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Abstract

All Lorentzian spacetimes with vanishing invariants constructed from the
Riemann tensor and its covariant derivatives are determined. A subclass of
the Kundt spacetimes results and we display the corresponding metrics in local
coordinates. Some potential applications of these spacetimes are discussed.

PACS numbers: 0420, 0420J, 0240

1. Introduction

A curvature invariant of order n is a scalar obtained by contraction from a polynomial in
the Riemann tensor and its covariant derivatives up to the order n. In general, there are 14
algebraically independent curvature invariants of zeroth order, the simplest being the Ricci
scalar. Many papers are devoted to studying the properties of the zeroth-order curvature
invariants (see [1-5], and references therein) but higher-order curvature invariants remain
largely unexplored. Recently, it was shown that for spacetimes in which the Ricci tensor does
not possess a null eigenvector, an appropriately chosen set of zeroth-order curvature invariants
contains all the information that is present in the Riemann tensor [5]. This is certainly not
true for vacuum Petrov type N spacetimes with nonzero expansion or twist, all of whose
zeroth- and first-order curvature invariants vanish, but for which there are non-vanishing
curvature invariants of the second order [6]; and for some non-flat spacetimes in which all
curvature invariants of all orders vanish [6, 7].

In this paper we shall determine all Lorentzian spacetimes for which all curvature
invariants of all orders are zero. Indeed, we shall prove the following:

Theorem 1. All curvature invariants of all orders vanish if and only if the following two
conditions are satisfied:

(A) The spacetime possesses a non-diverging SFR (shear-free, geodesic null congruence).
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(B) Relative to the above null congruence, all curvature scalars with non-negative boost
weight vanish.

The analytic form of condition (A), expressed relative to any spin basis where o” is aligned
with the null congruence in question, is simply
K = IO =0 = 0, (1)

and the analytic form of condition (B) is

Vo=V, =V, =0, (2)
Doy = D1 = Pp = Py =0, 3)
A=0. 4)

Previous equations are expressed in terms of quantities used in the Newman—Penrose
formalism.

Spacetimes that satisfy condition (A) belong to Kundt’s class [8, 9] (also see section 4
and appendix A). Condition (B) implies that the spacetime is of Petrov type III, N or O (see
equation (2)) with the Ricci tensor restricted by (3) and (4). (Note: throughout this paper we
follow the notation of [10]; A is not the cosmological constant, it is the Ricci scalar up to a
constant factor.)

The GHP formalism [10] assigns an integer, called the boost weight, to curvature scalars
and certain connection coefficients and operators. This is important for this work and we shall
summarize some of the key details of this notion in section 2.

The outline for the rest of the paper is as follows. Section 2 is devoted to the proof that the
above conditions are sufficient for vanishing of curvature invariants. The ‘necessary’ part of
theorem 1 is proved in section 3. The curvature invariants constructed in this section may also
be useful for computer-aided classification of spacetimes. Kundt’s class of spacetimes admits
a conveniently specialized system of coordinates and so it is possible to classify and explicitly
describe all spacetimes with vanishing curvature invariants. This is briefly summarized in
section 4, and some of the details are presented in appendix A. We conclude with a discussion.

Perhaps the best known class of spacetimes with vanishing curvature invariants are the
pp-waves (or plane-fronted gravitational waves with parallel rays), which are characterized as
Ricci-flat (vacuum) type N spacetimes that admit a covariantly constant null vector field. The
vanishing of curvature invariants in pp-wave spacetimes has been known for a long time [11]
(see also [12]), and the spacetimes obtained here can perhaps be regarded as extensions and
generalizations of these important spacetimes. In many applications (e.g., in vacuum pp-wave
spacetimes), the resulting exact solutions have a five-dimensional isometry group acting on
three-dimensional null orbits (which includes translations in the transverse direction along the
wavefront) and, hence, the solutions are plane waves. However, the solutions studied here
need not be plane waves and are not necessarily vacuum solutions. In particular, non-vacuum
spacetimes with a covariantly constant null vector are often referred to as generalized pp-wave
and typically have no further symmetries (the arbitrary function in the metric is not subject to
a further differential equation, namely, Laplace’s equation, when the Ricci tensor has the form
of null radiation). The pp-wave spacetimes have a number of remarkable symmetry properties
and have been the subject of much research [8]. For example, the existence of a homothety
in spacetimes with plane-wave symmetry and the scaling properties of generally covariant
field equations has been used to show that all generally covariant scalars are constant [13] and
that metrics with plane-wave symmetry trivially satisfy every system of generally covariant
vacuum field equations except the Einstein equations [14].
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In addition to pp-waves, presently there are known to be three classes of metrics with
vanishing curvature invariants: the conformally flat pure radiation spacetime given in [7]; the
vacuum Petrov type-N non-expanding and non-twisting spacetimes [6] (this class contains
the pp-waves); and vacuum Petrov type-III non-expanding and non-twisting spacetimes [15].
Naturally all of these spacetimes are subcases of the class studied here. The spacetimes studied
in [16, 17] also belong to our class.

There are two important applications of the class of spacetimes obtained in this paper.
Knowledge of all Lorentzian spacetimes for which all the curvature invariants constructed
from the Riemann tensor and its covariant derivatives are zero, which implies that all covariant
2-tensors thus constructed are zero except for the Ricci tensor, will be of potential relevance
in the equivalence problem and the classification of spacetimes, and may be a useful first step
towards addressing the important question of when a spacetime can be uniquely characterized
by its curvature invariants. More importantly perhaps, the spacetimes obtained in this paper
are also of physical interest. For example, pp-wave spacetimes are exact solutions in string
theory (to all perturbative orders in the string tension) [18, 19] and they are of importance in
quantum gravity [20]. It is likely that all spacetimes for which all curvature invariants vanish
will have similar applications and it would be worthwhile investigating these metrics further.

Finally, we note that it is possible to generalize theorem 1 by including spacetimes with
non-vanishing cosmological constant. The assumptions regarding the Weyl and traceless Ricci
tensors remain the same. Even in this general case, the invariants constructed from the Weyl
tensor, the traceless Ricci tensor and their arbitrary covariant derivatives vanish. The only
non-vanishing curvature invariants are order-zero curvature invariants constructed as various
polynomials of the cosmological constant. It must be noted, however, that there may exist
other types of spacetimes with constant curvature invariants.

2. Sufficiency of the conditions

Before tackling the proof of the main theorem we make some necessary definitions and
establish a number of auxiliary results. We shall make use of the Newman—Penrose (NP) and
the compacted (GHP) formalisms [10]. Throughout we work with a normalized spin basis
04,14 ie.,

oqtd = 1.
The corresponding null tetrad is given by

1% « 5 of O-A’ o A-A
with the only nonzero scalar products

[yn® = —mom® = 1.
We also recall that

040" =0 =14, ©)

The spinorial form of the Riemann tensor Ryg, 5 is

Ropys < Xapcpeineep + Xisepeanecn + Pupepeinecp + Piscpeanscp, ©)
where

Xapcp = Wapcp + A(€ac€pp + €apEBC)
and A = R/24, with R the scalar curvature. The Weyl spinor W4pcp = W(apcp) is related to
the Weyl tensor Cyp,s5 by

Copys < Wapcpeipeep + YipcpeABECD. (7
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Projections of W,pcp onto the basis spinors o, give five complex scalar quantities

Yo, Wy, Wa, W3, Wy. The Riccei spinor @ 45¢p = Papycp) = Papep is connected to the
traceless Ricci tensor Sys = Rap — 5 Rgap

Dapip < _%Sab' (8)

The projections of ® , 5 ; ; onto the basis spinors 0, 14 are denoted by &gy = g9, Po1 = D10,

Dy = Py, Dy = Py, P12 = Doy and Py = D,
Equations (2) and (3) imply

Wapcp = V4040p0c0p — 4W3040p0c¢tp), ®

DQupep = Prnosoposop — 2q)12l(AOB)5C§[) — 2q)210AOBZ('c0_D')- (10)

Following the convention established in [10], we say that 7 is a weighted quantity (a scalar,
a spinor, a tensor or an operator) of type {p, g}, if for every non-vanishing scalar field A a
transformation of the form

ot koA, A A"LA,

representing a boost in the /*—n® plane and a spatial rotation in the m*—m® plane, transforms
n according to

n > APAy.

The boost weight b of a weighted quantity is defined by
b=3(p+q.

Directional derivatives are defined by

D =1V, = 0%V, 8 =m*Vy =0TV 4,
D' =n"V, = *T'V 4, 8 = m*V, = 14"V,

and thus
Vs VM = AT8D 4+ 0454 D' — A5 — 0418 (11)

In the GHP formalism, new derivative operators b, b’, 8, &', which are additive and obey the
Leibniz rule, are introduced. They act on a scalar, spinor or tensor 1 of type {p, g} as follows:

bn = (D + py' +q7")m, O = —pB+qB)Hm,

b'n= (D" - py —qym, 8n=(&+pp" —qPm. (12
Let us explicitly write down how the operators b, p’, 8, & act on the basis spinors:
bo? = —ki4, bot = —kTA, b = —1/0A, pid = —7/54,
Pot=—wf,  Pot=-mt,  Pi=-kot =k (13)
ot = —o 1, dot = —pth, oA = —plot, o4 = -6’04,
¥oA = —piA, ¥oA = —5TA, A = —o'0A, 3TA = —p/'oh.

The types and boost weights of various weighted quantities encountered in the GHP formalism
are summarized in table 1.

Henceforth we shall assume that conditions (A) and (B) of theorem 1 hold, and by
implication that equations (1)—(4) also hold. Without loss of generality, we also assume that
o and " are parallely propagated along [*. Analytically, this condition takes the form of the
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Table 1. Boost weights of weighted quantities.

r q b r q b
A 1 A 1
o 1 o 1 ' —1 0 -1
K 3 1 2 K’ -3 -1 -2
c 3 -1 1 o -3 1 —1
P 1 11 0 —1 —1 —1
T 1 -1 0 7/ -1 1 0
b 1 11 P -1 -1 -1
5 1 -1 0 | 1 0
v, 4-2r 0 2-—r D, 2—2r 2 —2t 2—r—t
A 0 0 0

following two additional relations:
y' =0, ' =0. (14)
Assumptions (A), (B) and conditions (14) greatly simplify the form of the spin-coefficient

equations, the Bianchi and the commutators identities [10]. Most of these relations assume
the form O = 0. Some of the non-trivial relations are as follows:

bt =0, (15)
bo’' =0, (16)
bo' =0, a7
b’ =1p + 10" — W3 — Oy, (18)
b®y =0, (19)
bw; =0, (20)
b®yy = 3Dy + (& — 27) W3, (21)
bWy = 8'W3 + (& — 27) Dy, (22)
bb' —b'b =8+ ¥, (23)
bd — &b = 0. (24)

Extending an idea introduced in [6], we make the following key definition.

Definition 2. We shall say that a weighted scalar n with the boost weight b is balanced if
bPn=0 for b<0 and n=0 for b=0.

We can now prove the following.

Lemma 3. Ifn is a balanced scalar, then 7 is also balanced.

Proof. By definition, a weighted scalar »n of type {p, ¢} is changed by complex conjugation
to a weighted scalar 7 of type {g, p}. The boost weight, however, remains unchanged. Let us
also recall that

b=b
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and, hence, that

b’ =b"n=0,
as desired. O

Lemma 4. If n is a balanced scalar, then

™, p'n,o'n, k', (25)
bn, 1. 'n,b'n (26)

are all balanced as well.

Proof. Let b be the boost weight of a balanced scalar 7. From table 1 we see that the scalars
listed in (25) have boost weights b, b — 1, b — 1, b — 2, respectively. Hence, it suffices to show
that the following quantities are all zero:

b2, b, b"w@n), b «n).

This follows from the Leibniz rule and from equations (15)—(20).

Next we show that the scalars in (26) are balanced as well. These scalars have boost
weights b + 1, b, b, b — 1, respectively. Hence, it suffices to show that the following scalars
are all zero:

b~'"""(Mn), b®n., b P@m, b PM®n).

The vanishing of the first quantity follows immediately from definition 2. Using the
commutator relation (24) we have

b~"on =3p "y =0, 27)

as desired. Vanishing of the quantity involving & follows by considering the complex conjugate
of (27) and using the relation & = & and lemma 3.
To show that the quantity involving b’ vanishes, we employ (15), (23), and (27) to obtain

P = b M) + 2 Pdm) + T (b"'m) = b (B'bm).
We now proceed inductively and conclude that

bl—bb/77 — b/bl—b77 =0.
Lemma 5. If ny, n, are balanced scalars both of type {p, q}, then n| + 0, is a balanced scalar
of type {p, q} as well.

O

Proof. The sum 1, + 1, satisfies
n+m = AR (1 + ), b +m) =b " m+b"m =0
and thus is a balanced scalar of type {p, ¢}. 0

Lemma 6. If n, ny are balanced scalars, then n1n; is also balanced.

Proof. Let by, b, be the respective boost weights. Boost weights are additive and hence the
boost weight of the product is b; + b,. Setting n = —b; — b, and applying the Leibniz rule
gives
n _ . n i n—i
b'anm) = Y () b b (o).

i=0
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For —b; < i < n, the factor bi(nl) vanishes. For0 <i < —1—by,wehaven —i > —b, and
hence the other factor vanishes. Therefore the entire sum vanishes. ]

Definition 7. A balanced spinor is a weighted spinor of type {0, 0} whose components are all
balanced scalars.

Lemma 8. If S|, S are balanced spinors, then S|S; is also a balanced spinor.

Proof. The product S;S; is a weighted spinor of type {0, 0} and its components are balanced
scalars, thanks to lemma 6. O

Lemma 9. A covariant derivative of an arbitrary order of a balanced spinor S is again a
balanced spinor.

Proof. Applying the covariant derivative (11) to a balanced spinor S, we obtain
VMS = (ATAbS + 004D S — 146408 — 0TS,

From table 1, it follows that VA4S is again a weighted spinor of type {0, 0} and its components
are balanced scalars due to (13) and lemmas 3-5. ]

Lemma 10. A scalar constructed as a contraction of a balanced spinor is equal to zero.

Proof. A scalar constructed as a contraction of a balanced spinor also has zero boost weight,
and therefore vanishes by definition 2.

Let us explain more intuitively how this works. A balanced spinor has the form Y C; B;
where C; are balanced scalars and B; are the basis spinors (products of o, ¢, 0 and 7). Since
the boost weight of each C; is negative and the boost weight of each C; B; is zero, it follows
that the boost weight of each B; is positive, i.e., there are more 0 and 0 than ¢ and 7 in B;. As a
consequence of (5), a full contraction of each B; vanishes. In a nutshell, all scalars constructed
as a contraction of a balanced spinor vanish because each term contains more o than ¢. 0

We are now ready to prove that conditions (A) and (B) of theorem 1 are sufficient for
vanishing of all curvature invariants.

Proof. From table 1 and equations (19)—(22), it follows that the Weyl spinor (9) and the Ricci
spinor (10) and their complex conjugates (lemma 3) are balanced spinors. Their products and
covariant derivatives of arbitrary orders are balanced spinors as well (lemmas 8 and 9).
Finally, due to lemma 10 and equations (6)—(8), all curvature invariants constructed from
the Riemann tensor and its covariant derivatives of arbitrary order vanish. 0

3. Necessity of the conditions

In this section we consider a spacetime with vanishing curvature invariants and prove that
this spacetime satisfies the conditions listed in theorem 1. The Ricci scalar, being a curvature
invariant, must vanish. To prove the other conditions, we consider various zeroth-, first- and
second-order invariants formed from the Weyl and the Ricci spinors, as well as the Newman—
Penrose equations and the Bianchi identities.
In the following, we will employ these Newman—Penrose equations:
bp — 8k = p*+06 —kt — kT + Dy,

/ - =/ ’ (28)
op—do=1t(p—p)+k(p —p)—Vi+ o



6220 V Pravda et al

and the Bianchi identities

bWs — 8'Wy — bDoy + Py — 20'A = 20"V — 31/, +2pW;3 — kW,
— 20 Do+ 27Dy + T Doy — 2pDa; + kDo,

bWy — &W3 + P Doy — &Py = 30" V) — 47/ WU3 + pWy
— 2Dy + 20" D1y + p'Dog — 2T Dy + 5 Das,

/ / / _ L (29)
bd)22+b (I)]l — 6@2] -0 (I)]z +3bA = (,0+,0)<D22 +2(,0 + 0 )(I)]l
—(t+ 2‘3’)@21 — (21’/ +T)Dp — K'®1g— k' Doy + 0" Do + 5 Dy,
b/\ljg — 6\1'3 + bq)zz — 6@21 + Zb,A =oWy — 21'\1'3 + 3,0/\112 — 2K/\111
+,5<D22 — 27?/(1)21 — 2T/<D]2 + 2,0/(1)]] + 5'/<D20.
First, we consider the well-known invariants
[ =WV, Pu. N8 J =, 0w FR AR (30)

It is generally known that these invariants vanish if and only if the Petrov type is III, N or O.

In the following, we choose the spinor basis 0 and (* in such a way that for the Petrov types

III and N, 0 is the multiple eigenspinor of the Weyl spinor. Thus, condition (2) is satisfied.
We consider the three Petrov types case by case.

(a) Petrov type N.
Uyg=V; =V, =3 =0.
Demanding that the invariant
Ty = V P wABCPY Dy g VE BRSTRGK G = Wy Ugiic)? 31
vanishes, we obtain
Kk =0. (32)

In further calculations we assume that (32) is valid.
Vanishing of another invariant

I, = KFFEEMMLLI_{MMLLFFEE = 4W, )2 (pp +05)*, (33)
where

KFFEEMMLL _ VFFVEE\I,ABCDVMMVLL.\I,ABCD’ (34)
implies that

o=p=0 (35)

and therefore condition (1), i.e., condition (A) of theorem 1, holds.
Substituting (32) and (35) into equations (28), we get

Doy = Po; = 19 =0. (36)
And finally from the vanishing of the invariant
PABABD pis = 40117 + 2Dy Dag + 29Dy — 4D 19Dy — 4D Doy, (37)
using (36), it follows that
Dy =Ppp =Py =0

and thus condition (3), i.e., condition (B) of theorem 1, is also satisfied.
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(b) Petrov type III. Providing that the Weyl spinor W4pcp is of Petrov type III, we can
construct another spinor W 4z¢p

Uapcp = YaperVe,t = —2W3%040p0c0p (38)

which is of Petrov type N. Now we can construct analogical curvature invariants from
W,pcep as we did from Wy pep for type N and again conclude that « = 0 = p = 0 and
Do) = Do = Pgp = P11 = 0 for metrics with all curvature invariants vanishing.

(c) Petrov type 0. Recall that the totally symmetric Plebariski spinor is defined by
XABCD = q;(ABCDq)CD)CD' (39)
Its components are

x0 = 2(PooPo2 — Por?),

X1 = ®g®12 + P1pPp2 — 2811 Po1,

X2 = 3(PooPa2 — 40117 + PP + 4P 19 P12 — 2D01 P21, (40)
X3 = ©n®i9+ P1aPy0 — 2011 P2y,

x4 = 2(Pn®20 — ‘13212)-

In analogy with the Petrov classification of the Weyl tensor, it is possible to define the
Plebanski—Petrov type (PP-type) of the Plebariski spinor [21]. Thus vanishing of curvature
invariants analogous to / and J (30) constructed from the Plebanski spinor implies that
the PP-type is III, N or O.

For the PP-types III and N, we can argue as we did for the cases of the Petrov types III
and N and conclude thatk = 0 = p = 0 and ¢y = Py = Pgr = P1; = 0. Substituting
these results into (40) we obtain xo = x1 = x2 = x3 = 0 and thus the PP-type III is
excluded.

It remains to consider the PP-type O case.

Without loss of generality we can choose a null tetrad so that

Doy = 0.
Then xo = 0 in (40) implies
Dy = Py =0.
Hence, the vanishing of the invariant (37) gives
D1 = Dpp = Dyg =0.
Demanding x4 = 0 in (40) we get
P =Py =0.

Thus, the only non-vanishing component of the Ricci spinor is ®,,. The Bianchi identities
(29) take the form

kP =0, oDy =0, b®Pyn = (p+ )P, b®2 = P,
which implies

k=0=p=0.
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Up to now we have proved that spacetimes with vanishing invariants constructed from the
Weyl and the Ricci spinors, and their arbitrary derivatives satisfy conditions (A) and (B) of
theorem 1. Invariants constructed from the Riemann fensor and its derivatives are combinations
of corresponding spinorial invariants. Thus, one could argue that there might exist a very
special class of spacetimes for which all tensorial invariants vanish even though there exist
nonzero spinorial invariants. To prove that this does not happen we now construct several
tensorial curvature invariants. They may also be useful for computer-aided classification of
spacetimes.

The curvature invariants shown in (30) can be given as

CalB }/5 Cyéaﬂ _ lc*aﬂ }/5 Cyéaﬁa Co(ﬂ }/5 Cy8£¢ Cg(paﬂ _ icaﬂya C*y8£¢ Cg(paﬂ ,
where
C*aﬂ ys _ %8aﬁ5¢cs¢y5

denotes the dual of the Weyl tensor. Their vanishing implies that the Petrov type is III,
Nor O.

(a) Petrov type N. From the vanishing of
I = CPY% Copn, CPT™C 5o = 8T = 2(4WyWykic)?, (41)
k = 0 follows.
To obtain 0 = p = 0 we have to construct the tensorial invariants I», I3, I4:

12 = Caﬂy&g(pcauyv;e‘(b C)Lﬂpv;grclﬂpé;ar = 4I2 + 213j3 + 4(14 + j4)7 (42)
where
Iy = K"F pppi = 6(4p0 W), (43)

T, = VFFVEE\IJABCDVFFVEE\IJACMNVTTVSS\IJLMNRVTTVSS\IJBDLR
= 18(4poWy)*, (44)

and thus /I, is equal to
L = 2°3*[(W300)* (05 + 06)* +8(ppo & WaWs)” +8(po Wa)* +8(55Wa)"].
15 is defined by

I = CP7%9 Cop5.3u CP7 "M C pppnieg = 16215 + Is + Is), (45)
where

Ts = KFFEEMMLLKMMLLFFEE — 21032(/)0\1/4)4, (46)
and so it takes the form

Iy = 2132 [(Wa W) (pf + 06)" +8(po Wa)* +8(55 Wa)*].
The curvature invariant /4 is a linear combination of /> and I3

Iy = 8L — Iy = 232 (ppo & W, Uy)2.
Demanding 14 = 0 we obtain

po =0
and then the vanishing of I3 implies

p=0=0.
As in the spinorial case, the Newman—Penrose equations (28) imply ®¢p = ®¢; = 0, and
finally the invariant constructed from the traceless Ricci tensor corresponding to (37)

S Sy = 4DANBABD L1k = 4(40 1,2 + 200y Do)
is zero if ®; = &y, = P,y = 0. Thus conditions (A) and (B) of theorem 1 are satisfied.
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(b) Petrov type I11. In analogy to (38), the tensor Dyg, 5 can be defined in terms of the Petrov
type-III Weyl tensor

§ _ ap SA
D — ¢ AMC}/ W

which is traceless, has the same symmetries as the Weyl tensor and is of the Petrov
type N

DY s —4W320% 080 0P e el — 4025458 5C 5P B P,

We can construct curvature invariants from D**?? similar to those made from C*/7? for
type N and again show that their vanishing leads to k = 0 = p = 0 and ®gyp = Pg; =

(c) Petrov type O. It is possible to define the traceless Plebarnski tensor corresponding to (39)
which is endowed with the same symmetries as the Weyl tensor in terms of the traceless
Ricci tensor Sqp (see [22])

PP s = 81, Sy + 81, Ssp SP — Lol 6P15 S, 5™

With the Plebariski tensor we can proceed in the same way as in the spinorial case.

3.1. Alternative proof

Another way to prove the necessity of conditions (1)—(4) for the vanishing of all curvature
invariants is to use the result from paper [23] that the invariants /s, I7 and Ig constructed from
the Ricci spinor are equal to zero only if all four eigenvalues of the Ricci tensor are equal
to zero. Consequently, the Segre types of the Ricci tensor are {(31)} (i.e., PP-type N with
the only non-vanishing components @, and @, [24]), {(211)} (i.e., PP-type O with the only
non-vanishing component ®,) or {(1111)} (i.e., vacuum). In non-vacuum cases, the multiple
null eigenvector I’ of the Ricci tensor may, in general, differ from the repeated null vector of
the Weyl tensor /; however, by demanding vanishing of the mixed invariants m, ma, me [5]
constructed from both the Weyl and the Ricci tensors, we arrive at the condition !’ = [. Then
the Bianchi identities for non-vanishing W3, Wy, @1, and ®,, imply « = 0. And finally, the
vanishing of the invariant (33) for P-types III and N results in p = o = 0.

4. Local description of the spacetimes with vanishing curvature invariants

Let us describe the metric, written in an adapted coordinate form, of all of the spacetimes with
vanishing curvature invariants (i.e., those satisfying theorem 1). We recall that spacetimes
with vanishing curvature invariants satisfy (1) (i.e., belong to the Kundt class [8, 9, 25]), are
of the Petrov type III, N or O (i.e., the Weyl spinor W 45¢p is of the form (9)) and the Ricci
spinor @ 4 has the form (10) that corresponds to the Ricci tensor

Raﬁ = —2¢2zlalﬁ +4CI>2ll(am,3) + 4@121((11/71,3). 47)
Consequently, the Plebariski spinor (39) has the form
xapcp = —2®21%0400c0p (48)

and the Plebanski—Petrov type (PP-type) is N for &1, # 0 or O for ®;, = 0. We note that
for PP-type N, using a null rotation about [“ we can transform away the Ricci component ©5,
and using further a boost in the [“—n® plane and a spatial rotation in the m*—m® plane set
®, = dy; = 1. For PP-type O, it is possible to set @, = 1 by performing a boost in the
[*—n“ plane.
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The Ricci tensor (47) has all four eigenvalues equal to zero and its Segre type is {(31)}
(P12 # 0), {211} (P12 = 0 and Pyy # 0) or {(1111)} (for vacuum &, = Py = 0).
The most physically interesting non-vacuum case {(211)} corresponds to a pure null-radiation
field [8]. It can be shown that an electromagnetic field compatible with (47) has to be null.
Other energy—momentum tensors, including a fluid with anisotropic pressure and heat flux,
can correspond to a Ricci tensor of PP-type O. Indeed, it is known that no energy—momentum
tensor for a spacetime corresponding to a Ricci tensor of Segre type {31} (or its degeneracies)
can satisfy the weak energy conditions (see [8], p 72), and, hence, spacetimes of PP-type
N are not regarded as physical in classical general relativity and, hence, attention is usually
restricted to PP-type O models. However, for mathematical completeness we will discuss
all of the models here. In addition, in view of possible applications in high energy physics
in which the energy conditions are not necessarily satisfied, these models may have physical
applications [26].

The most general form of the Kundt metric in adapted coordinates u, v, ¢, ¢ [8] is

ds? = 2du[Hdu + dv + Wd¢ + WdZ] — 2P d¢ dz, (49)
where the metric functions
H: H(uv vv {15)7 W: W(u7v7 é‘sé_‘)v P = P(usé‘vg)

satisfy the Einstein equations (see [8] and appendix A). For the spacetimes considered here,
we may, without loss of generality, put P = 1. Tables 2—4 summarize the Kundt metrics for
different subcases in the studied class.
It is of interest to find the conditions for which the repeated null eigenvector /* of the

Weyl tensor is recurrent for the Kundt class. The vector [* satisfies
1°l, =0, 1417 =0, 1, =0, La:pl®P =0, lw:py1%F =0
and its covariant derivative has, in general, the form

lag = (v + PDlalg + (B — Blamp + (B — Bllaing — Tmalp — Tiglg.
Performing a boost in the [“—n* plane
Za = Alg, Ty = Mg, flg = Ailna
with A satisfying

A= AP~ B +Dmg+ A — B+ D)ifa,
i.e., putting B —E =p —B—8A/A =1, =r1(seee.g.,[27] for transformation properties
of NP quantities), we obtain

lup = 7+ D+ T(Aump — Igmgy) + T(ging — lging) (50)
with % satisfying
£7got,3 = Za;ﬂ + iﬂ;a = 2(77 + ;)Za‘iﬁ- (51)

This normalization is called ‘an almost Killing normalization’ in [28]. As t cannot be
transformed away by any transformation of the tetrad preserving the /-direction and one
can even show that 77 is invariant with respect to all tetrad transformations preserving the
[-direction, the repeated null eigenvector [“ of the Weyl tensor is proportional to a recurrent
vector [% if and only if 7 = 0. To summarize, all Kundt spacetimes with 7 = 0 admit a
recurrent null vector.

Finally, let us present the relation between quantities L and L’ given in [28] and NP-
quantities when [ satisfies (51)

L=y+7, L' = DL = -217.
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Table 2. All spacetimes with vanishing invariants with ®;, # 0 and ®2, # 0, i.e., PP-N, are
displayed. For details and references, see appendix A.

T P-type  Metric functions

=0 I W = Wou, ¢, )
H=vh(u,t,8)+hou,¢,7)
Equations (A.16), (A.17)

N W3 =0 (A.18)
Equations (A.16), (A.17)

(¢} W3 =Wy =0(A.18), (A.19)
Equations (A.16), (A.17)

#£0 I W= ;ng; Wo(u, ¢, Z)_ ]
= Gagp TV 80 +ho(w, £, 0)

Equations (A.16), (A.17)

N W3 =0 (A.18)
Equations (A.16), (A.17)

(¢} W3 =Wy =0(A.18), (A.19)

Equations (A.16), (A.17)

5. Discussion

The pp-wave spacetimes have a number of important physical applications, many of which
also apply to the other spacetimes obtained in this paper. As mentioned earlier, pp-wave
spacetimes are exact vacuum solutions to string theory to all orders in &', the scale set by the
string tension [18]. Horowitz and Steif [19] generalized this result to include the dilaton field
and antisymmetric tensor fields which are also massless fields of string theory using a more
geometrical approach. They showed that pp-wave metrics satisfy all other field equations
that are symmetric rank two tensors covariantly constructed from curvature invariants and
polynomials in the curvature and their covariant derivatives, and since the curvature is null, all
higher-order corrections to Einstein’s equation constructed from higher powers of the Riemann
tensor automatically vanish. Therefore, all higher-order terms in the string equations of motion
are automatically zero. Many of the spacetimes obtained here will have similar properties.

In addition, solutions of classical field equations for which the counter terms required to
regularize quantum fluctuations vanish are of particular importance because they offer insights
into the behaviour of the full quantum theory. The coefficients of quantum corrections to Ricci
flat solutions of Einstein’s theory of gravity in four dimensions have been calculated up to two
loops. In particular, a class of Ricci flat (vacuum) Lorentzian 4-metrics, which includes the
pp-wave spacetimes and some special Petrov type III or N spacetimes, have vanishing counter
terms up to and including two loops. Thus these Lorentzian metrics suffer no quantum
corrections to all loop orders [20]. In view of the vanishing of all quantum corrections it is
possible that all of the metrics summarized in tables 2—4 are of physical import and merit
further investigation.

String theory in pp-wave backgrounds has been studied by many authors [18, 29], partly
in a search for a connection between quantum gravity and gauge theory dynamics. Such string
backgrounds are technically tractable and have direct applications to the four-dimensional
conformal theories from the point of view of a duality between string and gauge theories.
Indeed, pp-waves provide exact solutions of string theory [19, 18] and type-IIB superstrings
in this background were shown to be exactly solvable even in the presence of the RR
5-form field strength [30]. As a result, the spectrum of the theory can be explicitly obtained.
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Table 3. All spacetimes with vanishing invariants with ®1o = 0 and ®2, # 0, i.e., PP-O, null
radiation, are displayed. For details and references, see appendix A.

T P-type  Metric functions

=0 II W = Wou, ¢)
H = Yvo(Wo,z +Wo.c ) +ho(u, £, )
D2y = ho.ez —R(WoWo.zz +Wo.,z +Wo.z2)

N W=0
H = ho(u,g,%)
@y = ho,f
(0] W=0
H = hoa ()¢ + hoi (u)¢ + hoy (u)¢ + hoo(u)
Doy = hoa(u)
#0 I W= :+; + Wolu, ¢)
—? W0+W0
= Gor YU o £ D)
b =( +§)(W—°%) 2 —Wo.e Wo.z
_ =2v
N W= :+c
H= ({*()2 +h0(u ¢, {)
@2 —(2C+C)(H¢)
— —=v
0 W= ¢+

= _(;-v;)z + hoo(m)[1 + ho1 (u)¢ +;101(u)2 +h02(u)§2](g + Z)

D2 = hoo(W)hoa () (¢ + )

Table 4. All spacetimes with vanishing invariants with ®j, = $, = 0, i.e., PP-O, vacuum, are
displayed. For details and references, see appendix A.

T P-type Metric functions

=0 I W = Wou, ¢)
H = $v(Wo.z +Wo. )+ ho(u, . 7)
ho.cz = R(WoWo.zz +Wo.,z +Wo.z2)
Npp-waves W =0
H = hoo(u, ) +hoo(u, )

£0 10 W= ;f; + Wou, £)
= Gy VI o6, )
(e +§)(hO+WOWO) = = Wo.¢ WU T3
_ =2
N W= ™,

(C+:)o +[hoo(u, &) + hoo(u, D& +7)

This model is expected to provide some hints for the study of superstrings on more general
backgrounds. There is also an interesting connection between pp-wave backgrounds and
gauge field theories. It is known that any solution of Einstein gravity admits plane-wave
backgrounds in the Penrose limit [31]. This was extended to solutions of supergravities
in [32]. It was shown that the super-pp-wave background can be derived by the Penrose
limit from the AdS, x S$? backgrounds in [33]. The Penrose limit was recognized to be
important in an exploration of the AdS/CFT correspondence beyond massless string modes in
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[34, 35]. Maximally supersymmetric pp-wave backgrounds of supergravity theoriesin 11 and
10 dimensions have attracted great interest [36].

Recently, the idea that our universe is embedded in a higher-dimensional world has
received a great deal of renewed attention [37]. Due to the importance of branes in
understanding the non-perturbative dynamics of string theories, a number of classical solutions
of branes in the background of a pp-wave have been studied; in particular a new brane-world
model has been introduced in which the bulk solution consists of outgoing plane waves (only),
which avoids the problem that the evolution requires initial data specified in the bulk [38].

Finally, in [13] an example of non-isometric spacetimes with non-vanishing curvature
scalars which cannot be distinguished by curvature invariants was presented. This example
represents a solution of Einstein’s equation with a negative cosmological term and a minimally
coupled massless scalar field. In this paper we have noted the existence of a class of spacetimes
in which all of the curvature invariants are constants (depending on the cosmological constant).
These results and their extensions to higher dimensions are consequently also of physical
interest.
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Appendix. The Kundt metrics with all curvature invariants vanishing

Let us present here more details on the spacetimes with all curvature invariants vanishing,
which were briefly summarized in section 4. Appendix A.1, appendix A.2 and appendix A.3
correspond to tables 2, 3 and 4, respectively.

Since all of the spacetimes satisfying condition (A) of theorem 1 (i.e., that satisfy (1)),
belong to the Kundt class we start with the metric given by (49) in coordinates u, v, ¢, ¢ [8],
where the null tetrad is given by

[ =39, n=2a,— (H+P*WW)d, + P2(Wd, + W), m = Pd. (A.1)

Only certain coordinate transformations and tetrad rotations can be performed which preserve
the form of the metric (49) and the null tetrad (A.1) (see [8])

O ¢ =fEw, ]
_ w fou
P? =P f. f., W=—-——"
el  fe Pt (A2)
H = H — ]_ <f’"f’”+Wf,uf,g+Wf,uf,§>;
fefz \ P2
an v =v+g, ¢ w),
(A.3)
P =P, W=W-g.,, H =H—g.,u;
) ' =hw), v =v/h.
(A4)
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In particular, in these coordinates it is not possible, in general, to simultaneously simplify
the forms of the Ricci spinor components in (47) in PP-types N and O by boosts and null and
spatial rotations.

In most cases it is possible to specialize the solution form by an appropriate choice
of coordinates, thereby narrowing the range of allowed coordinate transformations. The
remaining coordinate freedom will be described below on a case-by-case basis.

A.l. Plebariski—Petrov type N, i.e., @12 # 0 and &y, # 0

e Petrov type I1I. The functions H, W and P have to satisfy equations which follow from
the fact that we assume the Petrov types III, N or O (V) = ¥; = ¥, = 0) and have the
Ricci tensor of the form (47).

For the Kundt class, W, vanishes identically and

U =1PR; =-1PW,, =0
and thus

W, =0. (A5)
Then ¥, = 0 = I, and R = 0 reduce to

Wy = —L[H,w+2(P,; P.; —PP,;;)+ P?QW,,; —W,,0 )] =0, (A.6)
W,UE = Wav{a (A'7)
2W, e =W, W, (A.8)
and
R;z=-2(nP),;=0. (A.9)

The Gaussian curvature, K = 2P2(In P), &= A(n P), of wave surfaces determined
uniquely by the spacetime geometry is a spacetime invariant and since it vanishes for the
studied class of spacetimes, they are characterized by plane-wave surfaces [8].

From (A.9), using a type I coordinate transformation (A.2), we can put

P=1. (A.10)
This restricts the type I transformations to

o =e"Wr 4 fu). (A.11)
Then, equations (A.5), (A.7) and (A.8), together with

Ree = =W, +1W,,> =0, (A.12)

after another type I coordinate transformation (A.11), give without loss of generality [8]

—2v

Wwu,v,¢,2) = g+En+W0(u,§, ) (A.13)

withn = O or 1. If n = 1, the wave surfaces are polarized, and consequently type I
transformations are further restricted to

¢ =C+ fu), f+f=0.
Finally, equations (A.6) and

Ruuz_Havv_%Wau W,UIO (A14)
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are identical and have the solution [8]
- —‘U2 - -
Hwu,v,z,¢) = mn+vh1(u,§,§)+ho(u,§,§). (A.15)
Employing (A.5)—(A.8), (A.10), (A.12) and (A.14), the remaining Einstein equations are
Ru =2(WH,, +WH, ;) —2H,;: +H,, (W: +W,.) — (H,. W,, +H; W,,)
—HW, W, —(WW, 0+ WW,,,) )+ W,z + W, =W W,
+H(WW,, — WW, ) (W, +W.5) + L (W2 + W+ W2 W+ Wrw,,2)

= 2[Dy —2(WDy + WD )] (A.16)
Ru{ :_H,v{+%(W,uv_W,{E"'W,é‘{"'w,uW,E_W,uw,{)_ %WaU(WWH)-FWWaU)
= 20, (A17)
The NP quantities read
p=0c=k=¢=0,
1
1=—-1=28=-28=———=n,
{+¢
, 2v W
= ——-———=5hn - 0575
¢ +1)? ‘
’ 2v L (Wo.z +Wo.c)
,0 = -5 —3 0,7 0> )
C+02 2T
6v2 Wo + W, Wo.7 + Wo, 7 _
=Y 3n—v|:h1,2+2 L ;”_2 - ‘0{”:| = ho,g = (WoWo).z,
&+ &+ {+¢
3v 1 W0+W0 1 -
)/ = —n + _hl - —n+ _(W()a_ - WOa )’
C+02 2 g+l 4 T
- Wo,; — Wo,g Wo + W
Wy = —2hy,; + Wo,.; — Wo,z7 +2 = n— —n, (A.18)
’ e e e ¢ +1 €+
hi,z — W,z +Wo, ¢z Wo,z —2Wo,; Wo + W,
\Il4=v|:—h1,§g+2 1¢ RLTSMMALITINN IAA LY _20{n+ 0 _3Onj|
{+¢ ¢ +¢) &+
+thOsZ _hOsZE +W0suf + WO(W()v{'Z - WO?EZ)
ho,z + Wo(Wo,z — Wo,z ho + WoW,
g0zt WolWo.z = Wo.p) - ) o 2 . (A.19)
{+¢ &+
The remaining coordinate freedom for the case n = 1 is
D =+ fu), . f+fi(), Wo' = Wo — fuu,
ho' =ho — fou fou+Wo — Wo) fu, hy' = hy;
a v =v+g, Wo' = Wo — .0 +28/(¢ +0),
/ 2 =\2 / “\2 (AZO)
ho =ho—gww—28h1 —g /(& +{), hy' =h; +2g/(&+8)5;
) u' = h@), v =v/h,,,
Wo' = Wo/ .y, ho' = ho/h.u*, By = i) o+ o Jho

One could, without loss of generality, take #; = 0.
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The remaining coordinate freedom for the n = 0 case is
M =" flw),
Wo' =e " Wo+ fl—ie™0., h' = h,
ho' = ho = fuu Fou—i€”0.u fo & +ie™0. ful —0.,°¢C
= Woe™ fuu+i0., 0) = Wo(e"” fu —i0., O

(A21)
Im v =v+g,

Wo' = Wo— g, ho' = ho — g.u —ghi, hy' =hy;
A u = hu), v =v/h,,,

Wo' = Wo/h,u, ho' = ho/h..*, h' =/ B+ o/ 1

One could therefore without loss of generality take 4y = 0.

In general, we cannot make any further progress unless we identify a specific source,
e.g., null radiation or null electromagnetic field, which then yields additional field
equations through equations (A.16) and (A.17) (and, for example, the Maxwell equations).

e Petrov type N. In this case W3 = 0 and equation (A.18) constitutes an additional differential
equation that must be satisfied. This equation can be integrated to obtain a more specialized
form of the metric.

e Petrov type O. In this case W3 = W, = 0, i.e. right-hand sides of equations (A.18), (A.19)
must vanish. These equations can be integrated to obtain a fully specified form of the
metric.

A.2. Plebariski—Petrov type O, 1, = 0 and 2, # 0— pure radiation

Conformally Ricci-flat pure radiation metrics, studied in [17], all belong to this class. In fact,
in [17] the authors present all pure radiation solutions belonging to Kundt’s class of Petrov
types N and O for t # 0 and of Petrov types III, N and O for t = 0. For pure radiation, one
of the remaining Einstein equations simply serves to define the radiation energy—density. For
specific sources, such as a null electromagnetic field, these equations (e.g., equations (A.16)
and (A.17)) lead to additional differential equations. In the case of vacuum, all solutions can
be explicitly written (see the following subsection).

A2.1.n=0(t =0)

e Petrov type IlI. For n = 0 the Einstein equation R,; = 0 (A.17) becomes
[71+ 3 (Wo.z — Wo,e)].c = 0.

Using a type II transformation (A.3), (A.21) (see [8] for a discussion) and (A.13), (A.15),
its solution turns out to be

W = Wy(u, ), ) i
H = 50(Wo.z + Wo.o) +ho(u, £, 0.
The metric functions are subject to the only remaining Einstein equation (A.16)
D2y = ho.ez — R(WoWo.zz + Wouuz + Wo.z2). (A.23)
The NP quantities take the form

(A.22)

p=oc=k=e¢=t=0=1"=B=4=0,
/ 1

10/ = _%(W()vf +W07{')s K = _EUW(LZZ _hOsZ - WOW()!Z 9 Yy = %W(),Z,
W3 = —2Wo.zz, Wy = —3vWo,zzz — ho.zz — WoWo,g: - (A.24)
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This choice of metric form restricts the type I, II and III transformations (A.21) to the
following three cases:

¢ =+ fu);
V' =0+ g1 + &1 (u) + go(u):
u' = hu), V' =0/ hyy — (o [h%) S8,

where f, g1, go and h are arbitrary functions of # and a;, a¢ are real constants.

e Petrov type N. For type-N spacetimes (W3 = 0 — Wy,;z = 0), Wy can be transformed
away (A.21) [8] and thus the metric functions (A.22) are

W =0, H = ho(u,¢,7) (A.25)

and the NP quantities (A.24) read

:o‘:/{:g:f:o":t/: = ,: ,: :O’ /{,:—h,-,
o B=B=p =v 0, (A26)
V3 =0, v, = —ho,gg.
The only remaining Einstein equation (A.23) now becomes
@y = ho,g - (A.27)

The remaining coordinate freedom comes from a mixed type I and II transformation:

¢ =+ fu), V=v+ ful+ ful+g),
hO/:hO_gsu"'fvufsu_f_suug_fsuugv

where 0 is a real constant and u is determined up to a affine transformation.

These spacetimes are known as generalized pp-wave solutions. In the case of a null
electromagnetic field, energy momentum tensor, equation (A.27) and Maxwell’s equations
lead to a further differential equation for A, whose solution is known [8].

(A.28)

e Petrov type O. All metrics belonging to this class are given in [16] (see (12) therein). The
condition Wy = 0 from (A.26) is hg,zz = 0 with the solution

ho = hoa(u)¢ (A.29)

after a transformation (A.28). The metric functions are thus given by (A.25) with (A.29)
and the Einstein equation (A.27) becomes @5, = hy.
The coordinates are fixed up to an eight-parameter group of transformations:

¢ =€+ fw),
vV =v/ar+ ful+ ful + 5Pt g0,

u' = aju + ao,
where f(u) is a complex-valued solution of
fvuu+fh02 = 01

and 0, ay, ay, go are real constants.
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A22.n=1,1#0.

e Petrov type Ill. For n = 1, the Einstein equation R,; = 0 (A.17) is
[h : (Wo.z — Wo.e )

1+ 0, — 05 - = =

2T e g ¢ +¢

Again using a type II transformations (A.20) (as in [8]), we obtain the solution (A.13),
(A.15)

Wy + W():| _ W(),E +W0,(
¢

W= 2 W, 0) ot MW e ) (A.30)
= - 0 u’ K - - v b 0 M’ K N .
{+¢ (¢ +9)? ¢+¢
The remaining Einstein equation (A.16) then reads
- ([ ho+ WoW, i}
®n=(c+o<il—iiﬁ>ﬁg—wu;wmg (A31)
¢+¢
The NP quantities are as follows
1
p =o=k=¢=0, T=—-1=28=-28=———,
¢+¢
/ 2U W 7 2U
= T -5 052 » IO = T =
c+52 € +5)?
6v> Wo+Wo Woz i,
/ — U_3—U|: 0 —20_ Oé}_h07E_WOW07fv
€+0) C+0) i+
, = v 1 W+ Wo (A.32)
C+8)? 2 ¢+¢
4Wo,z
Wy = L
¢+¢ ) ) )
W — [ Wo.z2 6Woz :| 2ho,; +Wo,z (Wo — Wo) 2h0 + WoW
4 = el p— = = - =
(+¢ o (+0)? i+¢ (& +¢)?
— ho,gg + V_Vo,ug .
The remaining coordinate freedom is
¢ =0+ fw), f+f=0
V=v+(E+Ogw); (A.33)
v -, h
r_ h . r— _ + 2 "Huu )
u (u) V=g C+9) T

e Petrov type N. All type-N pure radiation metrics were found in [17]. For type-N spacetimes
Y3=0 — V_Vo,g = 0), Wy can be transformed away again using (A.21), (A.33) and the
metric functions (A.30) take the form

_ =2v _ —?
L+ €+
with hg satisfying (A.31)

+ho(u, ¢, 2) (A.34)

— > h()
¢22—(§+§)<§+E>(- (A.35)

Y3
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The NP quantities are as follows

1
p:o‘:/{:g:(), f:—t/zzﬁ:—zﬁ,:— =

¢+<
. 2v , 6v2 L 3v (A36)
(7:10:—7_, K = ——— — 3T )/27_, .
G +0)7 c+op & +0)7
W; =0 Wy =—(C+7) ( o )
3 = N 4 = — — .
¢+ )
The remaining coordinate freedom is given by
. v ~ 2 Mo
J=c+ifo, u' = h(u), v = — €+,
h’u Zhau
=\ (A.37)
o' = 2+ 3 2 ),
hauz 4hau4

where fj is a real constant, and & = h(u) is an arbitrary real function.
Petrov type O. All conformally flat pure radiation metrics (both with 7 = 0 and t # 0),
generalizing the solutions found in [39] and [7], were given in [16]. The physical
interpretation of this class of spacetimes is discussed in [40].

The equation W4 = 0 in (A.36) has the solution (see (16) in [16])

ho = hoo()[1 + ho1 )¢ + ho1 ()T + hoy ()T L) + ) (A.38)
which is to be substituted into the metric functions (A.34).
The Einstein equation (A.35) turns to be
P2y = (£ +E)hoo)hoa ().

The remaining coordinate freedom is a four-parameter transformation group consisting
of translations of ¢ by an imaginary constant and fractional linear transformations of u.
More precisely,
¢ =t +ifo. u/zau+b’ o — cu+d
cu+d ad — bc
hoy! = (cu+d)*

" (ad — bc)zhoo’

where a, b, c,d, fy are all real constants (note: one of the constants is redundant).
Einstein—Maxwell null fields, massless scalar fields and neutrino fields do not exist for
this class of metrics [16].

[v(cu +d) +c(¢ + )71,

A.3. The vacuum case, i.e., &15 = Oy = 0.

The vacuum Petrov types-I1I, N and O Kundt metrics are reviewed in [8] (ch 27.5). The form
of the metric, and the remaining coordinate freedom are as in appendix A.2, with the vacuum

condition imposing an additional constraint on the metric parameters.

A31.n=0,7=0.

e Petrov type 1II. For vacuum Petrov type-III spacetimes, the metric and the NP quantities
are given by (A.22) and (A.24), respectively, where kg satisfies the Einstein equation

(A.23)

ho,“: —9%(W0W0,E§+W0,ME+W0,52) =0. (A39)
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Petrov [41] found an example belonging to this class (in different coordinates)
ds? = x(v —e") du? — 2du dv +e* (dx* + e 2 dz?). (A.40)
e Petrov type N— pp waves. The metric functions (A.25) and the NP quantities (A.26) of
vacuum Petrov type-N spacetimes satisfy (A.27)
ho,.g =0, ie., ho=hoo(u,)+ho,l). (A41)

These spacetimes belong to the class of pp-wave spacetimes (see chapter 21.5 in [8])
which admit a covariantly constant null vector that is consequently also a null Killing
vector.

e Petrov type O — flat spacetime. For flat spacetime, equation (A.41) reduces the solution
(A.29) to hy = 0, a flat metric.

A32. n=1,t#0.

e Petrov type I1l. For Petrov type-III vacuum spacetimes with non-vanishing 7, the remaining
Einstein equation (A.31) turns out to be

h() + Wy V_V()
t+¢
Its solution determines the metric (A.30) and the NP quantities (A.32).
An example from this class, which was originally found by Kundt [9], with Wy =
Wo = /(¢ + ) satisfying ¥,z = 0, is known (see [8]).
e Petrov type N. For Petrov type-N vacuum spacetimes, the Einstein equation (A.42)

simplifies to
(),
{+¢ <z

with the solution
ho = [hoo(u, &) + hoo(u, )1 +1). (A43)

The metric and NP quantities are then given by (A.34) and (A.36) with (A.43).
e Petrov type O — flat spacetime. For the flat spacetime the condition ¥4 = 0 in (A.36),

ie.,
(),
$+C/) i

has the solution

ho = hoo(W)[1 + ho1 ()¢ + hot (W)E1(E + ).

(¢ +E>( ) = Wo.e Wz (A.42)
NeY

References

[1] Géhéniau J and Debever R 1956 Les invariants de courbure de 1’espace de Riemann a quatre dimensions Bull.
Cl. Sci. Acad. R. Belg. 42 114
[2] Witten L 1959 Invariants of general relativity and the classification of spaces Phys. Rev. 113 357
[3] Sneddon G E 1996 The identities of the algebraic invariants of the four-dimensional Riemann tensor J. Math.
Phys. 37 1059
Sneddon G E 1998 The identities of the algebraic invariants of the four-dimensional Riemann tensor II J. Math.
Phys. 39 1659
Sneddon G E 1999 The identities of the algebraic invariants of the four-dimensional Riemann tensor 111 J. Math.
Phys. 40 5905



All spacetimes with vanishing curvature invariants 6235

[4]
[3]

[6]
[7]
[8]

[9]
[10]
(1]

[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]
[25]

[26]
[27]
(28]

[29]
[30]

[31]
[32]

[33]

[34]

[35]

Zakhary E and McIntosh C B G 1997 A complete set of Riemannian invariants Gen. Rel. Grav. 29 539

Zakhary E and Carminati J 2001 On the problem of algebraic completeness for the invariants of the Riemann
tensor 1 J. Math. Phys. 42 1474

Carminati J, Zakhary E and McLenaghan R G 2002 On the problem of algebraic completeness for the invariants
of the Riemann tensor II J. Math. Phys. 43 492

Carminati J and Zakhary E 2002 On the problem of algebraic completeness for the invariants of the Riemann
tensor III J. Math. Phys. 43 4020

Bicdk J and Pravda V 1998 Curvature invariants in type-N spacetimes Class. Quantum Grav. 15 1539

Koutras A and McIntosh C 1996 A metric with no symmetries or invariants Class. Quantum Grav. 13 L47

Kramer D, Stephani H, MacCallum M and Herlt E 1980 Exact Solutions of Einstein’s Field Equations
(Cambridge: Cambridge University Press)

Kundt W 1961 The plane-fronted gravitational waves Z. Phys. 163 77

Penrose R and Rindler W 1984 Spinors and Spacetime vol 1 (Cambridge: Cambridge University Press)

Jordan P, Ehlers J and Kundt W 1960 Strenge Losungen der Feldgleichungen der Allgemeinen Relativitétstheorie
Abh. Akad. Wiss. Mainz, Math.-Nat. 2 77

Deser S 1975 Plane waves do not polarize the vacuum J. Phys. A: Math. Gen. 8 1972

Gibbons G W 1975 Quantized fields propagating in plane-wave spacetimes Commun. Math. Phys. 45 191

Schmidt HJ 2001 On space-times which cannot be distinguished by curvature invariants Preprint gr-qc/0109007

Torre C G 1999 Gravitational waves: just plane symmetry Preprint gr-qc/9907089

Pravda V 1999 Curvature invariants in type-III spacetimes Class. Quantum Grav. 16 3321

Edgar S B and Ludwig G 1997 All conformally flat pure radiation metrics Class. Quantum Grav. 14 L65

Ludwig G and Edgar S B 1997 Conformally Ricci flat pure radiation metrics Class. Quantum Grav. 14
3453

Amati D and Klim¢ik C 1989 Nonperturbative computation of the Weyl anomaly for a class of nontrivial
backgrounds Phys. Lett. B 219 443

Horowitz G T and Steif A R 1990 Spacetime singularities in string theory Phys. Rev. Lett. 64 260

Gibbons G W 1999 Two-loop and all-loop finite 4-metrics Class. Quantum Grav. 16 L71

Plebariski J F 1964 The algebraic structure of the tensor of matter Acta Phys. Pol. 26 963

Mclntosh C B G, Foyster ] M and Lun A W-C 1981 The classification of the Ricci and Plebariski tensors in
general relativity using Newman—Penrose formalism J. Math. Phys. 22 2620

Joly G C and MacCallum M A H 1990 Computer-aided classification of the Ricci tensor in general relativity
Class. Quantum Grav. T 541

Seixas W 1991 Extension to the computer-aided classification of the Ricci tensor Class. Quantum Grav. 8 1577

Ludwig G 1980 Space-times with geodesic, shear free, twist-free, nonexpanding rays J. Math. Phys. 21 2543

Ludwig G 1981 Space-times with geodesic, shear free, twist-free, nonexpanding rays, I J. Math. Phys. 22 2240

Barcel6 C and Visser M 2002 Twilight for the energy conditions? Preprint gr-qc/0205066

Carmeli M 2000 Group Theory and General Relativity (London: Imperial College Press)

Ozsvith I, Robinson I and Rézga K 1985 Plane-fronted gravitational and electromagnetic waves in spaces with
cosmological constant J. Math. Phys. 26 1755

Horowitz G T and Tseytlin A A 1995 A new class of exact solutions in string theory Phys. Rev. D 51 2896

Metsaev R R 2002 Type IIB Green—Schwarz superstring in plane wave Ramond-Ramond background Nucl.
Phys. B 625 70

Metsaev R R and Tseytlin A A 2002 Exactly solvable model of superstring in Ramond—Ramond plane wave
background Phys. Rev. D 65 126004

Penrose R 1976 Differential Geometry and Relativity ed Cahen and Flato (Dordrecht: Reidel) pp 271-5

Giiven R 2000 Plane wave limits and T-duality Phys. Lett. B 482 255

Sfetsos K 1994 Gauging a non-semi-simple WZW model Phys. Lett. B 324 335

Blau M, Figueroa-O’Farrill J, Hull C and Papadopoulos G 2002 A new maximally supersymmetric background
of IIB superstring theory J. High Energy Phys. JHEP01(2002)047

Blau M, Figueroa-O’Farrill J, Hull C and Papadopoulos G 2002 Penrose limits and maximal supersymmetry
Class. Quantum Grav. 19 L87

Blau M, Figueroa-O’Farrill J and Papadopoulos G 2002 Penrose limits, supergravity and brane dynamics Class.
Quantum Grav. 19 4753 ( Preprint hep-th/0202111)

Meessen P 2002 A small note on PP-wave vacua in 6 and 5 dimensions Phys. Rev. D 65 087501

Maldacena J 1998 The large N limit of superconformal field theories and supergravity Adv. Theor. Math. Phys.
2231

Berenstein D, Maldacena J and Nastase H 2002 Strings in flat space and pp waves from A" = 4 Super Yang
Mills J. High. Energy Phys. JHEP04(2002)013



6236 V Pravda et al

[36] Kowalski-Glikman J 1985 Positive energy theorem and vacuum states for the Einstein-Maxwell system Phys.
Lett. B 150 125
[37] Rubakov V and Shaposhnikov M 1983 Extra space-time dimensions: towards a solution to the cosmological
constant problem Phys. Lett. B 125 139
Arkani-Hamed N, Dimopoulos S and Dvali G 1998 The hierarchy problem and new dimensions at a millimeter
Phys. Lett. B 429 263
Randall L and Sundrum R 1999 A large mass hierarchy from a small extra dimension Phys. Rev. Lett. 83 3370
Randall L and Sundrum R 1999 An alternative to compactification Phys. Rev. Lett. 83 4690
[38] Horowitz G T, Low I and Zee A 2000 Self-tuning in an outgoing brane wave model Phys. Rev. D 62 086005
[39] Wils P 1989 Homogeneous and conformally Ricci flat pure radiation fields Class. Quantum Grav. 6 1243
[40] Griffiths J B and Podolsky J 1998 Interpreting a conformally flat pure radiation spacetime Class. Quantum Grav.
15 3863
[41] Petrov A Z 1962 Gravitational field geometry as the geometry of automorphisms Recent Developments in
General Relativity (Oxford: Pergamon) p 379



