2.

Of course such a parametrization can be applied to any null direction k. In particular, it
may characterize the direction k; of a null geodesic along which the infinity is approached, and
also describe the principal null directions. The PNDs on a ‘de Sitter-like’ Z are thus given by
the spherical angles 6,,, ¢, related to R, by equation (5.7), whereas on an ‘anti-de Sitter-like’
Z by ¥, ¢n, €, which are given by (5.11).
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Figure 3. Parametrization of null directions k near timelike infinity Z. All null directions form
three families: outgoing (€ = +1, vector k©©" in the figure), ingoing (¢ = —1, vector k™) and
directions tangent to Z. The direction k can be parametrized with respect to a reference tetrad
to, qo, I'o, So by the boost v, angle ¢ and orientation €, or by a complex number R, or by parameters
0, ¢. In the left diagram, the vectors t,, qo, g, where rg = cos ¢ r, +sin ¢ s, are depicted; in the
right the direction q, = —€,n is omitted. The parameters ¥, ¢ specify the normalized orthogonal
projection t of k into Z, cf equations (5.8), (5.9). To parametrize k uniquely, we have to specity also
its orientation € with respect to Z. The parameter R is the Lorentzian stereographic representation
of ¥, ¢, €, cf equations (5.11). Vectors t corresponding to all outgoing (or ingoing) null directions
form a hyperbolic surface H. This can be radially mapped onto a two-dimensional disc tangent to
the hyperboloid at t,, which can be parametrized by an angle ¢ and a radial coordinate p = tanh .
In the exceptional case p = 1, i.e. ¥y — 00, the vector k o< t +ry is tangent to Z.

(This figure is in colour only in the electronic version)

5.4. Radiation on spacelike T

The asymptotic structure of gravitational and electromagnetic fields evaluated in the

interpretation tetrad near a de Sitter-like conformal infinity, o = —1 with n = €,t,, is given
by (4.19) for s = 2 and s = 1, respectively,
oW R R R R
Wi~ (1 4+ |RP)? <1——‘> <1——2) (1——3) (1——4), (5.12)
n R, R, R, R4
: [OXS R R
DL~ eg—2(1+ R (1 - —‘) <1 - —2> , (5.13)
n Rq Rq

where, using (5.7),

(1+|R») ™" = cos? (g) , (5.14)

and the complex number R, is

1 0 .
R, = % = —cot <§> exp(—igp). (5.15)
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It characterizes a spatial direction opposite to the direction given by R, i.e., the antipodal
direction with 6, =7 — 6 and ¢, = ¢ + . The remaining freedom in the choice of the
vectors m;, m; changes just a phase of the field components, so that only their modulus |\IJ}1]
or ’@‘2’ has an invariant meaning.

In a general spacetime there exist four spatial directions at P € Z along which the
radiative component of the gravitational field (5.12) vanishes, namely the directions satisfying
Ry =R,,n = 1,2,3,4 (or two such directions for electromagnetic field (5.13)). These
privileged null directions k are given by (3.26) with R = (R,),. Spatial parts of them are thus
exactly opposite to the projections of the principal null directions onto T.

In algebraically special spacetimes some PNDs coincide, and expressions (5.12), (5.13)
simplify. Moreover, it is always possible to choose the canonical reference tetrad aligned to
the algebraic structure:

(i) the vector q, is oriented along the spatial projection of the degenerate (multiple) PND
onto Z, say ky, i.e. ko = ky,

(i1) the q,—r, plane is oriented so that it contains the spatial projection of one of the remaining
PNDs, say k; (for type N spacetimes this choice is arbitrary).

Using such a canonical reference tetrad, the degenerate PND k4 is parametrized by 64 = 0,
i.e. Ry = 0, see equations (5.6) and (5.7). The PND k; has ¢; =0, i.e. R; =tan(0;/2) is a
real constant.

Consequently, for the Petrov type N spacetimes (which have a quadruply degenerate PND),
in the canonical reference tetrad there is R = R, = R3 = R4 = 0, so that the asymptotic
behaviour of gravitational field (5.12) becomes

. G
|0 | ~ [wg.|Inl~" cos® > (5.16)

The corresponding directional structure of radiation is illustrated in figure 4(N). It is
axisymmetric, with maximum value at & = 0 along the spatial projection of the quadruple
PND onto Z. Along the opposite direction, & = 7, the field vanishes. Analogously, for a
spin-s field of type N (with all PNDs coinciding) we obtain

2s

05, 2 03,117 feos

(5.17)

In Petrov type III spacetimes, R; = tan %‘, R> = R3; = R4 = 0, and (5.12) implies

i~ | @O e Or 0 s
|\IJ4|~|\IJ4*||77| cos 2‘1+tan2tan2<3

. (5.18)

This directional pattern is shown in figure 4(III). The field vanishes along & = 7 and along
0 = — 6, ¢ = m which are spatial directions opposite to the PNDs.

The type D spacetimes admit two double degenerate PNDs, R; = R, = tan%1 and
R3 = R4 = 0. The gravitational field near spacelike Z thus takes the form

2

) 0 0 0 .
|0y | ~ |"I"§*||7l|_lcos4§ ‘1 +tan31tan§el¢ , (5.19)

with two planes of symmetry, see figure 4(D). This directional dependence agrees with that
for the C-metric spacetime with A > 0 derived recently in [102].

For Petrov type II spacetimes, only two PNDs coincide so that R; = tan %1,
R, = tan %2 exp(—i¢y), Rz = R4 = 0. Asymptotic directional structure of the field,
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Figure 4. Specific directional structure of radiation for spacetimes of Petrov types N, III, D, II
and I. Directions in the diagrams are spatial directions tangent to a spacelike Z. For each type, the
radiative component |\Iljl| along a null geodesic is depicted in the corresponding spatial direction q
parametrized by spherical angles 0, ¢, see (5.6). [Degenerate] principal null directions (PNDs) are
indicated by [multiple] bold arrows. Thick lines represent spatial directions (opposite to PNDs)
along which the radiation vanishes.

. 0 0 0 .
| W] ~ [Wg.|Inl~" cos? > ‘1 +tan31tan§el¢

0 0
1 +tan = tan - @92, (5.20)
2 2
is drawn in figure 4(ID).
Finally, in the case of algebraically general type I spacetimes one needs five real parameters

01, 02, P2, 03, @3 to characterize the directional dependence

) 0 0 0 .
| W] ~ [ w9 |In| " cos? > ‘1 +tan31tan§e“”

0 0 . ) 0 .
x |1 + tan ?2 tan 5 e@=)||1 + tan 33 tan 3 el@—)| (5.21)

figure 4(I), of the gravitational field with respect to the canonical reference tetrad.

Of course, for any conformally flat spacetime the radiation vanishes entirely because
\Il} = 0 for all j. This is the case of, for example, the Friedman—Robertson—Walker solutions
which admit 7.

There exist alternative choices of the reference tetrad, e.g., those which respect the
symmetry of the radiation pattern. For spacetimes of type D the directional structure indicated
in figure 4(D) admits two planes of symmetry. It is thus natural to choose the tetrad q_, r,, s,
adapted to them: we require that one (double degenerate) PND has inclination 6; with respect
to g, the second PND has the same inclination with respect to —q), (i.e. 6s = (7 — 60,)/2),
and that the vector s is perpendicular to the plane spanned by these PNDs (see [118] for
more details). With respect to this reference tetrad the PNDs are parametrized by the
coefficients R = R, = tan% and R; = R4 = cot %. Moreover, for type D there exists a
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natural normalization of the field which is different from that discussed above. One can
evaluate the components W} in the algebraically special null tetrad with k and I given by the
degenerate PNDs—it follows from the definition of PNDs that only the component W3 would
be non-vanishing. This component is independent of a choice of the tetrad vectors orthogonal
to PNDs, and of the scaling of PNDs (assuming K; - Iy = —1), cf (4.6) with s = 2. We may
thus use W3 to normalize the directional structure of radiation. Using the relation

W = 3 tan? 6,053, (5.22)

see [118], the radiation pattern (5.12) parametrized by angles 6, ¢’ with respect to the reference
tetrad t, ., 1, s, reads

= L2 14
In| 2 cos? &
This coincides with the expression for the asymptotic directional structure of radiation in the
C-metric spacetime with A > 0, as previously presented in [102].
For a completely general choice of the reference tetrad near a de Sitter-like conformal
infinity, the dominant radiative term (5.12) of any gravitational field can asymptotically be
written in terms of spherical angles 6, ¢ as

o 1Y 40
’\I—’H'\zwcos 5 1_[

n=1,2,3,4

sin @’ + sin 6 cos ¢’ — isin 6, cos &’ sin¢'|>. (5.23)

9]1 9 1 —
1 + tan 0 tan 3 el@—o| (5.24)

where 6,, ¢, identify the principal null directions k,, with respect to the reference tetrad. In a
similar way, when W}, = 0, W, # 0 we obtain from (4.20)

. wo, R R R R
|lyi|% ’ 0 ||1+|Ra|2|72 1_ la 1_ 2a 1_ 3a 1_ 4a
7] R R R R
wo, 0 0, 6 .
= % sin* 5 1—[ 1 + cot 0 cot 3 gl@—o| (5.25)

n=1,2,3,4

An analogous discussion also applies to electromagnetic field (5.13). Moreover, it
turns out that the square of @} is the magnitude of the Poynting vector with respect to

the interpretation tetrad, |S;| ~ % |CI>"2|2 If the two PNDs of the electromagnetic field
coincide (R; = R, = 0), the directional dependence of the Poynting vector at Z with respect
to the canonical reference tetrad is the same as in equation (5.16), figure 4(N). If they differ
(R, =tan %‘, R, = 0), the asymptotic directional structure of |S;| is given by equation (5.19),
illustrated in figure 4(D). The latter result was first obtained for the test field of uniformly
accelerated charges in de Sitter spacetime [101] and then recovered in the context of the
charged C-metric spacetime [102].

The above discussion and explicit forms of the radiative directional patterns apply both
to future conformal infinity Z* and past Z~. In particular, it means that not only outgoing
radiation does not vanish in a generic direction, but also that the ingoing field has a radiative
(~n~") term along a generic null geodesic coming from the past infinity. This result can be
related to Penrose’s discussion of the nature of an incoming field near a spacelike infinity
[28, 100] which has been studied in more detail in [104] and identified as the insufficiency of
purely retarded fields.

5.5. Radiation on timelike T

Now we shall explicitly analyse the dependence of radiation on the direction of a null geodesic
near the ‘anti-de Sitter-like’, i.e. timelike, conformal infinity [117]. With respect to a suitable
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reference tetrad t,, q,, I'o, S, these directions are parametrized by the complex parameter R,
or its ‘Lorentzian angles’ ¥, ¢ and the orientation €, related to R by pseudo-stereographic
representation, see (5.11) and figure 3. The directional structure of radiation is given by
expression (4.19) for o = +1,

Cwe, R R R R
Wi~ — (1= R <1 - —‘) (1 - —2) <1 - —3> (1 - —4> , (5.26)
n R R Rn R
. @9 B R: R,
O~ eg—22(1 — |RPH)™! (1 - —> (1 — —> ) (5.27)
2 0 n R R

Here, the complex number R, is

Run = R7! = coth®® (%) exp(—ig), (5.28)

see (5.11). Itcharacterizes a direction obtained from the direction R by a reflection with respect
to Z, i.e., the mirrored direction with ¥, = ¥, ¢, = ¢ but opposite orientation €, = —e.
Near an anti-de Sitter-like conformal infinity, a generic gravitational field thus takes the

asymptotic form
1 — tanh®€ <ﬁ> tanh€€° (ﬂ) el@—dn)
2 2 ’

. |W9.| [coshy +ee,
i) ~ / 3
|n| n=1,2,3,4

where ¥, ¢,, €, identify the principal null directions k,, including their orientation with
respect to Z.

Expression (5.26) has been derived assuming W} # 0, i.e., R, # oo. However, to describe
the PND oriented along I, it is necessary to use a different component W7 as a normalization
factor. With W§ = W7 R R, R3 R4 we obtain

(5.29)

. wo, R R R R
|“I'l4l;|% | 0 ||1_|Rm|2|—2 1 — Im 1— 2m 1— 3m 1— 4m
Il R R R R
Wo.| [coshy —eey\? . A
= |5 < Klfz 0) l_[ 1 — coth®® <%> coth®® (%) @0 (5.30)
Il n=1,2,3,4

Interestingly, the radiation pattern has thus the same form if all PNDs are reflected,
R, — (R,)m, and ingoing and outgoing directions switched, R — R,.

Both expressions (5.26) and (5.30) characterize the asymptotic behaviour of the fields
near anti-de Sitter-like infinity. First, we observe from (5.26) that the radiation ‘blows up’ for
directions with |R| = 1 (i.e., ¥ — 00). These are null directions tangent to Z, and thus they
do not represent a direction of any geodesic approaching Z from the ‘interior’ of spacetime.
The reason for this divergent behaviour is ‘kinematic’: when we required the ‘comparable’
approach of geodesics to infinity (see discussion nearby (3.10)), we had fixed the component
of k; normal to Z, equation (3.16). Clearly, such a condition implies an ‘infinite’ rescaling if
k; is tangent to Z which results in the divergence of |\1Jj}.

The divergence at |R| = 1 splits the radiation pattern into two components—the pattern
for outgoing geodesics (€ = +1) and that for ingoing geodesics (¢ = —1). These two different
patterns are separately depicted in figures 5 and 6.

From equation (5.26) it is obvious that there are, in general, four directions along which the
radiation vanishes, namely PNDs reflected with respect to Z, given by R = (R;,)y,. Outgoing
PNDs give rise to zeros in the radiation pattern for ingoing null geodesics, and vice versa. A
qualitative shape of the radiation pattern thus depends on
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(Ta} 0000 (Ib} 000% o00tt

Figure 5. Directional structure of radiation near a timelike Z. All 11 qualitatively different shapes
of the pattern when PNDs are not tangent to Z are shown (the remaining nine are related by a simple
reflection with respect to Z). Each diagram consists of patterns for ingoing (left) and outgoing
geodesics (right). |\I/j‘| is drawn on the vertical axis, directions of geodesics are represented on
the horizontal disc by coordinates p, ¢ introduced in figure 3. Reflected [degenerated] PNDs
are indicated by [multiple] arrows under the discs. For PNDs that are not tangent to Z these are
directions of vanishing radiation. The Petrov types (N, III, D, I, I) corresponding to the degeneracy
of PNDs are indicated by labels of diagrams, the number of ingoing and outgoing PNDs is also
displayed using the notation of table 1.
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Table 1. All 51 qualitatively different directional structures of gravitational radiation near a timelike
conformal infinity. For various algebraic Petrov types, given by the degeneracy of principal null
directions, the specific structure is determined by the orientation of these PNDs with respect to
Z. We denote outgoing, tangent and ingoing PNDs by the symbols o, ¢ and i, respectively, and
their degeneracy by the corresponding power. The possibilities for each Petrov type which are
presented in the third line are obtained from those in the first line by the duality between outgoing
and ingoing directions, i.e. by interchanging o with i.

Type  PND degeneracy  Different possible orientations of PNDs

N 4 4

111 3+1 3t

0%0* 0*t?

D 242 0%i% 1’t?

i2i2 [2[2

0%o0 o%ot o*oi o%i okt o*tt
Il 2+1+1 toi 1t

i%ii it i

200 1ot

2 2 2

io i*oo ilor it 12

i 13t
0000 000t 0001 00it oott ottt

1 1+1+1+1 ooii oitt tttt
iiii iiit iiio iiot iitt ittt

(1) degeneracy of the PNDs (Petrov type of the spacetime),

(ii) orientation of these PNDs with respect to Z (the number of outgoing/tangent/ingoing
principal null directions).

Depending on these factors there are 51 qualitatively different shapes of the radiation patterns
(3 for Petrov type N spacetimes, 9 for type III, 6 for D, 18 for IT and 15 for type I spacetimes);
21 pairs of them are related by the duality of equations (5.26) and (5.30). All the different
possibilities are summarized in table 1. The corresponding directional patterns with PNDs
not tangent to Z are shown in figure 5, some examples of those with PNDs tangent to Z can be
found in figure 6.

As we have said before, the reference tetrad can be chosen to capture the geometry of the
spacetime. To simplify the radiation pattern we can also adapt it to the algebraic structure, i.e.,
to correlate the tetrad with PNDs, as we did thoroughly for spacelike Z in the previous section.
In the case of timelike conformal infinity, however, the choice of canonical reference tetrads
adjusted to PNDs is not very transparent—it splits to a lengthy discussion of separate cases
depending on orientation of the PNDs with respect to Z. We do not include such a discussion
here. We will only mention the simplest case of type N fields, and investigate in some more
detail the cases of PNDs tangent to Z, the presence of which is specific for spacetimes with
timelike infinity.

For type N fields with the quadruply degenerate PND, which is not tangent to Z, we can
align the vector k, along this algebraically special direction, i.e., ko, = k; (= k, = ks = ky).
The vector 1, is fixed by the adjustment condition (3.25). (The spatial vectors m,, m, cannot
be fixed canonically by the algebraic structure—they have to be specified by other means.)
The PNDs are then given by R, =0, i.e., ¥, = 0 with orientations €, = €,,n =1, 2,3, 4.
The directional dependence of radiation (5.29) thus reduces to
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™ ™ T ™
f4

Figure 6. Examples of directional structure of radiation near a timelike Z when PNDs are tangent
to Z. Only the patterns for types N and D are shown. The notation and meaning of the diagrams
are the same as in figure 5.

i

Db o*t?

(N}

) \IIO* o 2
| ~ | P | (coshW+ee ) ’ (531)

4 In] 2

illustrated in figure 5(N). Similarly, the radiative component of a general spin-s field of type
N would be

|75, | (5.32)

~ e (coshw +eeo>s
n] 2 .

It is possible to introduce naturally the reference tetrads adjusted to the algebraic structure
for Petrov type D gravitational fields or, in general, for fields with two equivalent special
algebraic directions as, e.g., for a generic electromagnetic field. Such a tetrad is analogous to
that introduced above (5.23) near a spacelike Z. A detailed discussion of these tetrads and of
the normalization of the field can be found in [118] (cf also (5.36)).

We now turn to a special situation specific for the fields near a timelike infinity Z. Up
to now we have discussed principal null directions which are either incoming or outgoing
from the spacetime. However, PNDs can also be tangent to Z, and in the following we will
discuss the consequences of such special orientation of PNDs for the radiation pattern. We
do not expect PNDs to be tangent to Z at generic points. However, they can be tangent on
some lower-dimensional subspace such as the intersection of Z with Killing horizons—cf the
anti-de Sitter C-metric [103]. These subspaces can be important, e.g., as in the context of the
Randall-Sundrum model: a brane constructed from the C-metric reaches infinity with PNDs
tangent both to it and to Z [119].

In the case when all PNDs are tangent to the conformal infinity, R, = exp(—i¢,), the
directional pattern (4.19) for a general spin-s field reduces to

2s
1Ts| ~ T3] Inl™! l_[(cosh ¥ — sinh ¥ cos(¢ — ¢,)) /2. (5.33)
n=I
The field has, in general, no directions of vanishing radiation. It can only vanish along
unphysical directions R = R, (unphysical because they are tangent to 7), provided the PND
k, is at least triple degenerate.
For type N fields, when all PNDs are the same, we can choose the reference tetrad in such
a way that R, = 1, i.e., ¢, = 0, and we obtain

|05, | ~ [13,.] Inl ™" (coshyr — sinh y cos ¢)°. (5.34)
In particular, for a gravitational field
Wi | & [Wg.| ™" (coshyr — sinh y cos ¢)?, (5.35)

see figure 6(N).



184 Pavel Krtous

R264 Topical Review

For a gravitational field of Petrov type D with both double degenerate PNDs tangent to 7
(figure 6(Da)), we can choose the reference tetrad such that R} = R, = land R3 = Ry = —1.
The radiation pattern then becomes

| W] ~ 2 |ws, | Inl~" (1 + sinh®  sin” ¢), (5.36)

where for normalization we have used the only non-vanishing field component W3 in the
algebraically special tetrad aligned along both PNDs: this is related to the reference tetrad
field component by Wy = %\Ils, see [118]. As we have said, there is no direction (even an
unphysical one) of vanishing radiation in this case. However, directionally dependent limits
R — R; and R — Ry, in general, do not diverge (cf figure 6(Da)). Finally, for a gravitational
field of type D with only one PND tangent to Z, figure 6(Db), we can choose the reference

tetrad sothat Ry = R, =1, R3 = R4, =0,
|_1 cosh i + €€,
2
To summarize, when 7 is not null the radiation fields depend on the direction along which
the conformal infinity is approached. Analogously to the A > 0 case [116] the radiation
pattern for A < O has a universal character determined by the algebraic type of the fields
[117]. However, new features occur when A < 0: both outgoing and ingoing patterns have to
be studied, their shapes depend also on the orientation of the PNDs with respect to Z, and an
interesting possibility of PNDs tangent to T appears. Radiation vanishes only along directions
which are reflections of PNDs with respect to Z. In a generic direction it is non-vanishing.
The absence of 7! terms thus cannot be used to distinguish nonradiative sources: near an
anti-de Sitter-like infinity the radiative component reflects not only properties of sources but
also their relation to the observer.

| Wy | ~ w5, ]In (cosh y — sinh ¥ cos ¢). (5.37)

6. Conclusions

The investigation of the asymptotic structure of general fields in spacetimes with a non-
vanishing cosmological constant A is motivated, among others, by the fact that these
spacetimes have been commonly used in various branches of theoretical research, e.g.
in inflationary models, brane cosmologies, supergravity or string theories. Perhaps most
importantly, the possible presence of a positive A is also indicated by recent observations.
An understanding of the nature of radiation in spacetimes with a non-vanishing A is not
so developed as that in spacetimes with A = 0. Standard techniques used for asymptotically
flat spacetimes (such as the Bondi—Sachs approach) cannot be applied, and generalizations
of other methods lead to results which are ‘less unique’. In particular, we have documented
that for A # O the field components with respect to a parallelly transported interpretation
tetrad depend on a null direction along which infinity is approached—the feature which is
absent in the A = 0 case. In Penrose’s words (cf discussion after equation (9.7.38) in [33]):
“on varying geodesic through P, the different components ‘-IJ; get mingled with each other”.
We derived this directional structure of radiation explicitly and we demonstrated that it is
determined by the algebraic structure of the field. The asymptotic behaviour near Z of the
dominant component of any zero-rest-mass field of spin s is given by formula (4.19),

2s
i ooyl —GRR)_SH(l —oR,R), (6.1)

n=1
where 7 is the affine parameter. The coefficient 0 = —1, 0, or + 1 denotes the spacelike, null
or timelike character of the conformal infinity; in (electro)vacuum spacetimes o = —sign A.
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The complex parameter R represents the direction of the outgoing/ingoing null geodesic
along which a given point P € T is approached as n — foo. The complex constants R,
characterize the principal null directions, i.e. the algebraic structure of the field at P. Obviously,
for 7 of a ‘Minkowskian’ type (o = 0) the directional dependence completely vanishes. The
specific dependence of Tés on the direction R of the geodesic occurs if o # 0, i.e., near
‘(anti-)de Sitter-like’ conformal infinity. Interestingly, in all spacetimes which are not
conformally flat there are at most 2s directions along which the radiative part of the field
(6.1) vanishes. These are directions antipodal to the principal null directions in the case of
a spacelike Z, and mirror reflections of the PNDs with respect to Z when its character is
timelike. Along all other directions the radiation does not vanish, even if the field corresponds
to a ‘static’ source.

Our results supplement and refine the peeling-off behaviour of zero-rest-mass fields. The
‘peeling’ is a well-known property of the fields near conformal infinity, and therefore we will
emphasize again its relation to the above derived asymptotic directional structure of radiation.
For example, in classical works [23, 30] one can find its very suggestive formulation: the
curvature tensor expanded along null geodesics takes the form

U=Np '+ 2+ 3+~ +- -, (6.2)

(see page 365 in [30] or equation (5.6) in [23]) where the terms N, 11, IT and I are algebraically
special with quadruple, triple, double and non-degenerate PNDs, respectively. On this basis it
is commonly stated that the radiative component (~ n~!) becomes asymptotically of Petrov
type N with one quadruply degenerate PND. Our discussion above, however, demonstrates
that such an interpretation is misleading or, at least, not precise. The separation of the terms
having different algebraic structure into different orders of the asymptotic expansion in 7 is
not due to the inherent properties of the Weyl tensor itself, but rather due to the asymptotic
degeneracy of the tetrad with respect to which the Weyl tensor is evaluated. The coefficients
in (6.2) are calculated in the interpretation tetrad which is parallelly transported along the
null geodesic. We have seen that such a tetrad becomes infinitely boosted with respect to a
regular tetrad defined in terms of the conformal geometry (see, e.g., relations (3.18), (2.19)).
The Weyl tensor evaluated in the tetrad which is defined using the conformal techniques (i.e.,
the field calculated in the conformal geometry and then appropriately rescaled to obtain the
physical quantity) has a typical behaviour ¥ ~ =3 (cf equation (4.18)) and it does not exhibit
any peeling-off behaviour. It is the transformation to the interpretation tetrad (by the infinite
boost, see equation (4.12)) which gives rise to peeling-off of the components with a different
algebraic structure.

The field thus becomes asymptotically of type N only when viewed from the parallelly
transported tetrad, with the algebraically special direction oriented along the tangent to the null
geodesic approaching infinity. Already this dependence of the algebraically special direction,
along which the field asymptotically aligns, on the direction of the geodesic, indicates that the
asymptotic algebraic degeneracy suggested by (6.2) is not an invariant property of the field
but an effect resulting from specific relation between the field and the observer.

As we said, near a null conformal infinity the magnitude of leading coefficient ~;~! in
the expansion (6.2) actually does not depend on the direction of the null geodesic (see (6.1)
for 0 = 0), and can thus be assigned a more invariant meaning—we may speak about non-
radiative fields if this leading term is missing, and about radiative fields otherwise. However,
for a spacelike or timelike conformal infinity we have found that the magnitude of the leading
term does depend substantially on the direction R of the geodesic. Interestingly, such a
dependence can be explicitly described in terms of the principal null directions of the field,
see (6.1) and the discussion in sections 5.4 and 5.5.
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To summarize: the peeling-off behaviour of a field near a spacelike or timelike infinity is
not an invariant property of the field itself, but it is rather a statement about the behaviour of
the field components evaluated in suitable tetrads propagated parallelly along null geodesics.
For the full description of the components, the standard ‘peeling’ needs to be supplemented
by their directional dependence which was presented above. We hope that our results may
give some clues to the understanding of radiation in spacetimes which are not asymptotically
flat.

It is very difficult to obtain an explicit general relation between the matter distribution and
the corresponding distant gravitational field since the non-linearity of the Einstein equations
effectively allows gravitation to act as its own source. Therefore, it remains an open problem
to relate the structure of bounded sources to the principal null directions of the field at Z which
essentially determines the radiation structure at spacelike or timelike conformal infinities.
Some insight in this direction could hopefully be obtained by investigating suitable exact
model spacetimes.
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Appendix A. Asymptotic polyhomogeneous expansions

In section 2.3 we integrated equation (2.13) for a physical affine parameter, and we obtained
its expansion (2.17) in terms of the conformal affine parameter 7. This can easily be inverted
only in the leading order, ) = —1/n. Here we derive the expansion of the conformal affine
parameter 7 in terms of 1 up to a higher order.

First, assuming smoothness of the conformal factor in the conformal affine parameter
near Z, we have (cf equation (2.16))

Q= —€fl + Qi + i+, (A.1)

where Q; are constants. Expanding 272, the integration of (2.13) then leads to
1 - 2 -
77:—:+(26921n|n|+n0)+(3§22+26§23)n+--~ (A2)
n

(cf equation (2.17)), where no is a constant of integration. This expression contains the
logarithmic term In |7| which means that the relation between 1 and # is intrinsically non-
analytic and cannot thus be inverted as a standard power expansion. We have to look for an
inverse expansion in a broader class of functions, namely we admit functions which for small
& can be written as

o0
fE =) fin~"[EDE, (A3)
J=Jx
where j, j,. € Z, and the ‘coefficient’ f; (In"!' |&]) in the power expansion is an (infinite)
polynomial of the reciprocal logarithm x = In~! |£|. More precisely, f i (x) is a function
which is analytic (with a possible pole of a finite order —k, if k, < 0) atx =0,

Fi) =" fiaxt (A4)
k=k.
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Inspired by [90], we may call such an expansion polyhomogeneous. The expansion (A.3) with
the leading coefficient f;, (x) regular and non-vanishing atx = 0 can be substituted into another
polyhomogeneous expansion and the result remains again in the class of polyhomogeneous
expansions.

Expansion (A.2) is exactly of the form (A.3) for a small parameter 7). We can seek the
inverse relation as a polyhomogeneous expansion in the small parameter ¢ = —n~! (i.e., in
the reciprocal physical affine parameter; notice the difference between ¢ and €):

fi=e+(n""|eDe? + H3(In~" ehed + - - (A.5)

Substituting into (A.2), expanding logarithmic terms, and requiring that the resulting expansion
should lead to the single term n = —e~!, we find

il =e— (2elnle| +no)e” + (423 In’ |e] + 4Qy(eno + 22) Ine| + 1

+2em0 — 3Q; — 2eQ3)e’ + - (A.6)
Thus, the conformal factor (A.1) is
Q= —ec+ (2 Inle|+en + )e> — €(4Q3 In” |e| + 423 (e +22) In e

+ng +4enon — 323 — 3eQ3)e’ +- - (A7)

Integrating now equation (3.19) for parameter L, in which we expand €2 and the right-hand
side in parameter 7, see equations (A.1) and (3.20), we obtain

L = M;In|fj| + Lo+ (M + 26 M )7 + 1 (M5 + 2 Mo + M (325 +26Q3) ) > + - - -,
(A.8)
and expressing this in terms of the reciprocal physical affine parameter using (A.6)
L=MInle|+ Lo+ (—2eM Q2 In|e|+ M, — Mno+2eM,2)e
+(2M,95In? |e| — 2€(Ma — M10)Q2 In ]
+ 3 (M3 — 2Ma(ng — €) + My (1§ — 3Q3 — 2¢Q3)))e* + -+ -. (A.9)
Moreover, the coefficients €2;, M; in expansions (2.16) and (3.20) can be expressed in terms

of derivatives of 2 and mjd,£2 with respect of #j. Namely, 2, and M, are given by

1d*Q

2= 37, " 2 (RPKO9,d,9)|,. (A.10)
M, = \/Ezc%(mgdag) =20 (k'm!V,d, Q)| (A.11)
n =0
where we used (3.11) and (3.12). Employing equations (2.3) and (2.8) we obtain
Vd, Q2 = 18,02 + 1Q[ (Ricy, — ;Rgw) — (Ricy, — 1 RBus)]. (A.12)
Consequently,
Q = 30 (QKJK[(Ricay — ;R8as) — (Ricw — 1 REw)])] - (A.13)
My = ¢(QKm[ (Ricy, — §Rgwp) — (Ricay — FREw)])|, (A.14)

We assume regularity of the conformal geometry near infinity so that the second terms in
brackets, Q(Ricah — iRgab), vanish on Z. The first terms can be expressed as the specific
tetrad components of the traceless Ricci tensor [12], namely

@3, = 1 (Ricyy — 1 Rg Kk, @, = 1(Ric,y — $Rg.)k"m", (A.15)
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which in view of Einstein equations (2.9) are proportional to the corresponding components

of the energy—momentum tensor. We thus obtain
2(o-1 =1

Q= (Q7 )|, ~ (717 05|

o (A.16)

My =207 )|, ~ (771 ®5)) [y (A.17)

where ®F, and &, are evaluated with respect to the tetrad (3.14). These vanish identically for
vacuum spacetimes. Moreover, €2, and M, are zero also in non-vacuum cases such that near
the conformal infinity the matter field decays faster than ~ 7. It corresponds to the situation
when Penrose’s asymptotic Einstein condition (equation (2.20), cf (9.6.21) of [33]) is satisfied.
With , = 0, M; = 0 the logarithmic terms in expansions (A.6)—(A.9) disappear.

Appendix B. Tetrads and fields in spinor formalism

Following, e.g., [33], the field of any spin s = 0, %, 1, %, -+ can be represented using the
two-component symmetric spinor Y with 2s lower indices. To fix conventions for various
signs and prefactors which alter in the literature we first summarize some general relations for
spinors and their relation to tangent vectors.

Two-component spinors at a point x form two mutually conjugated complex vector
spaces S, M and S, M of dimension two. We use capital Latin letters for indices of spinors
from S, M and letters with a bar for the conjugated spinors. Spinor spaces are equipped
with skew-symmetric metrics €5 and €z respectively, and with their inverses €% and €%
(such that, e.g., €*Mepy = 8%4). These metrics are used for lowering and raising indices:
P = eMapy, Py = Mep 4. The space of real bi-spinors (i.e., spinors a?4 such that

a4 = a?*) with metric —e,p€4; is isometric to the space of tangent vectors with metric
spacetime g,;, through the soldering form o“, ;. The relation of both metrics is
b b __AB_-AB ~ b
8" = —0%i0 s €N, €ABEAE = —8abT Ai0 BE- (B.1)

A spinor frame o, ¢ is called normalized if it satisfies
P = o448 —LAOB, ie., oALBeAB =1. (B.2)
We can associate a normalized spinor frame o, ¢ with any null tetrad k, 1, m, m in the following
way:

k¢ = O'aAAOA(_)A, mé = UGAAOAZA, B3
la_o.a_A—_ ~a _ —a _,A=A ( )
= AAL LU, m" =o q5L 0.

Special Lorentz transformations (3.3), (3.4) and (3.5) correspond to transformations of
the normalized spinor frame which leave (B.2) unchanged. Namely, for null rotation with k
fixed we have

0 = 0,, kaOa m=m0+Lk0, (B 4)
L=1t,+Lo,, 1=1,+Lm,+Lm+ LLk, m=m, + Lk,, ’
and for null rotation with 1 fixed,
0=o0,+Ku,, k=Kk,+ Km, + Km+ KKk, m =m, + KK, B.5)
L=, 1=1,, m=m, + KK,. ’
Boost and rotation are

0o=B: exp (i%)oo, k = Bk,, m = exp(ip)m,, (B.6)

L=B"? exp (—i%)bo, 1=B"1,, m = exp(—i¢)m,.
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As we have said, the field of spin s can be represented by a spinor Y 4,..4,, Which is
symmetric in all indices. The space of such symmetric spinors forms a representation space
for the irreducible representation of type (0, s) of the SL(2C) group, or of its s1(2C) Lie
algebra which is isomorphic to Lie algebra so(1, 3) of the Lorenz group.

Field equations for the zero-rest-mass field of spin s are usually written in the form

"NV i ¥y a, =0, with Vi = 0%iVa. (B.7)

It is well known [33] that such an equation is not consistent for s > 2 in a general curved
background, and there are restrictions on curvature to achieve consistency for s > 1. However,
the exact form of the field equations is not necessary for our discussion. We only assume that
we may obtain the field Y from some unspecified theory which prescribes the behaviour of
the field.

The examples are spinors Wupcp and ®,p of spins 2 and 1 which represent the
gravitational and electromagnetic fields, respectively. These spinors are related to the Weyl
tensor C,peq as

AA__ BB _ CC__ DD PR
Cupea =0 0y 0. "0q" " (Wapcp €i3€cp + YiEcHEABECD), B8
1 a _ b _ __c _ _d _ _AB -CD :
Wapcep = 30450 330 cc0 ppCabea€” "€ 7,
and to the electromagnetic tensor F,;, as
AA __ BB — 5
Fo, =0,""0,"" (Pap€sp + Pigean), ®.9)

®up = 20“410"s5Fuwéas.
The field Y has 2s + 1 independent components. In the normalized spinor frame o, ¢
these can be identified as
AI ..

Aj

L OA.f*']...OAZV’ j:O,l,.,,,Zs. (BIO)

Substituting the transformations (B.4), (B.5) and (B.6) of the spinor frames into (B.10) we
immediately obtain the transformation properties of the field components. Namely, we get

T, =10+ ({)ET_;’_I + (é)i%}?_z + (é)L'W;?_S +o+ LY (B

for the null rotation with k fixed, and

Tj = TAl---AjA,‘H-“Az;L

25— j 25— j .
TJ':T;-’-( sl ]>KT})+1+( S2 ]>K2Tf+2+"'+K2S_J % (B2

for the null rotation with 1 fixed. Finally, for the boost and the rotation we obtain
Y; = B exp(i(s — j)$) Y. (B.13)
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The directional behavior of dominant components of algebraically special spin-s fields
near a spacelike, timelike or null conformal infinity is studied. By extending our pre-
vious general investigations, we concentrate on fields which admit a pair of equivalent
algebraically special null directions, such as the Petrov type-D gravitational fields or alge-
braically general electromagnetic fields. We introduce and discuss a canonical choice of the
reference tetrad near infinity in all possible situations, and we present the corresponding
asymptotic directional structures using the most natural parametrizations.

PACS: 04.20.Ha, 98.80.Jk, 04.40.Nr
Key words: gravitational radiation, asymptotic structure, cosmological constant

1 Introduction

In the series of papers [1-4] we analyzed the asymptotic directional properties
of electromagnetic and gravitational fields in spacetimes with a nonvanishing cos-
mological constant A. It had been known for a long time [5-7] that — contrary to
the asymptotically flat spacetimes — the dominant (radiative) component of the
fields is not unique since it substantially depends on the direction along which a null
geodesic approaches a given point at conformal infinity Z. We demonstrated that,
somewhat surprisingly, such directional structure of radiation can be described in
closed explicit form. It has a universal character that is essentially determined by
the algebraic type of the field, i.e., by the specific local degeneracy and orientation
of the principal null directions.

Our results were summarized and thoroughly discussed in the recent topical
review [8]. They apply not only to electromagnetic or gravitational fields but to
any field of spin s. In addition, the expression representing the directional behavior
of radiation can be written in a unified form which covers all three possibilities
A >0, A4 <0or A=0, corresponding to a spacelike, timelike or null character
of Z, respectively.

This paper further elaborates and supplements some aspects of our work re-
viewed in [8]. It extends possible definitions of the canonical reference tetrad for
the algebraically simple fields — those which admit an equivalent pair of distinct
(degenerate) principal null directions. We systematically describe the most natural
choices of the reference tetrad for all possible algebraic structures of type D fields,
and for any value of A.

*) Dedicated to Prof. Jifi Hordc¢ek on the occasion of his 60th birthday

Czechoslovak Journal of Physics, Vol. 55 (2005), No. 2 119



196 Pavel Krtous

Pavel Krtous and Jiri Podolsky

The notation used in the present paper is the same as in [8]; in fact, we shall
frequently employ the material already described and derived there. For brevity,
we shall refer directly to the equations and sections of the review [8] by prefixing
the letter ‘R’ in front of the reference: equation (R.1.1), section R.2.1, etc.

2 Summary of general results

We wish to study the behavior of radiative component of fields near confor-
mal infinity Z. An overview of the concept of conformal infinity can be found in
textbooks (e.g., [9]; our notation is described in section R.2 of the work [8]).

Let us only recall that it is possible to define a normalized vector n normal to the
conformal infinity. The causal character of the infinity — spacelike, null, or timelike
— is given by the sign of the square of this vector, c =n-n = —1,0,+1 (see also
Fig.1). Here and in the following, the dot ‘-’ denotes the scalar product, defined
using the spacetime metric g. Typically, the causal character of 7 is correlated with
the sign of the cosmological constant, o = — sign A (see section R.2.2 for details).

2.1 Null tetrads

To study various components of the fields, we introduce suitable orthonormal, and
associated with them null tetrads. We denote the vectors of an orthonormal tetrad
as t, q, r, s, where t is a future-oriented unit timelike vector. With this tetrad we
associate a null tetrad of null vectors k, 1, m, m by

k:%(t—&—q), lzﬁ(t—q), m:%(r—is), rh:%(r—l—is). (1)
The normalization conditions for these tetrads are
—t-t=q-q=r-r=s-s=1, —k-l=m-m=1, (2)

respectively, with all other scalar products being zero.

The crucial tetrad in our study is the interpretation tetrad ki, 1;, m;, m;. It is a
tetrad which is parallelly transported along a null geodesic z(n), the vector k; being
tangent to the geodesic. With respect to this tetrad we define the radiative com-
ponent of the field. The precise definition and description of asymptotic behavior
of the interpretation tetrad was thoroughly presented in sections R.3.3 and R.3.4,
where more details can be found.

Here, we are going to concentrate on the reference tetrad ko, 1o, mg,, m,. It is
a tetrad conveniently defined near the conformal infinity. It serves as the reference
frame for parametrization of directions near Z. It can be defined using special fea-
tures of the spacetime geometry (e.g., the Killing vectors, direction toward sources,
etc.). Alternatively, it can be adapted to the studied fields — namely, it can be
‘aligned’” with algebraically special directions of the fields under consideration. A
general situation was discussed in sections R.5.4 and R.5.5. In the present work we
will offer other possible privileged definitions of the reference tetrad for algebraically
simple fields of type D.
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Fig. 1. The reference tetrad adjusted to conformal infinity Z of various character, deter-

mined by o which is a norm of the vector n normal to Z. If the vector k, is oriented along

an outgoing direction (outward from the physical spacetime M) we have e, = +1, if it is
ingoing (oriented inward to M) then ¢, = —1.

Following [8], we require that the reference tetrad is adjusted to conformal in-
finity, i.e., that the vectors k, and 1, satisfy the relation

n= eoﬁ(fako +1,), (3)

where the sign ¢, = £1 indicates the outgoing/ingoing orientation of the vector k,
with respect to Z (see also below). This adjustment condition guarantees that the
vectors ko, and 1, are collinear with the normal n to Z, and normalized such that

€ to for a spacelike infinity (o = —1) ,
n=1. —¢q, for a timelike infinity (o = +1) , (4)
€olo/V?2 for a null infinity (¢ =0) .

All possible orientations of the reference tetrad with respect to Z are shown in
Fig. 1.
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The normalization and adjustment conditions do not fix the reference tetrad
uniquely. Additional necessary conditions — the alignment with the algebraically
special directions — will be specified in Sect. 3.

2.2 Parametrization of null directions

In the following, it will be necessary to parametrize a general null direction k near Z.
This can be done with respect to the reference tetrad by a complex directional

parameter R: - -
k <k, + Rm, + Rm, + RR1, . (5)

The value R = oo is also permitted — it corresponds to k oriented along 1,.

In addition, we introduce the orientation parameter ¢ which indicates whether
the null direction k is an outgoing direction (pointing outside the spacetime),
e = 41, or if it is an ingoing direction (pointing inside the spacetime), e = —1.

When the infinity Z has a spacelike character, it is also possible to parametrize
the null direction k using spherical angles, which specify its normalized spatial
projection into Z. We define the angles 6, ¢ by

q=cosf q,+sinf(cospr,+sings,) , (6)

where ¢ is the unit vector pointing into the spatial (q-n = 0) direction given
by k, see (R.5.5). The complex parameter R of (5) is actually a stereographic
representation of the spatial direction q:

R = tan (30) exp(—i¢) . (7)

Near a timelike infinity Z we can analogously describe null direction k by pseu-
dospherical parameters 1, ¢ of its projection into Z. If we label the normalized
projection of k by t, cf. (R.5.8), ¥ and ¢ are given by

t = cosh ) t, + sinh ) (cosp ro +sing s,) . (8)

These parameters have to be supplemented by the orientation € of k with respect
to Z. The parameter R is the pseudostereographic representation of t:

R = tanh“ (31) exp(—ig) . 9)

In fact, we can introduce both these parametrizations simultaneously, indepen-
dently of the causal character of the infinity, just with respect to the reference
tetrad — the angles 0, ¢ using a projection onto the 3-space orthogonal to the time
vector t, of the reference tetrad, and the parameters v, ¢ using a projection to the
2+1-space orthogonal to q,. In such a case they are related by expressions

tanh =sin@, sinh¢ =tanf, coshiy =cos 0, tanh (%1/}) = tan (%0) .
(10)
If the infinity has a timelike character, all future-oriented null directions at one
point at Z naturally split into two families of outgoing and ingoing directions. The
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directions of each of these families form a hemisphere which can be projected onto
a unit circle, parametrized by p and ¢, such that

p=tanhvy =sinf , (11)

see also figure R.3.

2.3 Asymptotic directional structure of radiation

The main result of paper [8] is derivation of the explicit dependence of the radiative
component of the field on a direction along which the infinity is approached — we
call this dependence the asymptotic directional structure of radiation.

In [8] we investigated a general spin-s field, and in more detail gravitational
(s =2) and electromagnetic (s = 1) fields. These fields can be characterized by
2s+1 complex components 1;, j =0,...,2s, evaluated with respect to a null
tetrad. Relation of these components to a spinor representation of the fields, and
their transformation properties can be found in R.4.1 and appendix R.B. The
components of gravitational and electromagnetic fields are traditionally called ¥,
j=0,...,4, and &, j = 0,1,2, respectively — see [10] or equations (R.4.1) and
(R.4.2).

To study the asymptotic behavior, we evaluated the field with respect to the
interpretational tetrad — the tetrad which is parallelly transported along a null
geodesic z(n). It turned out that these field components satisfy the standard peeling-
off property, namely that they exhibit a different fall-off in 17 when approaching 7,
1 being the affine parameter of the geodesic. The leading component of the field
is the component Y. with the fall-off of order !, and we call it the radiative
component. In sections R.4.3 and R.4.4 we found that the radiative field compo-
nent depends on the direction R of the null geodesic along which a fixed point at
the infinity is approached. This directional structure is determined mainly by the
algebraic structure of the field, and it reads

o1 1—0RiR)(1—0RaR)... (1 —0RxR
7~ Ly D oRiR)(—ofaR) .. (1= oRaR) (12)
Ui (1 — O’RR)
The complex constants Ry, ..., Ro represent the principal null directions Ky, . .. , Ko

of the spin-s field, the sign 0 = %1, 0 specifies the causal character of the confor-
mal infinity, €, denotes orientation of the reference tetrad, and 1%, is a constant
normalization factor of the field evaluated with respect to the reference tetrad,
Y9 ~ 19, n 51 (cf. section R.4.4).

The principal null directions (PNDs) are special directions along which some
of the field components vanish — see [9, 10] or section R.4.2 for a precise defi-
nition. The field of spin s has 2s PNDs. However, these can be degenerate and
this degeneracy (or, more generally, mutual relations of all the PNDs) is called the
algebraic structure of the field. Distinct PNDs are also called algebraically special
directions of the field. The classification according to the degeneracy of PNDs for
a gravitational field is the well-known Petrov classification.
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3 Fields of type D
In this paper we wish to discuss the situation when the field has two distinct
and equivalent algebraically special directions. This may occur only for fields of an
integer spin, s € N, with PNDs having the degeneracy
ki=---=k, and ks+1:"':k2s~ (]_3)
The directional structure (12) of such a field takes the form

., (1=0RR)’(1 - 0RR)’
20 (1-oRR)°

; (14)

with the constants Ry and Rss parametrizing the two distinct PNDs. The direc-
tional dependence of the magnitude of a gravitational type-D field and of an alge-
braically general electromagnetic field are thus quite similar. This similarity is even
closer if we recall that the square of the electromagnetic component &}, is propor-
tional to the magnitude of the Poynting vector with respect to the interpretation

tetrad, |S;| ~ (1/47) |2} ?. Indeed, we have

1 |1 - oRiR|*|1 — oR4R|?
Wi~ — |0, - , 15
1] In| 5| 1 - oRR|” (15)
a1 o |1 = oRR* |1 - 0ReR?
A7 |Si| = |Py| =~ — |, - . 16
™ |Si| & | P 772| ol L= oRA] (16)

As discussed in section R.4.5, the form of the directional structure (12) depends
on the choice of the normalization factor 775, . Other choices can sometimes be more
convenient, in particular if the factor 75,, vanishes, which happens when one of the
PNDs points along the direction 1, of the reference tetrad. For the type-D fields
there exists a more natural ‘symmetric’ choice of normalization of the directional
structure of radiation which is guaranteed to be non-degenerate. For these fields we
can define a canonical field component, namely, the only nonvanishing component
with respect of the null tetrad associated with the PNDs (13).

Having two distinct algebraic directions ky and ksg, we can define algebraically
special null tetrad ks, 15, mg, mg (and associated orthonormal tetrad ts, qg, Ts, Ss)
by requiring that kg, 15 are proportional to the PNDs and future-oriented, and that
the spatial vector sg is tangent to Z,

kiocky, lyockss, ss-n=0. (17)

For PNDs, which are not tangent to the conformal infinity, the normalization of
null vectors kg, 15 can be fixed by condition

erkg n=exyls-n, (18)
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where €1, €5, = £1 parametrize orientations of the PNDs with respect to Z. The
special case of PNDs tangent to Z will be discussed below.

Using the definition of PNDs (see section R.4.2), we find that the field compo-
nents with respect to the algebraically special tetrad have very special form — only
the component 77 is nonvanishing (¥ for gravitational and &3 for electromagnetic
fields). This component is, in fact, independent of the choice of the spatial vectors
Is, Ss, and thus it does not depend on the normal vector n, which we used in the
definition (17). It also does not depend on the normalization (18), provided that
the normalization (2) is satisfied. We shall use the privileged component 77 for the
normalization of the directional structure of radiation. However, the algebraically
special tetrad is not adjusted to the infinity (cf. condition (3)) since kg and 1y are
not in general collinear with n and thus it cannot be used as a reference tetrad.

Nevertheless, we can define privileged reference tetrad which is ‘somehow aligned’
with the algebraically special tetrad, and which shares some of the symmetries of
the geometric situation. We shall always assume that the reference tetrad satisfies
the normalization and adjustment conditions (2), (3), and we set s, = ss. This is,
however, still not sufficient to completely fix the reference tetrad. The remaining
necessary condition cannot be prescribed in general — we have to discuss sepa-
rately several possible cases, depending on the character of the infinity Z, and on
the orientation of the PNDs with respect to Z.

Below we shall define the reference tetrad for all possible cases. We shall present
the relation between the component 775, and the canonical component 77, which
can be substituted into the directional structure (14). Finally, we shall rewrite the
results in terms of the angular variables introduced with respect to the reference
tetrad.

3.1 Spacelike 7

We begin with a spacelike conformal infinity, 0 = —1. In this case the two distinct
future-oriented algebraically special directions are either both ingoing or both out-
going, and we accordingly set the orientation €, of the reference tetrad. We define
the reference tetrad by conditions

gy, =4s, So=8s, €o = €1 = €2, (19)

and by adjustment condition (4). It follows that the algebraically special direc-
tions kg and 1y are parametrized with respect to the reference tetrad by a single
parameter 05 as

k. = % cos ! bs (to + cosbsq, +sinbsr,) ,
20
1, = % cos ! s (to — cosbsq, +sinbsr,) . (20)

The algebraically special and reference tetrads are thus related by

ts = cos ! st + tanbsr, , q4Q.=9,, Is= cos tOsr, +tanfst,, S =S, ,
(21)
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Fig. 2. Algebraically special and reference tetrads at a spacelike infinity. Vectors ko, 1,
(ks, 15, respectively) of the null tetrad, and to, q,, ro (ts, g, r's) of the orthonormal ref-
erence (algebraically special, respectively) tetrad are shown; the direction s, = ss tangent
to Z and orthogonal to PNDs is hidden. The vectors kg, ls are aligned with algebraically
special directions (degenerate PNDs), t, is normal to the infinity Z, and q,, ro are tangent
to Z. The relation of both the tetrads is parametrized by the angle 65 between q, and the
projection of ks onto Z. The special tetrad can be obtained from the reference tetrad by
a boost in to-r, plane with rapidity parameter v given by sinh ¢ = tan 6y, cf. (21).

which is actually a boost in t,-r, plane with rapidity parameter 15 related to 05 by
(10), see Fig. 2.

Inspecting the spatial projections of ks and lg onto conformal infinity Z, we
find that their angular coordinates with respect to the reference tetrad are 0, = 0y,
¢1 =0, and 035 = ™ — b5, P25 = 0, respectively. It means that the complex param-
eters Ry and Ry of both these algebraic special directions are

Ry = tan (%93) , Ros = cot (%95) ) (22)

Straightforward calculation shows that the transformation (21) from the al-
gebraically special to the reference tetrad can be decomposed into boost (R.3.5),
subsequent null rotation with k fixed (R.3.4), and null rotation with 1 fixed (R.3.3),
given by the parameters B = 2(1 + cos ' 65) ™!, L = —1 tan 6, and K = — tan(6/2).
Applying these transformations to the field components (relations (R.4.6), (R.4.5),
and (R.4.4)) we easily find that

o 25\ 74 s s (2s)! s <
Ty, = (s)L rs=(-1) 22(5!)2 tan® 0, 77 . (23)

For gravitational and electromagnetic fields we can write explicit expressions for
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all field components with respect to the reference tetrad as

3 3 tan 6 3
VY= Uy = San’ 0,05, WD =9 = 5w, U = (1+ §tan295)u7§ ,
(24)
DY = P9 = —tanb, &5, P9 =cos 0, D5 . (25)

Following the discussion in section R.4.4 we assume asymptotic behavior (R.4.18),
Le, 17 =17, n~*~! with constant coefficients 77,. Similarly, we introduce the co-
efficient 75, by 15 ~ 15, n~"1. Clearly, the relations (23)-(25) hold also in their
‘stared’ forms.

Substituting (22), the ‘stared’ version of (23), (7), and o = +1 into (14) we
finally obtain the asymptotic directional structure of radiation for type-D fields

i (€)® (29)! o rexp(id) . . o L
1o, ~ ) 212 e, { s (sin @ + sin 6 cos ¢ — isin 6 cos § sin ¢)} . (26)

The null direction along which the field is measured is parametrized by angles
0, ¢, the field itself is characterized by the normalization component 175, and by
the parameter 65 which encodes the directions of the algebraically special direc-
tions with respect to a spacelike infinity Z. As discussed in section R.4.5, only the
magnitude of this radiative component has a physical meaning. For the magnitude

(b)

Fig. 3. Directional structure of radiation near a spacelike infinity. Directions in the dia-
grams correspond to spatial directions (projections onto Z) of null geodesics along which
the infinity is approached. The diagrams show the directional dependence of the mag-
nitude of the radiative-field component (27) (or (28)). The arrows depict the directions
which are spatially opposite to algebraically special directions (PNDs); the radiative com-
ponent evaluated along the geodesics in these directions is asymptotically vanishing. The
diagram (a) shows a general orientation of algebraically special directions, the diagram
(b) corresponds to the case, when both distinct PNDs are spatially opposite.
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of the Wi component of the gravitational field and for the Poynting vector of the
electromagnetic field we thus obtain

1 3 |¥;
‘ 411‘ T §C|OS22*9|S |sin 6 + sin 6 cos ¢ — isin b cos@sin¢|2 , (27)
21 B, 2
47 |Si| =~ ‘(1512‘ N — COSQ*GS ‘siné’JrsinOS cos ¢ —isinfs cosHsin(b‘ . (28)

These are exactly the expressions for the asymptotic directional structure of ra-
diation as derived in [11] for test electromagnetic field of accelerated charges in
de Sitter spacetime, and for gravitational field and electromagnetic fields of the
C-metric spacetime with A > 0, as presented in [1]. This directional structure is
illustrated in Fig. 3.

3.2 Timelike Z with non-tangent PNDs, €1 # €25

Now we shall study the situation near a timelike conformal infinity (¢ = —1), when
both distinct algebraic directions are not tangent to Z, such that one of them is
outgoing and the other ingoing, €1 # €. In this case we require that the orientation
€, of the reference tetrad is adjusted to €1, and that ts is aligned along t,,

to=1ts, So=8s, € =€ = €5, (29)

together with the adjustment condition (4). Again, the algebraically special direc-
tions kg and lg are parametrized with respect to the reference tetrad by a single
parameter fg:

ke = % (to + cosbs q, + sinbsr,) |, (30)
Iy = % (tO —cos s q, — sin b ro) .

The algebraically special and reference tetrads are thus related by
ts =t,, qq=cosbsq, +sinbsr,, ry=—sinfsq, +cosbsr,, ss=5,, (31)

which is a spatial rotation in q,-r, plane by angle 0, see Fig. 4a.
To read out the normalized projection into Z of the null vectors kg, I, it is
useful to rewrite (30) in a different way

ke = % cosh™? s (qo + cosh )5 t, + sinh g ro) ,

I, = % cosh™! s (fqO + cosh s t, — sinh 1) ro) ,

(32)

where we have used the parameter ¢ instead of 65 related by (10). Comparing the
normalized projections of k; = ks and kos = Ig with (8), we find that the pseu-
dospherical parameters 1, ¢, € of the algebraically special directions are 1y = v,
¢1 =0, €1 = €, and Yo = s, Pos = T, €95 = —€, respectively. The corresponding
complex parameters are

Ry =tanh (31)5) , Ras = —coth (3¢) . (33)
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Fig. 4. Algebraically special and reference tetrads near a timelike infinity. Vectors ko, 1,
(ks, 1s) of the null reference (algebraically special, respectively) tetrad are shown. The axes
correspond to the timelike direction t, and the spatial directions q,, ro of the reference
tetrad. The direction s, = ss tangent to Z and orthogonal to PNDs is hidden. The vectors
ks, I are aligned with the algebraically special directions (degenerate PNDs), q, is normal
to infinity Z and t,, ro are tangent to it. The vectors ts, qg, rs of the algebraically special
tetrad are drawn only in diagrams (a), (b) and (d); for simplicity they are omitted in the
diagram (c), but see (53). Different diagrams correspond to different orientations of PNDs
with respect to the infinity Z: in the diagram (a) one PND is ingoing and one is outgoing
(cf. Subsect. 3.2), in (b) both PNDs are outgoing (or ingoing, respectively, cf. Subsect. 3.3),
the diagram (c) shows the situation when one PND is tangent to Z (Subsect. 3.4), and,
finally, both PNDs are tangent in (d) (Subsect. 3.5). The relation of the reference and
algebraically special tetrads in the generic cases (a) and (b) can be parametrized by the
angle 5 (the angle between q, and the projection of ks to the space normal to t,), or
by pseudospherical parameter s (the lorenzian angle between t, and the projection of
ks to Z). These parameters are related by (10). In the case (a) the special tetrad can be
obtained from the reference tetrad by a spatial rotation in q,-ro plane by 6, cf. (31);
in the case (b) the special tetrad is the reference tetrad boosted by rapidity Gs given by

sinh B = cot 65 = sinh™ "4, cf. (42). (continued)

Again, the transformation (31) can be decomposed into boost, null rotation
with k fixed, and null rotation with 1 fixed, given by B = 2 cosh (1 + cosh t)s) ™1,
L= % tanh ¢, and K = — tanh(vs/2). Applying these transformations to the field
components we obtain

)! s
25 — m tanhsws Ts , (34)
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Fig. 4. (continued)

and, in more detail, for gravitational and electromagnetic fields

, 3 tanh 1
3 2
U = W9 = 3 tanh®u WS —szwg=§cosh¢: 5 )
w9 = (1 - %tanths) s
— @0 = @ = tanhth, &5, P = cosh 1o, B . (36)

Substituting (33), ‘stared’ version of (34), (9), and 0 = +1 into expression (14),
we obtain the asymptotic directional structure of radiation in the form

%s ( . '))' re E?;(llz) (Sinh b + €€, sinh s cos ¢ — i sinh g, cosh ) sin ¢)(};7)

The direction is given by pseudospherical parameters 1, ¢, €, the field is charac-
terized by the component 17, and by the parameter 15, which fixes the orientation
of the algebraically special directions with respect to infinity Z. Again, only the
magnitude of component 73, has a physical meaning so that

i
1, ~

1 3 |
| 1| ~ Inl 2 % ‘smhd) + €€, sinh 15 cos ¢ — isinh 1) cosh v sin qb‘ (38)
1| 4 cos
i |2 1 |¢1*
47 |S;| = |¢2| ~— T ‘smhw + €€, sinh 15 cos ¢ — isinh ¢)s cosh v sm¢|
U
(39)

This directional structure is illustrated in Fig. 5a.
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3.3 Timelike Z with non-tangent PNDs, €1 = €25

In the previous case we have studied the directional structure of radiation near a
timelike Z with two PNDs oriented in opposite directions with respect to the infinity.
Now, we shall discuss the situation when both PNDs are outgoing, or both ingoing,
€1 = €95. The derivation of the directional structure is similar to the previous case
and we shall thus sketch it only briefly.

The reference tetrad is fixed by the conditions

Yo =0y, So=8Ss, €, =€ =€, (40)
together with the adjustment condition (4). Therefore
ks = % sin~ 16, (to + cos s q, + sin b ro)
= % sinh ™! 9 (q, + cosh s to + sinhps o) |

V)

[\S)

41
1, = % sin~ 16, (to + cos 05 q, — sin b5 ro) (41)

= % sinh™" ¢ (g, + cosh s to — sinh s 1) |

where parameters 05 and 1) are again related by Eqgs. (10). The algebraically special
and reference tetrads are thus

ts = sin 160, to + cot Oy d4,, 9. =Tro, —TIs=cotlst,+ sin~ 16, d,, Ss=So,

(42)

see Fig. 4(b). Pseudospherical parameters v, ¢, € of projections of the PNDs into
7 are 7/}1 - wsa ¢1 = Oa €1 = € and ¢25 - wsa ¢25 = T, €25 = €o, respeCtiVQIY7 i'e'a

Ry = tanh(31)s), Ros = — tanh(31) . (43)

The transformation from the algebraically special to the reference tetrad can
be decomposed into boost (R.3.5), null rotation with k fixed (R.3.4), and null
rotation with 1 fixed (R.3.3) with parameters B = 2 tanh(¢s/2), L =  coth(¢s/2),
and K = — tanh(¢s/2). For the field components we obtain

2s)! , U
Yy = ( ) coth® s
25(s!)? 2

T, (44)
and, in more detail, for gravitational and electromagnetic fields

wg = 2tanh® (Ju) W5, W9 =—1ws, W =2coth® (Ju) W5, WP =05=0,

(45)
@) = —tanh (1¢) &}, 9=0, P =cot(5¢s) D5 . (46)
Substituting into the expression (14) we finally obtain
o~ o T (47)
X [%}?z ((coshz/) + €€, cosh 1)) cos ¢ — i(ee, + cosh ) cosh @) sin ¢)} o
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()

Fig. 5. Directional structure of gravitational radiation near a timelike infinity. The four
diagrams, each consisting of a pair of radiation patterns, correspond to different orientation
of algebraically special directions with respect to the infinity Z: (a) one PND outgoing and
one ingoing (cf. Subsect. 3.2), (b) both PNDs outgoing (Subsect. 3.3; the case with both
PNDs ingoing is analogous), (¢) one PND tangent to Z and one outgoing (Subsect. 3.4),
(d) both PNDs tangent to Z (Subsect. 3.5). In each diagram the circles in horizontal plane
represent spatial projections of hemispheres of ingoing (left circle) and outgoing (right
circle) directions. The circles are parametrized by coordinates p, ¢ defined in Subsect. 2.2,
cf. Eq. (11). On the vertical axis the magnitude of the radiative field component is plotted
(cf. (38), (49), (59) and (69)). The arrows indicate mirror reflections with respect to Z
of the algebraically special directions (PNDs). The radiative component evaluated along
the geodesics in these directions is (for non-tangent PNDs) asymptotically vanishing. The
radiative component diverges for unphysical geodesics tangent to Z (the border of the
circles) due to fixed normalization of the null directions — see section R.5.5.

The phase of this component is unphysical, its magnitude can be put into the form

i 1 2s)! s . _ 2 . . s/2
}TZs’ ~ m ﬁ |75, (Slnh ), (coshps + eeq cosh i)™ + sinh? ¢ sin? qb) .
(48)
For gravitational and electromagnetic fields it gives
; 13 . 9 2 s h2 o) ain 2
’!174} ~ I §|!P2*| (smh s (cosh )y + €€, cosh )™ + sinh” ¢ sin ¢>) , (49)
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47 |S;i| =~ ’@2’2 R 77% |25, | (sinhﬂws (cosh s + €€ cosh1/1)2 + sinh? ¢ sin? QS) ,
(50)

which is illustrated in Fig. 5b.

3.4 Timelike Z, one PND tangent to Z

Until now we have concentrated on a generic orientation of algebraically special
directions with respect to the conformal infinity. In this and the next sections we
are going to study the special cases when the PNDs are tangent to Z. This can
only occur for timelike or null conformal infinity, the latter case will be discussed
in Subsect. 3.6.

First, we assume that only one of two distinct PNDs, say ko, is tangent to Z. Let
us note that in such a case we require normalization (18) only for the vector kg o< k1,
the normalization of the other PND lg is fixed by the condition kg 13 = —1. We
use the PND kg as the vector k,, i.e., we define the reference tetrad by conditions

ko =ks, so=ss, € =¢€1, (51)

together with the condition (4). The algebraically special directions ky and 1 are
then given in terms of the reference tetrad as

ks:%(to—i—qo), L= V2 (t, +1y) (52)

see Fig. 4c. The tetrads are related by

ts = %to'f'%qo'f'ro» qs:_%to'i‘%qo_rOa rs=to+q,+ro, Ss=5o.
(53)
Complex parametrizations of k; and ko, are then
Ri =0, Ros=+1. (54)

The transformation from the algebraically special to the reference tetrad is just
the null rotation with k fixed with L = —1. Applying this transformation, we obtain

RGN (55)

specifically for s = 2, 1,
Uy =y =0, V3=V, U5 =305, W)=06Y;, (56)
Pp=0, =07, P5=-297. (57)
Substituting into (14), we get the asymptotic directional structure of radiation

(29)!

. e’
1 I
Ty~ n 25(s!)?

T%, (e€o + coshtp — sinh1p exp(ig))” , (58)
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ie.,
i ~~ |W23*| o
‘%1 ~ 3 i (e€o + cosh ) (coshp — sinh ¢ cos ¢) , (59)
P2 |¢§*|2 :
AT |Si| &~ |Bh]” ~ 27 (€€o + cosh ) (cosh) — sinh ¢ cos ¢) , (60)

for gravitational and electromagnetic field, see Fig. 5¢ and (R.5.37).

3.5 Timelike 7, two PNDs tangent to 7

Next, let both the PNDs be tangent to a timelike conformal infinity. In such a
situation there exists no natural normalization of both PNDs analogous to the con-
dition (18) used above. This is related to an ambiguity in the choice of the timelike
unit vector ts — we can choose any of the (future-oriented) unit vectors in the
plane ki—kos. However, despite the fact that we cannot fix the algebraically special
tetrad uniquely, the nonvanishing component 77 is independent of this ambiguity:
different choices of the special tetrad only differ by a boost in k;—kog plane, and
T? does not change under such a boost. In the following, we arbitrarily choose one
particular algebraically special tetrad with respect to which we define the reference
tetrad. The reference tetrad thus shares the same ambiguity as the algebraically
special tetrad.
The reference tetrad is simply fixed by conditions

to=ts, So=8s, €=¢€1, (61)
and (4). PNDs k, and 1 are given by
ks:%("lo‘*‘%)a ls:\%(to—ro)v (62)
so that the algebraically special and reference tetrads are related by
ts=to, G =ro, Ts=-d,, S5=5. (63)

It is just a simple spatial rotation by 7/2 in q,-r, plane, as illustrated in Fig. 4d.
The complex directional parameters of k; and kos are

Ri=+1, Ry,=-1. (64)

The transformation can be decomposed into boost B = 2, null rotation with
k fixed L = —1/2, and null rotation with 1 fixed K = 1. Applying them, we obtain

(2s)!

O __ (_1\s S
TQs_( 1) 25(8!)2Ts7 (65)
and
o __ o__ 3 s o __ 1,78 o __ o __
W07W4*§W27 472—754—/2, W1*W3*07 (66)
PG = 05 =0, P=0. (67)
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Substituting into (14), we get

TQiS ~ (_60)8 (28)'

T3, (exp(i¢) (cos ¢ —iee, cosh) sin (b)) ’ ,

i 1 (23)' s . 2 .2 \s/2
’T23| ~ T 25512 72,| (1+ sinh?y sin®¢) ™",
which for gravitational and electromagnetic fields gives
i 31 S 1.2 2
’LT/4| ~ EW |5, | (1 + sinh“1) sin ¢) , (69)
12 1 . .
AT |Si| ~ | D] = P |25, | (1 + sinh?y sine) , (70)

see Fig. 5d and (R.5.36).

3.6 NullZ

Finally, we investigate the case of conformal infinity Z of a null character, o = 0. It
can be easily observed from (12) (cf. section R.5.1 for more detail) that the direc-
tional structure of radiation near the null infinity is independent of the direction

(a) (h)
Fig. 6. Algebraically special and reference tetrads at a null infinity. Vectors ko, 1, (ks, 1)
of the null tetrad, and to, q,, ro (ts, qg, rs) of the orthonormal reference (algebraically
special, respectively) tetrad are shown; the direction s, = s tangent to Z and orthogonal
to PNDs is not plotted. The vectors ks, 15 are aligned with algebraically special directions.
The diagram (a) depicts the situation with one PND tangent to Z. In this case the alge-
braically special tetrad can be used as the reference tetrad. In the diagram (b) neither of
both distinct PNDs is tangent to Z. The algebraically special tetrad can be then obtained
from the reference tetrad by a spatial rotation in q,—r, plane by m/2.
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along which the infinity is approached. The only interesting question is whether the
dominant field component is vanishing or not — in other words: whether the field
is radiative or nonradiative. It follows from the definition of PNDs that the nor-
malization factor 1., in (12) is vanishing if and only if one of the PNDs is tangent
to Z. Thus, the tangency of PNDs to Z serves as the geometrical characterization
of radiative/nonradiative fields.

Let us first assume that one of the PNDs, say lg, is tangent to Z. As in the
previous section we cannot fix the normalization of algebraically special tetrad using
the condition (18); the algebraically special tetrad cannot be selected uniquely.
Nevertheless, the field component 77 is still unique. If we choose one algebraically
special tetrad, we can use it also as the reference tetrad — it satisfies the adjustment
condition (4), cf. Fig. 6. As mentioned above, the component 7%, is then vanishing:

Ti, ~0. (71)

If both distinct PNDs are not tangent to Z, we may normalize them by (18)
and fix the reference tetrad by the condition t, = ts, namely,

to=1ts, So =85, € =¢€1, (72)

together with the adjustment condition (4), see Fig. 6. In terms of the reference
tetrad the PNDs kg and 15 are given by

ks = \/Li (to+10), L= % (to — 10) (73)
and their complex parameters are
Ri=+1, Ros=-1. (74)

The relation between the algebraically special and reference tetrads is thus the same
as in Subsect. 3.5. Using (12), ¢ = 0, and relation (65), we find that the radiative
component has no directional structure:

(29)! 1

In particular, for gravitational and electromagnetic field we obtain

i o S
TQs'\“eo

i s 1
‘Wd ~ 3|3, | m )
1
%2|@§*|2_

2
| =2

4 Conclusions

We have analyzed the asymptotic directional structure of fields, that are char-
acterized by the existence of two distinct, but equivalent algebraicaly special null
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directions. This involves a generic electromagnetic field (s = 1), the Petrov type D
gravitational fields (s = 2) having double-degenerate principal null directions, and
other possible fields of an integer spin s, which admit a pair of s-degenerate PNDs.

The structure of such fields near the conformal infinity depends on the specific
orientation of these algebraically special directions with respect to Z, and on the
causal character of Z. In the case of a spacelike conformal infinity (A > 0) there
is essentially only one possibility which is described in Subsect. 3.1, whereas for a
timelike conformal infinity (A < 0) four different situations may occur that have
to be discussed separately, see Subsects. 3.2-3.5. For the conformal infinity having
a null character (A =0), the asymptotic directional structure disappears: when
one of the (degenerate) PNDs is tangent to Z, the radiative component vanishes,
otherwise the radiation is present and it is independent of the direction along which
the infinity is approached, cf. Subsect. 3.6.

In all such cases we have introduced the privileged ‘symmetric’ reference tetrad
which is naturally adapted to the algebraically special directions and to Z. These
are illustrated in Figs. 2, 4, and 6. With respect to these reference tetrads it is
possible to characterize any null direction by standard (pseudo)spherical parame-
ters. The corresponding explicit directional structure of radiation for a spacelike 7
is presented in expression (26), and the four possibilities for a timelike Z are given
by (37), (47), (58), (68).

These results generalize our previous study of the asymptotic directional struc-
ture of gravitational and electromagnetic radiation in the C-metric spacetimes [1, 2]
to other fields which are of the type D. On the other hand, the expressions pre-
sented here are more detailed and more explicit than those given in the review
article [8]. It would now be an interesting task to apply them on particular exact
model spacetimes of type D. This may provide a deeper insight into the geomet-
ric relation between the structure of the sources and the properties of radiation
generated by them, as observed at spacelike or timelike conformal infinities.

This work was supported by the grant GACR. 202/02/0735.
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Ultrarelativistic boost of the black ring
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We investigate the ultrarelativistic boost of the five-dimensional Emparan-Reall nonrotating black ring.
Following the classical method of Aichelburg and Sexl, we determine the gravitational field generated by
a black ring moving “with the speed of light”” in an arbitrary direction. In particular, we study in detail two
different boosts along axes orthogonal and parallel to the plane of the ring circle, respectively. In both
cases, after the limit one obtains a five-dimensional impulsive pp-wave propagating in Minkowski
spacetime. The curvature singularity of the original static spacetime becomes a singular source within the
wave front, in the shape of a ring or a rod according to the direction of the boost. In the case of an
orthogonal boost, the wave front contains also a remnant of the original disk-shaped membrane as a
component of the Ricci tensor (which is everywhere else vanishing). We also analyze the asymptotic
properties of the boosted black ring at large spatial distances from the singularity, and its behavior near the
sources. In the limit when the singularity shrinks to a point, one recovers the well-known five-dimensional
analogue of the Aichelburg-Sexl monopole solution.
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I. INTRODUCTION

The study of black holes in higher dimensions has been
for a long time motivated by unified theories, in particular,
string theory [1]. In the past few years, extra-dimension
models of TeV gravity have raised further interest in view
of possible black hole production at colliders [2—5]. Ac-
cording to [6,7], in semiclassical investigations of such
high energy phenomena one can represent the incoming
states with black hole metrics boosted “to the speed of
light.” In the case of the four-dimensional Schwarzschild
black hole, the corresponding ultrarelativistic gravitational
field is described by the Aichelburg-Sexl impulsive
pp-wave [8]. In the spirit of [2—5], however, one clearly
needs to consider higher dimensional settings. Indeed, the
boosting technique of [8] has been already applied to static
(charged) black holes in higher dimensions [9] (and
straightforwardly extended to the D = 4 Schwarzschild
black hole in an external magnetic field [10]). Recent
analyses of black hole production in high energy collisions
[11-13] thus employed the Aichelburg-Sexl solution (or
other impulsive waves) in D = 4 spacetime dimensions
(see [14] for a subtler discussion). The very recent work
[15] studied the more elaborate ultrarelativistic limit of the
Myers-Perry solution [1] (a generalization of the rotating
Kerr metric to arbitrary dimensions).

In fact, one of the most remarkable feature of general
relativity in D >4 is the nonuniqueness of the Myers-
Perry spherical black holes. In five-dimensional vacuum
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gravity, there exist also asymptotically flat rotating black
rings with an event horizon of topology S' X §? [16]. It is
our purpose to investigate the gravitational field generated
by such rings when they move at the speed of light, in the
sense of the Aichelburg-Sexl limit. In the present paper we
will be focusing on the special subcase of zero angular
momentum, i.e. on the static black rings found in [17]. We
shall consider spinning rings in a separate subsequent work
[18].

The structure of the paper is as follows. In Sec. II we
briefly describe the static black ring of [17], which we
intend to Lorentz-boost subsequently. In Sec. III we split
the corresponding line element into flat space plus a term
that becomes ‘““small” at asymptotic infinity. We also in-
troduce (asymptotically) Cartesian coordinates useful for
performing the ultrarelativistic boost. Sections IV, V, and
VI contain our main results. In Secs. IVand V we explicitly
calculate the metric of the black ring boosted along a
direction orthogonal and parallel to the plane of the ring
circle, respectively. This leads to two different impulsive
pp-waves that naturally “recall”” the original curvature
and conical singularities of the static ring (in a sense to
be made clear later). We analyze several specific properties
of such solutions, in particular the Ricci and Weyl tensors,
and asymptotic expansions far from and close to the sin-
gularities, and near geometrically privileged axes and
planes. In Sec. VI we briefly discuss a boost along an
arbitrary direction. We again obtain an impulsive
pp-wave, whose singular source is described by an ellipse.
Our final remarks are presented in Sec. VII. Appendix A
summarizes the definitions and properties of the complete
elliptic integrals employed in Secs. IV and V, whereas
Appendix B provides the explicit tetrad components of
the Weyl tensor in the case of the orthogonal boost.

© 2005 The American Physical Society
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II. THE STATIC BLACK RING

In this section we briefly summarize the basic properties
of the static black ring, referring to [17,19] for further
details. In the coordinates of [19],! the line element reads

ds* = — %dﬂ e fzy)z F (x)[(y2 — Ddy?
F(ly)ny_ZI ﬁ l‘fc; +(1 —x2)d¢2} (1)
where
F({):%, 0=A<L 2)

The parameter A is dimensionless, and for A =0 (i.e.,
F = 1) the spacetime (1) is flat. The constant L > 0 rep-
resents a length related to the radius of the “central circle”
of the ring. For a physical interpretation of the spacetime
(1), we take

y E (-0, —1], xE[—1,+1] )
and ¢ and ¢ as periodic angular coordinates (see below).
Now, y is an ‘‘area coordinate’ that, loosely speaking,
parametrizes “distances” from the ring circle. Surfaces
of constant y have topology S' X S, and area which is
monotonically growing with y. The coordinate ¢ runs
along the S' factor, whereas (x, ¢) parametrize S? (see
[17,19] for illustrative pictures). At y — —oo the spacetime
has a curvature singularity, y = —1/A is a horizon of
topology S' X §2, and spatial infinity corresponds to
x,y — —1. To avoid conical singularities at the axes x =
—1 and y = —1, the angular coordinates must have the
standard periodicity

Ap =27 = Ay 4

With this choice, however, there is a conical singularity at
x = +1. This describes a disk-shaped membrane (with an
excess angle) inside the ring which prevents the ring from
collapsing under its self-gravity.” Nevertheless, the space-
time (1) is asymptotically flat [17], and the black ring has
mass

37l? A
=T 5)

M
4 1-2A

"More precisely, one has to multiply F(£) by (1 — A), and to
divide ¢ and ¢ by /1 — A to obtain the corresponding quantities
of [19]. The original notation of [17] is recovered with the
transformations =0 -N)/0=-A), x=&-1/0-
M), =y /NT+ A ¢=¢'/JT+ A L2 =(1— A2)/A2.

2 Alternatively, one can require regularity at x = +1 and place
the conical singularity at x = —1, i.e., outside the ring [17]; we
will not consider this case because the singularity would extend
to infinity. There is no way to achieve regularity at both x = —1
and x = +1, unless the ring rotates [16].
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Except on the disk membrane at x = +1, the metric (1)
is a vacuum solution. It clearly admits three commuting
orthogonal Killing vector fields d,, 9, 94 and, in fact, it
belongs to the generalized Weyl class of [17]. Interestingly,
it has been proven recently [20] that vacuum black rings
(with or without rotation) differ from the five-dimensional
Myers-Perry black holes not only in the horizon topology,
but also in the algebraic type of the Weyl tensor: black
holes are of type D, whereas black rings are of the more
general type I; (type II on the horizon), according to the
higher dimensional classification of [21].

III. SPLITTING OF THE METRIC AND
CONVENIENT COORDINATES

For our purposes, it is convenient to decompose the line
element (1) as

ds* = ds3 + AA, (6)

in which ds3 is Minkowski spacetime [given by Eq. (1)
with A = 0, i.e., F(x) = 1 = F(y)], and

A_

X=y ., L? x+1, , )
= t + —1)d

1+ Ax (x—y)2|:1—)\(y Yy
x—y dy? x+1
I+Ayy>—1 1—-2A

(1- xz)ddﬂ} )

measures the deviation from flatness of the full black ring
metric (1). Asymptotically (x, y — —1), A becomes “neg-
ligible” (in the sense of the Minkowskian metric dsﬁ).

A boost is now naturally defined with respect to the flat
background ds3 (as well as with respect to asymptotic
infinity), namely, by its isometries. We wish to visualize
this in standard Cartesian coordinates. In order to introduce
them, it is first convenient to replace the ‘““C-metric”’
coordinates (y, x) with (£, 1) via the substitution®

3 é‘;2 + ,)72 + L2

\/(52 + 7]2 _ L2)2 + 4L27]2
3 §2 + 772 _ L2

\/(52 + 772 _ L2)2 + 4L2n2

y =

®)

The flat term ds} in Eq. (6) then takes the form of
Minkowski space in double cylindrical coordinates

ds3 = —di* + dn® + n*d¢? + d&* + £2dy*,  (9)
and the additional quantity A reads

3We have simply inverted the relations & = L\/y2 — 1/(x — y)
and n = L1 — x*/(x — y) of [17].

124031-2
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2L
A= —"—dt
S(1+ Ax)
(2 U& —m? — L2)d¢ + 2ngdn]?
331+ Ay)
2 _ 172 _ §2 + L2
S(1—A)

where we have denoted

2

+2

+ (&2dy? + m*dd?),  (10)

S = @+ 2 — L2 +4L2p2, (1)

In Eq. (10) we have kept an explicit simple dependence on
the old coordinates (y, x) for brevity and for later conve-
nience [but one can readily substitute Eq. (8) into Eq. (10)
if necessary].

Cartesian coordinates are finally given by

y2 = &sing,

X; = mcoso,

X, = msing, (12)

so that n = \/x% + x%, &= \/y% + y%, and the background
is ds(z) = —dr + dx% + dx% + dy% + dy%.

In principle, one could now study a boost along a general
direction. Since the original spacetime (1) is symmetric
under (separate) rotations in the (x;, x,) and (y;, y,) planes,
such a direction can be specified by a single parameter «,
namely, introducing the rotated axes

Z; = xj cosa + y; sina, 7y = —Xxj sina + y; cosa.
(13)
Defining suitable double null coordinates (u/, v’) by
—u + u' + v
t=———=, =
V2 V2

a Lorentz boost along z; takes the simple form

(14)

u' = ey, v = ev. (15)

The parameter € > 0 is related to the standard Lorentz
factor via y = (e + €71)/2.

In the following, we will study in detail two different
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boost in a general direction. In particular, we will consider
“ultrarelativistic”” boosts to the speed of light, i.e. the
transformation (15) in the limit € — 0. Along with that,
we will perform the standard mass rescaling [8]

M=ylp=2e1+ ) !p, (16)

which keeps the total energy finite (p > 0 is a constant).
From Eq. (5), in term of the dimensionless parameter A the
rescaling (16) becomes

8p
A=A, = R 17
< 3n07+ e(8p + 37L%€) an

so that when € — 0 then A, = €(8p/37wL?) — 0.

IV. ORTHOGONAL BOOST: o = 0

A. Evaluation of the impulsive limit of the metric
For a = 0 in Eq. (13), Eq. (14) reduces to

—u + u' + v

t A xi A (18)
so that the transformation (15) describes a Lorentz boost
along the x; axis, which lies in the 2-plane spanned by
(m, @) [cf. Eq. (12)]. The latter is orthogonal to the 2-plane
(&, ), which contains the ring circle. We wish now to
evaluate how the black ring metric (1) [that is, Eq. (6)
with Egs. (9) and (10)] transforms under the boost (15)
with @ = 0. Since the coordinates ¢ and ¢ remain un-
changed in this case, it suffices to substitute only the first
column of Eq. (12) into Egs. (9) and (10). Then, we put
Eq. (18) into the thus obtained expressions for ds3 and for
A (we omit the intermediate expressions, which are cum-
bersome and not of particular significance). Finally, we
perform the boost (15). This leaves ds(z) invariant
2du'dv' = 2dudv), i.e.

ds% = 2dudv + dx% + d&? + £2dy?, (19)

and makes A dependent parametrically on €. Using the
shortcut

L
boosts of the black ring along the privileged axes x; (@ = Ze = e (e7'u+ ev), (20)
0) and y, (@ = 7/2), which are, respectively, ‘“orthogo-
nal” and “parallel” to the ring. But we will also discussa  one obtains®
|
L*(e 'du — edv)? 212 1 2
A= 2— 22— x3 — L?]dé + 24| —=z. (e 'du + edv) + x,d
S e A (€ M 2] ek ) s
4 S -2 -8+ 24y + %[\/izedxz — x,(e7'du + edv)P . 1)
31— 20 z+x

“*Again, for convenience in Eq. (21) we have left some expressions containing the old coordinates y and x [cf. Eq. (8)], which now
depend on €. However, these terms will not contribute to the final result in the limit € — O.
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Here, the quantity X, comes from the expression (11)
using the above described coordinate transformations and
the boost (15), and it can be rewritten as

So=yl2+ 8+ E+LPIE + 3+ (6 - L] (22)

We are now interested in taking the ultrarelativistic limit
€ — 0, i.e. in finding the resulting metric

ds> = dsj + limAA.. (23)

Recalling Eq. (17), one easily sees that lim,_,y(A.A,) = 0
at any given spacetime point with # # 0 (and away from
the ring singularity y = —o0). At u = 0 this limit diverges,
but in fact it represents a sound distribution supported on
u = 0. By inspecting the various quantities in Eq. (21), it
suffices to retain only the terms proportional to du?, as the
remaining ones become negligible for e — 0. Similarly, we
drop the factors 1 + A.x, 1 + A,yand 1 — A, since A, —
0 for € — 0. Using Egs. (17), (20), and (21), for € ~ 0 we
can thus write

Pavel Krtous$
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We have emphasized the dependence of 7, on z. (which
gives the only dependence on €) because this is essential in
our limit (of course, &, depends on the coordinates x, and
& as well). In taking the limit € — 0 of Eq. (24), we can
now apply the distributional identity [recall Eq. (20)]

lim . f(z.) = v28() [ r@dn 26)
e—0 € —00

With this, the final metric is [cf. Egs. (19) and (23)]

ds? = 2dudv + dx3 + d&* + £2dy?
+ H (x), £)8(u)du?, 27)

with a profile function given by

8\/§p +o00
8p 1 H =— h . 2
/\EAE xﬁlzz;hL(Ze)d,’tz’ (24) J_(XZ; g) 37TL2 (f_w J_(Z)dz) ( 8)
Where . . . . . .
It only remains to explicitly perform the integration in
hi() = 2L — X3 N 4L%¢%72 XL - &) Eq. (28), with &, given by Eq. (25) with Eq. (22). The
Lie 23, 33 2(z2 + x3)3. last term in Eq. (25) gives rise to the simple integral
2 [*2(z* + x3)"'dz = m|x,|~". The first three terms lead
%. (25) to the elliptic integrals (A13)—(A15) of Appendix A.
2(ze + x3) | Combining the various quantities, we finally obtain
_|_
Hi o) =22 (a2 pp gt KO b
L 3wL? 2 E-L 2
JEFL? +x3
+L (- L)+ 3 T
S 0 0 + Sl | 9
A(E+ LY+ x5
with

(£ -Ly

_ [ _
CEerores T T g 0

One can reexpress the elliptic integral I1(p, k) using identities (A4) and (A5) and obtain an alternative form of H | , which

will be useful for subsequent discussions,

8v2p[  3L2+ & E-L 2
H ,€) = K(k) — L)? 2E(k IT(p, k OL-¢) |
L0, 8) Mz[m 0 =€+ 17 +3 (Hf“\/m (0.0 + 7o~ 6|
€2y
where
_4éL
N .

and O(L — ¢) denotes the step function.
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Let us observe that no singular coordinate transforma-
tion of the type of [8] had to be performed in the calcu-
lation above, since all the required integrals are
convergent.

B. Properties of the solution

A static black ring boosted to the speed of light in a
direction orthogonal to the ring circle is thus described by
the metric (27), with H given explicitly by Eq. (31). This
is evidently a five-dimensional impulsive pp-wave prop-
agating along the x; direction [see Eq. (18)]. Such a space-
time is flat everywhere except on the null hyperplane
u = 0, which represents the impulsive wave front. In par-
ticular, the line element (27) is singular at the points

£

g €

Q),l p

FIG. 1. The profile function H (x,, £) given by Eq. (31). The
upper picture represents the values taken by H | over the plane
(x5, &), whereas the lower one displays curves along which H | is
constant. This is the case of a static black ring boosted to the
speed of light in a direction orthogonal to the plane (&, ), which
contains the ring circle. The coordinates (x,, & ) span spatial
sections of the impulsive wave front u = 0, cf. Eq. (27). Here the
coordinate ¢ is suppressed, since it just describes the orbits of a
Killing vector field. The profile function H, diverges (only) at
the ring singularity x, = 0, £ = L, as indicated by the thick
point(s) in the pictures. In addition, there is a disk membrane
within the ring, i.e. at x, =0, £ <L [cf. Eq. (34)], which
manifests itself as a jump in dH | /dx,. This is drawn above as
a thick line.
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satisfying u = 0 = x, and ¢ = L [k = 1 in Eq. (30)], i.e.
on a circle of radius L contained within the wave front.
This is a remnant of the curvature singularity (y = —o0) of
the original static black ring (1). Since the boost performed
above was orthogonal to the ring circle, the latter has not
Lorentz-contracted. We have plotted the profile function
H, in Fig. 1.

1. Killing vectors

The pp-wave line element (27) and (31) is obviously
invariant under the transformations generated by the vector
fields 9, and 9. It has been demonstrated in four space-
time dimensions [22] that impulsive p p-waves admit more
isometries than the same class of waves with a general
profile. Similarly, it is easy to see that, thanks to the
presence of &6(u), the line element (27) admits also the
three commuting Killing vectors

udy, = X0, udy, = y10,, udy, = y20,. (33)
[Recall the simple relation (12) between (y,y,) and
(&, 1).] These are generators of null rotations. In-
cidentally, we observe that impulsive waves in the four-
dimensional (anti-)de Sitter universe can be described as a
submanifold of five-dimensional impulsive p p-waves, and

they admit symmetries very similar to the above [23].

2. The Ricci tensor

The static ring (1) is a vacuum spacetime (R, = 0)
everywhere except on the disk membrane x = +1 (and of
course on the ring singularity y = —o0). Therefore, one
would expect also the ultrarelativistic boosted ring to be a
vacuum solution except at a possible remnant (after the
boost) of the original disk membrane. To check the results,
we have verified that the Ricci tensor associated to the
spacetime (27) and (31) is indeed zero everywhere but at
u=0=x, £<L, ie. inside a two-dimensional disk
lying on the wave front. Namely, using Eqgs. (A6) one finds

N2 o - patsw

(34)

Ry = =5 AH1 86 = -

[the symbol A denotes the Laplace operator over the
transverse flat space (x,, & ¢)]. This nonvanishing compo-
nent arises only due to the last term in Eq. (31), a typical
term associated to boosted conical singularities [24]. On
the disk rim u = 0 = x,, £ = L the metric (27), (31) is
singular, and its exact structure may be not reflected cor-
rectly by Eq. (34).

3. The Weyl tensor

For any five-dimensional pp-wave written in the form
ds? = 2dudv + dx3 + d&> + £dy* + Hy du?, in the
null/orthonormal frame

124031-5
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1
k = du, = —dv—EHJ_du,

(35)
m)) = dg, mp) = &dy, m@) = dx;,
the Weyl tensor is

where summation over i, j = 1, 2, 3 is understood. This is
the canonical form of type N spacetimes [21,25], and k is
the unique principal null direction. The symbols [25]

1
W, =—-Cpppoltm

ij = 5 urpo 1,23 (37)

GlPme; Gy ij=
define a 3 X 3 symmetric traceless matrix that expresses
the independent frame components of the Weyl tensor,
which are in general five in D = 5.° In particular, this
demonstrates that in the ultrarelativistic boost studied
above the original type I; [20] of the static ring (1) has
degenerated to the type N on the wave front of our specific
pp-wave (27), (31). Moreover, for such a solution the
symmetry under 9, implies ¥, = 0 = W;. One is thus

left with

1/19°H 1

\Ijll = _5(5 65; 5(14) + gRuM>’
1 9*H

Wiy = -1 S 5(),
1/1 9H, 1

Wy = =257 2 8) + Ry )

22 2(2§ a§ () 3 uu
1/1 0%H, 1

Wy = — (= +-R

33 2<2 ax% () 3 uu)

The above components of the Weyl tensor confirm the
presence of an impulsive gravitational wave at u = 0.
For H, given by Eq. (31), the explicit form of the scalars
W;; is presented in Appendix B. There one can observe that
the elliptic integral II(p, k) disappears from such
expressions.

4. Asymptotic behavior

The spacetime (27) is flat everywhere except on the
wave front u = 0. If we restrict within the latter, it is
interesting to analyze how the gravitational field generated
by the boosted black ring behaves at a large spatial dis-
tance from the center of the ring singularity (given by & =
0 = x,). Spatial sections of the wave front are three-
dimensional spaces, in which we can introduce standard
spherical coordinates (r, 6, i) by

5The quantities W;; can be understood as a generalization of
the complex scalar \ﬁ4, which fully characterizes type N space-
times in the well-known D = 4 theory.

Pavel Krtous$
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Xy = rcosé, & = rsind. (39)

Since r is a radial coordinate from the center of the ring
(r* = x3 + &%) and L is the radius of the ring, we consider
an expansion for small values of the dimensionless pa-
rameter L/r. This means considering Eq. (31) for k and
p approaching zero. Using Eqs. (A7)—(A9), we obtain

1 8p B LS
H, = \/—3L[ = 7(3 0s26 1) + 0( )}
(40)

We recognize the standard multipole terms [indeed, for
é>L, H, is a solution of a three-dimensional Laplace
equation, cf. Eq. (34)]. Notice that the dipole term is
missing, due to the geometry of the source. In the limit
when the ring shrinks to a point, i.e. L — 0, the expansion
reduces just to the monopole term,

HY = limH, = % Srp. 1)
This exhibits the ‘“Newtonian” 1/r falloff in three-
dimensional space, with a “mass” proportional to p. The
metric (27) with a profile function given by H} coincides
with the five-dimensional analogue of the Aichelburg-Sexl
solution, obtained by boosting the Schwarzschild line ele-
ment to the speed of light [9] (cf. also, e.g., [10,11,13]).
In order to gain further physical insight, one can simi-
larly consider other expansions near ‘“‘special places.” For
example, near the axis £ = 0 we obtain

S
L2 + x2
3L2 L? — 2 “2)
2 £+ 0(54)}

,/(Lz + xz)i

Near the plane of the ring x, = 0,

1 8p [ 3L2+& .
L= ﬁﬁ[z T KD = 2L+ HER)
#2716 — 6) ~ (KD
- & ~
—(L T E(k)>x; + 00 } 3)
where k = k(x, = 0) = JALE/(L + &).

If we introduce suitable coordinates ‘“‘centered on the

ring”
X, = Fsind, &=L+ Fcosh, (44)

using Eqs. (A10)—(A12), the expansion [of Eq. (29)] near
the singular ring ¥ = 0 is

124031-6
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1 8p 7 -~ T
H =——1-41+log—) + 26sinf —
L ﬁ%L{ ( Og8L> T
1 ~ F\17 7
- Z[l + cosZB(l + 310gg>}p + 0(?)}

(45)

The ring-shaped singularity is explicitly visible in the first
logarithmic term.

V. PARALLEL BOOST: a = 77/2
A. Evaluation of the impulsive limit of the metric
For @ = 7/2 in Eq. (13), Eq. (14) becomes
t:—u’—i-y” y1=u
V2 V2

so that the transformation (15) describes a boost in the y;
direction, i.e. in the 2-plane (&, ) [cf. Eq. (12)] containing
the ring circle. As for the previous orthogonal boost, we
need to calculate how the black ring metric (1) transforms
under the boost (15), and then take the limit € — 0. In the
present case (o = 7/2) the coordinates 1 and ¢ remain
unchanged, hence we substitute the second column of
Eq. (12) into Egs. (9) and (10). Apart from this, we follow
the same steps as in Sec. IV, and the derivation here will be
therefore shortened in its straightforward parts. The flat,
boost-invariant part of the decomposition (6) can now be
written as

ds} = 2dudv + dy3 + dn? + n*d$>. 47)

(46)

For the additional term AA, as € ~ 0 we get an expression
analogous to Eq. (24), but with & (z.) replaced by
AL —yy _4Lm’zz  y (L2 + )
23, 33 2(22 +y3)2,
V3

TR - 48
22+ ) “8)

hy(ze) =

and

3= \/Z‘é +2(3 + n* — L)z + a*, (49)
with
a=1[(n>+y}— L?? + 4n>L*]V/*. (50)

Again employing identity (26), the final boosted metric is
now

ds®> = 2dudv + dy3 + dn® + n*d¢?
+ H)|(y2, 1) (u)du?, 51)

with a profile function

Hy(yy m) = 3V2p ( / o h||(z)dz>. (52)

37TL2 —o0
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We employ the elliptic integrals (A17)—(A19) of
Appendix A in order to perform the integration in
Eq. (52) [with hj given by Eqgs. (48) and (49)].
Combining all the terms, and using identity (AS5) to reex-
press the elliptic integral IT in a more convenient form, we
obtain

H)(yy, m) = K(k) — 2aE(k)

8v2p 5L + 02 + 2a?

37L? [ 2a

n?+L*a’ +y3
2a  d*— y%

+ 7y, 1002 — aZ)} (53)

J’_

(p, k)

where
(az _ 772 _ y% + L2)1/2
V2a '

o= _zyzaz—nz—y%-i-L2
Po@-n

k=

(54)

and a as in Eq. (50).

B. Properties of the solution

A static black ring boosted to the speed of light in a
direction contained in the plane of the ring circle is thus
represented by the metric (51) and (53). As in the case of
the orthogonal boost of Sec. IV, this is a five-dimensional
impulsive pp-wave. It propagates along the y; direction,
and it is singular at the points satisfying u = 0 = 7 and
[y2l = L [k =1 in Eq. (54)], i.e. on a rod of length 2L
contained within the wave front. This is a remnant of the
curvature singularity of the original static black ring (1),
which has Lorentz-contracted because of the ultrarelativ-
istic boost in the plane of the ring. On the contrary, notice
that the apparent divergence of H), at y3 = a* is only a
fictitious effect: the singular behavior of the coefficient of
IT in Eq. (53) is compensated if one takes into account the
form of p [Eq. (54)] and the step function in the last term.
The profile function H) is plotted in Fig. 2.

The discussion of further properties of the solution (51)
and (53) is now shortened, since it follows the similar one
in Sec. IV. There exist isometries generated by the Killing
vector fields d,,, 84, udy,, = y,9,, udy, — x,9, and ud,, —
X0, [cf. Eq. (33)].

During the parallel boost, also the original disk mem-
brane has Lorentz contracted, and it is now located on the
singular region u = 0 = 7, |y,| = L. We will not discuss
the behavior of the solution there. Except on this singular
rod, the Ricci tensor associated to the spacetime (51) and
(53) is vanishing, as we verified using identities (A6).

Similarly as in Sec. IV, one can cast the Weyl tensor in
the type N canonical form using the frame (35) with the
replacements & — 7, ¥ — ¢, x, — y, and, of course,
H, — H). Analogously, one obtains the corresponding

124031-7
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FIG. 2. Plot of the profile function H(y,, n) given by Eq. (53).
This is the case of a static black ring boosted to the speed of light
along a direction contained within the plane of the ring circle, i.e.
(&, ). The coordinates (y,, m, @) span spatial sections of the
impulsive wave front u = 0, cf. Eq. (51). The Killing coordinate
¢ is suppressed in the figures. The profile function H)| diverges
(only) at the rod singularity 5 = 0, |y,| = L, as indicated by the
thick line in the pictures.

Weyl components from Eq. (38). In this case, we omit the
explicit form of the scalars W;;, which is rather compli-
cated and does not provide any immediate physical insight.
We just notice that, again, the elliptic integral II
disappears.

Following the corresponding analysis of Sec. IV, we can
analyze how the gravitational field generated by the
boosted black ring (51) behaves at a large spatial distance
from the center of the rod singularity (given by n = 0 =
¥,). With spherical coordinates defined on the wave front
by

Yy, = rcosb, n = rsiné, (55)
we now obtain

1 8p
Hy=— £

The monopole term coincides with that obtained in the

3 5
|:3£ + §(3c052¢9 - l)L—3 + 0<L )} (56)
r 8 r

P

Pavel Krtous$

PHYSICAL REVIEW D 71, 124031 (2005)

case of H |, cf. (40) and (41), and for L — O (i.e., when the
rod shrinks to a point) it gives rise to the five-dimensional
Aichelburg-Sexl solution. Again, there is no dipole, but the
quadrupole term is different from that of Eq. (40).

In addition, we can consider an expansion of H\| near the
axis 7 = 0. The rod singularity lies exactly at n = 0, for
|y2| = L. Therefore, we have to study the two cases |y,| >
L and |y,| < L separately. For |y,| > L, one has

8/2p L?
= W[ﬁ +yal =fy3 - L2
\/yz - L
3 L2 2
2SN ey O(n‘*)} 57)

4 63—y

The case |y,| < L is more delicate and one has to employ
expansions (A10)—(A12). At the end,

8v2p [y —2L? L2n?

H, = 1 —2,/L? — ¥}

! 37TL2|: oy 167 =37 2
2

L2 -2 2
+ |yzlalrc:c0t7y2 + 0(1]2):|, (58)

20y, |\JL? = y3

where “arccot’ takes values in [0, 77]. The first term carries
the singular behavior at the rod n = 0.

VI. GENERAL BOOST: AN ARBITRARY «

We finally consider the boost in a general direction z;,
which is characterized by the angular parameter «, see
Egs. (13)—(15). We employ the method of the previous
sections, and after straightforward calculations we again
obtain an impulsive pp-wave
ds* = 2dudv + dx3 + dy3 + dz3 + H(xy, y,, 25)8(u)du?.

(59)

Now the profile function

Hlrs ) = 020 ([ n@az) w0

3wL?
is an integral of the function
L> L? 2
h(z) = 5 + §[<§2 - n? - L2>y—§l sina + 2&x, cosa}
1 2 + 2 L2 2 2
+ 5(1 S/ nE )(? sinfa + x—zz cosa).
n
(61)
Here the dependence on z is contained in
y1 = zsina + z, cosa, &=yl +yi
(62)

X| = zcosa — 7, Sina, n? =x} +x3,

and in 3, given by Eq. (11). In order to perform the above
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integration, it is convenient to factorize 3 as

S=le—r?+3Ae+r)P+3L (63
where the parameters s; and s, are defined by
2B

2B
s%=r%+A——, s%=r%+A+—, (64)
r r

and r; by the equation (of third order in r})
1+ Arf + %(A2 - Ori—B*=0, (65)
with
A=x3+y}+ 22— L+ 2L%cos%e,
B = L%z, sina cosa, (66)
C=(x3+y5+ 25— L2 +4L*(x} + Zsin’a).

Using Cardano’s formula we may write the root r? as

A 3
A= e @)

where

3 2 1 1
o=(5)+(3). =@ -0
1 (©%)
=" A3 - 2 _ _ B2
g =4~ AN - C) - B,

Notice that for the particular case of the orthogonal boost

T2
%2
%)

FIG. 3 (color online).
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(a = 0) weobtainr; = 0,51 =x3 + (£ +L)?, 55 =x3 +
(¢ — L)?, which coincides with Eq. (22), while for the
parallel boost (o« = 7) one has 2r7 = a®> — y3 — > + L?
and 25 = 2s3 = a® + y} + 0> — L?, which is equivalent
to Eq. (49) [a is defined in Eq. (50)]. For any «, the integral
(60) could now be expressed using elliptic integrals, in
principle (because 2, is a square root of a fourth order
polynomial in z) [26,27]. For example, the simplest first
term in Eq. (61) leads to [27]

+oo (7 2

<~ = —=K(k), (69)
—00 E(Z) ~15152k1
where
2 _
szlkz L w=VvDP -1+,
1

4 + 52 + 52 {0)
_ N 1 2

D
2S1S2

We can investigate the location of the singularity of the
expression (69). This occurs when k = 1, i.e. for s;s, = 0.
From (64) one gets s7s3 = —3r} — 2Ar? + C, so that the
singularity is at r7 = —1(A + vA% + 3C). This exactly
corresponds to the explicit expression (67) for O = 0, i.e.
27¢%> = —4p3. Using the relations (66) and (68), it is
straightforward (but somewhat lengthy) to demonstrate
that this polynomial condition is satisfied for

23 = (L* — y3)cos’a. (71)

Z2 T2
Z Y2 o
Z2 %2 Y

X :0,

Plot of the profile function H(x,, y,, z,) given by Egs. (60) and (61). The integration in Eq. (60) has been

performed numerically. The coordinates (x,, y,, z,) span spatial sections of the impulsive wave front u = 0, cf. Eq. (59). Since this plot
corresponds to a boost in a general direction z;, the function H is not axially symmetry. We have thus depicted representative plots of
the values taken by H over different sections of the three space (x,, y,, 7). In the left figure, in particular, it is evident the ellipse-

shaped singularity, cf. Eq. (72).
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This singular behavior of the term (69) suggests that there
is a singular source located on the wave front (1 = 0) of the
metric (59), precisely in the plane x, = 0 on the ellipse

(ﬁ)z + ( = )2 =1 (72)
L L cosa

Of course the above argument is not conclusive.
Rigorously, we should integrate also all the other terms
in Eq. (61). This could in principle be done, but it would
lead to an involved expression without much practical use.
We rather prefer to integrate numerically the full function
(61), and display the thus obtained profile H in Fig. 3,
which indeed confirms the presence of a singular ellipse
within the wave front. This also corresponds to intuitive
expectations, since the original static circular source has
been boosted in a general direction. [Moreover, it agrees
with the following argument: the source of the black ring
(1) was located at y = —o0,i.e. n = 0 and £ = L. In view
of Eq. (62), these conditions become Eq. (71), which is
unchanged under the boost (15).]

VII. CONCLUSIONS

We have derived the gravitational field generated by a
five-dimensional static black ring moving “with the speed
of light.” More precisely, we have calculated how the
Emparan-Reall line element transforms under appropriate
boosts, and studied the ultrarelativistic limit when the
boost velocity approaches the speed of light. In particular,
we have studied in detail two complementary boosts along
privileged directions, namely, those orthogonal and paral-
lel to the plane containing the ring circle. The resulting line
elements represent impulsive pp-waves. These are exact
vacuum solutions everywhere except at singular points that
are a remnant of the original curvature singularity of the
static black ring. In addition, in the case of the orthogonal
boost, there is a disk-shaped membrane inside the ring
directly inherited from the conical singularity of the static
Emparan-Reall spacetime. [Notice that the profile func-
tions obtained via the boosting procedure ultimately pro-
vide solutions to equivalent problems of three-dimensional
electrostatics (or Newtonian gravity) with a disk or a
nonuniform rod source.] Further analysis of the solutions
has been supplemented via graphical plots and via suitable
expansions of the metric functions. We may also observe
here that, if necessary, one could introduce a coordinate
system in which the metric coefficients take a continuous
form, using the general transformation presented in [6].

It is also worth remarking that, in contradistinction to the
well-known situation in four dimensions [8], we did not
need to perform any infinite subtractions during our calcu-
lations. This is essentially due to the faster falloff of the
gravitational potential of a “‘monopole” in D > 4, which
ensures that all the required integrals are finite. The same
simplification occurred in previous investigations of ultra-
relativistic boosts in higher dimensions [9,10,15], as well

Pavel Krtous$

PHYSICAL REVIEW D 71, 124031 (2005)

as in the case of the boost of particles with multipole
moments in D = 4 (Weyl solutions) [28].

We have concentrated on a static ring containing a disk
membrane at x = +1, for which there is no conical singu-
larity at infinity. A generalization to the case of a ring with
a deficit membrane at x = —1 (which extends to infinity)
would be straightforward. It would be more interesting to
extend our results to the case of rotating black rings. Such
work is currently in progress [18].
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APPENDIX A: ELLIPTIC INTEGRALS

In this appendix we summarize the definitions and the
properties of the complete elliptic integrals employed in
the main text, following references [26,27].

1. Definitions

The complete elliptic integrals in trigonometric form are
defined by [26]

/2 da
K(k) = —_— (AD)
V1 — ksina
/2
E(k) = f V1 — k3sintadae, (A2)
0
/2 da
I(p, k) = f . (A3)
P 0 (1 — psina)v1 — k*sin’a

2. Useful identities
They satisfy the identities [27]

(K — p)IL(p, k) = K*K (k)

_p1 =) H<k2 —-p k))

1-p 1—-p’
(A4)
k2 —
M. ) = K - 1 k) + T
with p(1 — p)~ 1 (k2 — p)~ ! <. (A5)
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3. Differential relations

Derivatives of elliptic integrals lead to combinations of
the same integrals:

dK(k) _ E(K) K@)

dkK1-k) &k
dE(K) _ E(K) = K(k)

dk k ’
oIl (p, k) k E(k)
= —TIl(p, k) +
2 kz—p[ (b, ) l_kz} (A6)
dll(p, k) 1 K —p?
= I1(p, k) — K(k)
ap 2p(1—p)[k2—p PR = K(
P
- —E(k) |.
T ()}
4. Series representations
The behavior near k = 0 is given by
KO =1+ e+ i+ ouo) (A7)
2( 4 64 )
Bl ="(1-Ye - 2+ o (A8)
2( 4 64 )
7S E Qu— D2y — 1! ~
H(p, k) = = k> pt=,
P 2 #ZOZO Q2! P
with |p| < 1. (A9)
Near the singular point K = 1 one has
1, 1—-k 1 11—k
= — _ — + )
K(K) = — 3 log—— 8@ bg16)ﬂ 1)
9 /7 1 — k2
—_ 2 (14 — 122 + — 123
i3 (5 * lor g )1~ P + 0 — )
(A10)
1 1— K2
Ek)y=1-—-(1+1 1— k2
0= 1=(1+ 1087 - #)
3 /13 11—k
— 2 (22 f 10— V(1 — k)2 + — 12)3
(g +loee Ja - RF + o - )
(A11)
1 4 J=p
II(p, k) = Io + arctan,/—
P l—p gd1—H l—p P
+ 0(1 — k?), with p < 0. (A12)
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5. Useful integrals: orthogonal boost

In Sec. IV we employed the following integrals:

o d 1
i : = K(k) (A13)
0 JEZ+d)Z+DbY) a
/w 22dz _
T 2302 )3
0\/(2z +2a)(z + b?) (Al4)
a“+b 2a
————5 K(k) — ———= E(k),
a(d — P22 (k) (a® — b2)? (k)
/00 dz
0 (2 + AW+ )+ D)
1 b? b* — ¢?
=——— || - k) — K(k) |, Al5
=T W)
where
2 _ b2
k=" "7 4>p>0, c#0. (Al6)
a
6. Useful integrals: parallel boost
The integrals used in Sec. V are
o0 d 1
| e k. )
0 JAr+2b22 +a* 4
00 2d
f z7dz - a 4E(k)
o JE 2027 +ay @ b
1
- ———K(k), (A18
a0 (k), (A18)

L arame
0 (2 + A +20%22 + a*
2 4 2 2 _ 22
_ 1 [a c H(_(a c?) ,k)—K(k)],

ala®> — )| 22 4c%a?
(A19)
with
)
k=a7b, a?>b?>> —oo, a? >0, c#0.
V2a
(A20)

APPENDIX B: THE WEYL TENSOR FOR H |

Here we present explicitly the frame components of the
Weyl tensor in the case of the metric (27) and (31) describ-
ing a black ring boosted in an orthogonal direction. Using
Eq. (A6), from Eq. (38) with Eq. (31) we obtain

124031-11



226

MARCELLO ORTAGGIO, PAVEL KRTOUS, AND JIRI PODOLSKY

11

The last equation follows from the tracelessness of the Weyl tensor.

2V2p 1

3L o e+ 2 + P

{—[m + (2 = 28904 + (& — 5+ 8EDLY — B + £2)7]

Pavel Krtous$

PHYSICAL REVIEW D 71, 124031 (2005)

K(k)
(6 =L +x3

+ [LE + (2x5 = TEHLS + E(11£2 + Tx3)L* — (33 + €H)(2x5 — 13823 + 5EY)L? — x3(x3 + £2)°]

E(k) 1

X m}a(u) 6Ruw (B1)

_2V2p X C3LY + 43 — YL + (62 + x))? K®

B 3gr2 eflE+ 02+ x%]s{ (6 = L7+ x3
E(k
+[BLE + (1€ + T)LY + 52 — 3E)(3 + L2 + (2 + §2)3][(§_L§2)+X%]2}6(u), (B2)
42p 1 L4 — (& + 222 1

v,, = L? — & — 2)K(k) — ———>5—2E(k)}8(u) — =Ry, B3
S T ”%{( £ = DK~ L T ER o) — R, ®3)
Vi3 = —(Vyy + ¥p). (B4)
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Fields of accelerated sources: Born in de Sitter*
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This paper deals thoroughly with the scalar and electromagnetic fields of uniformly accelerated
charges in de Sitter spacetime. It gives details and makes various extensions of our Physical Review
Letter from 2002. The basic properties of the classical Born solutions representing two uniformly
accelerated charges in flat spacetime are first summarized. The worldlines of uniformly accelerated
particles in de Sitter universe are defined and described in a number of coordinate frames, some of
them being of cosmological significance, the other are tied naturally to the particles. The scalar and
electromagnetic fields due to the accelerated charges are constructed by using conformal relations
between Minkowski and de Sitter space. The properties of the generalized “cosmological” Born solu-
tions are analyzed and elucidated in various coordinate systems. In particular, a limiting procedure
is demonstrated which brings the cosmological Born fields in de Sitter space back to the classical
Born solutions in Minkowski space. In an extensive Appendix, which can be used independently of
the main text, nine families of coordinate systems in de Sitter spacetime are described analytically
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and illustrated graphically in a number of conformal diagrams.

PACS numbers: 04.20.-q, 04.40.Nr, 98.80.Jk, 03.50.-

I. INTRODUCTION

In 1969, on the sixtieth anniversary of Max Born’s
[1] first analysis of the field of a uniformly accelerated
charge, Ginzburg, Nobelist in 2003, reanalyzed [2-4]
this—what he called—“perpetual problem of classical
physics,” with the conclusion that the problem “is al-
ready clear enough not to be regarded as perpetual.”
Ginzburg confirmed the presence of radiation and empha-
sized that the vanishing of the radiation reaction force
during the uniformly accelerated motion of the charge
“is in no way paradoxical, in spite of the presence of ra-
diation,” since “a non-zero total energy flux through a
surface surrounding a charge at a zero radiation force is
exactly equal to the decrease of the field energy in the vol-
ume enclosed by this surface.” Despite Ginzburg’s view,
however, the problem does not seem to lose its “perpetu-
ity.” A number of distinguished physicists who dealt with
it before Ginzburg like Sommerfeld, Schott, von Laue,
Pauli and others have, after Ginzburg, been followed by
such authors as, for example, Bondi [5], Boulware [6],
Peierls [7], Thirring [8] and others [9-12].

The fields and radiation patterns from uniformly accel-
erated general multipole particles were also studied [13].
The December 2000 issue of Annals of Physics contains
three papers by Eriksen and Grgn [14-16] with numerous
references on “electrodynamics of hyperbolically acceler-

*Published in J. Math. Phys. 46, 102504 (2005).

This version differs only by a more compact formatting.
Tbicakembox. troja.mff.cuni.cz
tPavel.Krtous@mff.cuni.cz

Z

ated charges”. (Yet, except for [1] and [6], the explicit
citations above are not contained in [14-16].)

Spacetimes describing “uniformly accelerated particles
or black holes” play fundamental role in general relativ-
ity. They are the only explicit solutions of Einstein’s
field equations known which are radiative and represent
the fields of finite sources. Born fields in electrodynam-
ics are produced by two charges moving along an “axis
of symmetry” in opposite directions with uniform accel-
erations of the same magnitude. They have two sym-
metries: they are axially symmetric and symmetric with
respect to the boosts along the axis of symmetry. Their
general-relativistic counterparts, the boost rotation sym-
metric spacetimes, are unique because of a theorem which
roughly states that in axially symmetric, locally asymp-
totically flat spacetimes the only additional symmetry
that does not exclude radiation is the boost symmetry.
The boost-rotation symmetric spacetimes have been used
in gravitational radiation theory, quantum gravity, and
as test beds in numerical relativity; their general struc-
ture is described in [17], their applications and new ref-
erences are given in the reviews [18-20]. One of the best
known examples, the so-called C-metric, describing uni-
formly accelerated black holes, is the only boost-rotation
symmetric solution known also for a nonvanishing cos-
mological constant A. Asymptotically this “generalized”
C-metric approaches de Sitter spacetime if A > 0. It is
well-known from the classical work of Penrose [21] on the
asymptotic properties of fields and spacetimes that, in
contrast to asymptotically Minkowskian spacetimes with
null (lightlike) conformal infinities Z*, asymptotically
de Sitter vacuum spacetimes have two disjoint confor-
mal infinities, past and future, which are both spacelike.
When A < 0, as in anti-de Sitter space, the conformal
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infinity is timelike, and it is not disjoint. (In the analyt-
ically extended C-metrics, there is an infinite number of
such infinities which can be reached by going “through”
black holes like with a Reissner-Nordtrém black hole, but
this is not pertinent to the present work.)

The importance of de Sitter spacetime in the his-
tory of modern cosmology seems to grow steadily. The
“flat” de Sitter universe became the standard cosmo-
logical model in steady state theory, more recently, as
the “first approximation” of inflationary models, and to-
day, with indications that A > 0 in our Universe, it is
an asymptote of all indefinitely expanding Friedmann-
Robertson-Walker models with A > 0. In fact much more
general cosmological models with A > 0 approach de Sit-
ter model asymptotically in time. This manifestation of
the validity of the “cosmic no-hair conjecture” [22], [23]
will also be noticed in the properties of the fields analyzed
in this work.

Motivated by the role of the Born solution in clas-
sical electrodynamics, by the importance of the boost-
rotation symmetric spacetimes in general relativity, and
by the relevance of de Sitter space in contemporary cos-
mology, we have recently generalized the Born solution
for scalar and electromagnetic fields to the case of two
charges uniformly accelerated in de Sitter universe [24].
In the present paper we give calculations and detailed
proofs of the results and statements briefly sketched in
our paper [25]. In addition, we investigate the character
of the field in a number of various coordinate systems
which are relevant either in a general-relativistic context
or from a cosmological perspective.

The appropriate coordinates and corresponding tetrad
fields were important in finding our recent results on a
general asymptotic behavior of fields in the neighborhood
of future infinity Zt in asymptotically de Sitter space-
times [26]. In obtaining these results we were inspired
by the inspection of the electromagnetic fields from uni-
formly accelerated charges in de Sitter universe.

It was known from the work of Penrose since late 1960’s
that the radiation field is “less invariantly” defined when
I+ is spacelike—that it depends on the direction in which
I7 is approached. However, no explicit models were
available. The investigation of the test fields of accel-
erated charges in de Sitter universe has served as a use-
ful example; it was then generalized also to the study
of asymptotic and radiative properties of the C-metric
with A > 0 [27], as well as to the case of the C-metric
with A < 0 when infinity is timelike [28]. (For other
recent works on the “cosmological” C-metric, see, e.g.,
[29, 30].) These studies led to more general conclusions
[26]: the directional pattern of gravitational and elec-
tromagnetic radiation near de Sitter-like conformal in-
finity has a universal character, determined by the alge-
braic (Petrov) type of a solution of the Maxwell/Einstein
equations considered. In particular, the radiation field
vanishes along directions opposite to principal null di-
rections. Very recently analogous conclusions have been
obtained for spacetimes with anti-de Sitter asymptotics
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[31].

Since past and future infinities are spacelike in de Sitter
spacetime, there exist particle and event horizons. Under
the presence of the horizons, purely retarded fields (ap-
propriately defined) become singular or even cannot be
constructed at the “creation light cones”, i.e., at future
light cones of the “points” at Z~ at which the sources “en-
ter” the universe. In [24] we analyzed this phenomenon
in detail and constructed smooth (outside the sources)
fields involving both retarded and advanced effects. As
demonstrated in [24], to be “born in de Sitter” is quite
a different matter than to be “born in Minkowski”. This
reveals the double meaning of the second—perhaps some-
what enigmatic—part of the title of this paper.

Its plan is as follows. In order to gain an understand-
ing of the generalized Born solution in de Sitter space it
is advantageous to be familiar with some details of the
classical Born solution in Minkowski space. Hence, its
properties most relevant for our purpose are summarized
in Section II. Here we also discuss why in Minkowski
space problems with purely retarded fields of uniformly
accelerated particles do not arise.

There exists vast literature on de Sitter space in which
various types of coordinates are employed. We shall con-
struct fields in de Sitter space by using its conformal re-
lations to Minkowski space. For our aim coordinate sys-
tems on conformally compactified spaces and their prop-
erties will be particularly useful. These, together with
several “cosmological” and “static” coordinate systems,
will be described and graphically illustrated in conformal
diagrams in Section III. What is meant by “uniformly
accelerated particles in de Sitter space” is defined and
the properties of the corresponding worldlines are stud-
ied in Section IV. For technical reasons it is more advan-
tageous to consider particles which asymptotically start
and end at the poles of coordinates covering de Sitter
space, i.e., particles “born at the poles” (Section IV A).
In order to find a direct relation between the standard
form of the Born solution produced by two charges at
each time located symmetrically with respect to the ori-
gin of Minkowski space and the generalized Born solution
in de Sitter space, it is necessary to construct also world-
lines of uniformly accelerated particles which are “born
at the equator” (Section IV B).

With the worldlines of accelerated particles available,
it is advantageous to consider coordinates in de Sitter
space which are centered on these worldlines. These “ac-
celerated coordinates” and “Robinson-Trautman coordi-
nates” are obtained, in a constructive manner, in Sec-
tion V.

Section VI is devoted to the fields from particles “born
at the poles”. Here we also study in detail their proper-
ties in various coordinate systems introduced before. The
fields of particles “born at the equator” are found in Sec-
tion VII by a simple rotation. Starting from these fields
we demonstrate by means of which limiting procedure the
standard Born field in Minkowski space can be regained.
Finally, we conclude by few remarks in Section VIII.
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The paper contains a rather extensive Appendix in
which nine families of coordinate systems employed in
the main text are described in detail, illustrated graphi-
cally, their relations are given, and corresponding metric
forms as well as orthonormal tetrads are presented. We
believe the Appendix can be used as a general-purpose
catalogue in other studies of physics in de Sitter space-
time.

II. BORN IN MINKOWSKI

It was Einstein in 1908, inspired by a letter from
Planck, who first defined a uniformly accelerated motion
in special relativity [32, 33]. A particle is in uniformly
accelerated motion if its acceleration has a fixed constant
value in instantaneous rest frames of the particle. This
can be stated in a covariant form (see, e.g., [34]) as

Ppalt =a% —(a"a,)u* =0, (2.1)

u® being four-velocity, " =u”V, covariant derivative
with respect to proper time, a® = u® four-acceleration,
and Py, = 0§ +u®u, is the projection tensor into the hy-
persurface orthogonal to u®. Eq. (2.1) implies a#a, =0
so that the condition of uniform acceleration guarantees
that the magnitude of the four-acceleration is constant,

(2.2)

Ay =

although a* # 0. Integrating Eq. (2.1) in Minkowski
spacetime, one finds that the worldline of a uniformly
accelerated particle is a hyperbola [35, 36]. One can
then choose an inertial frame, in which the initial
three-velocity and three-acceleration are parallel; in such
frames the motion is spatially 1-dimensional. It can be
produced by putting a test charged particle into a ho-
mogenous electric field with initial velocity aligned with
the field. The motion along the z axis is illustrated in
Fig. 1. There, in fact, two particles uniformly accelerated
in opposite directions are shown, the one moving along
the positive (¢ = +1 for particle wg in the figure) and
the second one along the negative z axis (¢ = —1 for par-
ticle wg); their worldlines parametrized by proper time
Au are

at a, = constant,

A
t = by sinh == |

e zr=y=0, (2.3)

A
2z =ebycosh 25 |
bo

or

z=¢e\/t2+b2. (2.4)
Here we have chosen the particles to be at rest at z = &b,
at t = 0. Then their three-acceleration at initial moment
t=01is ay = |d*z/dt*| = 1/b,. As t — oo, the three-
velocity vy = |dz/dt| = t/+/t? + b2 approaches the veloc-
ity of light. This is the well-known hyperbolic motion.
The worldlines of the particles coincide with the orbits
of the boost Killing vector in the ¢-z plane,

0 0

Enoost = e + t& (2.5)
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These  orbits, given by  —t>4 2% = constant,
x, y = constant, are timelike at —t*4+2%2>0, but
they are spacelike at —t2 + 22 < 0. The fields (scalar,
electromagnetic, higher-spin) produced by charged
particles in the hyperbolic motion will have boost-
rotational symmetry. They are thus static in the region
—t2 + 22 > 0—“below the roof” as introduced in [17],
however, we can expect them to be radiative in the
region —t2 + 22 < 0—“above the roof”.

Consider a massless scalar field & with the scalar
charge source S satisfying, in a general 4-dimensional
spacetime, the wave equation

[O-§R|®=S, (2.6)
in which 0O=g¢"V,V, is the curved-space
d’Alambertian, and R is the scalar curvature (of
course, in Minkowski space R = 0). We are interested
in a field due to two monopole particles with the same
constant scalar charge of magnitude s moving along
hyperbolae (2.3). The source at a spacetime point x is
thus given by

S=84+S5s, Se= 3/6(56 —we(Au))dA,  (2.7)

where w (A\y) denotes the worldlines of the particles. The
resulting fields may be written as

®=0,+ P, (2.8)
where ®. is produced by S.. The retarded and advanced
fields of these sources are constructed and analyzed in
detail in Ref. [17]. It can be demonstrated that the re-
tarded and advanced fields due to the particle wg or wg
are all given by exactly identical expression

s 1

Dy = — —
BM 47'['R b

(2.9)
which, however, is valid in different regions of spacetime.
Namely,

sie

— +
4 R (e2£1),

Pt fadve = (2.10)

# being the step function and upper/lower sign is valid
for retarded/advanced case. The quantity R in the de-
nominator is given by

_ L2 92 22 2 0\?
R= TR ((b0+t r?)” 4 4br® sin 19) . (211

It has the meaning of a retarded or advanced distance—
it is a spatial distance of the “observation” (field) point
from the position of the source at retarded or advanced
time. Here, as usual, x = rsind cosp, y = rsindsin g,
z = rcosv. The fields (2.9), as well as (2.10), are, at first
glance, axially (rotationally) symmetric. They are also
unchanged under the boost along the z axis.
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Figure 1: A pair of uniformly accelerated charges in Minkowski spacetime (with the conformal diagram on the right). The
boost Killing vector is timelike in regions L and R; it is spacelike in F and P. The charges are causally disconnected by
null hypersurfaces (“the roof”) —t* + 2% = 0. These hypersurfaces represent the acceleration horizon for uniformly accelerated

observers with respect to which the charges are at rest.

The field ®5y, can, in fact, be viewed as the field due
to both accelerated particles, i.e., as the field correspond-
ing to the source (2.7). Inspecting regions at which the
retarded and advanced fields (2.10) are non-vanishing we
discover that &5, admits the interpretation as arising
from 1-parametric combination of retarded and advanced
effects from both particles:

(I)BM = €¢r6t® + (1 - f)(ﬁadveb + (1 - f)@rete + é(ﬁndve )
(2.12)

where ¢ € R is an arbitrary constant parameter. In
particular, choosing ¢ = %, the field ®gy arises from
2(®,.. + ®.4,) from both particles. With £ = 1, the field
can be interpreted as being caused by purely retarded ef-
fects from particle wy in region z +t > 0, and by purely
advanced effects from particle wg in region z + ¢ < 0.

The case of electrodynamics is very similar. The so-
lution corresponding to the scalar field (2.9) was found
by Born in 1909 [1]. It is customarily given in cylindrical
coordinates (see, e.g., [14, 34, 37]), however, in order to
compare it with its generalization to de Sitter universe,
it is more convenient to write it down in spherical coor-
dinates:

e 1 1

Fom=——— =

47 2b, R3

222
><( (b5 +t° —7r°) cosddt A dr (2.13)
+ (b2 4+ 2 +r?) rsind dt A dd
—2trzsin19dr/\d19).

The field can be obtained from the Liénard-Wiechert re-
tarded and advanced potentials of two charged particles

moving along hyperbolae (2.3), however, in contrast to
the scalar case when charges are exactly the same, the
electric charges have opposite signs. Similarly to the
scalar case, the field is smooth everywhere, except for
the places where the particles occur. Fgy can be in-
terpreted in the precisely same way as the scalar field
(2.9), i.e., as the 1-parametric combination of retarded
and advanced effects from both charges, analogously to
Eq. (2.12). However, in the electromagnetic case an exact
form of retarded and advanced fields from a single par-
ticle is a more subtle issue. Considering that the field in
the region z + ¢ > 0 may be interpreted as the retarded
effect emitted from the charge which moves along z > 0,
it is natural to try to exclude advanced effects of the
other particle by requiring the field to vanish in the re-
gion z + ¢ < 0 (cf. Fig. 1). The field is then not smooth
at the null hypersurface z = —¢. In the scalar case such
a field does represent the pure retarded field of the single
particle, cf. Eq. (2.10). However, in the electromagnetic
case the field Fgy 0(z +t) corresponds to sources con-
sisting not only of the particle but also of a “charged
wall” moving along hypersurface z + ¢ = 0 with velocity
of light [5, 38]. Nevertheless, it is possible to obtain a
pure retarded field of the only single particle by modify-
ing the field with a delta function valued term localized
onz+t=0[6, 39, 40].

In de Sitter space such a modification is not feasible
because the advanced fields cannot be excluded. The
underlying cause is the null character of the past confor-
mal infinity in Minkowski spacetime, whereas in de Sit-
ter spacetime both future and past conformal infinities
are spacelike. As a consequence, the Gauss constraint
restricts the data at the spacelike past infinity, and it
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can be shown that a purely retarded field of a point-
like charge cannot satisfy this constraint [24]. The ab-
sence of purely retarded fields is also related to a dif-
ferent character of the past horizon of a particle. Since
the worldline of a particle “enters” the universe through
the past spacelike infinity, there exists the past particle
horizon, called also the creation light cone. In de Sitter
space a purely retarded electromagnetic field of a point-
like charge cannot be constructed on the whole cone. In
Minkowski spacetime the creation light cone of a parti-
cle moving asymptotically in the past freely, coincides
with the whole past null infinity, and thus it does not
belong to the physical spacetime. Eternally accelerated
particles can “enter” the Minkowski spacetime at a point
of the past null infinity—as, for example, uniformly ac-
celerated particles do. Like in de Sitter case, in confor-
mal spacetime the past horizon of such particles forms
the null cone but, in contrast to de Sitter space, it has
one generator in common with the null infinity. In phys-
ical spacetime this horizon thus corresponds to a null
hyperplane—for the particle wy it is just the hyperplane
z+t =0 (cf. Fig. 1)—and so its spatial sections are not
compact. Thanks to this non-compactness the “bad” be-
havior of the retarded field on the horizon can be “pushed
out of sight” to the infinity. We analyzed this issue in de-
tail in Ref. [24].

III. MANY FACES OF DE SITTER

The fields due to various types of uniformly acceler-
ated sources in de Sitter spacetime found in [24], as well
as those described briefly in Ref. [25], were constructed
by employing the conformal relation between Minkowski
and de Sitter spacetimes. When analyzing the world-
lines of the sources in de Sitter spacetime and their rela-
tion to the corresponding worldlines in Minkowski space-
time we need to introduce appropriate coordinate sys-
tems. Suitable coordinates will later be used to exhibit
various properties of the fields. An extensive literature
exists on various types of coordinates in de Sitter space
(e.g. [41, 42]), but we want to survey some of them in
this section. In particular, we relate them to the corre-
sponding coordinates on conformally related Minkowski
spaces since this does not appear to be given elsewhere.
In the next section, after identifying the worldlines of
uniformly accelerated particles in de Sitter space, we
shall construct new coordinate systems tied to such par-
ticles, such as Rindler-type “accelerated” coordinates, or
Robinson-Trautman-type coordinates in which the null
cones emanating from the particles have especially sim-
ple forms. These coordinate systems will turn out to be
very useful in analyzing the fields. Here, in the main text,
however, only a brief description of relevant coordinates
will be given. More details, including both formulas and
illustrations, are relegated to the Appendix.

As it is well-known from textbooks on general relativ-
ity (for a recent pedagogical exposition, see [43]), de Sit-
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Figure 2: The spherical cosmological coordinates and a pair
of uniformly accelerated particles wey and wg in de Sitter
universe: the conformal diagram (above) and projection on
the spacelike cut 7 = constant in the standard cosmological
spherical coordinates (angle ¢ suppressed). The whole de Sit-
ter spacetime could be represented by just the “right half”
of the conformal diagram. For convenience, we admit nega-
tive values of radial coordinates and identify # = x = —m and
7 = x = m (see the text below Eq. (3.12) and the Appendix).

ter spacetime, which is the solution of Einstein vacuum
equations with a cosmological term A > 0, is best visu-
alized as the 4-dimensional hyperboloid imbedded in flat
5-dimensional Minkowski space. It is the homogeneous
space of constant curvature equal to 4A. Hereafter, we
use the quantity

3
b=y

(3.1)
(with the dimension of length) to parametrize the radius
of the curvature.

The entire de Sitter spacetime can be covered by a
single coordinate system—which we call standard coor-
dinates—1 € R, x € (0,7), ¥ € (0,7), ¢ € (—m,7) in
which the metric reads

gas = —d7 + 04 coshzél (dx2 +sinx dw2> . (3.2)
A

dw? = d¥? +sin® 9 dy? . (3.3)

Clearly, we can imagine the spacetime as the time evolu-

tion of a 3-sphere which shrinks from infinite extension

at 7 — —oo to a radius /,, and then expands again in a
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Figure 3: The flat cosmological coordinates and particles wg,
wg in de Sitter space and in conformally related Minkowski
space. The flat cosmological coordinates cover shaded region.
Its boundary, # = +o00, represents the horizon for observers
at rest in these coordinates.

time-symmetric way. Hence, we also call 7, x the spher-
ical cosmological coordinates. The coordinate lines are
shown in the conformal diagram, Fig. 2.

In cosmology the most popular “flat” de Sitter universe
is obtained by considering only a half of de Sitter hy-
perboloid foliated by flat 3-dimensional spacelike hyper-
surfaces labeled by timelike coordinate 7 € R, cf. Fig. 3.
Together with appropriate radial coordinate # € RT, the
new coordinates, which we call flat cosmological coordi-
nates, are given in terms of 7, x by

T =1L, log(smh +cosh£ cosx) ,

Ly

. sin x (3.4)

T =

*cos x + tanh(r/(,) ’
implying the well-known “inflationary” metric
27
gas = —d7? +exp — (df2 + 72 dw2) . (3.5)

Ly

These coordinates cover only “one-half” of de Sitter space
as indicated by shading in Fig. 3.

de Sitter introduced his model in what we call hyper-
bolic cosmological coordinatesn € R, p € Rt (see Fig. 4)
related to 7, x by

cosh é_ = cosh — cos X ,
A 7f‘ (3.6)
tanh 2 = coth — siny .
Ly N

The metric

gas = —dn® + sinhzgl (dp2 + 0 sinh2££ dw2) (3.7

Pavel Krtous$
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Figure 4: The hyperbolic cosmological coordinates. They

cover only the shaded region and, therefore, only a part of
the worldline wg. The horizon #H.y, arises for the observers

who are at rest in the hvnm holic cosmological coordinates
W0 are at resy in the nyperbollc Cosmoeiogt cooranates.

shows that the time slices 7 = constant have the geome-
try of constant negative curvature, i.e., as the standard
time slices in an open FRW universe.

The last commonly used coordinates in de Sitter space-
time are static coordinates T € R, R € (0,£,):

14
T:;Alo

cos x + tanh(7r/¢,)
cos x — tanh(7/4,)

- (3.8)
R =/{, cosh — siny,
Ly
covering also only a part of the universe. The metric in
these coordinates reads

2\—1
os = —(1 ]; )de (1—1;—2) dR? + R2dw? , (3.9)
revealing that 0/0T is a timelike Killing vector in the
region 0 < R < £,.

Among the coordinates introduced until now only the
standard coordinates 7, x, ¥, ¢ cover the whole de Sitter
spacetime globally. One can easily extend flat cosmo-
logical coordinates to cover (though not smoothly) the
whole de Sitter hyperboloid, which will be useful in dis-
cussion of the conformally related Minkowski spacetime,
cf. Eq. (3.13). We shall also use extensions of the static
coordinates into the whole spacetime, using definitions
(3.8), but allowing R € R". In regions where R > /,
coordinates T" and R interchange their character, /0T
becomes a spacelike Killing vector (analogously to 9/t
inside a Schwarzschild black hole). However, the static
coordinates T', R are not globally smooth and uniquely
valued. Namely, T'— oo at the cosmological horizons
R = {,. The static coordinates, extended to the whole
de Sitter space, are illustrated in Fig. 5. Here we also
indicate the regions in which 9/9T is spacelike by bold F
(“future”) and P (“past”), whereas the regions in which
it is timelike are denoted by N (containing the “north
pole” x = 0) and S (containing the “south pole” x = 7).
Hereafter, this notation will be used repeatedly.

The conformal structure of Minkowski and de Sitter
spacetimes, their conformal relation, and their confor-
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Figure 5: The static coordinates and the wordlines of par-
ticles wy and wg. These coordinates can be defined in the
whole spacetime, however several coordinate patches, in dia-
gram indicated by shaded and nonshaded regions, have to be
used (cf. Appendix A 5 and A 6). These regions are separated
by the cosmological horizons at R = £, where T' = £o00. The
vector /0T is a Killing vector of de Sitter spacetime. It is
timelike in the domains N and S (shaded regions) and space-
like in the domains F and P. The histories of both particles
we and wg belong to the domains N and S.

mal relation to various regions of the Einstein static uni-
verse have been discussed extensively in literature (see,
e.g., [44-47]). The complete compactified picture of these
spacetimes, in particular the 3-dimensional diagram of
the compactified Minkowski and de Sitter spaces M#
as parts of the Einstein universe represented by a solid
cylinder can be found in [24]. We refer the reader espe-
cially to Section III of [24] where we explain and illustrate
the compactification in detail. In the present paper we
shall confine ourselves to the 2-dimensional Penrose dia-
grams.

The basic standard rescaled coordinates covering glob-
ally de Sitter spacetime including the conformal infinity
are simply related to the standard coordinates as follows:

t
tangzexp%, F=x, (3.10)
t € (0,7), ¥ € (0,7). The metric (3.2) becomes
gas = €2 sin ?f (—di* + d#? +sin” Fdw?) ,  (3.11)

demonstrating explicitly the conformal relations of
de Sitter spacetime to the Einstein universe:

Je = st Gas , s =sint . (3.12)
Therefore, we also call coordinates ¢, 7 the conformally
Einstein coordinates. The conformal diagram of de Sitter
spacetime is illustrated in Fig. 2. The past and future
infinities, £ = 0 and # = = are spacelike, the worldlines
of the north and south poles (given by the choice of the
origin of the coordinates) are described by 7 = x = 0 and
F=x=m.

The whole de Sitter spacetime could be represented by
just the “right half” of Fig. 2. Indeed, it is customary to
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draw this half only and to consider any point in the figure
as a 2-sphere, except for the poles 7 = 0, 7. As we shall
see, the formulas relating coordinates on the conformally
related de Sitter and Minkowski spacetimes have simpler
forms if we admit negative values of the radial coordinate
7 € (—m,0) covering the left half of the diagram. We shall
thus consider the 2-dimensional diagrams as in Fig. 2
to represent the cuts of de Sitter spacetime along the
axis going through the origins (through north and south
poles—analogously to the cuts along the z axis in £?).
The axis, i.e., the main circle of the spatial spherical sec-
tion of de Sitter spacetime, is typically chosen as 9 = 0, 7.
Thus, in the diagram the point with # = —7, < 0, ¥ = 9,,
© = @, is identical to that with 7 = 75, ¥ = 7 — 9,, and
© =@, + m. We use the same convention also for other
radial coordinates appearing later, as explicitly stated
in the Appendix (cf. also Appendix in [24]). We admit
negative radial coordinates only when describing various
relations between the coordinate systems. In the expres-
sions for the fields in the following sections only positive
radial coordinates are considered.

As mentioned above, in [24] we constructed fields
on de Sitter spacetime by conformally transforming
the fields from Minkowski spacetime. Now “different
Minkowski spaces” can be used in the conformal rela-
tion to de Sitter space, depending on which region of a
Minkowski space is mapped onto which region of de Sit-
ter space. Consider, for example, Minkowski space with
metric gy given in spherical coordinates ¢, 7, 9, ¢. Iden-
tify it with de Sitter space by relations

l,sint l,sint

f=——"  F=

A -, (3.13)
cost — cosr

- - =
COoST — cost

the inverse relation (A11) is given in the Appendix. In
the coordinates £, ¥, 9, ¢ the de Sitter metric (3.11) be-
comes

2
gus = 2 (—d + a7 + 7 aw?) (3.14)
so that
5 ly
Gas = ggu , O = T (3.15)

The coordinates £, #, 1, ¢ can, of course, be used in both
de Sitter and Minkowski spaces. Fig. 3 illustrates the
coordinate lines. It also shows how four regions I, II, III,
and IV of Minkowski space are mapped onto four regions
of de Sitter space by relations (3.13). We call £, # rescaled
flat cosmological coordinates since their radial coordinate
7 coincides with that of the flat cosmological coordinates
(3.4) and the time coordinate is simply related to 7 as
t=—l, exp(—=7/L,) . (3.16)
The caron or the check (still better “hacek”) “v” formed
by cosmological horizon at f = 400 in de Sitter space
(cf. Fig. 3) inspired our notation of these coordinates. It
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Figure 6: The conformally Minkowski coordinates. They
cover the whole conformally related Minkowski space but only
a part of corresponding de Sitter space. This Minkowski space
is related to that in Fig. 3 by a shift “downwards” by 7/2 in
the direction of the conformally Einstein coordinate £.

is possible to introduce analogously the coordinates i, 7
given in the Appendix, Egs. (A39), (A40), that cover
nicely the past conformal infinity but are not smooth at
the cosmological horizon ¢ = +o0; in this case they form
the hat “A” in the conformal diagram (see Fig. 16 in the
Appendix).

From relations (3.13) it is explicitly seen why, when
writing down mappings between de Sitter and Minkowski
spaces and drawing the corresponding 2-dimensional
conformal diagrams, it is advantageous to admit neg-
ative radial coordinates. If we would restrict all ra-
dial coordinates to be non-negative, we would have to
consider the second relation in Eq. (3.13) with differ-
ent signs for regions III and II in de Sitter space: in
III # = ¢, sin#/(cos# — cost), but in IIT we would have
7 = —{, sin#/(cos ¥ — cost).

Another mapping of Minkowski on de Sitter space will
be used to advantage in the explicit manifestation that
the generalized Born solution in de Sitter space goes over
to the classical solution (2.13). Instead of the mapping
(3.13), consider the relations

b l, cost . l,sin7t (3.17)

~ . T ~ . Ind
cosT +sint cosT +sint

(see Eq. (A17) for the inverse mapping), which turn the
metric (3.11) into

Gos = (%)Z (—dt2 +dr? 2 de) . (3.18)

We again obtain the de Sitter metric in the form explic-
itly conformal to the Minkowski metric with, however, a
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different conformal factor from that in Eq. (3.15):

202

_ 1
02 — 2+ 2 (3.19)

Yas :Q?\/[gM , Q=
(For the use of the de Sitter metric in “atypical” form
(3.18) in the work on the domain wall spacetimes, see
[48].) The relation of Minkowski space to de Sitter space
based on the mapping (3.17) is illustrated in Fig. 6.
Clearly, the Minkowski space in this figure is shifted
“downwards” by 7/2 in f coordinate, as compared with
Minkowski space in Fig. 3 (Eq. (3.13)). Indeed, replac-
ing t by t+ % in Eq. (3.13), we get { =¢, ¥ =7 with
t, r given by Eq. (3.17). Since coordinates t, r, J, ¢ are
not connected directly with any cosmological model and
correspond to Minkowski space “centered” on de Sitter
space (Fig. 6), we just call them conformally Minkowski
coordinates.

In Ref. [24] still another Minkowski space is related to
de Sitter space—one which is shifted “downward” in £ co-
ordinate by another 7/2. As mentioned below Eq. (3.16),
the cosmological horizon forms hat “A” in this case and
the corresponding coordinates are accordingly denoted
as t, 7. They are given explicitly in Appendix A3 and
Fig. 16.

The three sets of coordinates ¢, #, t, r, and ¢, # (with
the same ¥, ) relating naturally “three” Minkowski
spaces to de Sitter space are suitable for different pur-
poses. The third set describes conveniently the past in-
finity of de Sitter space—that is why it was used exten-
sively in [24] where we were interested in how the sources
enter (are “born in”) de Sitter universe. The second set
will be needed in Section VII for exhibiting the flat-space
limit of the generalized Born solution. The first set de-
scribes nicely the future infinity and will be employed
when analyzing radiative properties of the fields.

With all the coordinates discussed above, correspond-
ing double null coordinates can be associated; some of
them will also be used in the following. Their more
detailed description and illustration is presented in sec-
tion A 10 of the Appendix.

Before concluding this section let us notice that the ob-
servers which are at rest in cosmological coordinate sys-
tems 1, x, 7,7, and 1, p move along the geodesics with
proper time 7, 7, and 7 respectively. These geodesics
are also the orbits of the conformal Killing vectors. In-
deed, the symmetries of Minkowski spacetime and of the
Einstein universe become conformal symmetries in con-
formally related de Sitter spacetime. In particular, we
shall employ the fact that since 8/9f and 8/0t are time-
like Killing vectors in Minkowski spacetime and 9/0% is a
timelike Killing vector in the Einstein universe, the vec-
tors

0 0 q 0

i ot M
are timelike conformal Killing vectors in de Sitter space-
time. As mentioned below Eq. (3.9), /9T is a Killing
vector which is timelike for |R| < £,.

(3.20)
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Figure 7: The worldlines of uniformly accelerated charges.
The particles we and wyg, start and end at the “north pole,”
wg, Wy start and end at the south pole. Particles wy, wg
have a higher magnitude of acceleration aqs than particles
wg, We. They are characterized by a negative parameter oo,
whereas particles wg, wg have a positive a,.

IV. UNIFORMLY ACCELERATED PARTICLES
IN DE SITTER

A. Particles born at the poles

In Section II we defined uniformly accelerated motion
in Minkowski spacetime. However, the formulas given
there, being in covariant forms, remain valid in de Sitter
spacetime. As explained in [24] in detail, a simple way of
obtaining a worldline of a uniformly accelerated particle
in de Sitter spacetime is to consider a suitable particle
moving with a uniform velocity in Minkowski spacetime
and use the conformal relation between the spaces.

Consider a particle moving with a constant velocity of
magnitude

vy = tanh o, = constant , (4.1)
such that for a, > 0 it moves in a negative direction
along the Z axis of the inertial frame in Minkowski space
M with coordinates £, 7, 9, ¢ and passes through 7 =0
at t =0:

f: Axt co§h ag , (42)
7= —Agsinha,, ¥=0.
Substituting into transformation (A11), we find
- At cosh
t= arctan(fZZAW) ,
A2 — 02
. (4.3)
T = arctan(—% m)
YA+ )

or expressing Minkowski proper time Ay in terms of the
proper time of de Sitter spacetime,

Au = Flyexp(F(cosh ag) Aus/l4) (4.4)

235

J. Math. Phys. 46, 102504 (2005) [reformatted]

we obtain
. ¢ sinh((coshag) Aas/€x) \
t = arccot| — cosh o, ) ) (5)
= arccot( COSh((COSh ) )\ds/gA)) , 9=0.
sinh ag ’

Here \ss € R, arccot takes values such that ¢ € (0, 7) and
7 € (0,7) for a, >0, or 7 € (—m,0) for a, < 0. Upper
sign is valid for the particle starting and ending with
7 = 0 (particle w, in Fig. 7), lower sign for the particle
starting and ending at # = m (particle wg in Fig. 7).

One can make sure by direct calculations of the four-
acceleration (for its simplest form in the static coordi-
nates, see below) that these worldlines describe the uni-
formly accelerated motion as defined in Section II, the
magnitude of the acceleration being

ass = \/arta, = |(;" sinha,| . (4.6)

Since de Sitter universe represents the asymptotic state
of all three types of indefinitely expanding FRW models
with A > 0, it is of interest to find out the form of these
worldlines in the three types of cosmological frames—
spherical, flat, and hyperbolic—introduced in Section II.

In terms of cosmological spherical coordinates the
worldlines are given by

sinh ((cosh a) Aas/€4) )

cosh a,

T =1V, arcsinh(

cosh((cosh o) Aas /ZA)

sinh a,

X:arccot(:l: , 9=0.

(4.7)
In flat cosmological coordinates, which cover only half of
de Sitter space, we obtain just particle w, described by
the worldline

7 = Aas cosha, — £, log cosh a

4.8
7 = {, sinh o, exp(—(coshao))\dS/ZA) . (48)

Finally, in hyperbolic cosmological coordinates, which
are also not global, we obtain again one particle’s world-
line only given in terms of its proper time as

1 = {, arccosh cosh ((cosh ao) Aus /£4) )
cosh a, (49)
sinh ((cosh a) Aus /€4) :
p = L, arccoth i .
sinh ay
These formulas have no meaning for

[Aas/ls coshae| < |ao| where the inverse hyperbolic
functions are not defined. This corresponds to the fact
that for such A;s the particle occurs in the region where
the hyperbolic cosmological coordinates are not defined
(cf. Fig. 4). Excluding the proper time we find the
worldlines to be given by remarkably simple formulas in
the three systems of the cosmological coordinates:
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(a) spherical,

sin y = ttanh ao/cosh L ; (4.10)
Ly
(b) flat,
f F
o= tanh ao/exp 7 (4.11)
¢) hyperbolic,
P -
sinh 0= tanh ao/smh 7 (4.12)

It is of interest to see what are the physical radial ve-
locities which will be observed by three types of the fun-
damental cosmological observers, i.e., those with fixed
X, T, and p, respectively, whose proper times are 7, 7,
and 7, respectively. Such velocities can be defined by the
covariant expression

dAas
Ao’

Vos = Ug €] (4.13)

where u® is the particle’s four-velocity, A4 its proper
time, ef is the unit spacelike vector in the direction of
the radial coordinate 2! = x, ¥,, and p, respectively, i.e.,
in directions 0/0x, 0/0F and 8/0p, and A, is the proper
time of an observer, i.e., T, 7, or 7, respectively. Since all
three cosmological metrics are diagonal the expression
(4.13) takes on the form

dz!

Uobs = V/Yas11 5y - (4.14)

dXope

The results are of interest:

sign 7 sinh «

Vope(y) = F 2g 20 , (4.15)
\/sinh a, + coth™(7/4,)
Uobs(7) = —tanha, , (4.16)
sinh «

Uobs(p) = — = (4.17)

\/sinh2 @ + tanh®(n/l,)

Consider first the picture in spherical cosmological co-
ordinates, Eqs. (4.7) and (4.10). Only in this frame both
particles are present. They start asymptotically at an-
tipodes of the spatial section of de Sitter space at Z—
(1 = —o0) and move one towards the other until 7 = 0,
the moment of maximal contraction of de Sitter space
(“the neck” of de Sitter hyperboloid), when they stop,
Uone(x) = 0. Then they move, in a time-symmetric man-
ner, apart from each other until they reach future in-
finity asymptotically at the antipodes from which they
started. In contrast to the flat space case, the parti-
cles do not approach the velocity of light in this global
spherical cosmological coordinate system, the asymptot-
ical magnitude of their velocity being equal to |tanh «|
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(cf. Eq. (4.15)). Hence, curiously enough, the particles
approach the antipodes asymptotically with a finite non-
vanishing velocity (for an intuitive insight into this effect,
see below).

Although the particles wy, and wg do not approach
infinities with velocity of light, they are causally discon-
nected as the analogous pair of particles in Minkowski
space (cf. Fig. 1 and Fig. 7). No retarded or advanced
effects from the particle w, can reach the particle wg
and vice versa.

Next, consider flat and hyperbolic observers. As seen
from Eq. (4.16), with respect to the flat cosmological co-
ordinates the particle w, moves with the same velocity
[tanh | all the time. And the same velocity is asymp-
totically, at 7 — oo, reached by this particle in the hy-
perbolic cosmological coordinates. The magnitude of the
asymptotic values of the velocity at Z7T is, in fact, equal
to the velocity (4.1) of the particle in Minkowski space
from which we constructed uniformly accelerated world-
lines by a conformal transformation. The identity of all
these velocities is understandable: the magnitude of the
velocity with respect to an observer can be determined
by projecting the particle’s four-velocity on the observer’s
four-velocity, i.e., by the angle between these directions.
In de Sitter space all three types of cosmological ob-
servers reach Zt with the same four-velocity; moreover,
this four-velocity is at ZT identical to the four-velocity of
observers at rest in conformally related Minkowski space.
But a conformal transformation preserves the angles and
thus, the velocities with respect to the three types of
cosmological observers in de Sitter space and the veloc-
ity in the conformally related Minkowski space must all
be equal—given by the “Lorentzian” angle a,.

It is worth noticing yet what is the initial velocity of
the particle wg in hyperbolic cosmological coordinates.
Regarding Fig. 4 we have n — —oo, p — 0 at the “start-
ing point” of the particle at Z~. From Eq. (4.17) we get
Vgne(p) — — tanha, which in the magnitude is the same
as in spherical cosmological coordinates but has opposite
sign since the particle moves in the direction of increasing
negative p. More interesting is how the particle enters the
upper region of the hyperbolic coordinates. Fig. 4 sug-
gests that its velocity must approach the velocity of light
since at this boundary the fundamental observers of the
hyperbolic cosmological frame themselves approach the
velocity of light. Indeed, at this boundary n = 0, p = oo,
and the expression (4.17) implies v,,.(,) — —1.

By far the simplest description of the particles is ob-
tained in the static coordinates 7', R. Using, for example,
the relation R = {,sin#/sint (cf. Eqs. (A64), (A77)),
and substituting from Eq. (4.5), we find that the world-
lines of both particles wy, and wg are given by remarkably
lucid forms

Ads

V1I-RZ/Z

R=/{,tanha, = R, .

T = \ys cosha, = (4.18)

These expressions imply that the four-acceleration
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a% = u" V,u® is simply

—&i——itanha i—ae
2 dR ~ I, °OR ~ R

a =

(4.19)

where ey is a unit spatial vector in the direction 9/0R
of the static radial coordinate R, and we introduced con-
stant

R, /63

which represents the “oriented” value of the acceleration
of the particles.

We thus find the uniformly accelerated particles in
de Sitter spacetime to be at rest in the static coordi-
nates at fixed values R = R, of the radial coordinate.
Two charges moving along the orbits of the boost Killing
vector (2.5) in Minkowski space are at rest in the Rindler
coordinate system and have a constant distance from the
spacetime origin, as measured along the slices orthog-
onal to the Killing vector. Similarly, we see that the
worldlines w, and wg are the orbits of the static Killing
vector 0 /0T of de Sitter space. The particle w,, (respec-
tively, wg) has, as measured at fixed T', a constant proper
distance from the origin { = 7/2 (1 = 0), # = x = 0 (re-
spectively, 7 = x = 7). As with Rindler coordinates in
Minkowski space, the static coordinates cover only a
“half” of de Sitter space. In the other half the Killing
vector becomes spacelike. Owing to “cosmic repulsion”
caused by the presence of A, fundamental cosmological
observers moving along geodesics x, ¥, ¢ constant are
“repelled” one from the others. Their initial implosion
starting at 7 — —oo is stopped at 7 = 0 and changes into
expansion. Clearly, a particle with constant R = R,—
hence a constant proper distance from the particle at
R =0 = x—must be accelerated towards that “central”
particle.

In Eq. (4.20) we have denoted the radial tetrad com-
ponent of the acceleration in the static coordinates by
ao; notice that, in contrast to the magnitude of the ac-
celeration aus = |ao| (cf. Eq. (4.6)), a, can be negative
as, in fact, it is the case with both particles wy, and wg,
assuming that the static radial coordinate of the par-
ticles is positive, R = R, > 0. Geometrically, the four-
vectors of the acceleration of the particles point in oppo-
site directions—towards x = 0, the other towards xy = .
Since, however, one needs two sets of the static coor-
dinates to cover both particles, and the radial coordi-
nate R increases from both x = 0 and x = 7 worldlines
(cf. Fig. 5), the accelerations of both particles point in
the direction of decreasing R’s and is thus negative. All
the particles we are considering perform 1-dimensional
motion only, hence we use for the description of their
worldlines the same convention as for the 2-dimensional
diagrams with time and radial coordinates—we allow the
radial coordinate to take negative values. Thus, for ex-
ample, consider a particle with worldline w{, which is a
“reflection” of the worldline w, with respect to7 =x =0

ao = —£;" sinha, = — (4.20)
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(see Fig. 7). The particle w; moves in the region of
negative 7, respectively R, it has an acceleration posi-
tive, a, = —¢;!sinha, >0 (i.e., ao, < 0), and its four-
acceleration vector is pointing in the direction of increas-
ing R. With our convention, the particle wg is just that
which moves from x = 0 along the ¥ = 7 direction. This
convention will be particularly useful when we shall con-
struct worldlines of uniformly accelerated particles which
start and end at the equator. Those which move in the
region x > /2 will have negative a,, those moving with
X < /2 will have positive a,—see Section IV B.

An intuitive geometrical understanding of the
worldlines of wuniformly accelerated particles in
de Sitter spacetime can be gained by consider-
ing de Sitter space as a 4-dimensional hyperboloid
—Z02 + Z12 + Z22 + Z32 + Z42 = Ei in 5-dimensional
Minkowski space. The spherical cosmological coordi-
nates 7, x, ¥, ¢ are then identical to the hyperspherical
coordinates on this hyperboloid. The worldlines of the
north and south poles, x =0,w, can be obtained by
cutting the hyperboloid by a timelike 2-plane 73, given
by Zs = Z3 = Z4 = 0. The worldlines of our uniformly
accelerated particles w, and wg then arise when the
hyperboloid is cut by a timelike 2-plane 7,* parallel to
7> at a distance R, = {, tanh(a,/¢,) from the origin
[43]. 75" is thus given by Zy = R, Z3 = Zy = 0. From
the definition of the hyperspherical coordinates it follows
9 =0,7 and Zy =L, cosh(r/l,)sinxcosd = R,, i.e.,
sin y = + tanha, / cosh(7/¢,), which is just Eq. (4.10)
describing w, and wg.

From this construction, the curious result mentioned
above—that w, and wg approach antipodes xy = 0 and
x = 7 asymptotically with a fixed speed [tanha,| in
spherical cosmological coordinates—is not so surprising:
thanks to the expansion of de Sitter spacetime all fun-
damental cosmological observers with arbitrarily small
x = constant > 0 will, in the limit 7 — oo, eventually
cross the plane 75", and thus the particle wg; however at
any finite but arbitrarily large 7 there will be observers
with x = constant which are still moving towards the par-
ticle wy,. The same, of course, is true with the symmet-
rically located particle wg and corresponding observers
close to x = .

B. Particles born at the equator

In the classical Born solutions both charges are, at all
times, located symmetrically with respect to the origin
of the Minkowski coordinates (see Fig. 1). In order to
demonstrate explicitly that a limiting procedure exists
in which our generalized Born’s solution goes over to its
classical counterpart, we shall now construct the pair of
uniformly accelerated particles which are, at all times,
symmetrically located with respect to the origin of the
standard spherical coordinates in de Sitter space, i.e.,
with respect to the “north pole” at xy = 0. Asymptot-
ically at 7 — —oo these two particles both start (“are
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Figure 8: The worldlines of uniformly accelerated charges lo-
cated symmetrically with respect to the origin (north pole)
of the standard spherical coordinates in de Sitter space. The
particles “start” and “end” at the equator. They are causally
disconnected as a corresponding pair in Minkowski space (cf.
Fig. 1). The “oriented” value a, of the acceleration of these
particles is positive (cf. the “rotated” version of Eq. (4.20)).

North

Figure 9: The rotated spherical coordinates ¥, 9 on 3-sphere
(the cut ¢ = constant). The relation between the coordinates
is given in Eq. (4.21).

born”) with the same speed at the equator, y = 7/2, at
the antipodal points ¥ = 0 and ¥ = 7. As the universe
contracts, they both move symmetrically along the axis
¥ = 0,7, reach some limiting value y, at the moment of
time symmetry, and accelerate back towards the equator,
reaching the initial positions asymptotically at 7 — +o0.
These two particles are illustrated in Fig. 8, with their
worldlines denoted by wg and ws. In Fig. 9, a snap-
shot at 7 = constant is depicted. Comparing Fig. 8 with
Fig. 7, it is evident that the particles wg and we are lo-
cated with respect to the point x = 7/2, 9 = 0 in exactly
the same manner as the particles w, and wg are located
with respect to the pole x = 0 (or, rather, as the parti-
cles w,, wy,, since we chose wq, we to have positive a,
in Fig. 8)

Owing to the global homogeneity of de Sitter space
and the spherical geometry of its slices 7 = constant, the
worldlines of the particles wg and wg can be constructed
by a suitable rotation of the worldlines of the particles
we and wg. In Section VII the same rotation will be
applied to obtain the fields of these particles “born at
the equator.” We rotate the coordinates y, ¥, ¢ into
new coordinates ¥, 9, ¢ which, as a pole, have the point

®?
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cosy =sinycos?, tand = —tanysind, @=¢.
4.

The w worldlines, wg and wg, .
(4 7) in which x, ¥, ¢ are replaced by rotated co-
ordlnates X, U, @. Substituting for these by using rela-
tions (4.21), we find the worldlines wg,, wg in the original
coordinates to be described by the expressions:

sinh ((cosh a,) /\ds/éA))

T =/, arcsinh
cosh a,

sinh

X = L arctan (— COSh((COSh ao) )‘ds/ZA) ) (4-22)

9=0,

with the values of arctan from (0,7) and upper (lower)
sign corresponding to the particle starting at the positive
(negative) value of y, i.e., to the particle wg (or wg,
respectively).

Excludmg the proper time A.5, we arrive at simple re-

sult (cf. Eq. (4.10))
tanh ay
= 4.23
cosx cosh(7/¢,) ( )
As 17— +oo, then indeed |x|—7/2; at T=0,

|x| = arccos(— tanh a,) = arccos(—R,/,), in agreement
with the “deviation” of the “original” particles wg, wg
from x =0 at 7 =0. In the spherical rescaled coordi-
nates, Egs. (4.22) read

~ sinh ((cosh o) Aas/€4)
b= arccot(— cosh ay ) ’
. cosh((cosh a) Aas/24) (4.24)
=+ arctan(— sinh o ) s
9=0,

again with the values of arctan and arccot from (0, ).
Eq. (4.23) becomes

cos7 = —tanh aesin? . (4.25)

Although the flat (rescaled) cosmological coordinates
cover only parts of the worldlines wg, we (see Figs. 8
and 3), we transcribe the equations above also into these
frames in which the particles “emerge” at 7, f — —oo at
the cosmological horizon at # = +00. We find

T o ( — cosh a, >
0 8\ = sinh((cosh a) Aus/€4) + sinh a,

t cosh ay

— = 4.26
ty  —sinh((coshag) Aas/€4) + sinhag ’ (4.26)
P cosh((cosh ag) Aus/€4)

0 :F—sinh((coshao) Aas/lx) +sinhag
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so that Eq. (4.25) translates into the relations

F =/ + - 20, tanha,

7= +0,\/1+ 2tanh a, exp(—7/L,) + exp(—27/L,) .
(4.27)
As 7 — +o00, we have ¥ — £/,, as it corresponds to
X = £7/2; at ¥+ - —o0, we get # — too—here the par-
ticles enter flat cosmological frame at the horizon (cf.
Fig. 8).

The worldlines wg,, wg are situated outside the regions
covered by our choice of the hyperbolic cosmological co-
ordinates. Similarly, we get only finite parts of wg, wg
in our static coordinates. Of course, we could rotate the
static coordinates to cover both particles but then we ar-
rive at exactly the same picture as with the particles w,
wg considered above.

Our primary reason to discuss the pair wg, we is to
demonstrate explicitly how our fields go over into the
classical Born solution in the limit of vanishing A. For
this purpose, it will be important to have available also
the description of the worldlines wg,, wg in the Minkowski
coordinates introduced in Egs. (3.17). As it is obvi-
ous from Fig. 6, these coordinates cover both worldlines
we and wg completely. Using the relations inverse to
Egs. (3.17) given in the Appendix, Eq. (A17), we find
Egs. (4.24) to imply

A A
t=Dbysinh 22 | r=d4b,cosh>=2, 9=0, (4.28)
(o) bO
where
b _ {y+ R
i =expa, =1/1 +a§€A2—a0€A = H , (4.29)

and Ay is the proper time measured in Minkowski space
M related to de Sitter space by conformal mapping
(3.18), (3.19):

A = €xp a, coshag, Ags - (4.30)

Consequently,

r=£124+082, 9=0, (4.31)
which is the simplest form of the hyperbolic motion with
the uniform acceleration 1/b, as measured in Minkowski

space (cf. Egs. (2.3)).

V. FRAMES CENTERED ON ACCELERATED
PARTICLES

For the investigation of the radiative properties and
other physical aspects of the fields, the use of (physi-
cally equivalent) particles wg, wg, i.e., those “born at the
poles” of spherical coordinates is technically more advan-
tageous. We shall now return back and construct frames
with the origins located directly on these particles. In
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such frames, various properties of the fields will become
more transparent than in the coordinates introduced so
far.

As we have seen in the preceding section, the uniformly
accelerated particles w, and wg are at rest in static
coordinates T, R at given R = R, = —aol2 /+/1 + a2(2,
where |a,| is the magnitude of the acceleration. In order
to investigate the properties of the fields, in particular,
in order to see what is the structure of the field along
the null cones with vertices at the particle’s position, i.e.,
what is the field “emitted” by the particle at a given time,
it is useful to construct coordinate frames centered on the
accelerated particles. Such systems of coordinates are
used to describe accelerating black holes in general rela-
tivity (like C-metrics, known also for A # 0, cf. [27, 28]),
so that their properties on de Sitter background may in-
dicate what is their meaning in more general cases—in
situations when they are centered on gravitating objects
rather than on test particles.

We shall now describe three coordinate systems of this
type: the accelerated coordinates, the C-metric-like co-
ordinates, and the Robinson-Trautman coordinates, all
centered on the worldlines wg, and wg. Instead of writing
down just the transformation formulas, we wish to indi-
cate some steps how these coordinates can be obtained
naturally. We list only the main transformation relations
here, many other formulas and forms of the metrics can
be found in the Appendix. Let us also note that in this
section we assume R,, a, > 0, i.e., a, <0, and we use
only static radial coordinate with positive values, i.e.,
R>0.

A. Accelerated coordinates

We begin with the construction of accelerated coordi-
natesT', R', 1, ¢. This type of coordinates was recently
introduced [49] by another method in the context of the
C-metric with A > 0. In the preceding section we ob-
tained the worldlines wg, wg of uniformly accelerated
particles in de Sitter space by starting from a particle
moving with a uniform velocity vy, = tanh o, in a nega-
tive direction of the # axis in the inertial frame £, 7, ¥, ¢
in Minkowski space M which passes through 7# =0 at
f =0 (see Eqs. (4.1), (4.2)); and we used then the con-
formal relation between Minkowski and de Sitter spaces
to find wg, wg. Therefore, let us first construct a frame
centered on the uniformly moving particle in M. Using
spherical coordinates again, this boosted frame denoted
by primes is related to the original one simply by

' = fcosh oy + 7 cos ¥ sinh a
# cos¥' = tsinh a,, + ¥ cos ¥ cosh oy, (5.1)

7 sind = ¥sind ,

the p-coordinate does not change and will be suppressed
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Figure 10: The 2-dimensional conformal diagrams of de Sitter
space based on the static, non-accelerated coordinates (upper
diagram), and on the accelerated coordinates (lower diagram).
Starting from static coordinates T', R, ¥, ¢, one can draw the
conformal diagram of the axis ¥ = 0,7 in which the confor-
mal past and future infinities, Z* (R = #00), are horizontal
(double) lines. In addition to static coordinates T, R, also ac-
celerated coordinates T', R' are indicated in both diagrams.
These have a coordinate singularity for R’ = oo (drawn as
a dashed line). The origins of the accelerated coordinates,
R’ =0 (thick lines), are worldlines of uniformly accelerated
particles. In the conformal diagram of the axis ¥’ = 0,  based
on accelerated coordinates, the origins R’ = 0 and the coordi-
nate singularity R’ = oo of the accelerated frame are straight
lines; the true infinities I% have a “bulge” upwards or “down-
wards”, depending on the angle ¥'. The hypersurface R’ = oo
corresponds to the boosted hyperplane # = 0, whereas the
conformal infinity corresponds to £ = 0 (the relation of both
hyperplanes can be well understood in the diagram of the con-
formally related Minkowski space M). The diagrams in which
the conformal infinities Z* are not straight naturally arise in
the studies of the C-metric with A > 0 (de Sitter space being a
special case of this class of the metrics)—see [27]. In general,
outside the axis 9 =9’ = 0,7, the transformations between
the static and accelerated coordinates mix radial and angular
coordinates R,Y and R',?’, as is seen also in the following
Fig. 11. The sections ¥ = constant (for some general ¥') are
also shown in Fig. 21 in the Appendix.
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9= const.

V=mn

R'= const.

V=

0<R'<ly

R'=const. ¥=0" R'<0

Figure 11: The accelerated coordinates R', ¥ on the sections
T' = constant of de Sitter space (coordinate ¢ suppressed).
In the region where 9/9T" is timelike (0 < R’ < £,), the cut
T' = constant is a spacelike sphere (diagram a). In the region
where 8/9T" is spacelike ({4 < R’ and R' < 0), it is a timelike
hyperboloid (diagram b). The diagrams are not in the same
scale—the radius of the sphere and of the neck of the hyper-
boloid should be the same. The axis ¥’ = 0, 7 corresponds to
the lines 7" = constant of Fig. 10. The coordinate singularity
R’ = %00 is also indicated. For more details see the text.

in the following. From here

2+ 72

tand’ — sin ¢
" (f/7)sinha, + cos ¥ coshay

{2 2 =

(5.2)

The original frame £, 7,9 in Minkowski space M is related
to the static coordinates T, R, in de Sitter space by (cf.
Egs. (A67), (A80))

by, |82 =72 F
T =g/t -0l 9=9. 0.
: ogl | Rty =0, (3

The metrics of the two spaces are related by
gas = ((2/t*)gu, gas being given by Eq. (3.9)—cf.
Eq. (3.14). Now, let us introduce coordinates 17", R’', ¢’
given in terms of #, #, 9’ by exactly the same formu-
las as coordinates T, R, ¥ are given in terms of £, ¥, 9 in
Eq. (5.3). In this way we obtain gss = (€2 /'?)gy. Com-
bining the last relation with g5 = (€2 /%) gy, we find the
metric of the original de Sitter space in the new coordi-
nates 7', R', ¥ in the form
tfl?

Gas = 2 Gas’ (5.4)
Jas 1s given by the “primed” version of Eq. (3.9). Ex-
pressing then the factor (/1) by using Egs. (5.1), (5.2),
and “primed” relations (5.3), we arrive at the de Sitter
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metric in the accelerated coordinates in the form

1— 2 702 12 )
Yas = , ROQ/ZA 72 <_ (1 - };_2) 7"
[L+ (R'R,/#) cos '] A (5.5)
12 —1
+ (1 - Ij—z) dR'"? + R'"? (d9'"? + sin® ¢’ d<p2)> .
‘A

Here the accelerated coordinates 7', R', ¥, ¢ are given
in terms of static coordinates by the relation obtained by
the procedure described above as follows:

(1-r/R)(1-1/3/R)
[1 = (RR,/£2) cosd]”

1— R2/2 Rsin®
RcostY — R, ’

R =4,,|1-

(5.6)

T =T, tand =

Notice that the time coordinate of static and acceler-
ated frames coincide. Technically, this is easy to see from
the first relation in Egs. (5.2) and Eq. (5.3). Intuitively,
this is evident since the uniformly accelerated particles
are at rest in the static coordinates, as well as in the ac-
celerated coordinates, the only difference being that they
are located at the origin of the accelerated frame. Setting
R, =0in Eq. (5.6), we get R' = R, ¥' =4, as expected.
The static coordinates are centered on the poles x = 0, 7,
hence, on the unaccelerated worldlines. The name accel-
erated coordinates is thus inspired by the fact that their
origin s accelerated, and the value of this acceleration
enters the form of the metric (5.5) explicitly through the
quantity R,.

The 2-dimensional conformal diagram of de Sitter
space with coordinate lines 7' = constant, R’ = constant
of the accelerated frame is given in Fig. 10. For details,
see the figure caption. Here let us just notice that the
cosmological horizons are still described by R'? = 2. In-
finite values of R’ can, however, be encountered “before”
the conformal infinities 7+ are reached. This depends
on the angle ¥'. Indeed, R’ = oo corresponds to # = 0,
whereas Z% is given by £ = 0, i.e.,

e o1

R=- -
R, cos'’

(5.7)
(cf. metric (5.5)). Relation of these two surfaces is
best viewed in Minkowski space M. We see that for
9,9 < m/2, the conformal infinity ZT (Z7) lies “above”
(“below”) the surface R' = too. Thus the infinity
R' = +c0 is just a coordinate singularity, which can be
removed using, for example, the C-metric-like coordinate
v introduced below.

Fig. 11a shows the cut 7' =T’ = constant located in
the region of de Sitter space where the Killing vec-
tor 8/0T = 0/0T" is timelike (R, R' < {,); y-direction
is suppressed. The cut is a spacelike sphere S® with
homogeneous spherical metric. The coordinate lines
R’ = constant and v = constant are plotted, with two
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origins R' = 0 indicated: here the accelerated particles
occur. The coordinate R’ grows from R’ = 0 at the ori-
gins to the equator where R' = ¢,. In Fig. 11b the cut
T =T' = constant located in the regions where 0/9T =
0/0T" is spacelike (R, R' > {,) is illustrated, again with
(p-direction suppressed. Here the cut is timelike with the
geometry of three-dimensional de Sitter space. The co-
ordinate lines R’ = constant and ¥’ = constant are also
shown.

As we have just seen, the points with R’ = co can be
“nice” points in de Sitter manifold. It may thus be conve-
nient to introduce the inverse of R’ as a new coordinate.
Also, we consider — cos1)’ as a new coordinate, and make
the time coordinate dimensionless. We thus arrive at the
C-metric-like coordinates T, v, &, ¢:

T’ 14
T:Z’ UIEAM §=—cos? . (5.8)
The metric (5.5) becomes
Gus = T2 (—(U2 —1)dr* + 21 dv?
v —1
(5.9)
2 2y 1,42
o€ =€),
with the conformal factor v given by
L
= (5.10)

t= - .
v cosh a, — € sinh a,

This is de Sitter spacetime in the “C-metric form”:
setting the mass and charge parameters, m and e,
equal to zero in the the C-metric with a positive
cosmological constant (written in the form (2.8) of
Ref. [27]), and choosing the acceleration parameter equal
to A = ¢! |sinh a,| = |ao|, we obtain the metric (5.9).

B. Robinson-Trautman coordinates

In order to arrive naturally to the Robinson-Trautman
form of the metric, notice that the coefficients in the
metric (5.9) become singular at v — %1, similarly as they
do on the horizon of the Schwarzschild spacetime in the
standard Schwarzschild coordinates. Analogously to that
case, we choose a “tortoise-type” coordinate vy by

1—v
1+v

(5.11)

v —11
*—20g

Similarly to the Schwarzschild case again, we introduce
a suitable null coordinate u in terms of the radial and
time coordinates 7 and v, as follows:

u= (£, tanh ) (7 + vy) - (5.12)

Together with the conformal factor t defined in
Eq. (5.10), we arrive at the de Sitter metric in coordi-
nates u, t, &, ¢ (cf. Eq. (A109)) which is very near to be-
ing in the Robinson-Trautman form. However, there is a



242

16 J. Bi¢dk and P. Krtous$

non-vanishing mixed metric coefficient at du v d¢ which
is absent in the Robinson-Trautman metric. Such a term
can be made to vanish by introducing a new angular co-
ordinate 1 by

i = arctanh & + éi sinh g . (5.13)
A
The de Sitter metric then becomes
gos = —H du? — duv dr + ; (d? +dg?),  (5.14)

where

2

H = —2—_}2\ +2i sinh oy, tanh(z/J - % sinha0> +1,

P = cosh (1/1 _ sinh ao) .

A

(5.15)

This is precisely the form of the Robinson-Trautman
metric—see, e.g., [50]. Tracking back the transforma-
tions leading to the metric (5.14), the connection between
the Robinson-Trautman coordinates and the static coor-
dinates T', R, 9, ¢ turns out to be not as complicated as
our procedure might have indicated, in particular, for the
radial coordinate. We find a nice formula for t,

— - ((l_ifjo cond)" = (1-2) _g;)>

A
(5.16)
whereas the other two coordinates are simply ex-
pressed only in terms of accelerated coordinates

T' =T, R, Y, ¢
) , (5.17)

] R? AN R —1¢,
R, (T' 1 ‘R’—ZA>
— + log

AR
Coordinates R', 9’ can then be obtained in terms of the
original static coordinates by using Egs. (5.6).

The Robinson-Trautman coordinates with metric
(5.14) are centered on the accelerated particles. As with
static or accelerated frames, we need two sets of such co-
ordinates to cover both w, and wg. The relations to the
static coordinates become, of course, much simpler if the
particles are not accelerated, R, = 0, and when both the
Robinson-Trautman and static coordinates are centered
on the pole x = 0:

!
tan —
2

w:

t=R, wzlogtang,

ly R—1,
=T+ — 1
u +2 og‘R_MA

(5.18)

However, even “accelerated” Robinson-Trautman coor-
dinates possess some very convenient features. The ra-
dial coordinate t is an affine parameter along null rays
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Figure 12: The field at an event A can be interpreted as 1/2
of the sum of the retarded fields produced by particle wg at
Ag and particle wg at Ag. The field at B can be interpreted
as 1/2 of the sum of the retarded and advanced effects from
particle wg. The affine parameter distances BB,., and BB.q4,
are equal, the same being true for the distances AAy and
AAg.

u, 1, ¢ = constants, normalized at the particle’s world-
line by the condition

o V=-1 (5.19)
It Gaspr U = ) .
where u is the particle’s four-velocity. These null rays
form a diverging but nonshearing and nonrotating con-
gruence of geodesics. The null vector 9/0r, tangent to
the rays, is parallelly propagated along them. Its di-
vergence is given by V#% = 2/t so that v is both the
affine parameter and the luminosity distance (see, e.g.,
[51]). With Robinson-Trautman coordinates, one can
also associate a null tetrad (explicitly written down in the
Appendix, Eq. (A114)) which is parallelly transported
along the null rays from the particle (¢t = 0) up to infin-
ity (v = o00).

Owing to the boost symmetry of both the worldlines
and de Sitter space, an interesting feature arises, which is
analogous to the situation in Minkowski space. Consider
a point B in region N (Fig. 12). There are two genera-
tors of the null cone with the origin at B which cross the
worldline wy, at two points, B,., and B,4,. Then the affine
parameter distance BB,., is the same as BB,,. (In order
to go towards the past from B,,, to B, the “advanced”
Robinson-Trautman coordinates built on the past null
cones with origins on w, can easily be introduced.) This
is evident because B lies on one orbit of the boost Killing
vector @ /9T and a boost can be applied which leaves the
worldline w,, invariant but moves B into event B’ on the
slice of time symmetry, 7 =0 (also T'=T" = 0), where
the particle is at rest. Then B,4, and B,., move to the
new points B!, , B!, which are located symmetrically
with respect to 7 = 0. The equality of the affine param-
eter distances then follows from the symmetry immedi-
ately. Similarly, for an event A in region F one can show
that the affine parameter distance AA, is equal to the
distance AAg (see Fig. 12). The point A lies on a boost
orbit (which now has a spatial character) along which it
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can be brought, by an appropriate boost, to the point lo-
cated symmetrically between the worldlines wy and wg
(lying so on the equator, x = 7/2). The same considera-
tion can, of course, be applied to an event in the “past”
region P—showing that the affine distances along future-
oriented null rays from an event to the particles are equal.

Although the symmetries just described are common
to the worldlines of uniformly accelerated particles in
Minkowski and de Sitter spacetimes, an important dif-
ference exists. In Minkowski space, the affine parameter
distance along the null ray from an event on particle’s
worldline, such as Ay, to an “observation” point A is
equal to the proper distance between A; and A, where
A is the orthogonal projection of A onto the spacelike
slice T'=T(Ay). This is not the case in de Sitter space
if, as it appears natural, under an ‘orthogonal projection’
we understand the projection of the observation point A
onto the spacelike slice T' = constant containing A, per-
formed along a timelike geodesic orthogonal to such a
slice. Nevertheless, the proper distance s between A,
and A, is still related to the affine parameter distance t
by a simple expression:

(5.20)

T ¢ S
— = Ttan — .
A ZA

This relation can be derived as follows. Consider, with-
out loss of generality, A, located at the turning point of
the particle w, at T'= 0. The condition that the events
A and A, are connected by a null ray implies that the dis-
tance s between A, and A is the same as the time inter-
val between A, and A as measured by the metric (3.12)
of the conformally related static Einstein universe. Since
A occurs at some time # whereas A, and A, at { = 7/2
(i.e., at static time 7" = (), this time interval is equal to
0, (f—7/2), cf. Eq. (3.11). The static radial coordinate
R of A thus reads (cf. Egs. (A64), (A77))

sin 7 sinr

= sini _ cos(s/ly)

(5.21)

The slice T'=0 has a geometry of the 3-sphere of ra-
dius ¢,. Using the standard law of cosines in spherical
trigonometry for the sides of the triangle spanned by A,
A, and the north pole, we can eliminate 7. Finally, em-
ploying Eq. (5.16), we obtain the result (5.20). Clearly,
near the particle w, we have s < ¢,, and Eq. (5.20) then
gives t & s, as in Minkowski space.

In the following section we shall explore the charac-
ter of the fields of the particles w, and wg. We shall
see that the affine parameter distance v will play most
important role, simplifying their description enormously.
Namely, as we will see in Section VIB, Eq. (6.28), the
affine parameter v is identical to the factor Q which will
be introduced in the following and will appear in all ex-
pressions for the fields.
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VI. FIELDS OF UNIFORMLY ACCELERATED
SOURCES AND THEIR MANY FACES

In this section we wish to construct the scalar and elec-
tromagnetic fields of uniformly accelerated (scalar and
electric) charges in de Sitter universe. A general proce-
dure, suitable in case of any—mnot necessarily uniform—
acceleration would be to seek for appropriate Green’s
functions. Alternatively, in particular for sources moving
along uniformly accelerated worldlines, we can make use
of the conformal relations between Minkowski and de Sit-
ter spaces, and of the properties of scalar and electromag-
netic fields under conformal mappings. This method is
advantageous not only for finding the fields in de Sitter
spacetime, but also for understanding their relationships
to the known fields of corresponding sources in special rel-
ativity. The only delicate issue is the fact that there are
no conformal mappings between Minkowski and de Sitter
space which are globally smooth. We discussed, in Sec-
tion ITI, how various regions of one space can be mapped
onto the regions of the other space. In Ref. [24] we care-
fully treated the fields at the hypersurfaces where the
conformal transformation fails to be regular. In order to
obtain well-behaved fields, one must continue analytically
across such a hypersuface the field obtained in one region
into the whole de Sitter space. In Section II in Ref. [24],
we also analyzed in detail the behavior of the scalar field
wave equation with sources and of Maxwell’s equations
with sources under (general) conformal transformations.

In Ref. [24] we primarily concentrated on the absence
of purely retarded fields at the past infinity Z— of de Sit-
ter spacetime—in fact, in any spacetime in which Z—
is spacelike. In order to analyze this problem we also
considered, in addition to monopole charges, more com-
plicated sources like rigid and geodesic dipoles; and we
constructed some retarded solutions to show their pato-
logical features. However, we confined ourselves to the
sources the worldlines of which start and end at the poles;
we did not employ coordinates best suited for exhibit-
ing the properties of the fields at future infinity Z+, and
the frames corresponding to cosmological models like flat
(k = 0) or hyperbolic (k = —1) cosmological coordi-
nates; and we did not give the physical components of
the fields. In the following we shall find the fields and
discuss their properties in various physically important
coordinate systems, in particular those significant at Z+
or in a cosmological context. In the next section, we also
obtain the fields due to the uniformly accelerated scalar
and electric charges starting at Z~ at xy = 7/2 (“born at
the equator”). This, among others, will be important
when we wish to regain the classical Born fields in the
limit A — 0.

We start by using the analysis of the conformal behav-
ior of the fields and sources given in Section II in [24],
and we also take over from [24] the resulting forms of the
fields due to the sources starting and ending at the poles
of de Sitter space, as described in standard coordinates.
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A. Fields in coordinates centered on the poles

Consider two uniformly accelerated point sources start-
ingat Z~ (i.e., at 7 — —00, f — 0) at the poles y =7 =0
and x =7 == (Fig. 7). Their worldlines wy, wg
are given by Eqs. (4.7) (or (4.24)) in these standard
(rescaled) coordinates, by Eqs. (4.8) and (4.9) in the
flat and hyperbolic cosmological coordinates, and by
Eqgs. (4.18) in the static coordinates. Their simplest de-
scription is, of course, given by R' =0 and v = 0 in the
accelerated and Robinson-Trautman coordinates since
these frames are centered exactly on their worldlines.
In Section IV we discussed physical velocities and other
properties of these particles.

Now, as noticed at the beginning of Section IV, these
two worldlines can be obtained by conformally map-
ping the worldline of one uniformly moving particle in
Minkowski space into de Sitter space. The fields of
uniformly moving sources in Minkowski space are just
boosted Coulomb fields. Under a conformal rescaling of
the metric, gog — Jas = 2%gags, the fields behave as fol-
lows: ® = & =Q"'®, Foy — Fop = Fag (see [24], Sec-
tion II, where the behavior of the source terms is also
analyzed). Hence, the fields due to two wuniformly ac-
celerated sources in de Sitter spacetime can be obtained
by conformally transforming the boosted Coulomb fields
in Minkowski spacetime. Employing the conformal map-
ping (3.13)—(3.15), we arrive at the following results (note
[52]). The scalar field is given by the expression

s 1
—_— Eé Pl (6.1)
where
r 2
Q=Y [(Vl-ka?,lﬁ + aol, cosh N sin y cos 19)
A
(6.2)

- (1 — cosh? ZL sin? X)]% ,
A

or, written in the standard rescaled coordinates,

.~ 2 2 a1
Q:EA[(\/I—HL%K%+a0€ASl‘L;cos19) -1+ s1'n21:}2.
sint

This field is produced by two identical charges of magni-
tude s moving along worldlines w, and wg. It is smooth
everywhere outside the charges and it can be written as a
symmetric combination of retarded and advanced effects
from both charges (cf. Eq. (6.6) in [24]).

Similarly to the scalar-field case, by using conformal
technique the electromagnetic field produced by two uni-
formly accelerated charges moving along w, and wg can
be obtained in the form

e 2 T . .
=— —2 cosh — [aOZA sin x cos x sind dr A dod

T dr Q3 N
— (\/ 1+ a2/2 cosh ZL sin x + aof, cos 19) dr Ady

+ aol? sinh EL cosh IZL sin? y sin 9 dy A dﬁ] , (6.4)
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where Q is again given by Eq. (6.2). As in the scalar-
field case, the field is smooth, non-vanishing in the whole
de Sitter spacetime and involving thus both retarded and
advanced effects (cf. Section VIIA in [24]). However, an
important difference between the scalar and electromag-
netic case exists: the magnitude of the scalar charges is
the same, whereas the electromagnetic charges producing
the fields (6.4) have opposite signs. This is analogous to
the situation in Minkowski spacetime described in Sec-
tion IT (see the discussion below Eq. (2.13)). At the root
of this fact appears to be CPT theorem—cf. [53] for the
analogous gravitational case where the masses of the par-
ticles uniformly accelerated in the opposite direction are
the same. In de Sitter spacetime, as in any spacetime
with compact spacelike sections, a simpler argument ex-
ists: the total charge in a compact space must vanish as
a consequence of the Gauss theorem [24].

To gain a better physical insight into the electromag-
netic fields, we shall introduce the orthonormal tetrad
{e,} and the dual tetrad {e”} tied to each coordinate
frame used, and we shall decompose the electromagnetic
field F into the electric and magnetic parts. Such a
decomposition, of course, depends on the choice of the
tetrad. For example, in the standard spherical coordi-
nates 7, x, ¥, ¢ the electromagnetic field (2-form) F can
be written as

F=EXeXAe" +E’e’ Ae” + Efe? Ae”

6.5
+BY¥e? Ae? +BYe? AeX + BPeX Ae? (6.5)

and the electric and magnetic field spatial vectors are
given in terms of their frame components as follows:

0
E=E*e, +E"¢; +E?e,,

N 9 . (6.6)

B=BYe +B"¢; +B¥e, .
In the present case of the standard spherical coordinates,
using the explicit forms of the tetrad given in the Ap-
pendix (Egs. (A10)), we find

e [ .
E.n = EQ_Aif [—aOKA cosxsind ey
+ (\/ 1+ a2¢? cosh Kl sin x + aof, cos 19) ex] ,
A
N
B..w = % aé—g“ sinh% sin x sindJ e, . (6.7)

In the Appendix the orthonormal tetrads tied to the
coordinate systems considered in this paper are all listed
explicitly. The only exception is the Robinson-Trautman
coordinate system with one coordinate null and thus with
a nondiagonal metric; in this case the null tetrad is given
in which the Newman-Penrose-type components are more
telling.

The tetrad components of the electric intensity and
the magnetic induction vectors are physically meaning-
ful objects: they can be measured by observers who move
with the four-velocities given by the timelike vector of the
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tetrad (as, e.g., e, for spherical cosmological observers),
and are equipped with an orthonormal triad of the space-
like vectors (e.g., e, , €y, €,).

We first list the resulting electromagnetic field tensor
and its electric and magnetic parts in the coordinate sys-
tems centered on the poles x = 0,7. The scalar field
is always given by expression (6.1), the explicit form of
the scalar factor Q changes according to the coordinates
used. Since this factor enters all the electromagnetic
quantities as well, we always give Q first and then write
the electromagnetic field quantities.

In the flat cosmological coordinates (see Eqs. (3.4),
(3.5)) we find:

Q= Z,\[(cosha0 - sinhao A exp Z_ (:0519)2

2 . 1 (68)

- p )]

A

:—%—e pP— [ZAT sinh a, sind d7 A dd

+ (r cosh a, exp — — /£, sinh a, cos 19) d7 A dfF

EA
+# sinha, exp (21) sind dF A dﬁ] : (6.9)
Ly
Eq.e = 4 Q3 [smh o sind ey
- (cosh aOL exp L _ sinh a, cos 19) e,;] , (6.10)
N ly
e l,sinha, 7 T
B = 471_ TO 7. exp —— ‘. sin ¥ €,
In the hyperbolic cosmological coordinates (see

Egs. (3.6), (3.7)), the results are slightly lengthier:

2
Q=1/, [(cosh «a, — sinh a, sinh . sinh L cos 19)

IR IR

1

121 L2 P2
_ _ £ - 6.11
(1 sinh 0 sinh ZA)] . ( )

e [y
F = 4 Q3 [ nh—A
><((:osh010 smh— smhﬁfsinhoz0 cos19) dn Adp

ZA ZA

+ sinh ¢, sinh é_ s1nh cosh Zﬂ sind £,dn A dd

EA
+ sinh a, smh?‘ cosh smh2 sin £,dp A dﬁ]
Ly Ly Ly
(6.12)
Ey,p, = 4 > [smh o, cosh Z sind ey
+ (cosh a, sinh 7 sinh £ _ sinh o, cosv) e ] ,
IR £y p
By, = —i 23 sinh a, cosh - IR sinh K sind e, . (6.13)
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Much simpler expressions for the fields arise in the static
coordinates (see Egs. (3.8), (3.9)). We obtain

(2 — RR, cos¥)?

Qz = (52 _ RZ) - (E/Z\ - R2) s (6-14)
A (o]
po_t_ G 1 [(R Rocos®) dT AdR
T an om0
+ (1 IZZ )RRO sind dT A dﬁ} (6.15)

e 1 [Uy(R— R, cos?) .
Estat = 4 QS |: élz\ = Rg €r + Ro sin 1 €yl >
Buw = 0. (6.16)

Since for practical calculations and for an understand-
ing of the conformal relations between Minkowski and
de Sitter spaces the rescaled coordinates are very useful,
we also give the fields in these coordinates. The rescaled
coordinates are tied with the same orthonormal tetrad as
non-rescaled ones, and they define the same splitting into
electric and magnetic parts (E and B are the same spatial
vectors); the functional dependence on the coordinates,
however, is different. In the standard rescaled (con-
formally Einstein) coordinates (see Egs. (3.10)—(3.12)),
which cover the whole de Sitter spacetime including its
conformal infinities globally, we get Eq. (6.3) for Q and

e 1 £
4 Q% sin®i

+ (\/1 +a202 sinf + aol, sinfcosﬂ) dt A dF

(6.17)

[aol costsin® 7 sin 9 dF A dY

—aol, sint cosfsin7sind di A dﬂ] ,

e U, .
E.. = yeoE [—aOZA cos7sind e,
+ (m — +a0€A cosﬂ) ] , (6.18)
e a,l? -
B.,.=— i oL cot tsin 7 sin v €,

whereas in the flat rescaled cosmological coordinates
(3.13)—(3.15), which cover globally the conformally re-
lated Minkowski space (see also Fig. 3), we arrive at

Q=1, [(cosha0 + sinhaog (30519)2— (1 - ?—2)} ' ,
(6.19)
3

G [smhao 7 sind dr A do

=& ==
S 4w Q%

+ (cosha, 7 + sinh a £ cos V) dE A dF (6.20)

— sinh ag ffsinﬁdi/\dﬁ} ,
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e Uy | . .
En. = EQ_A3 [smh a, sind ey
_ (cosh a, % + sinh a, cos 19) e%} ,  (6.21)
e lysinhay, 7 .
Bnm = E T ; sin v e(p .

In various contexts the electromagnetic field four-
potential form A, implying the field F = dA, may be
needed. In the standard rescaled (conformally Einstein)
coordinates the potential reads

e 1 £y, /T+a22sinf+ ayl,sinf cosd
47 Q sin{ sin®f — sin® 7

X (sinfcosfdf— cosfsinfdf) .

(6.22)

From this expression the frame components can easily be
obtained and the four-potential form can be transformed
directly to any coordinate system of interest. The four-
potential acquires a particularly simple form in static co-
ordinates:

A-_©e1 2 — RR, cos¥ T

it Q (/2 - R2

Inspecting now the expressions (6.4)—(6.21), we first
notice few basic features of the fields. As a consequence
of the axisymmetry, the azimuthal ¢ component of the
electric field vanishes. On the other hand, only the az-
imuthal ¢ component of the magnetic field is non-zero.
At the axis of symmetry, ¥ = 0, 7, the latitudinal ¥ com-
ponent of the electric field and magnetic field vanish as
~ sind). The electric field points along the axis.

In the classical Born solution in Minkowski space, both
charges are, at any time, located symmetrically with re-
spect to the equatorial plane ¢ = w/2. Consequently, the
radial part of the electric field vanishes for ¢ = 7/2 (cf.
Eq. (2.13)). In de Sitter spacetime the charges outgoing
from the poles are, at all times, symmetrically located
with respect to the sphere y = /2 (illustrated as the
circle in Fig. 2). We thus expect the ¥ component of the
electric field to vanish for y = w/2. This, indeed, follows
from Eq. (6.7). This symmetry can be seen only in the
standard spherical coordinates since the sphere y = /2
is not covered by the hyperbolic cosmological coordinates
and in the flat cosmological coordinates only one particle
occurs.

Another typical feature of the Born solution in
Minkowski space is its time symmetry. As a consequence,
the magnetic field vanishes at ¢ =0 (cf. Eq. (2.13)).
In the past, it was this fact which led some investiga-
tors, W. Pauli [54] among them, to the conclusion that
there is “no formation of a wave zone nor any corre-
sponding radiation” since B =0 at ¢ = 0. However, it is
not at a spacelike hypersurface t = constant but at 7,
which is reached by taking v = ¢ — r constant, ¢, r — oo,
where the Born field has typical radiative features, i.e.,
|E| = |B| ~r~! (see [37], [53], [25]). In our generalized

(6.23)
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Born solution, the time symmetry of the fields is clearly
demonstrated in the global standard coordinates: under
inversion 7 — —7 the electric field in Eq. (6.7) is invari-
ant, whereas the magnetic field changes the sign; B, = 0
at 7 = 0. The field also exhibits radiative character when
we approach T in an appropriate way, as it is briefly
indicated in [25]. As mentioned in the Introduction, a
detailed analysis of the radiative properties of the gener-
alized Born field will be given elsewhere.

The fields take the simplest form in the static coor-
dinates, Eq. (6.15). In these coordinates the particles
are at rest, and they both have a constant distance from
the poles; their world lines are the orbits of the “static”
Killing vector 8/9T of de Sitter space. The electric field
is time independent, the magnetic field vanishes. This is
fully analogous to the Born field in Minkowski spacetime:
it is static, and purely electric in the Rindler coordinates,
the time coordinate of which is aligned along the orbit of
the boost Killing vectors (see, e.g., [6]). However, as we
discussed in Section III, the static coordinates cover only
a “half” of de Sitter space. In the other half, the Killing
vector 0/0T becomes spacelike. It is in this non-static
domain (regions F and P in Fig. 12) where we expect,
in analogy with the results in Minkowski spacetime, to
find fields which have radiative properties. 9/9T is the
Killing vector also in the non-static regions, however, it
is spacelike here, as it is typical for a boost Killing vec-
tor in Minkowski space. The fields of uniformly accel-
erated charges in de Sitter spacetime are invariant un-
der the boosts along 9/0T everywhere. They are thus
boost-rotation symmetric as the Born fields in Minkowski
spacetime.

In the cosmological coordinates, respectively, in their
rescaled versions, the fields are, of course, time de-
pendent. Here we expect the effects of the expan-
sion/contraction of de Sitter universe to be mani-
fested. Indeed, considering in any of the cosmolog-
ical frames the spatial coordinates fixed, and exam-
ining the fields along the timelike geodesics, we dis-
cover that the fields exponentially decay at large times,
ie., as IT is approached. More specifically, with
the spherical coordinates y, 9, ¢ fixed, the factor Q
behaves as exp(7/¢,) at large times 7, and hence,
we obtain E_,, ~ ¢ exp(—QT/ZA)eX—l—cQ exp(—37/L,)ey,
B... &b exp(—2r/€A)e<p, c1, ¢o, by being constants.
The electric field thus becomes radial at large 7.
Similarly, in flat cosmological coordinates we find
Eqo & ¢1 exp(—27/04)e;, Baa, = by exp(—2'f/£,\)e¢‘ In
the hyperbolic cosmological coordinates the proper time
n appears instead of 7. The rapid decay of the fields
along timelike worldlines at large times is caused by
the exponential expansion (at large times) of the spatial
slices 7 = constant (respectively 7, n = constant). Al-
though our fields are just test fields, their exponential de-
cay is another manifestation of the “cosmic no-hair phe-
nomenon”: geodesic observers in spacetimes with A > 0
see at large times these spacetimes to approach the de Sit-
ter universe exponentially fast—the universe becomes
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“bald” (see, e.g., [22, 23]). Clearly, as one approaches
past infinity 7~ (7 — —o0), the fields also decay expo-
nentially.

It is interesting to notice the character of the field
as it would be seen by the observers at rest with re-
spect to the hyperbolic cosmological coordinates in the
limit at which the particles “enter” the region covered
by these observers across the horizon # = 7 (cf. Fig. 4),
given in the hyperbolic coordinates by n — 0, p — co.
As discussed in Section IV, the observed velocity (4.17)
of the charges at this boundary is (in the limit) equal
to the velocity of light. Employing the transformation
formulas (A86), it is easy to see that at this boundary
|sinh(n/¢,) sinh(p/€,)| — 1. Hence, the factor Q is fi-
nite here (as it is evident from its scalar character and
its finiteness in the global standard coordinates). Also,
the radial part of the electric field remains finite. How-
ever, EV diverges as exp(p/{,) here, indicating that the
field has a character of an impulse, in fact, rather of an
impulsive wave: indeed, Eq. (6.10) implies |E“9] =|B¥|.
The situation appears to be analogous to the field of a
static charge viewed from an inertial frame boosted to
the velocity of light in Minkowski spacetime (see, e.g.,

[53]).

B. Fields in coordinates centered on the particles

As expected, a remarkable simplification occurs when
the fields are evaluated in the coordinates at the origin
of which the charges are situated at all times. Since the
accelerated coordinates 7', R', ¢ and the C-metric-like
coordinates are simply related by Eqs. (5.8), the discus-
sion of the field properties is the same in both these
frames. Namely, notice that both coordinate systems are
tied with the same orthonormal tetrad, and they thus
define the same splitting of the field into the electric and
magnetic parts. In these coordinates, we find the factor
Q to read

1 1
—; +sinha, — cos ¥’

Q = cosh a, I A

= ei(v cosh a, — ¢ sinh ao) .
A

(6.24)

The scalar field is again given by & = (s/47) Q! and
the electromagnetic field also acquires now an extremely
simple form:

1
F= AR AT = S drAdv,
4

= - 7m (6.25)

e 1

E... = = @eR' ,

B...=0. (6.26)
The magnetic field vanishes in the frame tied to the ac-
celerated and C-metric coordinates, the electric field has
precisely the Coulomb form, with the factor Q playing

the role of a distance.
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As signalized above already, the factor Q turns out
to be the Robinson-Trautman radial coordinate (see
Eq. (6.28) below), i.e., the affine parameter distance al-
long null geodesics. The geometrical role of Q was eluci-
dated in Section V B. Considering a fixed point in de Sit-
ter universe and a light cone emanating from this point,
three typical situations can arise as illustrated in Fig. 12.
For a point B from the regions N or S, there are two null
geodesics, one past-pointing, the other future-pointing,
each of which crosses the worldline of the same particle,
say w, (in case of B from N), at points B,., and B,
(see Fig. 12). Since Q is equal to the (specific) affine
parameter distance which is the same from B,., as from
B... (see Section V B), we can interpret the field (6.26)
as arising from purely retarded, respectively, advanced
effects from B,.,, respectively B,,,; or, equivalently, as a
combination of retarded and advanced effects from these
points. In the second situation, when the fixed point, say
A, is located “above the roof” (in the region F), there are
two past-oriented null geodesics emanating from it which
cross now both particles w, and wg at points Ay and Ag
(see Fig. 12). The field can be interpreted as arising from
retarded effects only, either as a combination from both
particles w, and wg, or as the retarded field from just
one of them. Finally, for a point from the region P the
field can analogously be interpreted in terms of advanced
effects.

As we discussed in Section V A and illustrated in detail
in the Appendix, the accelerated coordinates (similarly as
the static coordinates to which they go over for a vanish-
ing acceleration) are static, i.e., the vector 0 /9T tangent
to the orbits of the Killing vector is timelike, only in the
regions N and S (cf. Figs. 10, 12). Observers following
the orbits of the Killing vector are thus confined to the
regions N and S, and they cannot detect the fields in
the region F (respectively P). Nevertheless, notice that
although the time coordinate T" diverges at the horizon
R = {,, the radial coordinate R’ is perfectly finite there,
R' ={, (cf. Eq. (5.6) with R ={,), and the field (6.25)
is meaningful in the region F (or P) as well. Since here
the roles of the coordinates R' and T are interchanged,
R’ becoming a time coordinate, the field becomes time-
dependent. As mentioned above, we do not expect to find
radiative properties in the regions N and S. Indeed, in
accelerated coordinates the field (6.26) is static Coulomb
field, with Q playing the role of a distance. However, the
radiative properties of the whole field in the wave zone
in the region F are not evident from the time-dependent,
purely electric field in the accelerated coordinates with
R’ as a time coordinate.

It is worthwhile to recall that with finite sources in
Minkowski spacetime the field at any event is of a general
algebraic type; only asymptotically, at large distances,
its features approach those of a null field (E* — B2 = 0,
E.B =0), if there is a radiation (see, e.g., [45, 56]). In
case of a non-null field, one can always introduce a frame
in which the electric and magnetic fields are collinear,
or, in the language of the Newman-Penrose formalism,
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to choose such a null tetrad k, I, m, m, corresponding
to the orthonormal tetrad, that the only non-vanishing
null-tetrad component is ®; = #E (E—iB)-(k—1) (see
Egs. (A114) for the explicit expressions of the null tetrad
and Eqs. (A4) for the null-tetrad components of the elec-
tromagnetic field). Such a situation arises precisely for
the null tetrad associated with the accelerated coordi-
nates: the null-tetrad components are simply

1 1
‘palmcc - __ i Qacc — ¢3cc — 0 X

The vanishing of the other two null-tetrad components,
&5 and P53, has a deeper algebraic explanation: the
null tetrad tied to the accelerated coordinates is special in
the sense that it contains both principal null directions of
the electromagnetic field. Inspecting the form of the null
tetrad constructed from the orthonormal tetrad (A95),
we observe that both these principal null directions are
tangent to the “radial” surfaces ¥, ¢ = constant in the
accelerated coordinates.

The radiative properties are well exhibited in the
Robinson-Trautman coordinates. As we discussed in Sec-
tion V B, these coordinates are tied to the future null
cones centered on the worldline of a particle. We con-
sider the null cones with vertices on the particle w,. Let
us recall that the radial coordinate v is the affine param-
eter along the generators of the null cones, each of which
is given by u, v, ¢ fixed. Now, as mentioned above, it
turns out that the factor Q is precisely equal to this affine
parameter t:

Q=r. (6.28)
The scalar field is then simply given by
s 1
= — - .2
4m v (6:29)

A remarkably nice form also acquires the electromagnetic
field:

1

F = (5 dunde+aosin’ o' dundy')

47 \¢2

e /1 (6.30)
- (—oduAdt+aosin219'duAd@[)) .
4 \¢?
The Newman-Penrose scalars are defined in terms of the
null tetrad (A114), which is parallelly propagated from
the source to the “observation point” along the rays
u, 9, ¢ = constant. They look as follows:

T =0,
grr_ _Lte 1
! 2 47 2’ (6.31)
1 1
ST = ﬁ i ;aosinﬂl

Now the radiative character of the field is transparent:
the first term entering the peeling behavior, the scalar @1,
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decays indeed as t~!, and it is non-vanishing for a non-
zero acceleration ao. In the expressions (6.30) and (6.31),
the de Sitter background is completely “hidden”. The
same form of the fields are obtained in case of uniformly
accelerated charges in Minkowski space if the coordinates
built on the null cones emanating from the particles are
employed. A difference between both cases reveals itself
only in the explicit dependence of the affine parameter v
on the coordinates of spacetime points.

VII. BORN IN DE SITTER

Finally, we turn to the fields from the particles sym-
metrically located with respect to the origin x = 0 (the
“north pole”) of the standard spherical coordinates. The
particles are thus “born” asymptotically at the equator,
X =7/2, at T = —o0, and return back at T — co with
the opposite speeds (Fig. 8). Their fields, of course, are
intrinsically the same as those considered in the preceding
section but only now they represent the direct general-
ization of the classical Born solutions due to uniformly
accelerated charges symmetrically located with respect
to the origin of Minkowski space.

We shall find the generalized Born fields easily by using
the transformation (4.21) which we applied to obtain the
worldlines of the particles born at the equator from those
born at the poles. The scalar field due to two equal scalar
charges s moving along the worldlines wgand wg reads

s 41
where the factor R is determined by
R = S S [coshQL sin?y sin®®
1+coshﬁcosx I'N
- 1 (7.2)
+ (\/1 + a2 coshg— cos Y — aOZA) ] °
A

and the conformal factor Q,, is given by (cf. Eq. (3.19))

Qy = 1+ cosh T COS X - (7.3)
A

This factor is left in the explicit form here, in contrast to
the preceding section, since it explicitly exhibits confor-
mal relation of the scalar field under conformal mappings
(3.19) between de Sitter space and Minkowski space M.
This relation will be used in the following to perform the
limit from the Born field in de Sitter to the Born field in
Minkowski spacetime.

The electromagnetic field produced by charge e mov-
ing along the worldline wg and by symmetrically located



Urychlené ¢erné diry a struktura zafeni ...

23 Fields of accelerated sources: Born in de Sitter

charge —e moving along wg has the following form:

P e 02 cosh ﬁ sin ¢
P4 47 R3 (1 + cosh 7o cos x)?
X {aof;‘)\ sinh — cosh KL sin®y dy A dv (7.4)
A A
+ (\/1 + a2(2 cosh ZL cosx — aOZA) cotddr Ady
A

- (\/1 + a2¢2 cosh ZL -
A

with factor R given by (7.2). In the tetrad tied to the
standard spherical coordinates the electric and magnetic
fields become

mas _ _ € b 1

eph 4m R? (1 + cosh 7= cos x)*

X [(\/1 + a2¢2 cosh ZL cosx — aof,\) cot e,
A
- (\/1 + a2¢2 cosh T aoly cosx) sin x eﬂ] ,

A
2 sinh Z si i
nas _ € a,¢? sinh 7o sinx sin 1 .
*hAr R3 (1 + cosh #-cosx)? ¥

aol, cos X) sin y d7 A dt?] ,

(7.5)

In the standard rescaled (conformally Einstein) coor-
dinates the expressions (7.4)—(7.5) slightly simplify:
. 1
R [(aplysint — /T + a2€2 cosF)? + sin® 7 sin” Y] 2
N

b

sint + cos#
(7.6)
0, = cos f.—i— ~sinf (77
sint
e 03 sin ¥ -
F :———A~7[a£ sin® 7 cos £ d7 A dY
pas 47 R3 (sinf 4 cos7)3 L ° "

— (V14 @22 cosT — aoly sint) cot ¥ di A d

+ (V14 a22 — aol, cosFsint) sin7di A dﬂ] ,
(7.8)

Bas _ € Cysin® £
°F " 47w R3(sint + cos )3

x [—(\/1 + a22 cos 7 — aol, sint) cos Ve
+ (V1+a202 — agl, sint cosF) sim?eﬁ] ,

e aol? sin® £
47 R3(sint + cos7)3

B2 = cosfsinfsinﬂew .
(7.9)
The character of these fields was discussed in the pre-
ceding section for the particles w, and wg. One must
only rotate all the structures by /2 in the y direction;
hence, for example, the sphere of symmetry changes from
X=7m/2tod=m7/2.
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There is some interest in having the fields available
also in the hyperbolic cosmological coordinates. They
cover only those regions of the fields in which we assume
the radiative properties will be manifested. The sources
producing the fields are not covered by these coordinates
(cf. Fig. 8). The fields in the hyperbolic cosmological
coordinates look as follows:

R = i[(bg + 2 tanh? l)Q

2b 2
’ * . (7.10)
+4b2 tanh? % sinh? ﬁ sin® 19] °,
Qu =1+ cosh% = 2 cosh’ % , (7.11)
e 03 1 b2 n n
Fo.o=— & _ =  |(22 4 tanh?—2 ) sinh -~
P57 Ir R 2o, [(43 +tan 2@) b

1 . 4 P .
X (é_ cosﬁdn/\dp—s1nh€—coshas1n19d7]/\d19)

A A

b2
- ( o _ tanh2i> sinh? L sinh? 2 sin 9 dp A dﬁ} ,

E 2[,\ KA ZA
(7.12)

ps_ ¢ G 1 (b 2

B = I 73 25,02, (eg - tanh zzA)

P
X (— cosv e, + cosh N sin ¥ eﬁ) , (7.13)

A
BdS __ € Ei Sinhz% o 2 7 .
By, = In RT 202, (612\ tanh 2€A)sm196
We shall use these results in the forthcoming paper on
the radiative properties of the generalized Born solution.
Here, finally, we wish to describe the limiting proce-
dure which leads from the generalized Born solutions
directly to their counterparts in Minkowski spacetime.
For this purpose it is natural to employ the confor-
mally Minkowski coordinates ¢, r, ¥, ¢ introduced in
Eq. (3.17), with the inverse transformation given in the
Appendix, Eq. (A17). Transforming the fields of the par-
ticles wg, wg from the conformally Einstein coordinates
to the conformally Minkowski coordinates, we arrive at
the following intriguing forms. The scalar field is given
by Eq. (7.1) where now the factors R and €y, are deter-
mined by

1 P
R =5 VO 2 -2 44 sin?y,  (7.14)
22
P L0 S— 1
TR 2 42 (7.15)

Notice that factor R coincides with the expression (2.11)
in Minkowski space. The electromagnetic field reads

e 1 1 9 .
Fias :_Eﬁﬁ [—Qtr sinddr A dd

— (B2 + 12 —r?)cosVdt Adr
B2+ +r2)sin19dt/\d19] ,

(7.16)
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and the electric and magnetic parts of the field turn out
to be

s _ € L1
M 4 R3 20,02,

- B2+ +1r?) sim?eﬂ] , (7.17)

[(bg +1? —r?)cosde,

BdS _ € L
M T Ur R b2,

trsmﬂ% .

To connect these fields with their counterparts in flat
space, note that they are conformally related by the con-
formal transformation (3.19). Under the conformal map-
ping, the field ®5,s must be multiplied by factor Q,,
which gives ®,, = (s/47) R™1, and Fyus in (7.16) remains
unchanged. The transformed fields then coincide with
the classical Born fields (2.9), (2.11), and (2.13).

In order to see the limit for A — 0, we parametrize
the sequence of de Sitter spaces by A, and identify them
in terms of coordinates t,7,9,90. As A = 3/{2 — 0,
Eq. (3.19) implies (Qu)a — 2, (gas)a — 4gu.  After
the trivial rescaling of ¢, r by factor 2, the standard
Minkowski metric is obtained. The limit of the scalar and
electromagnetic fields (7.1) and (7.16), in which b, is kept
constant (with a, = (1 — b2€;2)/(2b,)—cf. Eq. (4.29)),
leads precisely to the scalar and electromagnetic Born
fields (2.9) and (2.13) in flat space. Because of the rescal-
ing of the coordinates by factor 2, we get the physi-
cal acceleration equal to 1/b, = 2a,, and the scalar field
rescaled by 1/2. The explicit limiting procedure carrying
the generalized Born fields in de Sitter universe back into
the classical Born solution in Minkowski space has thus
been demonstrated.

VIII. CONCLUDING REMARKS

Since 1998 the observations of high-redshift supernovae
indicate, with an increasing evidence, that we live in an
accelerating universe with a positive cosmological con-
stant (for most recent observations see, e.g., [57]). Vac-
uum energy seems to dominate in the universe and it is
thus of interest to understand fundamental physics in the
vacuum dominated de Sitter spacetime.

In the present work, we constructed the fields of uni-
formly accelerated charges in this universe. They go over
to the classical Born fields in Minkowski space in the
limit of a vanishing cosmological constant. Aside from
some similarities found, the generalized fields provide the
models showing how a positive cosmological constant im-
plies essential differences from physics in flat spacetime.
For example, advanced effects occur inevitably due to
the spacelike character of the past infinity Z— and its
consequence—the existence of the past particles’ hori-
zons, respectively, of the “creation light cones” of the
particles” worldlines.

Since de Sitter spacetime, according to our present un-
derstanding, appears to be not only an appropriate ba-
sic model for studying future cosmological epochs, but
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it is commonly used also for exploring the inflationary
era, various physical processes have been investigated in
de Sitter space from the perspective of the early uni-
verse, among them, the effects of quantum field theory.
Also in quantum contexts, however, problems arise from
combining the causal structure of the full de Sitter space-
time with the constraint equations (see [58] for a recent
review). These problems are associated with the “insuf-
ficiency of purely retarded fields” in spacetimes with a
spacelike Z~. We analyzed this issue in detail for the
classical electromagnetic and scalar fields with sources in
Ref. [24].

Another intriguing implication of the rapid expansion
of de Sitter universe due to a positive cosmological con-
stant is manifested in the exponential decay of the fields
at large times. We noticed this “cosmic no-hair phe-
nomenon” explicitly on the late-time behaviour of the
fields due to accelerated charges.

In the present paper we wished to give all details on
the construction of the fields and on coordinate frames
useful in understanding their various aspects, including
their relation to their counterparts in flat spacetime. We
did not here analyze the radiative characteristics of the
fields. In the Introduction we indicated that radiative
properties depend on the way in which a given point of
infinity is approached. This is briefly described at the
end of our paper [25].

In de Sitter spacetime it is not a priori clear, as it is in
special relativity, how to define global physical quantities
like energy or energy flux. Such issues connected with
the question of radiation from “Born in de Sitter” will
be considered in a future presentation.
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Appendix A: THE PALETTE OF COORDINATE
SYSTEMS IN DE SITTER SPACETIME

Nine families of coordinate systems are here intro-
duced, described analytically and illustrated graphically.
The corresponding forms of de Sitter metric, orthonormal
tetrads and interrelations between the systems are given.
All these systems are suitable for exhibiting various fea-
tures of de Sitter space; two families are directly asso-
ciated with uniformly accelerated particles. Although
the majority (though not all) of these coordinate sys-
tems undoubtedly appeared in literature in some form
already, they are scattered and, as far as we know, not
summarized as comprehensively as in the following. In
the main text we refer frequently to this Appendix, but
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the Appendix can be read independently. We hope it can
serve as a catalogue useful for analyzing various aspects
of physics in de Sitter universe.

By a family of coordinate systems we mean the systems
with the same coordinate lines; e.g., {z#} and {y*} where
' =z'(y'), 2° = 22 (y?), etc. Seven of our families have
the same spherical angular coordinates ¥, ¢, accelerated
and Robinson-Trautman coordinates mix three coordi-
nates, only azimuthal coordinate ¢ remains unchanged.

The homogeneous normalized metric on two-spheres
(the metric “in angular direction”) is denoted by

dw? = d¥* + sin® 9 dy? . (A1)

The radial coordinates label directions pointing out
from the pole and acquire only positive values. However,
transformations among coordinates take simpler forms if
we allow radial coordinates to take on negative values as
well. This causes no problems if, denoting by ¢ and r the
prototypes of time and radial coordinates, we adopt the
convention that the following two values of coordinates
describe the same point:

{t,r, 9,9} « {t, —r, 7 =9, p+7}. (A2)
Hence, intuitively we may consider a point with —r < 0
and 9, ¢ fixed to lie on diametrically opposite side of the
pole r = 0 with respect to the point r > 0, ¢, .
The orthonormal tetrad ey, e,, e,, e, associated with
a coordinate system is tangent to the coordinate lines
and oriented (with few exceptions) in the directions of
growing coordinates. It is chosen in such a way that the
external product et Ae” Ae? Ae? of 1-forms of the dual
tetrad has always the same orientation. Since all forms
of the metric contain the term (A1) the only component
(e,)¢ of the tetrad vector e, in coordinate frame {52}
is related to the ¥-component of e, as
(e )¥ = 1 (e,)?

(A3)
sy o WAs)

and we thus omit e, henceforth.

In the standard Newman-Penrose null complex
tetrad k, 1, m, m with only nonvanishing inner products
k-1= -1, m.m = 1, the electromagnetic field F is rep-

resented by three complex components:
By =Fopk®m?® | @ =F,sm*1°,

A4
® =1F.5 (k1 —m*m”) . (A4)
The null tetrad can be specified directly (as it will be
done in the case of Robinson-Trautman coordinates in
Eq. (A114)), or it can be associated with any orthonor-
mal tetrad, say t, q, r, s, by relations

k= 75(t+a), I=Zt-a),
i hlis. me i (43)
m—TE(r—zs), m—TE(r—i-zs).

Here, t and q are timelike and spacelike unit vectors re-
spectively, typically in a direction of “time” and “radial”
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coordinate, and r, s are spacelike unit vectors in angular
directions, r = ey, s = e,,.

For each coordinate family we give the diagram illus-
trating section ¥, ¢ = constant with the radial coordi-
nate taking on both positive and negative values. The
diagrams thus represent the history of the entire main
circle of the spatial spherical section of de Sitter uni-
verse. The left and right edges of the diagrams represent
the south pole and should be considered as identified;
the central vertical line describes the history of the north
pole. Recalling the meaning of the negative radial co-
ordinate we could eliminate the left half of each of the
diagrams by transforming it into the right one by re-
placements {¢, ¢} = {7 — 9, ¢ + 7}. However, it is in-
structive to keep both halves for better understanding
of the spatial topology of the sections. All diagrams are
compactified—they are adapted to the standard rescaled
coordinates Z, 7 (see below). The past and future confor-
mal infinities are drawn as double lines. The ranges of
time and radial coordinates are shown, the orientation of
coordinate labels indicates the directions of the growth
of corresponding coordinates.

We will also introduce several sign factors. The val-
ues of these factors in different domains of spacetime are
indicated in Fig. 13.

sx=+1 =—1
h sz=+1 = ¢ &
snp=—1 sns=+1 Sns=1-1
SI:—l
sx=—1 sx=+1
< 52[_1 = S=—1 S=—1
S=+1 " s=+1 S N
o Sy=—1 l> Spy=—1
Sy=+1 Sy=-+1
/ /sy =—1 SIoguy=—1 \ A

Figure 13: The values of the factors sz, sws, sx, §, §, s, and
sy in various regions of de Sitter space. The factors are de-
fined in Eqs. (A73), (A61), (A74), (A21), (A36) and (A128),
respectively. The factor sy« is used only in the expressions
for static coordinates in the region where the Killing vector
is spacelike. Therefore, we indicated the values of sx only in
those regions, although Eq. (A74) defines s« everywhere. The
factors sy, su, and s, are defined only for any given section
¥ = constant, but not as unique functions on the whole space-
time (they are not symmetric with respect to the pole). This
is related to our convention using negative radial coordinates,
cf. the text below Eq. (A1).
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1. The spherical cosmological family

I+
T=00 =7
) —

ﬁl = il

N i I

i =< =<

| i I

3 o 3
T=-00 {=0

7
Figure 14: The spherical cosmological family of coordinates.

The first family consists of the standard or spherical
cosmological coordinates T, x, 9, ¢, and of the standard
rescaled or conformally Einstein coordinates t, ¥, ¥, ¢
(where 7 = x). These coordinates cover de Sitter space-
time globally. They are associated with cosmological
observers with homogeneous spatial sections of positive
spatial curvature. The coordinates are adjusted to the
spherical symmetry of the spatial sections: x, ¥, and ¢
are standard angular coordinates. The coordinate 7 is a
proper time along the worldlines of the cosmological ob-
servers given by x, ¢, ¢ = constant. The vector /97 is
a conformal Killing vector which is everywhere timelike.
The rescaled coordinates #, 7, ¥, ¢ can also be viewed
as the standard coordinates of the conformally related
Einstein universe; they cover smoothly both conformal
infinities 7+ of de Sitter spacetime.

Metric and relation between coordinates

= —dr? + 2 cosh(7/¢,) (dx* +sin’y dw?) , (A6)
g =02 sin %t (—=di? + di* + sin®7 dw?) | (A7)
i . o
tan - =exp —, cott= —sinh—
2 b s (A8a)
sint = cosh™'— | cost = —tanh — ,
I Ly
F=x. (A8Db)
The ranges of coordinates are
TeER, € (—m,m),
x~( ) (A9)
€ (0,m), 7€ (-mm),

with negative values of radial coordinates y, 7 interpreted
in accordance with Eq. (A2).

Orthonormal tetrad

|
e, = — = —sint

T 0t U, ot

Pavel Krtous$
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= — — — Al
e, A cos oy L int 5 (A10)
1 1 0 1 sint 0
e g = — = — —_— .
LN cosh(r/€,)sinx 09 ¢, sinr 09
Relation to flat cosmological family
tanf = 20,6 24,0
R e T (A11)
tan 7 = 20,7 _ 20,7
SR B+

Relation to hyperbolic cosmological coordinates

cott = — smh 7 cosh gp

A 3 (A12)
tan7 = tanh — sinh —

ly 0y

Relation to static family in timelike domains N, S

tant = — \/7 sinh™ 1
(A13)
tan 7 = sy —— \/7 cosh_
- osh /- sinh /-
tant = —sys —f‘ ,  tanT = Sy A (A14)
sinh ZL cosh ¢

where sys = +1 (—1) in domain N (S), cf. Eq. (A61).

Relation to static family in spacelike domains F, P

- 4 T
tant = ﬁ COSh_le_ )
A : (A15)
~ R 4T
tan7 = sinh
o 0
. sinh /- cosh -
tant = s« &, tanf=-—s, —=,  (Al6)
osh ¢~ smhK
where s; = —sign cost and sy = —sg sign?, cf. Egs.
(A73) and (AT74).
Relation to conformally Minkowski coordinates
- 20, 20,1
cott = ———— tanif= —>—— . (Al7
Pop_p "M p_pip- (17
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2. The flat cosmological family, type “Vv”

Figure 15: The flat cosmological family, type “V”.

The first flat cosmological coordinate family consists
of the flat cosmological coordinates 7, 7, ¥, ¢ and of the
rescaled flat cosmological coordinates t, 7, 1, . Hyper-
surfaces 7 = constant are homogeneous flat spaces and
coordinate lines 7, 9, ¢ = constant are worldlines of cos-
mological observers orthogonal to these hypersurfaces.
They are geodesic with proper time 7, the vector 9 /97 is
a conformal Killing vector. The coordinates cover de Sit-
ter spacetime smoothly, except for the past cosmologi-
cal horizon, 7 = £, of the north pole where 7, { = +o0.
The coordinates thus split into two coordinate patches—
“above” and “below” the horizon. The domain above the
horizon has a cosmological interpretation of an exponen-
tially expanding flat three-space. The rescaled coordi-
nates can be viewed as inertial coordinates in the confor-
mally related Minkowski space M, cf. Fig. 3; the domain
above the horizon corresponds to the “lower half”, < 0,
of M, the domain below corresponds to the “upper half”,
t>0.

Metric and relation between coordinates

_ ﬁ 52 2 <2902
9_52( dt* +dr* + 7 dw), (A18)
g=—di’* +exp(—527/¢,) (&F* + P dw?®) . (A19)
f=30,exp s%) , (A20)
5 =signt. (A21)
The ranges of coordinates are

F€R, ft€R, #€R above the horizon , A22)

7€R, teR", #€R below the horizon ,

with negative values of radial coordinate 7 interpreted as
described in Eq. (A2).

Orthonormal tetrad

_0 _sto o, 10 _5t0
oo TR T Lo
! (A23)
o §e 37 0 1t 0
= ——exp— — = ——— — .,
U N T R X))
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Relation to spherical cosmological family

—{, cosh (1 /¢,) €, cosh (1 /¢,)

= cos x + tanh(7/€,) ’ "= cos x + tanh(7/€,)
(A24)
i l,sint 2= l,sin 7 (A25)

- -, .
cost — cosT COST — cost

Relation to flat cosmological family, type “N”

: te A

t=7t2_,,ﬁ2’ Ul (A26)
tr+ir=0, ti+7r=—£2,

(=8 +7%) (- + )=}, (A27)

Relation to static family in timelike domains N, S

t ly
r= v ) (a28)
F R
o Ve-m (7).
. t i
t = —Sys la exp(—Z) cosh% , (A2
; !
T = Sysla exp(—a) sinh% ,

where sys = +1 (—1) in domain N (S), cf. Eq. (A61).

Relation to static family in spacelike domains F, P

(A31)

where s, = sign sign cost, cf. Eqs. (A73) and (A74).

Relation to conformally Minkowski coordinates

_ 02— 402

i T 20,7
G riE—r 1,
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3. The flat cosmological family, type “A”

Figure 16: The flat cosmological family, type “A”.

The second flat cosmological coordinate family consists
of the flat cosmological coordinates 7, 7, ¥, ¢ and of the
rescaled flat cosmological coordinates t, #, 9, ¢. They
can be built analogously to the flat coordinates intro-
duced above, with north and south poles interchanged
only. They thus have similar properties: Hypersurfaces
t = constant are homogeneous flat three-spaces, coordi-
nate lines 7, 9, ¢ = constant are geodesics with proper
time 7, and 9/07 is a conformal Killing vector. The coor-
dinates cover de Sitter spacetime everywhere except the
future cosmological horizon, # = 7 — £, of the north pole
(i.e., the past horizon of the south pole), and the rescaled
coordinates can be viewed as inertial coordinates in the
conformally related Minkowski space M.

Metric and relation between coordinates

_4 (—di? + a7 + 7 aw?) (A33)
=% ,
g =—d?? +exp(—527/L,) (dF* + 7 dw?), (A34)
PN N
t= sZAexp(sZ) , (A35)
where
5 =signt (A36)
The ranges of coordinates are
7e€R, t€R, #€R above the horizon,
. ) . . (A37)
+e€R, teR", #€R below the horizon ,

with negative values of radial coordinate 7 interpreted as
described in Eq. (A2).

Orthonormal tetrad

LY e_expgfa_gfa
i = A~ = 7 a0 %% T T Ar T 7 An
o7 0, o TN
o =0 110
S N R YR

Pavel Krtous$
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Relation to spherical cosmological family

{, cosh™(1/¢,) 0, cosh (/L)

t= ;= .
cosy — tanh(r/l,) "’ ! cosy — tanh(r/l,)
(A39)
. lysint lysin?
f=— = (A40)
cost + cosT COST + cost
Relation to flat cosmological family, type “A”
. te . 7 O3
t= Bom T m g (A41)
fi+ir=0, ti+ir=—L2,
(-2 +#) (-2 +7)=02, (A42)

i . exp T
L XD —
LT E—R L
A43
r s e T A
LA XD —
‘. NS ? -k p R
5 t P
t = sys Uy exp — coshl— ,
4 A (A44)

where sys = +1 (—1) in domain N (S), cf. Eq. (A61).

Relation to static family in spacelike domains F, P

t IR
oo UrR-e
- R T (A45)
Lo TmE P
t= SXZAexpe— sinhg— ,
: A (A46)

t
f:sxf,\expe— cosh[— ,
A ‘A

where s, = sign# sign cost, cf. Eqs. (A73) and (A74).

Relation to conformally Minkowski coordinates

20,1
= 7(&\ N (A4T)

ioe-ey2 P
G (-t =12 1,
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4. The conformally Minkowski family

Figure 17: The conformally Minkowski family of coordinates.

The conformally Minkowski coordinates t, r, 9, ¢ can
be understood as spherical coordinates in the conformally
related Minkowski space M. The coordinates do not
cover de Sitter spacetime globally—they cover only a re-
gion around north pole, see Fig. 17. The boundary of this
region is given by the conformal infinity of the Minkowski
spacetime. These coordinates are useful for studying the
limit A — 0.

The metric

- (g2s) (Fae+ar +2a) | (an
A

the ranges of coordinates

teR, reR, suchthat #*—7r> <2, (A49)

with negative values of radial coordinate r interpreted as
described in Eq. (A2).

Orthonormal tetrad

224720
202 o’
2 —t2492 9
e, = 2 —nv — —
" 202 or’
. _B-t+r10
VT2 r ot

et:

(A50)

Relation to spherical cosmological family

l, cost

~ . 7T
coOST +sint

. (A51)
l,sin T

cosT + sint
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Relation to flat cosmological family

i__ei—t“zw‘z B+
O (U412 =72 (L —t)2 =727

A52
T 20,7 B 20,7 ( )
b (U +D)2—72 (L -2 -2

Relation to hyperbolic cosmological coordinates

i = tanh i/ cosh ﬁ ,

N 20, Ly (A53)
- tanh 7 sinh ﬁ .

Ly 20, IR

Relation to static family in timelike domains N, S

L _ sinh%
¢y cosh ﬁ + sys cosh % ’ (A54)
L _ sinh% )
fy  cosh % + sys cosh % ’
t V0 — R? sinh%
e/\ B SNS(A + Z,Z\ — R? cosh % ’ (A55)
T R
by Uy + s /02 — R2 cosh% ’

where sys = +1 (—1) in domain N (S), cf. Eq. (A61).

Relation to static family in spacelike domains F, P

I
t cosh -

ly  sinh L — s, sinh =
b T A56
cosh % (456)

. T E
{y  sinh 7 — sx cosh &

VR? — (2 cosh
A
—suly + \/R2 -2 sinh% ’
R

B Uy — sx\/R* =02 sinh% ’

with s, = sign7 sign cost, cf. Eqs. (A73) and (A74).

S|

(A57)

ol



256

30 J. Bi¢dk and P. Krtous

5. The static family in timelike domains N and S

Figure 18: The static family of coordinates, timelike domains.

This family consists of the static coordinates T', R, ¥,
¢ and the “tortoidal” static coordinates t, 7, ¥, ¢. The
metric does not depend on time coordinate T' = t—the
coordinates are associated with a Killing vector. Since
the Killing vector changes its character, the coordinates
do not cover the spacetime smoothly. We first describe
the static coordinates in domains N and S, where the
Killing vector is timelike. In domain N the orbits of
the Killing vector (corresponding to the worldlines of
static observers) start and end at the north pole, in
domain S—at the south pole. They are orthogonal to
slices T' = constant, each of which consists of two hemi-
spheres (one in domain N, the other in S) with homoge-
neous spherical 3-metric. The distances between static
observers (measured within these slices) do not change.
Since the static observers must overcome first the cosmo-
logical contraction and then the expansion, they move
with a (uniform) acceleration.

Metric and relation between coordinates

g= cosh72€i (—dt—Z + d7® + 2 sinh® -z de) , (AbB8)

A EA
2 2.—1
g =—(1 - };—2) ar? + (1 - 1;—2) dR? + R? dw?, (A59)
T=t, (A60a)
exp T Lt R sinh T R
‘ (- R’ IR 2’
t * ° K-k (AG6OD)
tanh — = L cosh — = =
RN oo JE-R
+1 in domain N |
Sns = (A61)
—1 in domain S .
The ranges of coordinates are
TeR, Re(—lt,),
( ) (A62)

teR, FeR,

Pavel Krtous$
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with negative values of radial coordinate R and 7 inter-
preted as described in Eq. (A2).

Orthonormal tetrad

(1 RQ)—1/2 0 b F o
ep=(1—— — =cosh — —,
r 2 oT l, Ot
R2\1/2 9 F o
= 1__) e A63
°r ( 2) ar " 1 or (463)
o 1 8—1cothf 0
VTR, 0, 90"
Relation to spherical cosmological family
IR cos? — cost sin 7
T=— — =, szAﬁ, (A64)
2 cosT + cost sint
t b lo (ta i+ 7 ta t_F) (A65a)
= — n n
2 %8 2 2 )
t cos? —cost . . & — s COS T
exp— =/ ———, sinh— = ————
IR cosT + cost Ly \/m
tanhi _ _coszf7 coshi _ Sys COS T .
Ly cosr s \/cos®F — cos? i
7= b lo (tan H—F cot - F) (A65D)
T8 2 2 )
T sint + sin 7 . T sinr
exp — =/ ————, sinh—— = —un-———
N sint — sin 7 € \/sin?i—sin7
tanh r = si.n7i , cosh r = —si~nt~ .
A sint Ly \/m
Relation to flat cosmological family
22 a2 2 %2
"T:%l : 7 _%IO : 7
f oo (A66)
F—EAI t+f'_ZAlo t—7
T2t T 2 B
110gf2—f2 110g152—1=2
7" 9 2 o 2
by 2 2 A 2 2 (A67)
E_*f__°7
Lt

Relation to conformally Minkowski coordinates

T 20, R 20,1

tanhazéi-f—t?—rz’ [ (A68)

N N (O ) e N O (ly+7)2 =12

t=gle g o TTRle g e
(A69)
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6. The static family in spacelike domains F and P

|
I d 8 8

Figure 19: The static family of coordinates, spacelike domains.

Here we describe the static coordinates T, R, ¥, ¢ and
the “tortoidal” static coordinates t, ¥, 9, ¢ from the pre-
ceding section in domains F and S where the Killing vec-
tor is spacelike. These “non-static” domains extend up
to infinity, namely, domain F up to Z*, domain P up to
Z—. The orbits of the Killing vector start at the south
pole and end at the north pole in F, and they point in
opposite direction in P. The motion along them could
thus be characterized as a “translation” from one pole to
the other. The Lorentzian hypersurfaces T' = constant
are homogeneous spaces with positive curvature, i.e., 3-
dimensional de Sitter spacetimes.

Metric and relation between coordinates

g =sinh 2 (—dF2 +dE + 2 cosh? — dw2> . (A70)
N Ly

2 2

g= —(1 - R—) ar? + (1 - R—)_ldRz + R?dw?, (AT1)

5 15
T=t, (AT72a)
exp F R+1¢, ‘sinh 7 N
Xp — = —_— = —
4 R—-1,’ 4 2 _¢p2’
A_ A _A R KA (A72b)
tanhL = Z—A oshL = 7|R|
ty R’ b R
The signature factors s; and sy are defined as
+1 in domain F,
sz = (A73)
—1 in domain P ,
and
Sx = —S7 signf¥ . (A74)
The coordinates ranges are
TeR, |R|l€(l,,00),
_ A
teR, TeR, (AT5)

with negative values of radial coordinate R and 7 inter-
preted as described in Eq. (A2).
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Orthonormal tetrad

_ (R2 1)*1/2 o | W 0
=\ ar — |"™M | ot
R? /2 9 7| 0
= __1) o lsinh 2| L (AT6
R (zg or — |7 5 ATO)
e _1o _1 tanhi 9
YT ROV, 0] 99"
Relation to spherical cosmological family
T:K—A cos{—cosf’ —, si.nf, (ATT)
2 cost + cosT sint
f—g—Alo (—tan£+1: tang_F) (A78a)
T2 %% 2 2 )
t cost — cos 7 oot Sy COST
exp— ={/————, sinh— = —————— |
ly cost + cost I \/m
tanh t_ _cost , cosh 1 —_SINCOSZ? ,
ly cost s \/m
l t+7 -7
7= 5" log(f tan _;T cot 5 T) , (A78Db)
3 sin7 + sint . 3 sint
Ly \/ sinf — sint Ly \/m
tanh — = S,l—mi, coshL:%.
N sin 7 C /sin?7 —sin#
Relation to flat cosmological family
ol -2+ by g TEHT
2T e T e
3 ; (A79)
I N BN e
P A R
r_1, —£2 + 2 L, B+
2 2 )
by 2 2 ) 2 2 (A80)
R_r__T
bt
Relation to conformally Minkowski coordinates
T 20t R 20,1
th—=———, —=———"_ (A81
o =ere—r o Ear—p A8
ot O+ 1) =12
t:_Alog(—(A+) r‘),
2 by —t)2 =12
5 o (A82)
by (_(€A+r) —t )
T2 % )
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7. The hyperbolic cosmological family

Figure 20: The hyperbolic cosmological family of coordinates.

The third type of cosmological coordinates are the hy-
perbolic cosmological coordinates n, p, 9, . The hyper-
surfaces 17 = constant are homogeneous spaces with neg-
ative curvature, coordinate lines p, ¥, = constant cor-
respond to the worldlines of cosmological observers or-
thogonal to these slices, and the vector 9 /97 is a timelike
conformal Killing vector. The coordinates cover space-
time only partially—they can be introduced in two dis-
connected domains near the north pole, namely, in the
past of the event £ = 7/2, # = 0 (where 5 < 0), and in
the future of this event (where n > 0).

The metric
g = —dn® +sinh® L (dp® + sinh® £ dw?) ,  (A83)
The ranges of coordinates and the signature factor s; are
ne€R", peR,
neR™, peR,

sz = +1 in the future patch ,

sz = —1 in the past patch ,
(A84)
with negative values of radial coordinate p interpreted as

described in Eq. (A2).

Orthonormal tetrad

0 .,.1n 0
e, =+, e,=sinh " — —,
oot b Op (A85)
ey = sinh_12 sinh_1£ i
v l, ly Op -

Relation to spherical cosmological family

cosT — sint sin
tanh -1 = gy [ <27 TSP pann £ = _2RT
20, cosT + sint IR cost

(A86)
Relation to conformally Minkowski coordinates
n 2 —r2 p T
tanh — =s;—— | tanh— = —. AS87
Mo, T, T (A87)

Pavel Krtous$
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8. The accelerated coordinate family

Figure 21: The accelerated family of coordinates.

This family consists of the accelerated coordinates
T', R', ¥, ¢, and the C-metric-like coordinates T, v, &, ¢
(7 being different from 7 of the standard coordinates).
Contrary to the previous cases the accelerated coor-
dinates are centered on uniformly accelerate origins:
R' =0 corresponds to two worldlines with acceleration
|ao|. The transformation relations to the systems intro-
duced above mix these three coordinates in general.

The accelerated coordinates are closely related to the
static system. Their time coordinates coincide, T'=T,
and coordinate lines R’ %', ¢ = constant are the same as
those with R, v, = constant. Both coordinate systems
are identical for a, = 0. Sections T',T", o = constant with
R, R’ < {, have geometry of 2-sphere with parallels and
meridians given by the coordinate lines of the static co-
ordinates R, ¥. The lines of coordinates R’, 1’ are the
deformed version of static ones, their poles are shifted
along meridian ¥ = 0 towards each other, cf. Fig. 11.

Two conformal diagrams of sections 9, ¢ = constant
(¥ < m/2 on the right, ¥ > m/2 on the left), adapted
to the accelerated coordinates, are depicted in Fig. 21.
The shape of the diagram varies with different values
of ¥'; indeed, the position of infinity is given by R =
—02 /R, cos 9. See also Fig. 10 for sections ¥ = 0, .

The C-metric-like coordinates rescale only the values
of the accelerated coordinates and regularize the coordi-
nate singularity R’ = +o0. de Sitter metric in these co-
ordinates is a zero-mass limit of the C-metric (the metric
describing accelerated black holes; see, e.g., [28, 29]).

Finally, we use four parameters ao, o, Ro, by to
parametrize the acceleration.They are related as follows:

e B _R-B
S = R T 2hh,
cosha, = ——2_ =Bt h _ iram
0_\/5%—R3_ 2000 o (A88)
tanh a, = R = b= = - Gola
° IR b2 + 02 V1+a2z’
/ b
expa, = M: 0 :«/1+a§€§—a0€A.
ly — R, Ly
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Metric and relation between coordinates

RI2 ! RI2 1 12 ! 27/
g:QQ{—(l— z )dT2+(1—@) dR™ + R dw }
(A89)

1 1 .

2| 2 2 2 2, (1 2\ 4,2
g—t|: (v*=1)dr +U2_1dv +1_£2d£ +(1 §)dﬁp},
(A90)

where

dw® = (d¥'? + sin® ¥’ dp?) , (A91)

— 2 /02
0= V31— R2/02 v tw (A92)

T 1+ (RRo/B)cosd R 4

0y ly
v v cosh o — € sinh g R v (A93)
!
T:f_A U:% &= —cos?, (A94)
Orthonormal tetrad
_ R2\-1/2 9 1 0
— 1 - e —
e =07 (1 éi) 5= T 5T
_ R'2\1/2 9 1 0
_ 1 _ i 2 _ 1~
ep = |0 (1 Ei) o = V1
1 0 190
T QR 90 Tt a9 (495)
Relation to static coordinates
T=T
R'cos?' + R,
Reost = 4 Ry J2) cos 0
R'siny',/1- 12
i — 2
Rsind = R, [y cos 7 (A96)

R (- RE) (- RYE)

o (1+ (R'Ro/2) cos 9")”

R'sin9',/1- %
“A
R'cos?d' + Ry

The inverse relations have the same form with T, R, ¢
and 7", R', ¥’ interchanged only and «, replaced by —a,.

0. VI-RJE

T 14 (R'Ro/€2) cos?'

tand =

_ 1—(RR,/3) cos?)

VI-RZje

(A97)
R'R, RR, R’
(1 + = cosﬁ’) (1 - cos19) =1- - (A98)
1- R/ 1-R%/e2
G /6 (A99)

14 (R'Ro/€?)cos?¥’ 1 — (RR,/l2)cos? ’
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Relation to Robinson- Trautman coordinates

£,— (sinh o, cos ¥’ + cosh ay,)
£,—r (sinh a, cos ¥ — cosh «,)

T' = ucosha,—— log

’

A
2
_ t cosh ay,

" 1—(t/L,)sinha, cos?' ’

!
tan —

Rl

(A100)

= exp(d) _x sinhao) ,

A

£,— (sinh a, cos ¥+ cosh a,)

1
T= d coshao—ilog

N £,—r (sinh a, cos ¥ — cosh ) |’
L
v=——>— —tanha,cos?’ , (A101)
rcosh ay
u
=tanh(¢ — —sinha, ) ,
¢ (v i )
where cos?’ = —¢ is given in terms of the Robinson-

Trautman coordinates by the last equation.

Relation to flat cosmological family

If we introduce the spherical coordinates ¢, #', ¥, ¢
boosted with respect to the flat cosmological coordi-
nates £, 7, ¥, ¢ by a boost a, (in the sense of Minkowski
space M), we find that the accelerated coordinates 7", R’
are related to #', 7 in exactly the same way as the
static coordinates T, R are related to the coordinates
t, #. The boost # = fcosha, + Zsinha,, &' = &, §' = 7,
#' = fsinh a, + # cosh a,, rewritten in the spherical coor-

dinates 7 cos?' = 2/, ¥ sind' = \/#'2 + §'2, reads

t' = tcosha, + 7 cos¥sinh ay ,

# cos?' = fsinh o, + 7 cosd cosh ay, (A102)

7 sind = #sind ,
and relations analogous to Eqs. (A67) and (A80) are:

1,,/

, R=—l,~.

5 (A103)

Vi 7512 _ 17./2
T = ——Alogii
2 e

Similarly, the formulas relating the accelerated coordi-
nates to the coordinates ¢, 7, ¢ are:

t' = tcosha, — # cos¥sinh oy, ,

# cos ¥ = —isinh a, + 7 cosd coshay , (A104)
7' siny = #sind ,
4 ki 7
1 __ TA !
The conformal factor takes the form
i
Q=~ =~ =cosha, — L sinhag cos?d . (A106)
t ot ly
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9. The Robinson-Trautman coordinates

N o)
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N t=corist.
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D s | <
Il =l
i I
)
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Figure 22: The Robinson-Trautman coordinates.

In the Robinson-Trautman coordinates u, t, v, ¢ (or
in their complex version u, t, ¢, {), de Sitter metric takes
the standard Robinson-Trautman form [50]. The coordi-
nate u is null, the “radial” coordinate v is an affine pa-
rameter along coordinate lines u, 1), p = constant. These
lines are null geodesics generating light cones with ver-
tices at the origin vt = 0. The coordinates v, ¢ (or ¢, ()
are angular coordinates, however, they are not func-
tions of the accelerated angular coordinates ', ¢ only
(cf. Eq. (A112)). Because ¥, have a clearer geomet-
rical meaning, we list some formulas also in the mixed
coordinate system u, v, 9, ¢.

The origin t=0 of the Robinson-Trautman co-
ordinates is centered on the worldline of the uni-
formly accelerated observer moving with the acceleration
lao| = |Zzl sinh a0|. The coordinates are thus closely re-
lated to the accelerated coordinates.

The coordinates u, v, ¥, ¢ do not cover the whole
spacetime smoothly. They can be introduced smoothly
in the future of the north pole, or in the past of the south
pole. At the boundary of these two domains, u — +o0.

Metric and relation between coordinates

g=—Hdu? —duvdt+—(d7/)2+d<p) (A107)
9= —Hdu —duvdr-l— dgvdg, (A108)
— —coshay o (02 — 1) d® — duv d
g = —Cos aof—z(v —1)du® —duvdr (A109)
2
+ cosh a, - sind’ duv dd’ + v* (d9'? + sin®¥’ de?) ,
A
H=- v +2— sinh a tanh(z/;— ad sinh « ) +1
e " © ly ©
——i—Qi sinh a, cosd + 1 (A110)
= Z% [A o )
u 1
P:cosh('lﬁ— N smhao) =S (A111)
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Y= % sinh a,, + log tan%l ,
, (A112)
tan; = exp(l/) - % Sinhao) )
(= —=—ig), b=—=(C+0),
‘/5 ‘{5 ) (A113)
CZT(T/)‘HSO) @ZE(C—O

Null tetrad

Since the Robinson-Trautman coordinates are closely
related to the congruence of null geodesics, it is con-
venient to introduce the null tetrad which is parallelly
transported along these geodesics u, 1), ¢ = constant:

A S S S LAY, B
T 2o YT AT o ou’

mm—%§(%—%), (A114)
i 1 P/0 0
mRT_E?(%—l-Za(p)

Relation to accelerated coordinate family

R\/1-RJE

T 1+ (R'R,/12) cos'’

2 "
1—R_<T’+%Alog‘R 2

) : (A115)

2] R + 4,
R, (T 1 R !
e | 1 bl
P = EA<£A+2gR+€A>+0gtan2,
" wecosha, — Esinha,
N 1 1-wv
= =1 All
h cosh a, (T+2 08 1+wv )’ (AL16)
B 1 1-wv 1 1+¢
1/)—tanha0<T+2log 1_’_U)—i-Qlog . )

Relation to static family

e (5 ) (- ) (- )]

(A117)
tsind’ = Rsind, tcosd = M - (A118)
V1-R2/¢2
Rsind = vsind’
(A119)

Rcosd =vcos?'\/1—R2/(2+ R, .
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10. The null family
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Figure 23: The null family of coordinates

Finally, we return back to the coordinate systems
which employ standard coordinates ¢, ¢. Time and ra-
dial coordinates can be transformed into two null coordi-
nates. Such null coordinates can be associated with most
coordinate families introduced above. Coordinates @, ¥
are related to the standard coordinates; u, © and 4, v to
the flat cosmological coordinates; u, v to the conformally
Minkowski; and @, ¥ to the static coordinates. Coordi-
nate vectors {0/, 0/00}, {0/du, 0/00v}, etc., are the
pairs of independent null vectors in the radial 2-slices
¥, = constant. We do not allow the radial coordinate
to be negative in the definitions of null coordinates be-
cause this would interchange the meaning of u and v.
The null coordinates are thus drawn in the right half of
Fig. 23 only.

Metric and relation to other coordinates

g= L(—dﬂv a5 + (1 = cos(ii — 7)) dw?
1 — cos(@ + ) ’
(A120)
C e (a2 92
u+v2< 2dda v do + (4 —0) dw), (A121)
o N2 12
ey ( 2dav do + (i — o) dw), (A122)
N2 2
(Ez—u) ( 2duvdv+ (u—v) dw), (A123)

T \-2
g = (epo + exp Z) (A124)

( i+
x| —2exp 7
A

The relation of time and radial coordinates 2, 7 to the
corresponding null coordinates i, ¥ is given by usual for-
mulas:

N

* *
t=L@b+4), 4d=t—-#

2 ) . (A125)
F=L0-d), b=t+7.

da v do +€i (exp — —exp EA) dw2> .
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Here {t, #} stands for {f, 7}, {, #}, {f, 7}, {t, r}, and
i,

7}, {t,
{t, 7} respectively; similarly with {@, 0}.
Relation between null coordinates

The coordinates u, 0, u, v, and %, ¥ can be viewed as
null coordinates in the conformally related Minkowski
spaces M M, and M; these are shifted with respect
to each other by 5 in the direction of the conformally

Einstein time coordinate ¢, or associated null coordinates:

ta u Y tal v
= n — _— = n —
2’ IR 2’

Snl§=3). £ ml3-3).

U ¢ (ﬂ 7r) v ¢ (17 77)
— =tan|{—- — = — =tan{-— <) .
N 2 2/ Uy 2 2
The remaining coordinates u, © are related to the confor-

mally Einstein null coordinates @, © by the “compactifi-
cation transformation”:

<N|§ ;\|§>

tang = Sy exp% , tang = 8y exp% . (A127)
Here the sign factors s, and s, are given by
8y = sign tan% , Sy =sign tan% . (A128)

Relations (A126), (A127) between null coordinates can
also be rewritten as follows:

(L u 0 ly li+u
tan o = === . (A129
an2 Sy €XP A 7. 3 i —u ( )
s w2l 2ul,  uP -0
tan i = —s, sinh N Ew@=F @ 2u€AA
sintt = s COSh_lz _ 2@61\ _ —2’Lvt€A _ [i—u2
- 6 2402 2 a2 4+u’
i 2-@ -0 —oul
cosii = — tanh — = :1f A Uha 7
b 2+a2 a2+ 2+l
i a i _ Lyt
7 —tang = -t = A130
g, Ttang =suexpge=—Th =g, ( )
U a ZA é,\—u
—g T ot = === A131
7. =ty suexp< A) 7 €A+u,( 31)
g__l—sinﬂ__ cos
b cost 1+sinda
(tanh_)s“_@—&_éma (A132)
20, _ﬂ-l—EA_fA—u’
u l i 1
;:10g tang’ zlog ZE :log A
' P ot (as
_ A _ u
=log ZA—u‘ —2arctanh(€A) .
. o Ay
UU:—(A’ €_+E:O~ (A134)
A

The same relations hold for coordinates v.
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1. Introduction

Shock pp-wave geometries describe the spacetime surrounding very fast moving objects,
and are thus relevant to the study of planckian scattering [1]. They are also of interest in
string theory, since strings may be exactly solved in such backgrounds [2, 3]. The prototype
of shock wave solutions is the Aichelburg-Sexl spacetime, which represents the gravitational
field of a massless point particle. It was originally obtained by boosting the Schwarzschild
black hole to the speed of light, while rescaling the mass to zero in an appropriate way [4].
According to recent extra-dimension scenarios, the fundamental Planck scale of (higher
dimensional) gravity could be as low as a few TeV. This has stimulated renewed interest in
the study of gravitational effects in high energy collisions, especially in view of the possible
observation of microscopic black holes at near future colliders [5-8] (see, e.g., [9] for a
recent review and for further references). It has been shown that closed trapped surfaces do
indeed form in the ultrarelativistic collision of Aichelburg-Sexl point particles [10, 11] and
of finite-size beams [12], which can more accurately model string-size effects. Nevertheless,
it is desirable to understand how other effects could influence high energy scattering. A
first step in this direction is to investigate more general shock wave solutions of higher
dimensional gravity, which can naturally be obtained by applying the boosting technique
of [4] to black hole spacetimes. This has been done in any D > 4 for static black holes with
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electric charge [13] or immersed in an external magnetic field [14, 15]. The ultrarelativistic
limit of the Myers-Perry rotating black holes [16] has been studied in [17] (for the case
of one non-vanishing spin). However, a striking feature of General Relativity in D > 4
is the non-uniqueness of the spherical black holes of [16]. In five-dimensional vacuum
gravity, there exist also asymptotically flat rotating black rings with an event horizon of
topology S' x S2 [18]. In the present contribution, we aim at studying the gravitational field
generated by such rings in the Aichelburg-Sexl limit. As we will see in detail, this results
in shock waves generated by extended lightlike sources (with a characteristic length-scale)
which are remnants of the ring singularity of the original spacetime [18]. Our recent results
on boosted non-rotating black rings [19] will be recovered as a special subcase. In general,
the presence of spin is important because it allows black rings to be in equilibrium [18]
without introducing “unphysical” membranes via conical singularities [20]. This will be
reflected also in the shock geometry resulting from the boost. From a supergravity and
string theory point of view, it is remarkable that supersymmetric black rings have been
also constructed [21 —24]. We will conclude this article with a brief comment on the boost
of such solutions. In the Appendix, we compare our results with those obtained for the
ultrarelativistic limit of Myers-Perry black holes [17] in D = 5.

2. The black ring solution

In this section we briefly summarize the basic properties of the black ring, referring to [18,
25] for details. In the coordinates of [25],! the line element reads

2 _F0) AT T
A= 5 (dt+C( ,)\)LF(y)dw> +
% Gly) . o dy*  dz®  G(z) .
oy @) [‘F(w WSy Tew T F@ ™ ] @D
where
FO=280 a@o=n-itL c<u,A>:\/ S e

The dimensionless parameters A and v satisfy 0 < v < A < 1, and for A = 0 = v the
spacetime (2.1) is flat. The constant L > 0 represents a length related to the radius of the
“central circle” of the ring. For a physical interpretation of the spacetime (2.1) we take
y € (—o0, —1], z € [-1,+1] (see a discussion in [26] for other possible choices) and v and ¢
as periodic angular coordinates (see below). Surfaces of constant y have topology S x S2.
The coordinate 1 runs along the S! factor, whereas (r, ¢) parametrize S? (see [20, 25, 22]
for illustrative pictures). Within the above range, y parametrizes “distances” from the ring
circle. At y — —oo the spacetime has a inner spacelike curvature singularity, y = —1/v

'Up to simple constant rescalings of F(¢), G(¢), C(\,v), ¥ and ¢, cf. eqs. (2.2) and (2.4) with the
corresponding ones in [25]. In addition, multiply our L* by (1 — v)/(1 — A) to obtain the parameter used
in [25].
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is a horizon and y = —1/\ an ergosurface, both with topology S* x S2?. The black ring
solution (2.1) is asymptotically flat near spatial infinity x,y — —1, where it tends to
Minkowski spacetime in the form

L? dy? da?
e (y* — 1)dyp* + " t— =t (1—2%)de?|. (2.3)

dsg = —dt’
0 * —1 1-
To avoid conical singularities at the axes x = —1 and y = —1, the angular coordinates

must have the standard periodicity
Ap =21 =Ay. (2.4)

Centrifugal repulsion and gravitational self-attraction of the ring are in balance if conical

singularities are absent also at x = 41, which requires

2v

A= ——.
1+02

(2.5)

When this equilibrium condition holds, the metric (2.1) is a vacuum solution (of D =5
General Relativity) everywhere. With different choices (e.g., in the static limit v = X [20]),
the conical singularity at x = +1 describes a disk-shaped membrane inside the ring.

The mass, angular momentum and angular velocity (at the horizon) of the black ring
are

3wl X wl I AA=v)(1+N) L (A=v)(1 =)
M==r1—x 7= \/(l—u)(l—A)?” Q_f\/A(H—)\)(l—u)' (26)

The algebraic type of the Weyl tensor of the ring spacetime is I; [26].

3. General boost
For our purposes, it is convenient to decompose the line element (2.1) as

ds? =ds? + A, (3.1)
in which ds? is Minkowski spacetime (2.3) and

T—Y 9 L+y

A= )\ dt“ - 2(1 = NC(\,v)L dtd

—v L? 1+ X (1 2 2
A—v [_)\ +A(1+y) +Z/

1
1l—vi1+4+ Ay 1—A 14+ Xz x—y

]dw2+

2 [ etl,, 5 M-y +O-—r)1+y) dy
T 0 D (= N +vy) o1t
A—v da? r+1
+1—/\(1—37)(1—1—1133)+V1—y(1_x2)d¢2]' (3.2)

The above splitting is such that near infinity (v,y — —1) one has ds? — ds?, while A
becomes “negligible” (in the sense of the “background” metric ds%). This enables us to
define a notion of Lorentz boost using the symmetries of the asymptotic minkowskian
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background ds. Cartesian coordinates will visualize it most naturally. These can be
introduced in two steps. First, we replace the coordinates (y,z) with new coordinates
(&,m) via the substitution

2 2 4 12 2 2 _ 12
U Sk . S ) Mt (3.3)
» »
where
Y=/(n2+E2—L2)2+4L22. (3.4)

The flat term ds? in eq. (3.1) now takes the form ds3 = —dt? + dn? + n?d¢? + d&? + £2dy?.
Then, cartesian coordinates adapted to the Killing vectors d, and 0y are given by

T =1ncosd, Ty =nsing, Y1 =Ecos, Yo = Esine, (3.5)

so that n = /22 + 23, £ = /y? +y3, and ds% = —dt? + do? + da3 + dy? + dy3. This
enables us to study a boost along a general direction. Since the original spacetime (2.1) is
symmetric under (separate) rotations in the (x1,x2) and (y1,y2) planes, such a direction
can be specified by a single parameter «, namely introducing rotated axes z; and zo

T| = 21 CO8SQ — zoSina, Y1 = z1sina + 22 cos . (3.6)

Defining now suitable double null coordinates (u’,v") by

—u' + u' +
t =, zZ1 = s 3.7
V2 Y 7
a Lorentz boost along z; takes the simple form
= e tu, vV =ev. (3.8)

The parameter € > 0 is related to the standard Lorentz factor via v = (e + ¢ 1)/2. We are
interested in “ultrarelativistic” boosts to the speed of light, i.e. in taking the limit ¢ — 0 in
the transformation (3.8). While € — 0, we will rescale the mass as M = v~ py ~ 2epys [4],
which physically means that the total energy remains finite in the limit (pp; > 0 is a
constant). Moreover, during the ultrarelativistic limit we wish to keep the angular velocity
) finite (a similar condition was imposed in [17]), and to allow for the possibility of black
rings in equilibrium (when the condition (2.5) holds). From eq. (2.6), these requirements
imply the rescalings?

A= epy, v =epy,, (3.9)

where py = 8par/(37L?) and p, is another positive constant such that py > p,. In terms
of these parameters, for ¢ — 0 the equilibrium condition (2.5) becomes

Dy =2p, . (3.10)

2This appears to be physically the most interesting and simple choice. See Footnote 3 for a subtler,
slightly more general comment.
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Values p, < py < 2p, correspond to black rings (2.1) which are “underspinning” before
the boost (and therefore balanced by a membrane of negative energy density), values
px > 2p, to “overspinning” black rings (with a membrane of positive energy density).
Notice, however, that under the limit ¢ — 0 the angular momentum J will tend to zero
(as ~ €).

We can now evaluate how the black ring metric (2.1) (that is, eq. (3.1) with egs. (2.3)
and (3.2)) transforms under the boost (3.8). We have first to substitute eq. (3.3) into
egs. (2.3) and (3.2). Then, we apply the sequence of substitutions (3.5)—(3.7) into the
thus obtained expressions for ds3 and for A. Finally, we perform the boost (3.8) with the
rescalings (3.9), which make A = A, dependent on e. The ds3 is invariant under the boost
and at the end it reads

ds? = 2dudv + da3 + dy3 + dz3 . (3.11)

The next step is to take the ultrarelativistic limit ds? = dsg + lime_,0 A.. This is deli-
cate because the expansion of A, in € has a different structure in different regions of the
spacetime (even away from the singularity y = —oc). In particular, a peculiar behaviour
is obtained for v = 0, because A, depends on u through the combination
Lo

Ze = ﬁ(e U+ €v). (3.12)
In order to have control over the exact distributional structure of the limit, it is conve-
nient to isolate such dependence on e 'u by performing first an expansion of A, with z
unexpanded. This leads to an expression

1
A, = gh(ze)du2 + [k1(zc)dxe + ko(zc)dys + k3(zc)dze + kg(ze)du] du + - - - | (3.13)

where the dots denote terms proportional to higher powers of €, which are negligible in the
limit. We have emphasized here the dependence of the functions h and k; (i = 1,...,4)
on z. (and thus on €), because this is essential in our limit, but they depend also on
To, Y2 and z3. The quantities k; are rather involved, but it suffices to observe here that
lim .o k;(z.) = 0. We can thus also drop all the terms of order ¢’ in (3.13).> For h, after
all the steps described above, we obtain explicitly
2 2 2
h(ze) = p,\L— —i—py% [(52 —n? - Lz)% sin o + 2€xq cos 04] +
2

b

1 24 2 f2 2

+=(2p, — pa) (1 — L) <y_2 sin? o + %COS@) +
n

2 > £2
Lyssina 4+ L2 L22
+ p)\(p)\—pu)T (—l—i-? + (pAr — pv) &y, sin® « +
1 222
oo —p) (1 - £+> : (3.14)

3A remark on the “triviality” of the €° terms is in order, since they could be non-vanishing for certain
more general scalings of the original metric parameters. While with higher order (in €) corrections in
eq. (3.9) lime—g ki(zc) = 0 would still hold, we could introduce a non-vanishing contribution by allowing
an e-dependence in the ring “radius” via L = L + ci1e + co€? +.... The convergence of the integral (3.17)
would then require ¢; = 0, but the quantity cae® would affect the limit of (3.13) via lime_o ka(zc) = ca.
The resulting term codu? is, however, obviously removable with a coordinate transformation.
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Recall that the dependence of h on € is contained in z; and y; via egs. (3.6)—(3.8), in 7
and ¢ via eq. (3.5) and in ¥ via eq. (3.4). In taking the limit € — 0 of eq. (3.13), we apply
the distributional identity

+oo

1
lig f (20) = V23() [ fz)dz. (3.15)

—0o0

The final metric is thus (cf. egs. (3.11) and (3.13))
ds? = 2dudv + dad + dyd + dz3 + H(zo,y2, 22)d(u)du? (3.16)

with a profile function given by
+oo
H(z2,y2,22) = \/5/ h(z)dz. (3.17)

A black ring boosted to the speed of light in a general direction z; is thus described by
the metric (3.16) with eq. (3.17). This is evidently a D = 5 impulsive pp-wave with wave
vector J,. Such a spacetime is flat everywhere except on the null hyperplane v = 0, which
represents the impulsive wave front. Note that the equilibrium condition (3.10) has not
yet been enforced in the above expression for h (in particular, in the static limit p, = py
we recover the result of [19]). In order to write the solutions in a completely explicit
form, it only remains to perform the integration in eq. (3.17), with h given by eq. (3.14)
with egs. (3.4)—(3.8) and (3.12). For any «, this integral is always convergent and can
in principle be expressed using elliptic integrals (because ¥ is a square root of a fourth
order polynomial in z, see [19] for related comments). Therefore, no singular coordinate
transformation of the type of [4] has to be performed. In the following, we will explicitly
calculate the integral, and study the corresponding solution in the case of two different
boosts of the black ring along the privileged axes x; (o = 0) and y; (o = 7/2), which are
respectively “orthogonal” and “parallel” to the 2-plane (y1,y2) (i-e., (£,7)) in which the
ring rotates.

4. Orthogonal boost: a =0

For the orthogonal boost & = 0, from eq. (3.6) one has z; = z7 and 22 = yj, so that the
general pp-wave (3.16) reduces to

ds? = 2dudv + dz3 + dyf + dys + H,(v2,y1, y2)d (u)du? . (4.1)
Also, it is now convenient to rewrite A in eq. (3.14) as
1 412€252

h(ze) = [3pAL* — (px — pv)E* — pu(a3 + L?)] o TPy

1 r3(L? — £2) 3 1 22
—(2p, — 2 2 —(pr—py) (1 -5 4.2

and X (from eq. (3.4)) as

¥ = \/[zg + 23+ (E+ L)Q] [262 + 23+ (€ - L)Q]. (4.3)
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Hereafter, it is understood that £ = \/y? + y3. In the orthogonal boost there is no contri-
bution to h, from the off-diagonal term g, in the metric (2.1). Performing the integra-
tion (3.17) with h given by eqs. (4.2) and (4.3), we find

3o\ L2 + (2p, — 2
/3 P + (2p, — pr)E

TR K (k) +V2(2p, — py) %

HL(x27y17y2) =

¢-L 3

X [— (E+ L)?+ 23 E(k) + §+L\/mﬂ(p,k) +
+7r\x2|@(L—§)], (4.4)
where
k= &L p= _AeL (4.5)

(E+ L)%+ a3 (E+L)*"

and O(L — &) denotes the step function. In the above calculation, we have used the
standard elliptic integrals and their properties summarized in the Appendix of [19], and
the additional integral (X given by eq. (4.3) with z. replaced by z)

/Ooo (1 - §> de=/(€+1)? + 23 B (k). (4.6)

In order to gain physical insight, it is useful to visualize the behaviour of the gravita-
tional field at a large spatial distance within the wave front « = 0. Defining the coordi-
nates (r,0)

Ty =rcosf, E=rsind, (4.7)

an expansion for small values of the dimensionless parameter L/r (using the identities
summarized in [19]) leads to

T L S Dy 2 L’
LT [r (8+4px>(cos St
7 Pv 4 2 L L’
+ (6—4+16m> (85cost0 —30cos” 0 +3) = + 0 — || . (4.8)

We recognize the standard form of multipole terms. The monopole is essentially an
Aichelburg-Sex] term. The dipole and the octupole are missing, due to the geometry
of the source. The quadrupole and 16-pole reflect the shape of the singularity and depend
on the spin of the original black ring, but they persist even in the static limit p, = py [19]
(when, in fact, they reach their maximal strength).

It is remarkable that for the physically more interesting case of black rings in equilib-
rium, i.e. those satisfying py = 2p, (see eq. (3.10)), the profile function simplifies signifi-

cantly to

3vV2pyL?
V20 K(k). (4.9)

(E+ L)% + 23

Interestingly, this is just the newtonian potential generated by a uniform ring of radius L

Hf(x27y17y2) =

and linear density s = 3v/2pyL/4 located at xo = 0 in the flat three-dimensional space
(x2,y1,y2). Since for a general pp-wave (4.1) the only component of the Ricci tensor is
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¥

Figure 1: The profile function H , given by eq. (4.4), in the case of underspinning (px < 2p,,
left), overspinning (px > 2p,, right) and balanced (p)» = 2p,,, bottom) black rings (cf. eq. (3.10))
boosted along an orthogonal direction x;. It is represented over the plane (x2,£) (cf. eq. (3.5)), and
the Killing coordinate v is suppressed. In the equilibrium case, H, reduces to H¢ of eq. (4.9) and
the disk membrane at xo = 0, { < L disappears (no jump of dHF/dxzs occurs at x5 = 0). In all
cases, there is a ring singularity at xo = 0, £ = L, as indicated by the thick points in the pictures.

Ryy = —%5(U)AHL, A denoting the Laplace operator over the transverse space (x2,y1,¥2),
it follows that the profile function (4.9) represents a spacetime which is vacuum everywhere
except on the circle u = 0 = x9, { = L (so that k = 1 in eq. (4.5)). This lies on the wave
front and corresponds to a singular ring-shaped source moving with the speed of light. It is
obviously a remnant of the curvature singularity (y = —oo) of the original stationary black
ring (2.1). For the non-equilibrium solution (4.4), the discontinuous term proportional to
O(L — &) is responsible for a disk memebrane supporting the ring [19]. We have plotted
typical profile functions H, and Hf in figure 1.

5. Parallel boost: a =7/2

For the parallel boost o = 7/2, from eq. (3.6) one has z; = y; and 29 = —x;, and the
general pp-wave (3.16) reduces to

ds? = 2dudv + dz? + dz3 + dys + H (21, 22, Y2)6 (u)du? . (5.1)



274 Pavel Krtous

Figure 2: Plot of the profile function H“lf, given by eq. (5.10), for balanced black rings (px = 2p,)
boosted along the direction y; in the plane of rotation. It is depicted over the plane (y2,7) (cf.
eq. (3.5)), and the Killing coordinate ¢ is suppressed. The profile function HHe diverges at the rod
singularity 7 = 0, |y2| < L, as indicated by the thick line. The two smaller pictures represent the
symmetric and antisymmetric part (with respect to the origin of the yo-axis) of HHe, respectively.
The case of unbalanced black rings, eq. (5.5), does not produce qualitative changes, since the disk
membrane Lorentz-contracts to the singular rod region.

The function h can be reexpressed as

2 2 2] 1 4L%n?22
h(ze) = [(3m +pu) L7 = puys + 2¢/pa(pr — pv)Ly2 — (px — pu)n ] 5 P
1 L? +n? 1
+5 [(2pu —pA)Ys — 2v/palpa — pu)Lyz} [—
2 ’ (2 +43)Y " 22 +93
1 22
~(px — 11— 2
5m-n (1-%). (5.2
and
Y= \/z§ +2(y3 +n? — L2)22 + at, (5.3)
with

1/4

a=[(n*+y3 — L*)?+4n°L?] (5.4)

It is understood that n = \/2% + x3. Performing the integration (3.17) with h given by
egs. (5.2)-(5.4), one obtains

H(21,22,y2) = |2(2px —pu)L" + (2py —pa)a” (1 + a2 +
2
L2+m>\1v2
pA(px — pv)Ly2 <1— a2_ZQ )] TK(’C)—Q\/@(%} —pa)aE(k)+
2

+\/7§ [(21% —pA)Y2 — 2v/pa(py — py)L} X

2 2 2 2
n*+ L* a” + yj
X | = (p, k -|-7rsgny2},
[ P — (p, k) (y2)

(5.5)
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where -
2 2 2 2 2 2\2
224 L _

V2a ’ p 4a?y3?

Again, we refer to the [19, appendix], the only additional integral used here being (¥ given

k:

by eq. (5.3) with z. replaced by z)

/0 h (1 _ Zg) dz = 2aE(k) — aK (k). (5.7)

With the coordinates
Y2 = rcosf, n=rsind, (5.8)

the behaviour at large spatial distances is given by

m L b L (T py 2 L?
H = " pL|3= 12, /PP eoso = (L 3cos?f — 1)~
1 \/EP/\ [ " + o cos —5 + S dpy (3 cos )r3 +
3 [px— L!
+t1 %(500530—30050)74—44-

11 Pv 4 2 L5 L6
4 (6—4— 16p>\> (35cos™ 0 — 30 cos 0—1—3)?—1—0 )| (5.9)

Notice that now there appear also a dipole and an octupole term, as a remnant of the
angular momentum of the black ring.

We are especially interested in black rings in equilibrium (3.10), for which one is left
with

3V2L 2 L4 n?
H (21,32, y2) = pAL em (1_ 2 772) K(k) +
a a —y2
2 2 2 2
n° + L a” + y;
L II(p, k) — 5.10
72 [ e L0 wsgn(yg} (5.10)

This function is singular at the points satisfying v = 0 = n and |y2| < L (k = 1 in
eq. (5.6)), i.e. on a rod of length 2L contained within the wave front. This is a remnant of
the curvature singularity of the original stationary black ring (2.1), which has (infinitely)
Lorentz-contracted because of the ultrarelativistic boost in the plane of the ring. For the
same reason, and because the original ring was rotating, the rod-source corresponding to
eq. (5.10) is not uniform. The profile (5.10) corresponds to a vacuum spacetime everywhere
except on the rod. Notice also that the apparent divergences of HHe at y3 = a® and y = 0
is only a fictitious effect: the singular behaviour of the coefficient of II in eq. (5.10) is
exactly compensated from that of K in the first case and from the sgn(ys) function in the
second case (recall also the form of p in eq. (5.6)). Finally, it is interesting to observe
that the antisymmetric part (in the coordinate y;) of H, and HHe comes entirely from the
off-diagonal term g, in the metric (2.1), which was responsible for rotation before the
boost (and produces the terms even in cosf in the expansion (5.9)). The profile function
HH6 is plotted in figure 2.

~10 -
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6. Boost of the supersymmetric black ring

To conclude, we demonstrate that the above method can also be employed to calculate the
gravitational field generated by other black rings in the ultrarelativistic limit. The first
supersymmetric black ring (solution of D = 5 minimal supergravity) was presented in [21]
(and subsequently generalized in [22—24]). The line element reads

ds? = = f2(dt + wydt) + wpde)? + [~ (dsg + dt?) (6.1)

with ds as in eq. (2.3) and

9 2
=12y - L), (62
wy = gq(l +9) + 551 =) [3Q - @B+ +y)]. (6.3)
Wy = —%(1 — ) [3Q - B+ 2z +y)]. (6.4)

The S x S? horizon is localized at y — —o0, and asymptotic infinity at 2,y — —1. The
Maxwell field F' = dA is determined by

?f(dt%—wlpdz/w—wqbd(b) — ?q[(l +2)d¢ + (1 + y)dy]. (6.5)

The net electric charge and the local dipole magnetic charge are proportional to the positive

A=

parameters () and ¢, respectively, which (for a physical interpretation) are assumed to
satisfy Q > ¢® and L < (Q —q?)/(2q) [21]. The mass and angular momenta of the ring are

3 s s
M==Q, Jy=gd6L?+3Q-¢"), Jy=2dBQ-¢). (6.6)

In the limit ¢ = 0 the black ring becomes a static charged naked singularity, solution of
the pure Einstein-Maxwell theory. In order to boost the line element (6.1), we can follow
a procedure almost identical to the one used for the vacuum ring. The standard mass
rescaling of [4] together with the inequality L < (Q — ¢?)/(2q) suggests that during the
boost we rescale the charges as

Q =epg, q = €pq (pg > 2Lpy) . (6.7)

Omitting straightforward intermediate steps, in the case of a boost orthogonal to the plane
(&,1) we obtain a shock pp-wave (4.1) with

3\/§pQ

DT K(k), (6.8)

Hf(@,ybyz) =

and k given by eq. (4.5). For a parallel boost, we obtain the metric (5.1) with

1 L2+ n?
H(x1,m2,y2) = 3V2 [an +pqy2 <1 - ! )] K (k) +

I o a2 —y3
3\/§pq 772 + L% a?+ y%
(p, k) — 6.9
+ 2 [wzﬁ_ﬁ (0.F)—msgn(w)| . (69)

— 11 —
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where k and p as in eq. (5.6). To obtain the field of a boosted naked singularity (¢ = 0)
just set p, = 0 in eq. (6.9). Notice that the dipole charge ¢ has an effect only in the
case of a parallel boost, since p; does not appear in H* [which is in fact equivalent to the
expression (4.9) for balanced vacuum rings]. This is related to the “asymmetry” between
the angular momenta Jy, and Jy in eq. (6.6). In both boosts, one also finds that F' = dA
tends to zero together with its associated energy-momentum tensor (so that the “peculiar
configuration” of [13] does not arise here). In fact, both H and H® correspond to vacuum
pp-waves. In principle, rescalings different from eq. (6.7) can be considered if one drops the
requirement L < (Q — ¢*)/(2q). The detailed investigation of this and other possibilities
is left for possible future work.
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A. Results for the boosted D =5 Myers-Perry black hole

Ref. [17] analyzed the ultrarelativistic boost of D-dimensional Myers-Perry black holes [16]
with a single non-vanishing angular momentum. As in the present work, the calculation
was performed in the case of two particular boosts orthogonal and parallel to the plane
of rotation, and for D = 5 it resulted in impulsive pp-waves of the type (4.1) and (5.1),
respectively. It is thus interesting to compare the results of [17] to ours. First of all, the
angular momentum of black holes in D = 5 must obey a Kerr-like bound a? < y [16]. Since,
in the Aichelburg-Sex! limit, ref. [17] sent the mass parameter u to zero while keeping the
spin parameter a fixed, for D = 5 the final metrics refer to boosted naked singularities
rather than black holes [17]. On the other hand, there is no upper limit on the spin of
black rings [18], so that in our limit the rings do remain “black” until the final pp-wave is
obtained (the same applies to the solutions of [17] in D > 6, when also black holes can be
ultra-spinning). In the rest of this appendix we shall present the profile functions of [17]
(for the case D = 5) using an explicit form adapted to our notation,* and we shall compare
them with our functions (4.4) and (5.5).

A.1 Orthogonal boost

For an orthogonal boost, the result of [17] can be rearranged as

- 8v/2 2v/2 V2

H (22,41, 92) = = s e e Kk + 73
3m (& +a+ L2+ )Y L

22 b2
L2 (€24 22 4 L2 + b2)1/2

(€2 + 22 + L2 )2

x E(ky) — (p1,k1)] (A1)

4In particular, the quantity L will replace the original spin parameter a.

— 12 —
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where
. £2+x§+L2—b2 1/2 p__(§2+$%_L2_b2)2
ey s2r ) ! 4122 ’
b= [(62 + 22 — L)% + 42217V (A.2)

The above elliptic functions are singular for k& = 1, that is on a circle of radius L given
by o = 0, £ = L. This was already remarked in [17] and it resembles our results of
section 4. Other physical properties are more “hidden” in the expression (A.1). First of
all, for xo — 0 one has p; — 0 if & > L, whereas p; diverges if £ < L. This implies
(with [19, identity (A5)]) that, when & < L and w2 is small, H contains a non-smooth
term proportional to |xs|, namely there is an additional membrane at zo = 0 and £ < L (i.e.
within the ring singularity discussed above). The presence of such a disk-shaped source is
related to the structure of the singularities of the Myers-Perry solutions [16], and it should
be contrasted with the simpler profile function (4.9) for balanced black rings, which has
only a “uniform” circle as a source. From a complementary viewpoint, we can compare
an expansion of the profile function (A.1) at large spatial distances with the analogous
result (4.8) for the black ring. From eq. (A.1) we obtain

3 5 7
i = %8;% 3% - g(3cos29 - 1)f—3 + 614(3500849 —30cos?6 + 3)?—5 +0 (%)} .
(A.3)
The monopole term coincides with the one in the corresponding expression (4.8) for the
black ring, which we should expect since we are boosting objects with the same mass
(which scales as M = v~ 'pys). However, egs. (A.3) and (4.8) in general differ already in
the quadrupole term, in particular for the physically most interesting case of balanced rings
px = 2p,. They coincide only in the limiting case p, = 0, corresponding to v = 0, when the
black ring in fact reduces to a naked singularity isometric to that of Myers and Perry (see
the discussion above about the Kerr bound). In addition, in the limit of vanishing rotation
L =0 of eq. (A.3) only the Aichelburg-Sex] monopole survives, which corresponds to the
ultrarelativistic boost of the D = 5 Schwarzschild-Tangherlini black hole.”

A.2 Parallel boost

For a parallel boost, the profile function of [17] is

. 8v2pu [4 n? +y2 + L? 4 a? 2a
H (21, 22,y2) = —o [5 <1 + 22Ly2 K(k) + 75 B(k) —
2L +yan® +y5 + L* + o
— 1I k A4
a L2y2 (p1, ) ) ( )

with @ as in eq. (5.4), k as in eq. (5.6) and

Py + LR - a
2a? '

p1 = (A.5)

5Recall that, instead, balanced black rings can not be static, while unbalanced static rings correspond
to setting p, = px in eq. (4.8) [19] (and not L = 0).

~13 -
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Similarly as in section 5, the elliptic integrals are singular at & = 1, i.e. on a rod of
length 2L located at n = 0, |y2| < L [17]. At large spatial distances, the expression (A.4)
behaves as

- 1 8pm [, L Lr 7 5 L3 3 3 L
H, = NI 3?+20089T—2+§(3COS 9—1)T—3+Z(5COS 0—3COSH)T—4+
11 Lb LS
+ 6—4(3500849 —30cos?6 + 3) 5 +0 <T—6>] (A.6)

The discussion is similar as the one above for H . Again, the monopole term coincides with
the one in the corresponding expression (5.9) for the black ring. Higher multipoles in general
differ, in particular for balanced rings. Boosted black holes reduce to the Aichelburg-Sexl
monopole in the static limit L = 0.
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The C-metric is one of few known exact solutions of Einstein’s field equations which describes the
gravitational field of moving sources. For a vanishing or positive cosmological constant, the C-metric
represents two accelerated black holes in asymptotically flat or de Sitter spacetime. For a negative
cosmological constant the structure of the spacetime is more complicated. Depending on the value of the
acceleration, it can represent one black hole or a sequence of pairs of accelerated black holes in the
spacetime with an anti-de Sitter-like infinity. The global structure of this spacetime is analyzed and
compared with an empty anti-de Sitter universe. It is illustrated by 3D conformal-like diagrams.

DOI: 10.1103/PhysRevD.72.124019

I. INTRODUCTION

The C-metric without cosmological constant A is a well-
known solution of the Einstein(-Maxwell) equations. It
belongs to a class of spacetimes with boost-rotational
symmetry [1] which represent the gravitational field of
uniformly accelerated sources. The C-metric was discov-
ered back in 1917 by Levi-Civita [2] and Weyl [3], and
named by Ehlers and Kundt [4]. An understanding of the
global structure of the C-metric spacetime as a universe
with a pair of accelerated black holes came with the
fundamental papers by Kinnersley and Walker [5],
Ashtekar and Dray [6], and Bonnor [7]. Various aspects
and properties of this solution were consequently studied,
including the generalization to spinning black holes.
References and overviews can be found, e.g., in
Refs. [1,8-10]; for recent results see, e.g., Refs. [11-13].

A generalization of the standard C-metric for nonvan-
ishing cosmological constant A has also been known for a
long time [14—16]. However, until recently a complete
understanding of global structure of this solution was
missing. It was elucidated in a series of papers [17-19]
in the case A > 0, and in Refs. [20-22] for A < 0 (cf. also
Refs. [23-26] for related work and discussion of special
and degenerated cases).

The C-metric is one of few explicitly known spacetimes
representing the gravitational field of nontrivially moving
sources. Therefore, it is interesting, for example, as a test
bed for numerical simulations. It plays also an important
role in a study of radiative properties of gravitational fields.
Namely, in the case of a nonvanishing cosmological con-
stant it may provide us with an insight into the character of
radiation, which in the asymptotically nontrivial space-
times is not yet well understood. In Refs. [19,22] the
C-metric spacetimes with A # 0 were used to investigate
the directional structure of radiation. These results were
later generalized [27,28] for general spacetimes with
spacelike and timelike conformal infinity. The C-metric
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spacetimes have found also a successful application to the
problem of cosmological pair creation of black holes [29—
34]. In addition to spacetime with accelerated black holes,
the C-metric can also describe accelerated naked singular-
ities or, for special choice of parameters, empty spacetime
described in a coordinate system adapted to accelerated
observers [17,35,36].

In the present work we wish to give a complete descrip-
tion of the case when the C-metric describes black holes
moving with an acceleration in anti-de Sitter universe. As
was already observed in [21,22,26], there are three quali-
tatively different cases according to value of the black hole
acceleration A. For small values of acceleration, A < 1/¢€,
(€ being a length scale given by the cosmological constant,
cf. Eq. (2.3)) the C-metric describes one accelerated black
hole in asymptotically anti-de Sitter spacetime. For large
acceleration, A > 1/¢, it describes a sequence of pairs of
black holes. In the critical case A = 1/€ it describes a
sequence of single accelerated black holes entering and
leaving asymptotically anti-de Sitter spacetime. Here we
concentrate on the generic situation A # 1/¢; the critical
case will be discussed separately [37] (cf. also
Refs. [24,25]).

The main goal of the work is to give a clear visual
representation of the global structure of the spacetimes. It
is achieved with help of a number of two-dimensional and
three-dimensional diagrams. Also, the relation to an empty
anti-de Sitter universe is explored. Understanding of the
anti-de Sitter spacetime in accelerated coordinates plays a
key role in the construction of three-dimensional diagrams
for the full C-metric spacetime.

The paper is organized as follows. In Sec. Il we over-
view the C-metric solution with a negative cosmological
constant in various coordinate systems. Namely, we intro-
duce coordinates 7, v, &, ¢, closely related to those of
[5,14], accelerated static coordinates 7, R, ©, ®, very
useful for physical interpretation, and global null coordi-
nates U, V essential for a study of the global structure. In
Secs. III and IV we discuss the two qualitatively different
cases of small and large acceleration, respectively. Finally,

© 2005 The American Physical Society
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Sec. V studies the weak field limit, i.e., the limit of vanish-
ing mass and charge. In this case the C-metric describes
empty anti-de Sitter universe in accelerated coordinates.
The relation of these coordinates to the standard cos-
mological coordinates is presented, again separately for
As1/¢.

An even more elaborated visual presentation of the
studied spacetimes, including animations and interactive
three-dimensional diagrams, can be found in [38]. Let us
also note that the online version of this work includes
figures in color.

II. THE C-METRIC WITH A NEGATIVE
COSMOLOGICAL CONSTANT

The C-metric with a cosmological constant A <0 can
be written as
1

1 1
= (—Fd* + —dy> + —dx> + Gdg?),
8 A2<x+y)2< F g™ “’)

(2.1)

where F and G are polynomially dependent on y and z,
respectively,

1
F=W—1-i-y2—2mAy3-|—ezA2 4,
G=1-xr—2mAx> — ¢2A%x*.

(2.2)

Here ¢ is a length scale given by the cosmological constant

A,

(2.3)

The metric is a solution of the Einstein-Maxwell equations
with the electromagnetic field given by

F = edy A dt. (2.4)

Depending on the choice of parameters and of ranges of
coordinates, the metric (2.1) can describe different space-
times. In the physically most interesting cases, it describes
black holes uniformly accelerated in anti-de Sitter uni-
verse. In these cases the constants A, m, e, and C (such
that ¢ € (—7C, wC)) characterize the acceleration, mass,
and charge of the black holes, and the conicity of the ¢
symmetry axis, respectively. These parameters have to
satisfy m =0, e> <m?, A, C>0, and the function G
must be vanishing for four different values of x in the
charged case (e, m # 0), or for three different values in
the uncharged case (¢ = 0, m # 0). The coordinate x must
belong to an interval around zero on which G is positive,
and y € (—x, o), cf. Figures 1 and 5. It follows that
0 = G = 1. The boundary values of the allowed range of
the coordinate x correspond to different parts of the axis of
¢ symmetry separated from each other by black holes.

Pavel Krtous$
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The spacetime described by the C-metric is static and
axially symmetric with Killing vectors @, and @, respec-
tively. Killing horizons of the vector @, are given by
condition F = 0. They coincide with horizons of various
kinds as will be described below. Beside the Killing vec-
tors, the geometry of spacetime possesses one conformal
Killing tensor Q,

1

1 1
=————(Fdr — =dy?* + =dx* + Gd¢? ).
L (LU LY

(2.5)
There exist two doubly degenerate principal null directions

k,xd,— Fd k,xd, +Fd,, (26)

v
so that the spacetime is of the Petrov type D. The metric
has a curvature singularity for y — *oo.

The constants m and e parametrize the mass and charge
of black holes. Let us emphasize that they are not directly
the mass or charge defined through some invariant integral
procedure. For example, the total charge defined by inte-
gration of the electric field over a surface around one black
hole is Q = %AxCe. It is proportional to e, but besides the
trivial dependence on the conicity C, it depends also on the
mass and the acceleration parameters through the length
Ax of the allowed range of the coordinate x.

The parameter C defines a range of the angular coordi-
nate ¢, and thus it governs a regularity of the ¢ symmetry
axis. Typically, the axis has a conical singularity which
corresponds to a string or strut. By an appropriate choice of
C, a part of the axis can be made regular. However, for
nonvanishing acceleration it is not possible to achieve
regularity of the whole axis—objects on the axis are
physically responsible for the ’accelerated motion’ of
black holes.

The constant A parametrizes the acceleration of the
black holes. But it is not a simple task to define what is
the acceleration of a black hole. The acceleration of a test
particle is defined with respect of a local inertial frame
given by a background spacetime. However, black holes
are objects which deform the spacetime in which they are
moving; they define the notion of inertial observers, and
they are actually dragging inertial frames with themselves.
Therefore, it is not possible to measure the acceleration of
black holes with respect to their surroundings. The motion
of black holes can be partially deduced from a structure of
the whole spacetime, e.g., from a relation of black holes
and asymptotically free observers, and partially by inves-
tigating a weak field limit in which the black holes become
test particles and cease to deform the spacetime around
them. Namely, in the limit of vanishing mass and charge,
the spacetime (2.1) reduces to the anti-de Sitter universe
with black holes changed into world lines of uniformly
accelerated particles. Such a limit will be discussed in
Sec. V.

124019-2
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Depending on the value of the parameter A, the metric
(2.1) describes qualitatively different spacetimes. For A
smaller then a critical value 1/€ given by the cosmological
constant, cf. Eq. (2.3), the metric represents asymptotically
anti-de Sitter universe with one uniformly accelerated
black hole inside.! For A > 1/4€ the metric (2.1) describes
asymptotically anti-de Sitter spacetime which contains a
sequence of pairs of uniformly accelerated black holes
which enter and leave the universe through its conformal
infinity.? The extremal case A = 1/€ corresponds to accel-
erated black holes entering and leaving the anti-de Sitter
universe, one at a time. This extreme case will not be
discussed here; however, see Refs. [24,25,37].

Coordinates ¢, y, x, ¢ can be rescaled in a various way.
We will introduce coordinates 7, v, &, ¢ and closely related
accelerated static coordinates 7, R, ®, ® which are appro-
priate for a discussion of the limits of weak field and of
vanishing acceleration. They will be used thoroughly in the
following sections. We will also mention coordinates t, 1),
&, ¢ (used in Ref. [14]) in which the global prefactor A~2 in
the metric (2.1) is transformed into metric functions, coor-
dinates 7, w, o, ¢ adapted to the infinity, and global null
coordinates U, v, &, ¢. However, detailed transformations
among these coordinates differs for the qualitatively differ-
ent cases A S 1/{. Therefore, we list first only metric
forms in these coordinate systems and coordinate trans-
formation which are general, and we postpone specific
definitions to the next sections.

The metric (2.1) in the coordinate systems ¢, y, x, ¢,
7, v, & ¢, and 1, 1), L, ¢ has actually the same form, only
with different metric functions (cf. Egs. (3.5), (3.7), and
4.5), 4.7))

2
o — %(_ Far + %dvz T édé " gd¢2). @.7)

32

- 1
(x +p)?

g ®

(—‘gdt2 + %dt}z + —d* + @d¢2>.
[&
(2.8)

Accelerated static coordinates T, R, ®, ® are given by

T=¢{r, R = ﬁ, b = o,
v
2.9)
1 T
do? = —d¢ O=_— for &=
VG 2

The metric takes a form

! As for nonaccelerated black holes, it is possible to extend the
spacetime through the interior of the black hole to other asymp-
totically anti-de Sitter domain(s). However, for A < 1/¢, there is
only one black hole in each of these domains.

2Again, there can be more asymptotically anti-de Sitter do-
mains, each of them with the described structure.
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_ €2 _ 2 l 2 2 2 2
g _W< HAT + AR + R@O7 + Gdd )),
2.10)
1
H =—7F; (2.11)
v

see (3.9) and (4.8).

The coordinate R is not well defined at v = 0. It is a
coordinate singularity which can be avoided by using the
coordinate v. However, near the black hole, the coordinate
R has a more direct physical meaning—it is the radial
coordinate measured by area, at least in the conformally
related geometry. Because v can be negative, R can take
also negative values. However, it happens only far away
from the black holes or in spacetime domains in which R
changes into a time coordinate.

The coordinate ¢ is given by ¢ = —x (cf. Egs. (3.2) and
(4.2)), so we can use what was said about range of defini-
tion of x. Let [ £, &¢] be the interval of allowed values of &,
i.e., the interval where G is positive and &, < 0 < &;. The
value &; corresponds to the axis of ¢ symmetry (since
G =0 at ¢ = &) pointing out of the black hole in the
forward direction of the motion.> The value &, corresponds
to the axis (again, G|, = 0) going in the opposite (back-
ward) direction. Integrating 1/ \/G in (2.9), we find that the
longitudinal angular coordinate ® belongs into an interval
[0, O;] which, in general, differs from [0, 7].

If we use the conformal prefactor in the metric (2.7) as a
coordinate, and if we find a complementary coordinate o
such that the metric is diagonal (see (3.10) and (4.9)), we
get

2
g = %(—_’Fdr2 + é(d(u2 + FGdo?) + Gdg02>.

(2.12)

This coordinate system is well adapted to the infinity 7,
since 7 is given by w = 0.

Finally, for discussion of global structure of the space-
time it is useful to introduce global null coordinates® u, v,
&, ¢. We start with the "tortoise’ coordinate v,

1
d Vy — ?dv
It expands each of the intervals between successive zeros
of F to the whole real line. Next we define null coordinates
u, v

(2.13)

3By the direction of motion we mean the direction from which
the black hole is pulled by the cosmic string or toward which it is
pushed by the strut. In the weak field limit it is the direction of
the acceleration.

“Notice the difference between v (v) and v (upsilon). It should
be always clear from the context if we speak about null v or
radial v.
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u=v,+r, vV=wv,—T. (2.14)
These coordinates cover distinct domains of the spacetime
which are separated from each other by horizons, i.e., by
null surfaces F = 0. The coordinates can be extended
across a chosen horizon with help of global coordinates

u, v:

u
tan— = (—1)" exp=r= = (- 1)”exp

2 2|5| 2|6|

2.15)

Integers m, n label the domains; see Figs. 2, 6, and 16
below. & is a real constant. The metric reads’

g:*< *F

1
5 duvdv +—=dé + gdgoz). (2.16)

sinu sinv G

For a suitable choice of the constant § the metric coeffi-
cients turn to be smooth and nondegenerate as functions of
coordinates U, V across a chosen horizon. For such a choice
we require that the coordinate map u, v, &, ¢ on a neigh-
borhood of that horizon belongs to the differential atlas of
the manifold. The metric is thus smoothly extended across
the chosen horizon.

III. A SINGLE ACCELERATED BLACK HOLE

A. Coordinate systems

We start a specific discussion with the simpler case

1
A<-.

7 (3.1)

The coordinates 7, v, &, ¢ and 1, 1), L, ¢ are in this case
defined by

T = cosx,I = coty,t, v = 00;X h = tany,y,
_ | (3.2)
¢ =siny,¢ = ¢, §=———1=x
siny,

where x, € [0,3) is a parameter characterizing the accel-
eration,

1

A= 7 sSiny,. (3.3)

Its geometrical meaning in the weak field limit will be

discussed in Sec. V. The metric functions in (2.7) and (2.8)
are given by

&2

F=1+12-2" €cos/\/0 ,

7 (3.4)

COS X, V 34+

Sduvdv =dudv + dvdu is a symmetric tensor product,
which is usually loosely written as 2dudv.

Pavel Krtous$
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2
G=1-£&+ 2% siny, &3 —%sinz)(0 &

(3.5)
@ = vcosy, — &siny,,
and
& 20052/\/0"'”2_2%03 €2r), ]
(3.6)
© = sin?y, — 12 — 2203 — e—zp“
> Xo— L AL

They are related by

€2
F=cos 2y, =tan’y, F=1—-— S(COSXO v),
COS* X, €
- 2 siny,
G=sin""},G=G=1+-—— S< §>, 3.7)
sin“ y, €
where S(w) is a simple polynomial
Sw) = —w(1 — 2mw + e2w?). (3.8)
The functions JH is (cf. Eq. (2.11))
H = R? 2m )
—1+F—COS)(07+COS X"F 3.9

The coordinate @ was already defined in Eq. (3.5). The
complementary orthogonal coordinate o can be, in gen-
eral, given simply only in differential form®

siny, COS X,
= dv +
F g
dw = —cosy,dv + siny,dé.

do dé,

(3.10)

(Here we included also the gradient of w for complete-
ness.) The metric function ¢ is given by

E = Fcos’x, + GsinZy,.
At infinity, o = 0 and ¢ = 1.

(3.11)

B. Global structure

Now we are prepared to discuss the global structure of
the spacetime in more details. We start inspecting the
metric in the accelerated static coordinates (2.10) with
H given by (3.9). It has a familiar form—if we ignore
prefactor €2/(wR)* we get the metric of a nonaccelerated
black hole in anti-de Sitter universe in standard static
coordinates—except for a different range of ® and except
for G instead of sin’@® in front of the d®? term.

Fortunately, \/G on the allowed range of ©® resembles
sin®, and the difference does not affect qualitative prop-
erties of the geometry.” The conformal prefactor £2/(wR)?

SThe relations are integrable since F depends only on v and G
on £.

"Let us mention that for A = 0, i.., for y, = 0, the metric
(2.10) becomes exactly the Reissner- Nordstrom anti-de S1tter
solutlozn with & = —cos®, G =sin?®, and H =1+ R
"1 + L”
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does not change the causal structure of the black hole. It
justifies our claim that the spacetime contains a black hole.
It also gives the interpretation for the coordinates—the
accelerated static coordinates are centered around the hole,
with R being a radial coordinate, and ® and ® longitudinal
and latitudinal angular coordinates. 7 is a time coordinate
of external observers staying at a constant distance above
the horizon of the black hole. The coordinates 7, v, &, ¢ are
only a different parametrization of the time, radial, and
angular directions.

However, the prefactor £2/(wR)? in (2.10) changes the
"position’ of the infinity—the conformal infinity I is
localized at w = 0, i.e., at

v = tany, &. 3.12)
It means that the radial position of the infinity depends on
the direction &. This corresponds to the fact that the black
hole is not in a symmetrical position with respect to the
asymptotically anti-de Sitter universe. Nevertheless, it is in
equilibrium—the cosmological compression of anti-de
Sitter spacetime (which would push a test body toward
any chosen center of the universe) is compensated by a
string (or strut) on the axis which keeps the black hole in a
static nonsymmetric position with respect to the infinity.
We can thus say that the black hole is moving with uniform
acceleration equal to the cosmological compression, de-
spite the fact that it cannot be measured locally. Remember
that in anti-de Sitter universe a static observer which stays
at a fixed spatial position in the spacetime eternally feels
the cosmological deceleration of a constant magnitude
from the range [0, 1/€), depending on his position. This
corresponds to the assumption (3.1). As we will see in a
moment, we are dealing with one black hole which stays
eternally in equilibrium in asymptotically anti-de Sitter
spacetime.

We already said that zeros of F correspond to Killing
horizons of the Killing vector 9. Inspecting properties of
the polynomial S(w), we find that F = 0 for two values
v = v,, v; (v, <v;) in the charged case (e, m # 0), and
for just one value v = v, if e = 0, m # 0. The null surface
v = v, corresponds to the outer black hole horizon, and
v = v; corresponds to the inner black hole horizon.

Allowed ranges of coordinates v, & are shown in Fig. 1.
Boundary ’zigzag’ lines correspond to the curvature singu-
larity at v, £ — *oo. The horizons separate the allowed
range into qualitatively different regions II, III, and IV.
Region II describes the asymptotically anti-de Sitter do-
main outside of the black hole, and regions III and IV
correspond to the interior of the black hole.

The coordinate systems 7, v, &, ¢ or T, R, O, ® are
defined in each of the regions II, III, IV; however, they are
singular at the horizons. To extend the spacetime through
the horizons, global null coordinates u, v, £, ¢ can be used.
It turns out that the global manifold contains more domains
of the type II, III, IV, labeled by integers m, n; see
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FIG. 1. The diagrams of the allowed range of coordinates v

and ¢ (the shaded region) in the case of small acceleration
A < 1/€. Diagram (a) is applicable in the charged case, (b) is
valid for m # 0, e =0. &, and &; are zeros of the metric
function G closest to ¢ = 0. These values correspond to the
axis of ¢ symmetry. The diagonal double line represents the
infinity, cf. Eq. (3.12). The bottom zigzag line is the singularity
at v = 0. v, and v; are zeros of the metric function F. They
define the outer and inner black hole horizons. They separate the
allowed range of coordinates into regions II, III, and IV. These
regions correspond to different domains in spacetime, each of
them covered by its own coordinates 7, v, &, ¢. These coordinate
systems cannot be smoothly extended over the horizon.
Coordinates smooth across the horizon are used in Fig. 2, where
sections ¢ = constant are depicted. Such a section is represented
in the diagrams above by the vertical thick line.

Eq. (2.15). From the domain II outside the outer black
hole horizon, the spacetime continues into two domains
IIT inside the black hole. These are connected to other
asymptotically anti-de Sitter domains II (behind the
Einstein-Rosen bridge through the black hole), and, in
the charged case, to domains IV behind inner black hole
horizons. Each of these domains is covered by its own
coordinate system 7, v, &, ¢. This global structure is well
illustrated in two-dimensional conformal diagrams of
&, ¢ = constant sections; see Fig. 2.

As already mentioned, the inner structure of the black
hole is qualitatively the same as the structure of the interior
of the standard Schwarzschild or Reissner-Nordstrom
black holes. Therefore we focus mainly on the exterior of
the black hole. A more detailed conformal diagram of the
domain outside of the outer horizon can be found in
Fig. 3(b). The position of the infinity in the diagrams for
various values of ¢ changes according to (3.12). We can
glue sheets of different ¢ together into a three-dimensional
diagram in Fig. 3(a), where only the coordinate ¢ is sup-
pressed. The ’gluing’ is done using an intuition that ¢ is a
’deformed cosine’ of longitudinal angle and that v parame-
trizes the radial direction. The three-dimensional diagram
in Fig. 3(a) is thus obtained by a rotation of the conformal
diagram in Fig. 3(b).

The outer black hole horizon has a form of two conelike
surfaces joined in the neck of the black hole. The conical
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(b)

conformal

FIG. 2. The diagrams of the sections
&, ¢ = constant for (a) charged and (b) uncharged C-metric
with the acceleration A < 1/€. These diagrams are based on
null coordinates u, v which grow in diagonal directions. Integers
(m, n) in the diagrams, identifying different spacetime domains,
are those from definition (2.15). Double lines represent confor-
mal infinity J (cf. Eq. (3.12)), zigzag lines the singularity at
v = +00, and thin diagonal lines the outer and inner black hole
horizons v = v, and v = v;, respectively. We can recognize
familiar structure of the interior of Reissner-Nordstrom or
Schwarzschild black holes, respectively, (domains III and IV).
The exterior of the black holes is, however, asymptotically
different—it has the asymptotics of anti-de Sitter universe.
The whole spacetime consists of more exterior domains II which
are connected (not necessary causally) with each other through
the black holes. A more detailed diagram of a typical domain
outside of the black hole (a darker area indicated above) can be
found in Fig. 3(b). The thick line corresponds to a section
7 = constant which is discussed in Fig. 1.

shape suggests that horizon is a null surface with null
generators originating from the neck. Of course, the
three-dimensional diagram does not have the nice feature
of the two-dimensional conformal diagrams that each line
with angle 77/4 from the vertical is null; however, for
Fig. 3(a) this feature still holds for lines in radial planes,
i.e., it holds for generators of the black hole horizon.

In the weak field limit the black hole changes into a test
particle. For such a transformation the diagram in Fig. 3(a)
is not very intuitive—the black hole is represented there as
an ’extended’ object, and the qualitative shape of the
horizon does not change with varying mass and charge.
For this reason it is useful to draw another diagram in
which the black hole horizon is deformed into a shape
composed of two droplike surfaces, see Fig. 4. The conical
form of the horizon from Fig. 3(a) is squeezed into more
localized form, which in the limit of vanishing mass and
charge shrinks into a world line of the particle—cf.
Figure 13(b) in Sec. V.

Pavel Krtous$
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(b)

FIG. 3 (color online). (a) Three-dimensional representation of
the exterior of the black hole accelerated in anti-de Sitter
universe with acceleration smaller than 1/€. The dark surface
represents the outer black hole horizon H ,, and the boundary of
the diagram corresponds to the conformal infinity I.
Embeddings of a typical section ¢ = constant (section S) and
of the axis & = &, &, are shown. The nonsymmetric shape of the
infinity reflects the fact that the coordinate system used is
centered around the black hole which is moving with accelera-
tion with respect to the infinity. (b) Two-dimensional conformal
diagram of ¢ = constant section. Only the exterior of the black
hole is shown (compare with Fig. 2). This part of the conformal
diagram corresponds exactly to the section ¢ = constant indi-
cated in the diagram on the left.

Because of the assumption A < 1/€, we cannot take a
limit of a vanishing cosmological constant keeping A # 0.
It is possible to set A = 0 first which leads to Reissner-
Nordstrom—anti-de Sitter spacetime, cf. footnote 7. After
that an appropriate limit of vanishing A gives a Reissner-
Nordstrom metric representing a single unaccelerated
black hole.

FIG. 4 (color online). Another three-dimensional representa-
tion of the exterior of the accelerated black hole with A < 1/¢.
The outer black hole horizon of a conical shape from Fig. 3(a) is
here deformed to the surface of a shape of two joined drops. The
black hole is thus represented as a localized object. Such a
representation is useful for a study of the weak field limit
when the black hole changes into the world line of a point
particle.
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IV. PAIRS OF ACCELERATED BLACK HOLES

A. Coordinate systems

Next we turn to the discussion of the more intricate case
of the acceleration bigger than the critical one,

A>1/¢. A.1)

First, the coordinates t, 1), t, ¢ and 7, &, v, ¢ can be
defined in an analogous way as in the previous section:

1
v =——1 = cotha,y,
sha,,

1
f=———r=-x

che,

7 = sha, t = tanha, 1,

¢ =cha, ¢ = ¢,
4.2)

Ranges of the coordinates v, ¢ are indicated in Fig. 5. The
acceleration is parametrized by the parameter o, € R*,

1
A= 7 cosha,,. 4.3)
The metric functions in (2.7) and (2.8) are
2
- F=1-v>+ 2%sha0 v — %shzaf0 v,
“4.4)
2 m 3¢ 4
G=1-¢ +2?cha0§ —ﬁchaof,
w = vsha, — échay, 4.5)
and
Ve 0 He
Va 1 - L Ha Ve Y He
l | Va I - I Ha
: | ik
Vo 1I I | ", I
s UL LSS [ T s -
Y |l Y | 1],
&b & ? & & ?
(@) (b)

FIG. 5. Diagrams analogous to Fig. 1 in the case A > 1/¢. The
allowed range of coordinates v, ¢ (shaded area) is again re-
stricted by the infinity (diagonal double line), by the axis
(vertical border lines), and by the singularity (zigzag line).
Additionally to outer and inner black hole horizons, acceleration
and cosmological horizons (at v = v, and v = v.) are also
present. Horizons divide the allowed range into regions O-IV
which corresponds to qualitatively different domains of space-
time; cf. Figure 6. Different sections ¢ = constant cross different
number of horizons. Typical representatives Sy, Sg, and S¢ of
these sections are indicated by thick vertical lines. They corre-
spond to different shapes of the conformal diagrams in Fig. 6.
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2
—% = shla, — n2 + 203 — %U“,

¢ 4.6)
2 2 my_ e,
G =ch’a, — 1 2oL -t
They are again related to the polynomial (3.8)
—F = —sh 2y, & = —coth’x, F
> _/sha
=1+ S(—2v),
sha, < ¢ ”) @7
£? cha
=ch?a,=G=1+——S5 £
G =cha, ch’a, ( ¢ f)
For the metric function J , given by Eq. (2.11), we obtain
R? 2m e?

H=1- e sha07 + shzaoﬁ. (4.8)
Differential relations for the coordinates o and w are
do =% g, 4 %4,

F G 4.9)
dw = —sha,dv + cha,dé,
and the metric function ¢ takes the form
& = Fsh’a, + Geh’a,,. (4.10)

B. Global structure

As in the previous case, we start with a discussion of the
metric in accelerated static coordinates, Eq. (2.10). Near
the outer and inner horizon (the smallest two zeros of ),
the metric function (4.8) has a similar behavior as the
function (3.9). It means that we deal again with a black
hole, and near (or inside of) the black hole we can apply
the previous discussion. Namely, 7 is again a time coor-
dinate for observers staying outside the black hole, R is a
radial coordinate, and ®, ® are spherical-like angular
coordinates. A similar interpretation holds for the coordi-
nates 7, v, &, ¢. However, for A > 1/€ the metric function
H (or, equivalently, F, cf. Eq. (2.11)) has two additional
zeros for R = R, R. (v = v,, v, respectively), which cor-
respond to acceleration and cosmological horizons. It
means that we have to expect a more complicated structure
of spacetime outside the black hole.

Indeed, from the &-v diagram in Fig. 5 we see that new
zeros divide the allowed range of coordinates into more
regions O, I, II, III, and IV. An exact way how these
domains can be reached through the horizons can be
seen from the conformal diagrams of the sections
&, ¢ = constant. However, in Fig. 5 we see that sections
&, ¢ = constant can cross a different number of horizons,
depending on the value of £, since they can reach the
infinity, given in this case by

v = cothay, & 4.11)
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before they cross the acceleration or cosmological hori-
zons. There are three different generic classes of sections
&, ¢ = constant labeled S, (sections crossing all hori-
zons), Sp (sections which do not cross cosmological hori-
zons), and S (which cross only black hole horizons).
Special limiting cases are ¢ = ¢, = v.tanha, and
¢ = €, = v, tanhe,,. For each of these sections a different
shape of conformal diagram is obtained as can be found in
Fig. 6. For section S, the domain I outside a black hole is
connected through the acceleration horizon to domains of
type I which are connected through other acceleration
horizons to another domain II with another black hole.

Pavel Krtous$

PHYSICAL REVIEW D 72, 124019 (2005)

The domain I is also connected through the cosmological
horizon with two domains of type O. From these domains it
is possible to reach another domain I, and so on.

The spacetime thus seems to describe a universe which
at one moment contains a pair of black holes (domains III
and IV) separated by the acceleration horizon (domains II
and I), and at another moment does not contain any black
hole (domains I and O)—see Fig. 6(a). However, the
sections S do not contain domains O, and sections S,
do not even contain the domains I. How is it possible that
one spacetime is described by three qualitatively different
diagrams? And how is it possible that the spacetime with

IV, v
@y Hi 69

(a) (b) (©

FIG. 6. The conformal diagrams of the sections &, ¢ = constant for A > 1/¢. The top diagrams are valid for m, e # 0, the bottom
ones are for the uncharged case. The diagrams are based on coordinates u, v. Integers (m, n) from definition (2.15) identify different
domains of the spacetime. Analogously to Fig. 2, double lines represent the infinity, zigzag lines the singularity, and diagonal lines the
horizons. Domains O-II correspond to the exterior of black holes and domains III and IV to interiors of black holes. The interior has a
similar causal structure to that of unaccelerated black holes. The spacetime contains more asymptotic domains, one of which is
indicated by dark shading. The description below is from a point of view of this domain. Three different shapes of the diagrams
correspond to the sections with a different value of the coordinate £. On the left, section S is spanned between two black holes which
are moving with respect to each other along a common axis. It is also spanned between different pairs of such black holes through the
domains O and I. In the middle, section Sg is spanned only between two black holes. It does not continue to the other pair of black hole
because it intersects the conformal infinity in spacelike lines located inside domains I. The section S, depicted on the right, goes from
each black hole directly into infinity—it does not connect different black holes through the exterior domains. These three sections
correspond to thick vertical lines in Fig. 5. Thick lines in the diagrams above represent the section 7 = constant, i.e., exactly the
section discussed in Fig. 5. The embedding of these two-dimensional diagrams into spacetime is shown in Figs. 8—10. More detailed
two-dimensional diagrams of the exterior of black holes (the dark area above) are also presented there.

124019-8



Urychlené ¢erné diry a struktura zafeni ...

ACCELERATED BLACK HOLES IN AN ANTI-DE ...

FIG. 7 (color online). Three-dimensional visualizations of the
exterior of black holes which are moving with acceleration
parameter A > 1/ in asymptotically anti-de Sitter universe.
The diagrams show a compactified picture of the whole uni-
verse—borders of the diagrams correspond to the conformal
infinity. Diagram (a) is obtained by gluing together two-
dimensional diagrams from Fig. 6. Black hole outer horizons
I, are represented by dark surfaces of a conical shape which
indicates the null character of these surfaces. In the alternative
representation (b), the black hole outer horizons are squeezed
into droplike shapes. Such a representation shows the black hole
as a localized object and it is useful in the weak field limit when
the black hole changes to a pointlike particle—compare with
Fig. 17(b). The universe represents a sequence of pairs of black
holes which repeatedly enter and leave the universe through their
timelike infinity—the diagrams should continue periodically in
the vertical direction. Black holes of each pair are causally
separated by the acceleration horizon J ,; consequent pairs of
black holes are separated by cosmological horizons JH .. These
are null surfaces—light cones of the entry points of black holes
into the spacetime. Embedding of different types of two-
dimensional conformal diagrams into the three-dimensional
one is depicted in Figs. 8—10.

anti-de Sitter asymptotic has a conformal diagram with
conformal infinity which looks spacelike as it occurs for
sections Sp [see Fig. 6(b)]?

The answer can be given by drawing a three-
dimensional diagram obtained by ’gluing’ different sec-
tions of ¢ = constant together. The inspiration how to do
it can be obtained by a study of accelerated static coordi-
nates in empty anti-de Sitter universe as will be done in
Sec. V. There we will learn that coordinates 7, v, &, ¢ (or
T, R, ©, ®) are sorts of bipolar coordinates—coordinates
with two poles centered on two black holes. The coordinate
R (respectively v) is running through domain II from both
black holes toward the acceleration horizon. It plays the
role of a radial coordinate in domain II, but it changes its
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meaning into a time coordinate above and below the ac-
celeration horizon, in domains of type I. It becomes again a
space coordinate in domains O. The angular coordinates
0, ® (or &, @) label different directions connecting the two
holes. With this insight we can draw the three-dimensional
diagrams reflecting the global structure of the universe, see
Fig. 7. Embeddings of three typical surfaces &, ¢ =
constant into such a diagram are shown in Figs. 8-10.
Here we can see an origin of different shapes of conformal
diagrams.

The global picture of the universe is thus the following:
into an empty anti-de Sitter-like universe (domains O and
I) enters through the infinity J a pair of black holes
(domains IIT and IV). The holes are flying toward each
other (domains II) with deceleration until they stop and fly
back to the infinity where they leave the universe. They are
causally disconnected by the acceleration horizon. There
follows a new phase without black holes (again, the domain
Iand O) followed by a new phase with a pair of black holes.
Different pairs of black holes are separated by cosmologi-
cal horizons.

Again, for the purpose of the weak field limit it is
convenient to use a visualization with squeezed black
hole horizons in Fig. 7(b). In this representation, the in-
finity has a shape which one would expect for asymptoti-
cally anti-de Sitter universe. The deformation of the
infinity is related to the fact that we use coordinates cen-
tered around the black holes. Indeed, the black holes are
drawn along straight lines in the vertical direction. As we
will see in the next section, such a deformation of the

(b)

FIG. 8 (color online). (a) Embedding of section S, [cf. Figs. 5
and 6(a)] into a three-dimensional representation of the C-metric
spacetime. (b) The part of the two-dimensional conformal dia-
gram of S, representing the exterior of the black holes [corre-
sponds to the dark area in Fig. 6(a)].
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N

(b)

FIG. 9 (color online). (a) Embedding of section Sy [cf. Figs. 5
and 6(b)] into a three-dimensional picture of spacetime. (b) The
corresponding part of the two-dimensional conformal diagram of
Sg [cf. the dark area in Fig. 6(b)].

infinity is obtained even for an empty anti-de Sitter uni-
verse if it is represented using accelerated coordinates.

In the case A > 1/€ there is no lower bound on the
cosmological constant. An appropriate limit of vanishing
A leads to C-metric spacetime with A = O representing a

(b)

FIG. 10 (color online). (a) Embedding of section S [cf. Fig. 5
and 6(c)] into a three-dimensional diagram. (b) The correspond-
ing part of the two-dimensional conformal diagram of S¢ [cf. the
dark areas in Fig. 6(c)].

Pavel Krtous$
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pair of accelerated black holes in the asymptotically flat
universe.

V. ANTI-DE SITTER UNIVERSE IN ACCELERATED
COORDINATES

The spacetime (2.1) reduces to the anti-de Sitter universe
for m = 0, ¢ = 0. However, the limiting metric is not the
anti-de Sitter metric in standard cosmological coordinates.
Instead, it is the anti-de Sitter metric in so-called acceler-
ated coordinates which prefer certain accelerated observ-
ers. These observers are remnants of the black holes.
Investigating this form of the anti-de Sitter metric is useful
for understanding of asymptotical structure of the C-metric
universe, and of the nature of the coordinate systems used.

The anti-de Sitter metric can be written in cosmological
spherical coordinates 7, y, 9, ¢ as

€2 -
g ags = —5— (—di + dy? + sin? y(d9? + sin*9d ?)).
cos? y

(5.1)

They can be also called conformally Einstein because they
are the standard coordinates on the conformally related
Einstein universe. Another useful set of coordinates are
cosmological cylindrical coordinates 7, £, p, ¢ which
redefine coordinates y and . Surfaces 7, p = constant
represent cylinders of constant distance from the axis,
and surfaces 7, { = constant are planes orthogonal to the
axis. They are related to spherical coordinates by a rotation
on the conformally related sphere of the Einstein universe
by an angle 77/2:

cosy = cos{ cosp, sin{ = siny cosd,

(5.2)

tand = cot{ sinp, tanp = tany sind.

The metric in the cylindrical coordinates reads
2
cos?fcos?p
X (—=di? + d{? + cos?Z(dp? + sin®pd?)). (5.3)

8Ads =

The anti-de Sitter universe admits four qualitatively
different types of Killing vectors representing time trans-
lations, boosts, null boosts, and spatial rotations. Orbits of
time translations and boosts correspond to world lines of
observers with uniform acceleration. The limit of the
C-metric is related exactly to these observers. The cases
A <1/€ and A > 1/€ correspond to time translation and
boost Killing vectors respectively; the case A = 1/€ cor-
responds to a null boost Killing vector.

It is possible to introduce static coordinates associated
with the Killing vector that is at least partially timelike. In
the case of the time translation Killing vector, both cos-
mological spherical and cylindrical coordinates play the
roles of such coordinates. It is also possible to rescale the
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radial coordinate y to obtain metric in ’standard static’
form. Namely, defining static coordinates of type I

T[=€f, Rl =€tan/\/, @] :ﬁ, (I)IZ (] (54)
we obtain
RZ R2 -1
gads = —<1 + e—%)dTﬁ + (1 + e—é) dRr?
+ R}(dO? + sin’@dD?). (5.5)

Static coordinates of type II are associated with the boost
Killing vector and can be related to the cosmological
cylindrical coordinates

¢ sinf — sin/ cosl
Ty=zlog|——7— |, n=t—,

2 sinf + sin{ cost (5.6)
O = p, Oy = ¢,

leading to the metric

€2 R2 R2 -1
=__ " | —(1=-2M\a72z + (1 -0} qr2
Baas R%ICOSZ®H|: ( €2> i ( Iz i

+ RO + sinZG)HdCD%I)]. (5.7)

In the case of the full C-metric we do not have to use a
different notation for coordinates defined in the case
A <1/€ and A > 1/€, because these two cases describe
completely different spacetimes, and the coordinates can-
not be mixed. However, in the weak field limit both cases
describe one spacetime—anti-de Sitter universe—and we
have a whole set of coordinate systems, parametrized by
acceleration, living on this spacetime. To avoid a confu-
sion, in the next two subsections we add a prime and
subscript I (for A < 1/€) or II (for A > 1/4) to all coor-
dinates introduced in the previous sections.® For example,
accelerated static coordinates T, R, ©®, ® will be renamed
as T{, R}, O, ®{ or T, R}, Of, ®{ for small or large
acceleration, respectively.

Let us note that for both cases A = 1/¢ in the weak field
limit, the metric function G reduces to G =1 — &2
(see (3.4) and (4.4)). By integrating (2.9) we then get
&= —cos® and G = sin’0.

A A<1/€

In the limit of vanishing mass and charge, the metric
(2.10) with H given by Eq. (3.9) takes the form

8We use the subscript to distinguish two qualitatively different
cases (although, we still have a hidden parametrization of the
coordinate systems by the acceleration), and the prime to in-
dicate a nontrivial acceleration. Corresponding unprimed coor-
dinates refer to special values of the acceleration: A = 0 in the
case I, and A = 1/¢ in the case II. This notation is consistent
with Ref. [36].
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z
v l I S ¢
&=l &=17¢
(a)
FIG. 11. A shaded region in diagram (a) indicates allowed

ranges of coordinates v = v = €/R| = coty] and & = ¢] =
—cos®f = — cosd{. The diagonal double line corresponds to
the infinity, vertical borders to the axis of symmetry, and the
bottom line to the origin x| = 0. The diagram (a) is an analogue
of Fig. 1. However, this diagram does not respect the angular
meaning of the ¢ coordinate. A more natural representation (b)
of the shaded region is obtained by shrinking the bottom line to a
point, forming thus a deformed semicircle.

€2 2
= —( 1+ a1}
& (€cosy, + R} siny, cos®)? [ < £2 ) !
Rl2 -1
+ (1 + 7;) dRP + RA(dOP + sin2®{d®{2)}
(5.8)

The allowed ranges of coordinates can be read from
Fig. 11. For vanishing acceleration, y, = 0, the metric
becomes exactly of the form (5.5); i.e., C-metric acceler-
ated static coordinates become anti-de Sitter static coordi-
nates of type 1. For nonvanishing acceleration the form of
the metric (5.8) differs from (5.5) by a scalar prefactor.
However, we still claim that g = g45. The relation be-
tween coordinates Ty, Ry, O, ®; and T}, R}, Of, @} is thus a
coordinate conformal transformation of anti-de Sitter
space. It has a nice geometrical interpretation: if we define
accelerated spherical coordinates of type I, #, x{, ¥, ¢},
related to T}, R, ®}, ®] analogously to definition (5.4),
these coordinates differ from 7, y, ¥, ¢ only by a rotation
of the Einstein sphere in the direction of the axis ¢ = a by
the angle y,,

1

=1 COs Y| = COS Y, COsy — siny, siny cosd,

—_— =~

®, cotd] = cosy, cotd + siny, cotysin~ .
(5.9)

A

Coordinates 7, x{, ¥, ¢{ are thus sort of spherical coor-
dinates” centered on the observer given by x = xo.
¢ = 7. This observer remains eternally at a constant dis-
tance from the origin y = 0, and has a unique acceleration
of magnitude A = siny, which compensates for the cos-

°They are spherical in the sense of conformally related
Einstein universe.
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II t

() (b)

FIG. 12. Conformal diagrams of the section ®], ®| = constant
(or, equivalently, 191’, qo{ = constant). Diagram (a) is based on
coordinates Uj, V|. Horizontal and vertical lines are given by
coordinate lines # = constant and x| = constant, since for
m, e = 0, definitions (2.13) and (2.14) give U] = x| + # and
V| = x| — - The coordinate y| is a radial coordinate; the left
border of the diagram thus corresponds to the world line of an
accelerated observer at the origin. The right double line repre-
sents conformal infinity J (formed by limiting end points of
spacelike and null geodetics). The diagram should continue
infinitely in the vertical direction. (b) Compactified version of
the same conformal diagram based on the coordinates uj, v/,
related to U, V| by Eq. (2.15). The whole spacetime is here
squeezed into a compact region which beside the conformal
infinity includes also pointlike future and past infinities (limiting
end points of timelike geodesics). This diagram is analogous to
those in Fig. 2. An exact position of J depends on an angular
direction of the plane of the diagram (i.e., on a value of
coordinate ) through the relation tany] = —¢€coty,/ cosd]
[cf. Eq. (3.12)]. For A = 0 these diagrams reduce to the standard
conformal diagrams based on the cosmological spherical coor-
dinates.

mological compression of anti-de Sitter universe. For more
details see [36].

Two-dimensional conformal diagrams of T}-R] sections
(i.e., of A-x| sections) can be found in Fig. 12. Three-
dimensional diagrams obtained by gluing together two-
dimensional sections with changing ®{ are in Fig. 13.
The diagram in Fig. 13(b) is clearly the limiting case of
Fig. 4.

B.A>1/¢

In this case, the metric (2.10) with { given by Eq. (4.8)
for vanishing mass and charge becomes

02
~ (€sha, + Rl cha, cosO))>

R/2 RIZ -1
X [—(1 - 7'2‘>de12 + (1 - 7‘;) dR}?

+ RAOF + sin2®!dD2 }

g

(5.10)

The allowed range of coordinates Rj;, ®/; can be read from
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7\

-

(a) (b)

FIG. 13 (color online). Three-dimensional schematical dia-
grams of anti-de Sitter universe obtained by rotation (varying
angular coordinate ) of two-dimensional diagrams from
Fig. 12. The diagrams are centered on the world line of a static
observer (thick line) which is accelerated with acceleration
A < 1/€. The horizontal section 7 = constant corresponds to
two copies of Fig. 11(b) (one copy for ¢ = 0, another for
¢ = ).

Fig. 14. For a, = 0 (i.e., in the limit A — 1/€) we get
exactly the metric (5.7). For nonzero «, both metrics (5.10)
and (5.7) have the same form up to a scalar prefactor. How-
ever, as in the previous case, it is possible to find a trans-
formation between Tj;, R, ®f, ®{; and Ty, Ry, Oy, Oy
such that g = gaqs. First, we introduce accelerated spheri-

Ve ) z 7—[(,

Ha

ol HI| |8:]5180
l &p=-1 EFlT
(@)

FIG. 14. A shaded region in diagram (a) represents the allowed
range of coordinates v = vj; = {/R}; and ¢ = &|; = — cosO];.
The notation is the same as in Fig. 5, except there are no black
hole horizons, and the bottom line does not represent a singu-
larity but poles of the coordinates. Diagram (a) does not respect
the bipolar nature of coordinates v and £. A more accurate
picture of region II is drawn in diagram (b). It depicts section
7, ¢ = 0 through two spacetime domains of type II. Each of them
contains one pole of the coordinate system. Both domains are
separated by an acceleration horizon. The coordinate v decreases
from v = +o0 at poles to v = v, at the acceleration horizon,
and the coordinate ¢ labels different coordinate lines starting
from the poles.

124019-12
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cal and cylindrical coordinates of type IL, 7i, x|, 9. @i
and 7]}, {]}, p{;, @}, which are related to T, R}, O, P as
i, x, 9, ¢ and f, £, p, ¢ are related to Ty, Ry, Oy, Py, e,
by the relations (5.2) and (5.6). Transformations between
cosmological and accelerated coordinates then are

cha, cost — sha, cosy

cotly = sinf ’
—sha, cost + cha, cosy
cot xjy = = Sy E , (5.11)
I =9, o= ¢.

It is interesting, that these transformations leave angular
coordinates untouched. It means that they are a time de-
pendent radial ’sqeezing’ of anti-de Sitter universe; see
Fig. 15.

Surprisingly, if we compose all partial transformations
between Ty, R}, O, ®[; and Ty, Ry, Oy, Py together,
the resulting transformation is such that Tj = 7y and
®}, = Py, see Ref. [36]—time surfaces of both the static
coordinates of type II and of the accelerated static coor-
dinates are the same.

Now, let us study global null coordinates Uy, vy related
to the static coordinates of type II Ty, Ry by the relations
(2.14) and (2.15). With vanishing mass and charge (and
setting 8 = 1/2 in (2.15)) these definitions give

Up=1-14, O = p, i =1+,
(5.12)
Oy = .
\Vl Ny
N I/
I I
Ji 1\
i )
\ )
i I
IEPRE
VAl N\
AN N
t,x s X Urs Xix

FIG. 15 (color online). Cosmological spherical coordinates
7, x and accelerated spherical coordinates 7, xj; drawn on a
two-dimensional section of anti-de Sitter universe. The coordi-
nate systems are related by the ’squeezing transformation’
(5.11). Left: Coordinate lines of both systems drawn in such a
way that lines 7 = constant and y = constant are horizontal and
vertical, respectively. Right: A complementary representation
with vertical and horizontal lines given by coordinate system
#;, xi;- The conformal infinity is given by y = /2 and is thus
deformed in the squeezed diagram on the right.
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FIG. 16. The conformal diagrams of sections ¢&f;, ¢f =
constant (or, equivalently, p{;, ¢} = constant) for different val-
ues of &= ¢[;. The diagrams are based on null coordinates
Uy, vi;. They are spanned between two poles which correspond
to observers with uniform acceleration A > 1/¢ (straight vertical
lines on the border of the diagrams, cf. also Fig. 17 for the three-
dimensional localization of the poles). Three different shapes of
the diagrams correspond to qualitatively different possibilities
of how sections £];, ¢f; = constant are embedded into the anti-
de Sitter universe. They correspond to the three sections
¢ = constant indicated in Fig. 14. Diagonal lines represent
acceleration and cosmological horizons. The acceleration hori-
zon causally separates both poles. It is formed by future light
cones of points where the poles enter the anti-de Sitter universe.
The cosmological horizon is formed by future light cones of
points where the poles leave the universe. The thick line is an
example of v = v, = constant section—it corresponds to the
diagram in Fig. 11. Gluing together diagram (a) for &} = —1
(the axis pj; = O} = 0 between poles) with diagram (c) for

it = *1 (the axis pj; = O} = ) gives the history of the whole
axis of symmetry. It is the same section as that depicted in
Fig. 15.

Horizontal and vertical lines of the conformal diagram
based on uy, vy are thus coordinate lines 7 = constant
and { = constant. The surface of this conformal diagram,
i.e., the surface p, ¢ = constant, is a history of a line with a
constant distance from the axis of symmetry. All such lines
have common limiting end points { = *77/2 located at the
infinity of the anti-de Sitter universe. We will call them
poles of the cylindrical coordinates.”

The conformal diagrams constructed in Sec. IV are
based on coordinates uj, Vvj;, i.e., on an ’accelerated’

'Lines of constant distance from the axis are not geodesics
(except the axis itself) in the sense of the Lobachevsky geometry
of the spatial section 7 = constant. However, in the conformally
related spherical geometry of the spatial section of Einstein
universe, these lines are meridians with common poles. These
two poles lie on the boundary of the hemisphere which corre-
sponds to the Lobachevsky plane, i.e., at its infinity.
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FIG. 17 (color online). Three-dimensional representations of
anti-de Sitter universe based (a) on cosmological coordinates
&, x» ¥, ¢ and (b) on ’squeezed’ accelerated coordinates
i, xi» O, ¢f;- They can be obtained by a rotation of the
corresponding diagrams from Fig. 15. Alternatively, they can
be constructed by gluing together two-dimensional diagrams
from Fig. 16. These are spanned between world lines of poles
moving with the uniform acceleration A = 1/¢ along the axis.
World lines of the poles are indicated in the diagrams by thick
lines. A pair of the poles enter anti-de Sitter universe through the
conformal infinity, they approach each other, and then return
back to the infinity—all this in a finite cosmological time A7 =
7. After a stage without poles, a new pair of poles enters the
universe, and so on. The diagram (b) is clearly the limit of
Fig. 7(b) in which the black holes are shrunk to the accelerated
particles located at the poles.

version of u, v discussed in the previous paragraph. For
m, e = 0, these diagrams are depicted in Fig. 16. Different

Pavel Krtous$

PHYSICAL REVIEW D 72, 124019 (2005)

sections pf;, ¢f; = constant again correspond to histories
of curves which end at common poles ¢f; = *=7/2.
However, the infinity of the anti-de Sitter universe in
accelerated cylindrical coordinates is given by (cf. (4.11))

cos{{; cospj; = — tanha, cos 7; . (5.13)

The poles thus, in general, do not lie at the infinity.
Coordinates #j;, {{;, pl;, ¢|; are sort of ’bipolar coordinates’
with poles which correspond to the observers with accel-
eration A > 1/¢; see Fig. 11(b). These observers, however,
do not remain in anti-de Sitter universe eternally. Their
histories periodically enter and leave the spacetime as
shown in Fig. 17. The section p{;, ¢}; = constant, spanned
between the poles, intersect anti-de Sitter universe in vari-
ous ways, depending on a value of p/;. Different intersec-
tions lead to qualitatively different conformal diagrams in
Fig. 16. This is in the agreement with analogous discussion
in Sec. IV.
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Asymptotic structure of radiation in higher dimensions 2
1. Introduction

There has been a growing interest in studies of higher dimensional spacetimes,
mainly motivated by finding particular models in the contexts of string theory and
brane cosmology. However, some fundamental questions such as the mathematical
classification of manifolds based on the algebraic structure of the Riemann and Weyl
tensor, or investigation of the asymptotic behaviour of fields in higher dimensions have
only recently been initiated [1-6].

As a contribution to this topic, in the present work we study asymptotic properties
of a gravitational field as represented by the Weyl tensor in an arbitrary dimension.
In particular, we analyze the directional structure at conformal infinity of the leading
component of the field which corresponds to radiation. In fact, this is a natural
extension of our previous work [7-10] in which we completely described the asymptotic
directional structure of radiation in four-dimensional spacetimes with conformal
infinity of any character (null, spacelike, or timelike). We demonstrated that this
directional structure has universal properties that are basically given by the algebraic
type of given spacetime, namely the degeneracy and orientation of principal null
directions of the Weyl tensor. In the present article we show that these results—which
are valid in standard n = 4 general relativity—can be directly generalized to higher
dimensional spacetimes. Below we prove that the asymptotic directional structure of
gravitational radiation in any dimension is given by the specific properties of Weyl
aligned null directions at conformal infinity, i.e., by algebraic type of spacetime at
infinity.

The paper is organized as follows. In section 2 we introduce necessary geometrical
concepts and objects, and we set up the notation. In section 3 we first summarize the
algebraic classification of the Weyl tensor in higher dimensions, and then we derive the
expression which explicitly describes the behaviour of the field at conformal infinity.
Subsequently, we discuss the directional structure of radiation in case of null, spacelike,
and timelike infinity, in particular for the simplest algebraically special spacetimes. In
the appendix, the relation between the higher-dimensional formalism used and the
standard NP formalism in n = 4 is presented.

For brevity, we refer to equations of the review paper [9] directly as, e.g., (R2.13).

2. Geometrical preliminaries

2.1. Conformal infinity and null geodesics

First, we briefly review the context in which we study the asymptotic behaviour of
the gravitational field. For details see the introductory section 2 of [9], where the
discussion was not restricted to a particular number of dimensions.

We wish to study spacetimes with a conformal infinity. We therefore assume
existence of an extension of the spacetime to an auxiliary manifold with metric g
to which the physical metric g is (at least locally) conformaly related by g = Q%g.
In the physical spacetime, the conformal factor € is positive; the hypersurface
Q) = 0 corresponds to the spacetime infinity—called conformal infinity Z. We assume
regularity of the conformal geometry across Z, even though it is known that in higher
dimensions this is a more subtle issue than in the case n = 4, cf. [4,5]. We will return
to this question shortly in section 3.3.

We introduce a vector n normal to Z, n « df2, normalized using the physical
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metric,? n-n = o, where the constant factor ¢ indicates the character of infinity:
o = —1 for spacelike Z, 0 = 0 for mull Z, and ¢ = +1 for timelike Z. From Einstein’s
field equations, assuming a vanishing trace of the energy-momentum tensor, it follows
[9,11] that the character of infinity is correlated with the sign of cosmological constant,
o = —signA.

By radiative component we understand the leading component of the field
measured with respect of a specific frame along a future oriented null geodesic z(n)
approaching Z. We are interested in the dependence of such a component on a direction
along which infinity is approached. To compare the field along different geodesics, we
have to fix the normalization of the affine parameter of these geodesics. We require
that the projection of the tangent vector of the geodesic to n is independent of the
direction of the geodesic. Using the relation to conformal geometry it can be shown
(see (R2.13), (R2.14)) that near the infinity we have

dQ
— ~—eQ?. (2.1)
dn
Here, the sign e characterizes the orientation of the geodesic with respect to conformal
infinity:

+1: for outgoing geodesics, m — 400 on Z, (2.2)
€= .
—1: for ingoing geodesics, 1 — —oo on Z.
From (2.1) it follows that
Q=ent4+.... (2.3)

2.2. Null frames and their transformations

In four dimensions, it is convenient to introduce complex null tetrads (R3.1). In the
case of higher dimensions, we have to choose a slightly different normalization of the
vectors of a real frame. Following [3], we call the frame k, 1, m; the null frame if k,
1 are future oriented null vectors, and m;, i = 1,2,...,n — 2, are spatial real vectors
satisfying

k-]:—l, k‘IIlZ‘:O7 l’II'lz':O7 m,;-mj:&j. (24)

We wuse indices a,b,c,... to refer to all spacetime dimensions, and indices
i,7,k,...=1,2,...,n— 2 to label spatial directions orthogonal to k,1. Thanks to
the orthonormality relation (2.4), components of any spatial vector V spanned on the
vectors m;, i.e. V = Vim,, satisfy V' =V;. We also use a standard shorthand for
square of the magnitude [V|> = V.V = ViV,

We denote the vectors of an associated orthonormal frame as t, q, m;, where

t:%(kﬁ—l), q:%(k—l). (2.5)

We will distinguish different null frames by an additional lower roman index. For
example, below in section 2.3 we will introduce reference frame denoted as ko, 1,, m,;.

2 The dot ¢’ denotes a scalar product defined by the physical metric g. Strictly speaking, at infinity
we should define a normal n normalized using conformal geometry to which the vector n is related by
rescaling by Q (which degenerates on 7). However, it is common to use formally the normal n—see
discussion in [9)].
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General transformations between different null frames can be composed from the
following simple Lorentz transformations:

e null rotation with k fized (parametrized by a spatial vector L = L‘m;):?

k=k,, 1=1, +vV2L'm,; + |L|* k , m; =mg; +v2L; ky , (2.6)
e null rotation with 1 fived (parametrized by a vector K = K'm;):

k =k, +V2K'm; + |[K|* 1, , 1=1,, m; =mgy; +V2K;1,, (2.7)
e boost in the k-1 plane (parametrized by a real number B):

k=Bk,, 1=B"'l,, m;=m,, (2.8)

e spatial rotation in the space spaned on m; (parametrized by an orthogonal matrix
(I)ij)I

k=k,, 1=1,, m; = q)ij my; , with @ij (I)kl 6jl =i . (29)

We say that a null frame is adjusted to conformal infinity Z if the null vectors k
and 1 on Z are coplanar with normal n to the conformal infinity, and they satisfy the
relation

n= 6%(—0k +1),  where e=+1. (2.10)
It follows that for a spacelike infinity (0 = —1) n = e€t, for a timelike Z (o = +1)
n=—eq,and n=el/y/2 for null Z (o = 0). Clearly, the vectors m; of the adjusted
frame are tangent to Z. If the null vector k is oriented along the null geodesic z(7), the

parameter € indicates whether the geodesic is outgoing (e = +1) or ingoing (e = —1)
(cf. fig. 2 of [9]).

2.3. The reference frame and parametrization of null directions

To parametrize a null direction along which 7 is approached, we fix at conformal
infinity a reference frame k,, 1,, my;. We require that this is adjusted to infinity in
the sense of (2.10) and that it is smooth?* along Z.

In view of (2.7), with respect to the reference frame, a null direction along a
future oriented vector k can be parametrized by a spatial vector R = R m,; which is
orthogonal to k,, 1,:

kock, + V2R + |R]* 1, . (2.11)

Consequently, the null direction k projected onto a space orthogonal to t,
(cf. (R5.5)) can be represented by a unit spatial vector gq

1

= TIRIQ(O —|R|")q, +2R) . (2.12)

q

3 Note that our parametrization of null rotations differs from that used in [3] by factor v/2.
4 Again, at infinity we should define the frame normalized in conformal geometry to which the frame
ko, lo, mg; is related by isotropic rescaling by 2—see the related discussion in [9].
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The vector R is a thus a stereographic representation of the vector q, and hence of k.
Indeed, if we introduce an angle 6 between q, and q, and a unit direction e of the
vector R, we obtain

6
q=cosf q,+sinfe, e=R/|R| , |R| = tan§ . (2.13)

Complementarily, a normalized projection t of the null direction k onto a timelike
hypersurface H, orthogonal to q, (cf. (R5.8)) is given by

1

t= ——
=]

(1+|R[*)to +2R) . (2.14)

In this case, the vector R is a pseudostereographic representation of the vector t. In
contrast to q, the vector t does not represent a null direction k uniquely—the null
direction obtained by reflection of k with respect to the hypersurface H, leads to the
same vector t. Therefore, we introduce the sign ¢ = sign(1 — |R|?) which indicates
if the vectors k and k, have the same orientation with respect to H,. Introducing a
rapidity parameter 1 between t, and t we can write

S
t =coshit, +sinhe, e=R/|R, |R|= (tanh %) . (2.15)

Clearly, parametrization of the null direction k using the vector q and angle 6 is
useful for spacelike infinity 7 where n « t, while the parametrization using t, ¢, and
¢ is more appropriate for timelike 7 where n < q,.

Finally, let us note that the null direction k, antipodal to k, which is defined by
q, = —q, is given by Rq = —R/|R|?, and that the mirrored direction ky, obtained
from k by reflection with respect to the hypersurface H, is given by ty, = t, ¢ = —¢,
so that R = R/|R|*.

2.4. The interpretation frame

By interpretation frame k;, 1, my; we understand a null frame that is parallelly
transported along a null geodesic z(n) to infinity Z with the vector k; tangent to
the geodesic. As in [9], we fix k; = %%ﬁ. Because we have already normalized the
affine parameter n by (2.1), this choice guarantees that both the geodesics and the
interpretation frames approach infinity from different directions in a comparable way.

The interpretation frame, however, is not uniquely fixed. One may perform
transformations which leave k unchanged, namely the null rotation (2.6) and the
spatial rotation (2.9). This non-uniqueness corresponds to the freedom in a choice of
initial conditions for the frame.

A crucial observation which was first realized by Penrose is that the interpretation
frame (boosted by the conformal factor ) becomes adjusted to infinity Z,
independently of its initial conditions.

This fact can be derived by comparing the boosted frame kj, = Qk;, 1, = Q7 '1;,
my,; = my; with a frame parallelly transported in the conformal geometry. Namely, we
may define the auxiliary frame k,, 1,, m,; as a frame parallelly transported along the
geodesic in the conformal geometry, isotropically rescaled by {2 to become normalized
in the physical geometry (see [9] for a detailed discussion). In addition, we require
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that the auxiliary frame is adjusted to infinity. Following the steps leading to (R3.22),
we analogously obtain that these two frames are related by

ky =k, ; I, =1, + \/iLimai + |L|2 ka , Mp; = ‘I)ij (maj + \/§Lj ka) ) (216)
with parameters L(n) and ®;7(n) for large affine parameter n given by
o7 =By, L'=—eM{yyn 'Inln|+eLign 't +... . (2.17)

Here, Léo) and <I>(0)Z-j are constants of integration exactly corresponding to the freedom
in the choice of initial conditions for the interpretation frame. The coefficients M il)
follow from the expansion of derivatives of €2 in the affine parameter n along the
geodesic, see equation (R3.20). Typically—in the vacuum case or for matter satisfying
the asymptotic Einstein condition (R2.20)—M(il) vanish, cf. eqation (R3.23) and
discussion therein.

In any case, we observe that the boosted interpretation frame ky, 1, my;
at infinity becomes equal to the auxiliary frame, i.e., it becomes adjusted to Z,
independently of the parameter Lfo). However, the dependence on the spatial rotation
<I>(0)ij persists. Because (on the general level) we are not able to fix the initial
conditions for the interpretation frame uniquely, we do not know a particular value
of @(O)ij and its dependence on the direction of the geodesic. Therefore, we will
extract only information about radiation which is independent of the choice of spatial
rotation. For this reason, in the following we may ignore any additional dependence
on the spatial rotation.

We wish to characterize the interpretation frame with respect to the reference
frame. Both the auxiliary and the reference frame are adjusted to infinity, i.e. they
are related by a transformation which leaves the normal (2.10) unchanged. If the
direction k, o k; is specified by the parameters R’ via (2.11), the transformation
from the reference to the auxiliary frame can be obtained by consecutive application
of the null rotation (2.6) with k fixed, the null rotation (2.7) with 1 fixed, the boost
(2.8), and the spatial rotation (2.9), given by parameters

R'L’

L'=0oR", K'=—"—5,
1—0|R|

B =ee,(1—0|R[), (2.18)

and some orthonormal matrix ®;7, which can be ignored. The signs €, and e indicate
orientations of the vectors k, and k, o k; with respect to infinity Z, cf. eq. (2.1).
Finally, the interpretation frame is simply obtained from the auxiliary one by the
boost (2.8) with B = Q.

3. The graviational field and its asymptotic structure

We want to analyze the asymptotic behaviour of the gravitational field. For this we
need to understand its algebraic structure. However, in a dimension higher than 4,
it is quite complicated. It was investigated only recently in [1,3]. Fortunately, these
studies analyzed the structure of the Weyl tensor in the way which can immediately
be used to generalize our previous results [9]. We thus start with a short overview of
the algebraic structure of the Weyl tensor in higher dimensions. We will introduce a
notation for its components which is convenient for our purposes.
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3.1. Weyl tensor components and their transformation properties

We denote the frame components of the Weyl tensor as C, _,, with index “°’ indicating
that the reference frame is considered. Inspired by the notation of [3] we define
the function C3,_, [K i] l-fixed Of the argument K* as a Weyl tensor component Copeq
evaluated with respect of the frame which is obtained from the reference frame by the
null rotation (2.7) with the parameters K*. Thanks to (2.7) it is a polynomial in K* of
the fourth order. Similarly, we define the polynomials C9, _, [Li] k-fixeds Coped [Blboosts
and C%.4 [CI%-j }rotation. The explicit form of these functions can be easily obtained
using equations (2.6)—(2.9), but some of the expressions are rather cumbersome and
we will not list them here. Some particular transformations can be found in (3.1)
and (3.5).

The Weyl tensor frame components can be separated into various groups
according to their transformation properties under the boost (2.8). Any component
Clabed changes under the boost in a very simple way, namely,

Cabed [Blboost = Blabed) Cabed » (3.1)

a

where the power w(abed) is called boost weight [3]. For each set of frame indices a, b, ¢, d
it is simply the number of indices corresponding to the vector k, minus the number
of indices corresponding to the vector 1,. For the Weyl tensor, the boost weights take
the values —2, 1,0, 1,2. Components with various boost weights w are the analogues
of the NP components ¥, of the Weyl tensor in four dimensions with m = w + 2.
However, in a higher dimension, for each weight there are more than two independent
real components, so they cannot be combined into suitable complex coefficients as
when n = 4. Nevertheless, we may still introduce an analogous convenient notation,
and we distinguish different components by additional indices.> We thus define real
Weyl tensor components ¥,,, = grouped by their boost weight w =m — 2 as:

Vyij = Capea k” m? k¢ m? , (3.2a)

Uy ik = Cavea k" mlm§my Uipi = Cupea K41 kSmd (3.2b)

\IIQijkl = Cabcd m? m? mz mf 5 \IJQS = QCabcd ka lb lc kd s (3 9 )
.ZC

lIIQij = Labed k* lb mf m;l ’ lIIQTij = 26'abcd k* m’lz © m? ;

Usijie = Capea 1 ml m§mi. | Uarpi = Capea 1K 1°mY (3.2d)

yij = Capea 1*my1°m] . (3.2¢)

All other components can be obtained with the help of the symmetries of the Weyl
tensor. Moreover, the listed components are mutually related. The components ¥ ;;,
\Illijk, \IIQZ-W, \IIQZ-j, \I/3ijk, and \114”- are independent up to constraints following from
the properties of the Weyl tensor:

Vo) =0, Yor" =0, (3.3a)
Uiikny =0, Yypuwg =0, (3.3b)
Uoijkt = Yortij »  Yo(je = Yoijkn = Yoipky =0, ¥ouy =0, (3.3¢)
Usity =0, Y3ur =0, (3.3d)
Uy =0, Tk =0. (3.3¢)

5 See the appendix for the relation to standard NP notation in the case n = 4.



304 Pavel Krtous

Asymptotic structure of radiation in higher dimensions 8
The remaining components are not independent—they are given by

Ui = Uy,

k
Yorij = Yoikj~ + Yoy (3.4)
Vog = Wopi* = U™,
Wapi = Ugpks .

Below we will mainly need the following transformation property of the W,;;
component under the null rotation (2.6):

Wyij = Vi [LM]icsixea =
= Wi
+2V2(= W3 (i) L + Wy L))
+ (23 LN LY = 208G Ly LY + W3y i) ILI” — W3 LiLy — 403 L ) L*)
= 2V2(205 Ly LPLY + 99 (1) L |LIP + Wi Ly |LIP — 200 LV Li L)
+ (4G LP L L Ly — 498, Ly LF L + 9845 | L|Y) .

(3.5)

3.2. Weyl aligned null directions and algebraic classification in higher dimensions

Following [1,3], we call the null direction k for which all the components ¥;; with
respect to the null frame k, 1, m; vanish Weyl aligned null direction (WAND). This
definition is independent of the choice of the normalization of k and of the choice
of other vectors 1, m; of the frame because under transformations which leave the
direction k unchanged, ¥ ;; behave as

Wi [LF ictixed = Ygij 5 Pgij[Blooost = B*ij » Ygis [Ph']rotation = ©iF @51 Ty -
(3.6)

If, in addition, all the components ¥,, .., m =0,...,0— 1, with respect the null frame
k, I, m; also vanish, WAND k is said to be of alignment order o. Again, such an order
of the alignment depends only on the direction of k.

If we parametrize the null vector k with respect to the reference frame using the
parameters R* according to (2.11), the conditions that k is a WAND of alignment
order o become

o ij [RF]1fixea = 0 for m=0,...,0—1, (3.7)

which are called aligment equations [3].

In four-dimensional spacetimes WANDs always exist and are exactly the principal
null directions of the standard algebraic classification. In higher dimensions, the
alignment equation (3.7) even of the first alignment order can be too restrictive and in
a generic situation no WAND exists. If the alignment equations admit solutions, the
spacetime is called algebraically special. Such spacetimes can be naturally classified
according to the maximum alignment order of WANDs. The highest alignment order
o of the WAND k is called the principal alignment type. For 0 =0,1,2,3,4, and 5
we say that the spacetime is of principal type G (general), I, II, III, N (null), and O
(trivial), respectively.
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Additionally, if we set the vector k of the null frame k, 1, m; to be a WAND
of the maximal alignment order, the highest possible aligment order of the vector 1
is said to be of secondary aligment type. We call the null frame with such chosen
vectors k, 1 the frame aligned with the algebraic structure of the Weyl tensor. From
the duality between the vectors k and 1 and the components W, and ¥, . we
conclude that for a spacetime of principal and secondary alignment type p and s the
Weyl tensor components ¥,,, in the aligned null frame vanish form =0,...,p — 1 and
m =4—s+1,...,4, and the components ¥, and ¥, are nonvanishing.

Obviously, such a classification is a generalization of the standard algebraic
classification in four dimensions. The main difference is that WANDs may not
exist (i.e., the principal and secondary types can be zero). In other words, in four
dimensions there are allowed only types that are labeled by principal and secondary
type (p,s) as (1,1)—Petrov type I, (2,1)—Petrov type II, (2,2)—Petrov type D,
(3,1)—Petrov type III, (4,0)—Petrov type N, and the trivial (5,5)—Petrov type O.
In higher dimensions there are additional types (0,0)—type G, (1,0), (2,0), and (3, 0);
see [1,3] for more detailed discussion.

3.8. Asymptotic behaviour of the field components

Now we should specify behaviour of the gravitational field at conformal infinity.
However, it is not our goal here to study a specific ‘fall-off’ of the field in a general
number of dimensions—such a task goes far beyond the scope of this work. We are
interested in the directional structure of the ‘far’ field and it turns out that qualitatively
this structure is mnot affected by a specific fall-off property of the field. We will
thus make a general assumption that the Weyl tensor Cgp.q behaves near infinity
as Q972 ¢ being some constant depending on the dimension (and maybe even on a
particular solution),% cf. [6]. In n = 4 the well-known behaviour of the Weyl tensor is
characterized by ¢ = 1. For higher number of dimensions it is not clear if a similar
property holds in a general situation (see, e.g., [4,5]). However, our assumption is
rather ‘weak’ and we expect it to be valid for a wide class of solutions.

Assuming the above fall-off of the Weyl tensor we can write down asymptotic
behaviour of its components. Combining (3.2), (2.3) and considering the normalization
of the reference frame” as ko, 1o, mo; ~ Q we get

WO, Ao, T2 (3.8)

where \il,}’n are constant finite coefficients. We may also define \il?n [Lk] k-fixed 1D @
similar way as U§, . [L’“] kfixed. It is a polynomial in L* with \ilfn being coeflicients.

The relation between the interpreation and reference frames was described in
section 2.4. In particular, the interpretation tetrad can be obtained by the sequence
of null rotations, boost, and spatial rotation with parameters (2.18) followed by the
(asymptotically singular) boost B = 2. The field components with respect to the
interpreation frame are thus

. *
i ~ 2—m yra
V. = Q |\ s

: (3.9)

since the interpretation frame is related to the adjusted auxiliary one by the boost.
Here and in the following, we ignore spatial rotations acting on indices ¢, which
6 Alternatively, we could say that the fall-off of the conformally related Weyl tensor is Cqpe? ~ Q9.

7 At Z, the conformally rescaled frame Q~1ko, Q2 11, 2~ 1myg;, normalized in the unphysical metric
g, is regular.
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can arise from the non-uniqueness of the interpretation frame or from the relation to
the reference frame. This will be indicated by a star ‘x’ above the equality symbol.
Because asymptotically 2 ~ n~1, cf. (2.3), and the transformation from the auxiliary
frame to the reference frame is regular, we see that different components of the Weyl
tensor peel-off with different powers of the affine parameter 7 according to their boost
weights labeled by m. This is the analogue of the well-known peeling-off theorem in
four dimensions [11] — see also the recent analysis of this topic [6] in higher dimensions.

We will now study only the leading component of the gravitational field which is
W)y i;. Performing the transformation (2.18) from the auxiliary frame to the reference
frame we obtain

a * 1 o k
Vi ~ m ij [0 R icfixed (3.10)

where we parametrized the direction k; of the geodesic by RF via (2.11). Using (3.9),
(2.3), and (3.8) we finally get
i n?

Ui o~ ————— 09, [0R"] kfixed - 3.11
41ij (1—J|R|2)2 4][ }kﬁ d ( )

The explicit form of the expression \i/Z” [L"] k-fixed 18 given in (3.5).

8.4. Directional structure of radiation

We have thus derived the asymptotic directional structure of gravitational radiation
in higher dimensions which is a generalization of the main result of [9]. It describes
the dependence of the leading field component on a direction along which the infinity
is approached. Let us now briefly discuss some properties of this dependence.

First, as we mentioned earlier, we have ignored an arbitrary rotation of the field
(3.11) ‘in indices ¢j’. On the general level, we cannot control the spatial rotation (2.9)
in these indices and therefore the only physically relevant quantities are invariants
which we can construct from the matrix (3.11). Thanks to the properties of the
Weyl tensor, the matrix of the radiative field component \I/juj is symmetric, cf. (3.3e).
Therefore, the invariants under spatial rotation are real eigenvalues of the matrix.
Alternative invariants are the traces of powers of the matrix. Because \I/juj is traceless,
the independent invariants are

LT PLEN VA for m=2,...,n—2. (3.12)

m-times

Substituting the relation (3.11) into (3.12), one obtains expressions which are
polynomial in the directional parameter R*. Clearly, if all the invariants are zero,
the complete leading term also vanishes.

The location of the zeros of the directional pattern (3.11) follows from a simple
argument. The pattern is proportional to ¥};;. Analogous to the alignment equations
(3.7), the vanishing of these Weyl tensor components means that the null vector 1,
is asymptotically® WAND. However, the auxiliary frame is adjusted to infinity, i.e.,

8 The word ‘asymptotically’ refers to the fact that we define WANDs at conformal infinity using
the components \i/%l ... instead of WP, ., i.e., using the Weyl tensor isotropically rescaled by a factor
~ Q~3. Such a definition of asymptotic WANDs is justified by the observation that a finite isotropic
rescaling of the Weyl tensor does not change the notion of WANDs.
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the vectors k, and 1, are related by (2.10). Hence, the direction of the geodesic
k; x k, along which the leading term of the field vanishes has to be ‘opposite’ to a
WAND L, in the sense of the relation (2.10). If the direction k; o k, is given by the
directional parameter R* through (2.11), such a direction 1, is given by the parameter
o RF/|RJ.

For o # 0, it is also possible to reach the same conclusions using the identity

UG ij [LP)ictixed = |LI* (65 —2L;LF/ |LI?) (65—2L,; L/ |L|*) W [Lp/ |L|2} Lfixed (3.13)

which relates transformations of the components Wj;; and Wg,;. Applying this identity

to the directional structure (3.11), and using the fact that matrix (6% — 2L,L*/|L[?)
is orthogonal we obtain

_ 4
i 2 n TR Ao{qk 2}
Uy, ——— Vg |0 "R/ |R|” | Lfixed » for o#0. 3.14
41ij (1—U|R|2)2 0t /‘ | e 7£ ( )
Clearly, this vanishes iff the direction given by the parameter o' RF/ |R|2 is a WAND.
For o = 0, equation (3.11) reduces to

Wy~ 0, (3.15)

Thus \iJZ i; vanishes if the vector 1, is asymptotically WAND. However, 1, is described
by an infinite value of directional parameter (2.11), so that the leading term ‘I’Zug

again vanishes again iff the direction o~*R¥/|R|* = oo is a WAND.

Let us now discuss the directional structure of radiation separately for a different
character of the conformal infinity Z. For null character of the infinity, o = 0, we find
that the leading term (3.15) is independent of the direction of the null geodesic along
which the infinity is approached. It vanishes if the null direction 1, tangent to the
infinity (cf. adjustment condition (2.10) for o = 0) is asymptotically a WAND. This
fact may be used for an invariant characterization of the presence of gravitational
radiation in higher-dimensional spacetimes.

For a spacelike conformal infinity, ¢ = —1, it is natural to parametrize the null
direction k of the geodesic using its normalized projection q to Z, cf. equation (2.12).
It can be expressed in terms of the angle 6 and of the complementary directional vector
e = em,y, see (2.13). The directional structure (3.11) then reads

‘Elw ~n 9 cos? g @Z,J [f tang ek]k_ﬁxed . (3.16)

The leading term of the field vanishes if the direction k, antipodal to k is a WAND.
Let us recall that the antipodal direction has the opposite projection to Z, q, = —q
(see the end of section 2.3).

For a timelike infinity Z, o = +1, we parametrize the null direction k of the
geodesic by its normalized projection t to Z (unit timelike future oriented vector, cf.
(2.14)) and by the parameter e = +1 which describes to which side of infinity the
vector k points (cf. equation (2.2)). If we express the vector t through the rapidity v
and the directional vector e, see equation (2.15), we obtain

\Il}“j ~ n ¢ i(coshz/} + 660)2 \i/fi” [tanh%% ek] kefixed - (3.17)



308 Pavel Krtous

Asymptotic structure of radiation in higher dimensions 12

This vanishes if the mirror reflection ky, of the direction k with respect to the infinity
is a WAND (see again the end of section 2.3).

We conclude that all these results are direct generalizations of the analogous
results of [9]. As in four dimensions, the directional structure of radiation is given by
the algebraic structure of the Weyl tensor. Also, the directions of vanishing radiation
are determined by WANDs which are generalizations of the principal null directions
which are known from n = 4 general relativity.

3.5. Algebraically special spacetimes

The general explicit form of the directional dependence of the radiative component
is rather cumbersome, cf. equation (3.11) combined with (3.5). It simplifies for
algebraically special spacetimes, i.e., in spacetimes which posses some WANDs, see
section 3.2. Let us emphasize, however, that in higher dimensions the condition that
the spacetime is algebraically special can be rather restrictive—as we mentioned above,
a generic spacetime has no WANDs. It is also not clear if an algebraically special
spacetime can admit a regular global infinity Z. Fortunately, our discussion requires
only the local existence and regularity of the conformal infinity, and we restrict only
to the cases when such an infinity exists.

Although the directional structure of radiation simplifies for algebraically special
spacetimes, it is still parameterized by more independent components of the Weyl
tensor than in the case of four dimensions. The resulting expressions thus typically
remain lengthy. We will present them only in two most special cases—for spacetimes
of type N and of type III.

A substantial simplification of the directional structure (3.11) occurs only for
maximally special (nontrivial) spacetimes of type N. In this case there exists a WAND
of the alignment order 4. If we choose the reference tetrad in such a way that k, is
asymptotically this WAND, the alignment equations tell us that only the components
‘i/Zz‘j are nonvanishing. In view of (3.5), the directional structure of the radiative field
components thus takes a simple form

n? 2
2 2 \IIZ'LJ
(1-a|R[]") (3.18)

* _ A * _ ~
~ n 4 cos4§ Vi =1 qi(coshz/}+eeo)2 Wi -

i *
Py ~

Here \i’Zij are constants characterizing the ‘strength’ and ‘polarization’ of the
field. In this case, it is more convenient to choose as invariants (which ignore
unknown polarization) the eigenvalues of W) ;; instead of the traces (3.12)—these are

proportional to the eigenvalues of \TIZ 4; with a common factor which can be read from
equation (3.18).

The next simplest case is that of spacetimes of type III (we do not need to
distinguish the type according the secondary alignment type in our discussion). In
this case, we may choose the reference tetrad with k, pointing asymptotically along
a WAND of alignment order 3. It follows that the components \il,%l, m =0,1,2, are
vanishing and the leading field component thus reads

—q
i X n

o (o, _ 3o, .. k °  D.
\114” (1 _0,|R|2)2 (\IJ4” +O—2\/§( \Il3(ZJ)kR +\IJ3T(ZRJ))> : (319)
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It would be possible to use a more detailed structure of the field components \ilz i; and
\ifg ijk to select a ‘canonical’ reference frame (e.g., \Ingl identifies an additional spatial
direction, etc.) with respect to which (3.19) would have a slightly more specific form.
However, such a discussion would not bring any significant additional understanding
of the directional structure of the field and we will not enter it here.

4. Conclusion

In recent years a great effort has been devoted to the investigation of gravitational
theories in higher dimensional spacetimes. Several exact solutions of (generalized)
FEinstein’s equations with properties either analogous to the four-dimensional case or
with completely new features (such as, e.g., the existence of black rings) were found.
However, many useful concepts and methods known from the four-dimensional gravity
still have not been generalized to higher dimensions.

Our work is a contribution to such possible generalizations, namely to a discussion
of an asymptotic behaviour of the gravitational field in higher dimensions. It does not
address in detail such questions as what exactly radiation is or which part of the
gravitational field is relevant for physical observers (e.g., in brane-world scenarios we
should restrict only to the part of the conformal infinity near the brane). However,
it demonstrates that the structure of the leading field components—in the sense of
the peeling theorem—can be described in an analogous way as in four dimensions.
It shows, that the directional ambiguity of the leading components in the case of
a non-vanishing cosmological constant can again be characterized in terms of the
asymptotic algebraic structure of the Weyl tensor. Due to the more complicated
algebraic properties of the Weyl tensor in higher dimensions, the directional structure
of the radiative components is, not surprisingly, more intricate.

A. Relation to complex notation in n =4

In standard n = 4 general relativity it is convenient to introduce a complex null tetrad
and to parametrize the Weyl tensor by the corresponding five complex components.
These NP quantities are closely related to the real quantities introduced in our text.
Here we present a ‘dictionary’ relating these two notations.

In four dimensions the transverse indices 4, j, k, [ run only over two values 1,2 and
we can combine the real vectors m; into the complex vectors

m = L (m; —imy), 1= (my +imy) . (A1)

Any real vector V spanned on mj, ms can be parametrized by a complex number V'
by the relation

V=Vm; +V?m, = 75 (Vm+Vm). (A.2)
It follows that
V=V, V=W (V)P =V (A.3)

The transformation properties of the null tetrad under, for example, a null rotation
with k fixed (2.6) then reads

k=k,, 1=1,+ Lm,+ Lm, +|L|° k, , m=m,+ Lk, . (A.4)
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This is the standard four-dimensional expression for a null rotation, see, e.g., [9].
Moreover, in four dimensions there are only two real independent components of
the Weyl tensor for each boost weight, namely

Vo1 = —¥p22, Y12 = Yga1, (A.5a)
Uip1 = Wyo21 = V212, Vypo2 =¥y = —Vyi91, (A.5D)
Ug1212 = V2121 = —Ugo112 = —Vy1201 = Ugp11 = Wopao = Vs , (A.5c)
Uy12 = =Wg21 = ¥op12 = —Vypo1,
Va1 = Wg001 = —Wg912, VYgp2 = V3112 = —Vg191, (A.5d)
Uy11 = —Pyoe, Yyi2="Uy0 . (A.5e)
These can be combined into complex NP components defined by
\I/O = CUabed k® mb k° md s (A.6a)
Uy = Copea K1 k°m? | (A.6b)
\112 — Uabed k mb me ld 3 (AGC)
\113 — Uabed “ kb ¢ md ) (AGd)
Uy = Capeq 1*m"1°m® (A.Ge)
via
Vg =Yg11 —i¥q12, (A.Ta)
Wy = 75(Uyp1 = i¥yp2) (A.7b)
Uy = —(Vg1212 +1¥912) , (A.7¢)
Wy = 75 (¥3r1 +i¥372) , (A.7d)
\114 = \11411 + i\I/412 . (A?e)
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