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Abstract

It is well known that certain pp-wave metrics, belonging to a more general class of Ricci-flat type
N, 7, = 0, Kundt spacetimes, are universal and thus they solve vacuum equations of all gravitational
theories with Lagrangian constructed from the metric, the Riemann tensor and its derivatives of
arbitrary order. In this paper, we show (in an arbitrary number of dimensions) that in fact all Ricci-
flat type N, 7, = 0, Kundt spacetimes are universal and we also generalize this result in a number of
ways by relaxing 7, = 0, A = 0 and type N conditions.

First, we show that a universal spacetime is necessarily a CSI spacetime, i.e. all curvature invari-
ants constructed from the Riemann tensor and its derivatives are constant. Then we focus on type
N where we arrive at a simple necessary and sufficient condition: a type N spacetime is universal if
and only if it is an Einstein Kundt spacetime. Similar statement does not hold for type IIT Kundt
spacetimes, however, we prove that a subclass of type I1I, 7, = 0, Kundt spacetimes is also universal.

1 Introduction

Already in late 80’s and early 90’s, it was shown [1,2] that certain pp waves are solutions to all gravitational
theories with Lagrangian constructed from the metric, the Riemann tensor and its derivatives of arbitrary
order, being thus also classical solutions to string theory. A natural question arises whether there exist
other spacetimes with this property. This was answered affirmatively in [3] where further examples of
these so called universal metrics were given.

Definition 1.1. A metric is called universal if all conserved symmetric rank-2 tensors constructed from
the metric, the Riemann tensor and its covariant derivatives of arbitrary order are multiples of the metric.

A universal metric thus have T,, = Agqp for any conserved symmetric rank-2 tensor T,,. Such metrics
are of particular interest since they are vacuum solutions (possibly with a nonvanishing cosmological
constant) to all theories with Lagrangian in the form

L= L(gab7 Raped, val Rycdey - - - Val...aprcde>- (1)

In the Riemannian signature, these metrics were studied by Bleecker [4] where it was found that all
such metrics are necessarily isotropy-irreducible homogeneous metrics. This is also a sufficient condition.
In particular, this means that all polynomial invariants constructed from the Riemann tensor and its
derivatives of arbitrary order are constants.

In this paper, we are concerned with the Lorentzian case and we study general properties of universal
spacetimes in arbitrary dimension and we identify various classes of these spacetimes.

First, we employ a necessary condition for universal spacetimes derived in appendix B. Since 7% =
constant for a universal spacetime, one can prove (see the proof of theorem B.2)

Theorem 1.2. A universal spacetime is necessarily a CSI spacetime.



CSI spacetimes are spacetimes with all polynomial invariants constructed from the Riemann tensor
and its derivatives of arbitrary order being constant, see e.g. [5]. Therefore, the CSI spacetimes play an
important role in the question of universality and as potential solutions for arbitrary theories of gravity.
Note, however, that the CSI criterion is not sufficient; on the other hand, there is an interesting reverse
result (see appendix B): Given a CSI metric, ga, then there exists a class of theories having gq, as a
vacuum solution.

As far as universal spacetimes are concerned, the CSI constraint on universal spacetimes from theorem
1.2 allows us to systematically study necessary and sufficient conditions for universal metrics of types N
and IIT in the classification of [6] (see also [7] for a recent review).

In particular, for type N! we derive the following necessary and sufficient condition:

Theorem 1.3. A type N spacetime is universal if and only if it is an Einstein Kundt spacetime.

Kundt spacetimes are spacetimes admitting non-expanding, shearfree, twistfree geodetic null congru-
ence, see sec. 3 for discussion of Kundt spacetimes.

Universal metrics of [1,2] belong to a more general class of Ricci-flat, 7; = 0, type N Kundt metrics.
Furthermore, Einstein type N Kundt metrics also allow for 7; # 0 and for nonvanishing cosmological
constant A (see sec. 3 for corresponding metrics).

For type III spacetimes, Einstein Kundt condition is not a sufficient condition for a spacetime being
universal since further constraints follow. In this case, we prove the following sufficient conditions.

Theorem 1.4. FEinstein type III, 7, = 0, Kundt spacetimes obeying CacderCde =0 are universal.

Necessary conditions are studied only under some genericity assumptions. For a “generic” type III
spacetime, we show that Kundt condition is a necessary condition for universality (see sec. A.2).

Throughout this paper, Kundt spacetimes admitting covariantly constant null vector (CCNV) will be
denoted as pp waves. While in four dimensions pp waves are of type N, in five dimensions they are of
type N or IIT and in dimension n > 5 pp waves of type N, IIT and II exist [7]. Theorem 1.3 implies that
type N pp waves are universal. On the other hand, type III pp waves are not compatible with necessary
condition for type III universal spacetimes, C’acdeC’b”‘d"‘ = 0, and therefore are not universal, see sec. 3.

This paper is organized as follows: in section 2, we briefly introduce notation and summarize definitions
and results necessary in this paper. Section 3 is devoted to the Kundt metrics and explicit examples of
universal metrics within this class. In section 4, we prove necessary and sufficient conditions for type N
universal spacetimes (theorem 1.3), while more technical proofs of theorems 1.4 and 1.2 are postponed
to appendices A and B, respectively. In section 5, we briefly summarize and discuss the main results.
Finally, in appendix C, we give a subset of Bianchi and Ricci identities used in this paper.

2 Preliminaries

In this paper, we employ algebraic classification of the Weyl tensor [6] and higher-dimensional gener-
alizations of the Newman-Penrose [8,9] and Geroch-Held-Penrose formalisms [10]. We follow notation
of [7,10]. Here, we only briefly summarize definitions and results necessary in this paper (for more
thorough introduction see recent review paper [7]).

In an n-dimensional Lorentzian manifold, we work in a null frame with two null vectors £ and n and
n — 2 spacelike vectors m(» obeying?

Eaga = nana = 0, gana = ]., m(i)amgj) = (S” (2)
Lorentz transformations between null frames are generated by boosts
2=x, fn=x'n, m®O=m® (3)

null rotations and spins. We say that quantity ¢ has a boost weight b if it transforms under a boost (3)
according to

q=\q. (4)

INote that while in [3] it was already mentioned without proof that Einstein type N Kundt spacetimes are universal, to
our knowledge necessary conditions have been never studied.
2Hereafter, coordinate indices a, b, ... and frame indices i, j, . .. take values from 0 to n — 1 and 2 to n — 1, respectively.




Obviously, various components of a tensor in a null frame may have distinct integer boost weights. For
our purposes, it is convenient to introduce boost order of a tensor with respect to a null frame as a
maximum boost weight of its frame components taken over nonvanishing components. Note that in fact
boost order of a tensor depends only on the null direction £.

Type N spacetimes are defined as spacetimes admitting a frame in which only boost-weight -2 com-
ponents of the Weyl tensor are present. Consequently, the Weyl tensor can be expressed as [6, 7]

Cabea = 4035 Lg,m'y) €,mY), (5)
where ]
Clabedy = §<C[ab][cd] + Cledjab]) = Cabed; (6)

and ;; is symmetric and traceless. For Einstein type N spacetimes, ¢ is necessarily geodetic [8]. Without
loss of generality, we can choose ¢ to be affinely parameterized and a frame parallelly transported along
£. Then, the covariant derivatives of the frame vectors in terms of spin coefficients read

Ea;b = L1100 + Lufam(bi) + Timgi)gb + pijm(j)m(bj), (7)

Naw = —L11naly —Liingm + klm@e, + pgjm(;)m(bj), (8)
, N . N

mal;)b =~ loly — Tingly — p;jﬁam(bj)—kMﬂm(j)éb — pijnam(bj) + Mklm(ak)m(bl). (9)

It is often convenient to decompose the optical matrix p;; into its trace ¢ (expansion), tracefree symmetric
part 0;; and antisymmetric part A;;

pij = 0ij +00i; + Aij, 05 = Py — wmzPekOiy 0= ek Ay = ppg) (10)

Shear and twist of £ correspond to the traces 02 = 0% = 0;;0; and w? = —A% = —A;; Aj;, respectively.
It can be shown that, for algebraically special Einstein spacetimes, possible forms of p;; are rather
restricted. In particular, for type N Einstein spacetimes, a parallelly propagated frame can be chosen so

that [8,10]
pij:diag([SAé},O,...,O). (11)

Covariant derivatives in directions of frame vectors £, n and m(® will be denoted as D, A and §;,

respectively, so that _
Va=naD+mWs + 4, A (12)

3 The Kundt metrics

As follows from the results discussed above, all universal metrics discussed here (and in fact possibly all
universal metrics in general) belong to the Kundt class, defined as spacetimes admitting a null geodetic
vector field £ with vanishing shear, expansion and twist, i.e., k; = 0 = p;; and thus the covariant derivative
of £ simplifies to [11-13]

Casp = Lirlaly + 7i(Lam? +my). (13)

Before introducing coordinates, let us first discuss various relevant subclasses of Kundt spacetimes:

The Ricci-flat type N Kundt class splits into two subclasses characterized by vanishing/nonvanishing
7;. 1t can be shown that for 7; = 0 class, one can rescale £ to set L1; = 0. This class thus represents type
N Ricci-flat pp waves (i.e., it admits a covariantly constant null vector - CCNV).

The Ricci-flat type IIT? Kundt class splits again in two subclasses characterized by vanishing /nonvanishing
7;. In the 7; = 0 class, representing recurrent spacetimes, Li; can be set to zero by boost iff ¥/; = 0.
Thus, for 7; = 0 = ¥/, this class represents type III Ricci-flat pp waves.

The necessary condition for type III universal spacetimes,

CacderCde = 0; (14)

3See (40) for the form of type 11T Weyl tensor.



is an identity for four-dimensional type III spacetimes. Furthermore, if (14) holds for an n-dimensional
spacetime it is also valid for n 4+ 1 dimensional spacetime obtained by warping the original metric. Since
also an algebraic type of an algebraically special spacetime is preserved under warp [14], one can easily
construct higher-dimensional type ITI Kundt spacetimes obeying (14) by warping four-dimensional type
ITT Kundt spacetimes. For n > 4 type III, (14) can be expressed as [15]

ClacdeCy% = Wl b, =0, (15)
where )
U = 5%,6\1/;7.,6 A (16)

It is clear that, for type III pp waves, ¥ # 0 (since U, = 0, see (59), while ‘l/;;jk # 0) and thus these
spacetimes are not universal.

Note that, for type III and N Einstein Kundt spacetimes with 7; = 0, cosmological constant A
necessarily vanishes due to the Ricci identity (62), while 7; # 0 class allows for nonvanishing A.

For the Kundt class, one can introduce coordinates such that £ = 9, and £,dz® = du and the metric
takes the form [5,16] (see also more recent papers studying the Kundt class [11,13,17])

ds* = 2du [dr + H (u,r, z7)du + W (u, 7, 27)d2®] 4 gas(u, 27)dz*da?, (17)

where coordinate indices «, 3,7 = 2...n — 1. The remaining frame vectors can be chosen such that
nedz® = dr + Hdu + W,dz® and mt(li)dza = 6¢(3f)d;1:‘3‘ with gag = 5”68')@;3”. It follows that €4, = %gab,r,
Liy=H,and ;= %Wa,r e%’i) = %Wim Obviously, for g,; independent on r, £ is a CCNV.

Since, by theorem 1.2, universality implies CSI, we can restrict ourselves to the Kundt CSI metrics,

where [5,11]

Weo(u,r,z7) = TW(gl)(u,oﬂ) + Wéo)(u,xv),
2
H(u,r,2") = % (a + W§1>W<1>a) +rHD (u,27) + HO (u, 27), (18)

Jap(x?) (note that gog. = 0) is a locally homogeneous space and a is a constant. Note that (18) are
necessary but not sufficient conditions for Kundt CSI. Let us now further specialize to the Ricci-flat case.

3.1 Ricci-flat type III and N Kundt spacetimes

The class of Ricci-flat type IIT and N Kundt spacetimes coincides with Ricci-flat subclass of VSI spacetimes
(spacetimes with all curvature invariants vanishing) of [18]. Corresponding metrics, studied in detail
in [19], admit the form

ds® = 2du [dr + H (u,r, z7)du + W (u, 7, 27)dz®] 4 d4pdz®da?, (19)
with
2er
Wy = T2 (20)
W (u,r, @) = Wi (u,27), (21)
2
_er 1 0 B
H(u,r.2") = 3739 +rHW (u,27) + HO(u,27)  (e=0, 1), (22)
which for type N reduce to
2er
W2 - —F, (23)
Wir = 2V Byar(u) + Cor(u)[e? + e(1 — 2?)], (24)
2
er o
H = 5222 + HO (u, z7), (25)

where By = Biyay, M,N=3...n—1,e=0o0r 1 and 7, = 0 case corresponds to ¢ = 0.

Universal metrics of [1,2] are of type N with 7; = 0 and they correspond to a subset of metrics (19),
(23) - (25) with e = 0, Byar(u) = 0, Car(u) = 0. Note, however, that in four dimensions these two classes
coincide since for n =4 and € = 0, By (u) vanishes and Cjs(u) can be transformed away.

Further conditions follow from the Ricci-flat condition (see [19]).



3.2 Explicit examples of universal metrics
3.2.1 Type N Einstein Kundt

In four dimensions, after a coordinate transformation r» = vQ?/P?, all type N Einstein Kundt metrics
can be expressed as [20-22]

2 2 Q° 1
ds? = 255 dudv + (21@2@2 + ( sz“v — gH> du® + Y23 (dz® +dy?), (26)

where

P=1+ %(xz +192), k= %a(u)Q + % (B(w)?* +v(v)?),

Q= (1- 35+ 97 ) alw + Bu)e + 2w H =210~ 3s(afi + uf)

where a(u), 8(u),v(u) are free functions (see [22] for canonical forms) and f; = fi(u,z,y) and fo =

fz(U,x,y) Obey fl,a: = fQ,ya fl,y = _f2,z~
Higher-dimensional type N Einstein Kundt spacetimes can be generated by warping (26). Note that,
in general, singularities appear as a consequence of the warped product unless cosmological constants of
both (n and n + 1 dimensional) solutions are both negative or both zero (see [14] for more details).
Other examples in this class are (A)dS-waves of various kinds. For example,

ds? = e " (2dudv + H(u, w,z™)du® + 6y ydz™ daY) + dw?, (27)

with p being a constant and H obeying H,x 1 6% + (H,ww —"T_lpH,w ) e P¥ =0 and
1
ds? = sinh?(pw) [2dudv + (v*p? + H(u,z™)) du?] + dw?® + 2 cosh? (pw)dSZ., (28)

where dS2, = (1— 16k, 2528) 726 ndz™M dz? is the ‘unit’ metric on the d-dimensional hyperbolic space,
and H needs to satisfy

1
2 (1 — Z(SMNx]w $N) H;KL 6KL + (d - Q)H,M 1[,']\/[ =0.

3.2.2 Type 111, 7; = 0, Ricci-flat Kundt spacetimes

An explicit example of a four-dimensional type III, 7; = 0, Ricci-flat Kundt metric (expressed in another
coordinates) is [23]
ds? = 2dudv — z(v + e*)du? + ®(dz? + e~ 2 dy?). (29)

One can obtain a higher-dimensional type III universal metric as a direct product of (29) with extra flat
dimensions since the algebraic type and conditions (14) and 7; = 0 will be preserved.

4 The sufficiency and necessity proof for type N

Here, we present the sufficiency and necessity proof for type N.

4.1 The sufficiency proof
Let us start with the following proposition:

Proposition 4.1. For Einstein type N Kundt spacetimes, boost order of V®)C' (a covariant derivative
of an arbitrary order of the Weyl tensor) is at most —2.

Proof. We prove the above proposition using the balanced scalar approach introduced in [18]. Let us say
that a scalar n with boost weight b is 1-balanced if D=~ = 0 for b < —1 and = 0 for b > —1 and
that a tensor is 1-balanced if all its components are 1-balanced scalars.



Now Ricci and Bianchi equations (see appendix C) imply that for spin coefficients and Weyl compo-
nents of various boost weights b

b=-2: D?,=0, DQ,; =0, (30)
b=—1: D2Li; =0, D), =0, DM =0, (31)
b=0: D=0, DMj,=0. (32)

It follows that, for a 1-balanced scalar 7, scalars L11n, 71, ki1, p;jn, Z\z@l n and ]\Zkl n are also 1-balanced
scalars. Furthermore, from formulas for commutators given in appendix C it follows that Dn, d;n, An
are 1-balanced scalars as well.

In the covariant derivative of a 1-balanced tensor, only the above mentioned terms (like 7,1, Dn; etc.)
appear and thus

Lemma 4.2. For Finstein type N Kundt spacetimes, a covariant derivative of a 1-balanced tensor is a
1-balanced tensor.

Since a type N Weyl tensor (5) is 1-balanced, proposition 4.1 immediately follows. O

Let as now argue that proposition 4.1 implies that, for Einstein type N Kundt spacetimes, it is not
possible to construct a nonvanishing rank-2 tensor from V*)C' (and the metric).

First, note that any rank-2 tensor has components of boost weight -2 or higher. From proposition 4.1
it follows that

Lemma 4.3. In Einstein type N Kundt spacetimes, rank-2 tensors constructed from V*C, which are
quadratic or of higher order in V® C, vanish.

We show below that rank-2 tensors linear in V(*)C vanish as well.
For any tensor 7', the commutator of covariant derivatives can be expressed as

[Va, vb]Tq....Ck = Td~-~CkRg1ab +o 4+ T01~-~ngkab' (33)

When T is a Weyl tensor, rank-2 tensors constructed from RHS of (33) are either quadratic in C' (and
thus vanish due to lemma 4.3) or contractions of the Weyl tensor with the Ricci tensor or the metric
which, for Einstein spacetimes, vanish due to tracelessness of the Weyl tensor.

When expressing rank-2 tensors constructed from the Weyl tensor, we can thus assume that first two
covariant derivatives of the Weyl tensor commute. This will be expressed using the following notation

Cabcd;ef = Cabcd;fe~ (34)

Using (34), the Bianchi identities and tracelessness of the Weyl tensor, it follows that all rank-2 tensors
constructed from V) C vanish.

Now, assume that for some even n all covariant derivatives in V(")C in an expression of a rank-2
tensor commute and all rank-2 tensors from V(") C vanish. Using (33), we obtain

Cabcd;el...eifghl...hj - Cabcd;el...eigfhl...hj =0 (35)

(where i 4+ j = n) since when using (35) in an expression of a rank-2 tensor from V("*2)C only rank-2
tensors from V(™ C would appear on RHS of (35), but these are zero by our assumption. Using Bianchi
identities, it again follows that rank-2 tensors from V("*t2)C' vanish. Our assumption for n thus also
holds for n + 2 and therefore these hold for all even n. Thus we arrived at

Lemma 4.4. In Einstein type N Kundt spacetimes, rank-2 tensors constructed from V¥ C which are
linear in V¥ C' vanish.

A direct consequence of lemmas 4.3 and 4.4 is

Proposition 4.5. All type N Einstein Kundt spacetimes are universal.



4.2 The necessity proof

Now, let us show that, for type N Einstein spacetimes, CSI implies Kundst.
The simplest non-trivial curvature invariant for type N spacetimes is [24]

IN = Ca1b1a2b2;0102 C€1d162d2§f1f20

e1bieaba;fifa- (36)

ai1diazda;cice

In terms of higher-dimensional GHP quantities it can be shown [18] (see also [25]) to be proportional (via
a numerical constant) to

Iy o [(Q92)% + (3)%]7 (82 + A2)*, (37)

where S and A are introduced in (11). For type N Einstein spacetimes, Iy is constant iff $? + A? = 0,
which implies Kundt. This can be shown either by expressing DIy and using the Bianchi and Ricci
identities or by looking at the explicit r—dependence of Iy in the non-Kundt case [25]

2
(Q/gQ)Q + (9/23)2

(r* +a§)*

IN 0.8 5 (38)

where r is an affine parameter along null geodetic integral curves of £.
We thus arrived at

Lemma 4.6. CSI Einstein type N spacetimes belong to the Kundt class.
Together with theorem 1.2 this gives
Proposition 4.7. Universal Einstein type N spacetimes belong to Kundt class.

Theorem 1.3 now directly follows from Propositions 4.5 and 4.7.

5 Conclusion

Universal spacetimes are vacuum solutions to all theories with Lagrangian consisting of the metric, the
Riemann tensor and its derivatives of arbitrary order. In this work, we study necessary and sufficient
conditions for such spacetimes of arbitrary dimension and relate universal spacetimes to other known
classes of metrics. First, the necessary condition (theorem 1.2) states that universal spacetimes are CSI
(spacetimes with constant curvature invariants).

Then, we focus on type N and III spacetimes. For type N spacetimes, we find simple necessary and
sufficient conditions for universality. In this case, theorem 1.3 states that a type N spacetime is universal
if and only if it is an Einstein Kundt spacetime. This class of spacetimes consists of pp waves admitting
CCNV (1; = 0,A = 0) and Kundt waves (7; # 0,A arbitrary). A four-dimensional metric for these
spacetimes is given in eq. (26). In higher dimensions, a metric has the form (17), which simplifies to
(19), (23)-(25) in the Ricci-flat case.

For type III, situation is more complicated. We show (theorem 1.4) that type III Einstein, 7; = 0
Kundt spacetimes obeying CacderCde = 0 are universal. Condition CacderCde = 0 is clearly a necessary
condition for type III spacetime being universal, on the other hand, we prove that the Kundt condition is a
necessary condition only under some genericity assumptions. Although type ITI, 7; # 0 Kundt spacetimes
are not in general universal, necessity of 7; = 0 condition remains open.

For dimensions n > 4, type III Einstein, 7; = 0 Kundt class contains also type III pp waves admitting
CCNYV. Interestingly, these pp waves are not universal. Instead, type III universal spacetimes admit a
recurrent null vector. Type III universal spacetimes admit metric (19) - (22) with e = 0.

Although we have not discussed universal spacetimes of type II here, there are a few examples of
universal spacetimes known already [3]; for example, of the type

1
ds® = 2dudv + (VA + H(u,z,y)) du® + X(sz +sinh® zdy?), OH =0. (39)

It is also believed that universal type II spacetimes are Kundt but we will return to the investigation of
the type II spacetimes in a later work.
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A Necessary and sufficient conditions for type III spacetimes

Type III spacetimes are defined as spacetimes admitting a frame in which only boost weight -1 and -2
components of the Weyl tensor are present. Thus the Weyl tensor has the form [6,7]
Clabea = 8T, é{anbécmg)} + 4V E{am(bi)m(j)m(ﬁ +4;; K{am(bi)écm(dj)}. (40)

C

A.1 The sufficiency proof
We start with a type III analog of proposition 4.1:

Proposition A.1. For Einstein type III Kundt spacetimes, boost order of V®)C' (covariant derivative
of the arbitrary order of the Weyl tensor) is at most —1.

Proof. For the proof, we need to define balanced scalars as in [18]. Let us say that a scalar n with boost
weight b is balanced if D% = 0 for b < 0 and 1 = 0 for b > 0 and that a tensor is balanced if all its
components are balanced scalars.

For type III Einstein Kundt spacetimes, the Ricci and Bianchi equations (see appendix C) for spin
coefficients and Weyl components of various boost weights b imply that

b=-2: D%,=0, D@ =0, (41)
b=-1: D?Ly;; =0, D?pj; =0, DQJ\ZJﬂ =0, DV,;,=0, DV =0, (42)
b=0: Dr;=0, DM;j;=0. (43)

It follows that for a balanced scalar n, scalars L117m, 71, &, p;jn, ]\l/[jl n and Mkl 1 are also balanced
scalars. From commutators given in appendix C, it also follows that Dn, §;n, An are balanced scalars
as well.

Analogously to the type N case, it follows that the covariant derivative of a balanced tensor is a
balanced tensor and since type III Weyl tensor for an Einstein type III Kundt spacetime is balanced,
proposition A.1 follows. O

A direct consequence of proposition A.1 is

Lemma A.2. For Ricci-flat type III Kundt spacetimes, a non-trivial rank-2 tensor constructed from the
metric, the Weyl tensor and its covariant derivatives of arbitrary order is at most quadratic in the Weyl
tensor and its covariant derivatives.

However, note that rank-2 Weyl polynomial CacderCde which is quadratic in C' is in general nonvan-
ishing for type IIT Einstein Kundt spacetimes [15] and thus in general these spacetimes are not universal.
Obviously, type III Kundt universal spacetimes will be subject to (14). Furthermore, even when assum-
ing that (14) holds, we find that in the Ricci-flat case, where FKWC basis [26] of rank-2, order-6 Weyl
polynomials consists of

= Cpqrsc«qus;ab’ = Opqrs;ucpqrs;ba F3 = Opqra;scpqu) ;Sa (44)
Fy and F, are in general nonvanishing (while F3 vanishes as a consequence of (14)). We show in sec.
A.1.1 that, for 7; = 0, F; and F5 vanish. Thus in the following, we focus on the 7; = 0 case leaving the
question whether some particular type III Kundt universal metrics with 7; # 0 exist open.



A.1.1 Rank-2 Weyl polynomials quadratic in V*)C for Einstein type III, 7, = 0 Kundt
spacetimes obeying (14) vanish

As pointed out in sec. 3, for type III Einstein Kundt, 7; = 0 implies vanishing A.

From the commutator of partial derivatives (33) and lemma A.2, it follows that in an expression for
a rank-2 Weyl polynomial quadratic in V*)C, RHS of (33) vanishes (since all terms are cubic in C') and
thus covariant derivatives in such expressions effectively commute

Tcl....ck;ab = Tcl....ck;ba- (45)
This allows us to prove

Lemma A.3. For Ricci-flat type III, 7, = 0 Kundt spacetimes, a rank-2 tensor constructed from the
metric, the Weyl tensor and its covariant derivatives of arbitrary order quadratic in V¥)C vanishes if it
contains a summation within V¥ C.

Proof. 1) Summation within C' vanishes due to tracelessness of the Weyl tensor. ii) Summation within
VC can be (using Bianchi identities) expressed in terms of traces of the Weyl tensor and thus it again
vanishes. iii) Using Bianchi identities (45) and result of ii) it follows that summation within V®(C
vanishes. Similar argument holds for higher derivatives. O

A direct consequence is

Lemma A.4. For Ricci-flat type III, 7, = 0 Kundt spacetimes, let us assume that certain rank-2 poly-

nomial quadratic in V¥ C' vanishes. Symbolically we will write CNC?) = 0. Then also C’(}}C(?} =0.
From proposition A.1, we know that V*)C has only terms of b.w. < -1. Now, let us look at boost

weight -1 terms after one further differentiation, i.e., b.w -1 terms in (V(k)Cabcd);e. Such terms arise in

one of the three following ways:

i) From (7) - (9) and (12) for 7; = L1; = p;; = 0, we see that differentiations of £'s and n’s in the frame

decomposition of V¥ C,p.q does not lead to b.w. -1 terms, while differentiation of vectors m(® leads to

b.w. -1 terms (via term Mum®m® in (9)).

ii) b.w. -1 terms also arise from differentiation of b.w. - 1 frame components (symbolically denoted as
77(,1)) of V(k)C via (77(,1));6 — 5,'(77(,1))7712”.

iii) Finally b.w. -1 terms also arise from differentiation of b.w. - 2 frame components 1_z) via (_2))  —

D (77(—2) JMe.

It follows, that b.w -1 terms of (V(k)Cabcd);e do not contain vector £,.

Since any rank-2 tensor constructed from the metric, the Weyl tensor and its derivatives has the form
Sap = flaly and only b.w. -1 terms in V¥)C' can contribute to the result, it follows (employing also (45))

that

Lemma A.5. For Ricci-flat type III, T; = 0 Kundt spacetimes, any rank-2 tensor constructed from the
metric, the Weyl tensor and its derivatives, quadratic in V*)C with at least one free derivative index
vanishes.

This immediately implies that F} and F3 given in (44) vanish and since the remaining rank-2 polyno-
mial in order-6 FKWC basis F3 also vanishes due to (14) it follows that all order-6, rank-2 polynomials
quadratic in V*)C' vanish as well.

Taking into account the Weyl tensor symmetries, lemmas A.3, A.4, A.5 and eq. (45), it follows that an
existence of a nonvanishing rank-2 tensor constructed from the metric, the Weyl tensor and its derivatives
and quadratic in V*)C' implies existence of such nonvanishing rank-2 tensor constructed from at most
second derivatives of the Weyl tensor.

Furthermore, the only such potentially nonvanishing term involving second derivatives of the Weyl
tensor is

Cagdh;ebeEdf;gha
which, however, vanishes as well due to the Bianchi identities and lemma A.5.
We can thus conclude this section with



Proposition A.6. For Ricci-flat type II1 Kundt spacetimes obeying C’acdeC’dee =0 and 1; =0, all rank-
2 tensors constructed from the metric, the Weyl tensor and its covariant derivatives of arbitrary order
which are quadratic or of higher order in the Weyl tensor and its derivatives vanish.

It remain to show that, under assumptions of proposition A.6, rank-2 Weyl polynomials linear in
V) C vanish as well.
A.1.2 Rank-2 Weyl polynomials linear in V*)C

From proposition A.6 and (33), it follows that when expressing rank-2 polynomials linear in v,
covariant derivatives commute. Vanishing of rank-2 Weyl polynomials linear in V*)C' is then a trivial
consequence of Bianchi identities and tracelessness of the Weyl tensor.

Together with the results given in sec. A.1 above, this completes the proof of theorem 1.4.

A.2 Necessary conditions

In has been shown in [8] that, under some additional genericity assumptions, the optical matrix of type III
Einstein spacetimes has the form (11). In particular, this holds for all five-dimensional type III Einstein
spacetimes and all non-twisting spacetimes in arbitrary dimensions. In fact, type III Einstein spacetimes
not obeying (11) are not known.

The simplest non-trivial curvature invariant for type III Einstein spacetimes is [18]

a1biasbase dijcidacase
Ippp = Corem lca101a202;€10 1 20d1b1d2b2;€2' (46)

Assuming (11) holds, the r-dependence of Ir;; was determined in eq. (97) of [25]. It follows that, for
non-Kundt spacetimes, I7;; is clearly non-constant.
Therefore, universal type III Einstein spacetimes obeying (11) belong to the Kundt class.

B Conserved tensors

Let us consider Lagrangians containing the Riemann tensor and its derivatives up to a fixed order p.
Then it is shown in [27] that it can be rewritten in the form

L = L(gab; Raveds Vay Rocdes -+ V(ay...ap) Rbede ) - (47)

By varying the action, one obtains [27]

oL 1
T = P B R 2V VB + 29" L, (48)
oL oL oL
Ebede = -V ++ (=1)PV, -

aRbcde “ 3va1 Rbcde . vap) aV(al o vap)Rbcde '

Here, the tensor 7% is the associated conserved tensor. By taking the trace, we get

oL D
_Tctl = gabg + EbcdeRdee + 2VcvdEIaCd(L + §L7 (49)
ab

where D is the dimension of the spacetime.

Definition B.1. Let CSI.y,s be the set of metrics with the following property: For all conserved sym-
metric rank-2 tensors, Tgp, then 7% is constant.

Then:
Theorem B.2. A metric is CSleons if and only if it is CSI; i.e., CSleons < CSIL.

Proof. That CSI= CSl¢oys is obvious. We thus need to prove that CSI.ons= CSI. Assume therefore that
a metric is CSI¢ons.

Consider a polynomial invariant I. Assume that the invariant contains derivatives of the Riemann
tensor of orders at most p and by [27] we can assume it is of the form

I = I[gab, Raveds Vay Rocdes -+ V(ay ...a,) Rbcde] -

10



Let us consider the (infinite) series of Lagrangians L = I, n = 1,2, 3, .... For each n, we get, by variation,
a conserved tensor T'[n]%,. Consider then the trace of these tensors, which are all constants, —T'[n]?, = ¢,.

We can now use the equations for the variation (49) to obtain an equation for each n. For n = 1, we
get

D or - , o
I+ gabm— + Epeac ¥ + 2V V4B, = ¢, (50)
2 agab

where Epege i8 Epeqe with L = I. We note that the sum of the 2nd, 3rd, and 4th terms on the LHS is an
invariant itself, which we conveniently define as

ol - -
X1 = ga 9 T Epeqe R"% + 2V .V 4E, %, (51)
ab
so that D
EI + X1 =C1.

Considering n = 2, we get
D
512 + 21X, 42Xy = ¢y,
where X7 is as before, and X5 is also a polynomial invariant. In general, for any n, we can write

D
51” + "X nn - DIM2Xe + .4+ nlX, = ¢y, (52)

where X; are polynomial invariants. This can be seen as follows. The terms in (49) contains derivatives
of L of various sorts, symbolically called g—é. We then get

va%i; = nI”’lva% +n(n— 1)1”*%%[)%,
vbva% = nI”*lvbva% +n(n—1)I""?12(VI) vb)% + (vaal)%
+n(n—1)(n — 2)1”*%%1)(%1)%. (53)
In general, the derivatives will be of the form (symbolically)
g I _ nI" ' Di[I] +n(n — DI"2Dy[I] + ... + n(n — 1) -+ (n — k — YI" " *2Dy 4 [1],

ox

where D;[I] are some derivative operators which do not depend on n. Thus, in (49) we collect all terms
proportional to I"~¢. These all have a common factor n(n —1)---(n —i + 1), so in (49) we get a term

nn—1)---(n—i+DI""'X,,

where X; is independent of n. Hence, we arrive at expression (52). Note, however, that if i« > p+ 3, then
X; = 0; consequently, there is only a finite number of possible non-zero X;, 1 <i < p+ 3.
We can now write down a set of n + 1 = p + 4 equations in a matrix form

Ax =c,

where x and c are the column vectors x = (D/2, X1, X, ..., X,,)T and ¢ = (c1,¢2,¢3, ..., ¢ny1) T, and A is
the matrix

1 1 0 0 0
I 21 2 0 0
I3 312 321 3:2-1 0
A — (54)
" ™t an-0)I1""2nn-1)(n-2)1"3 ... n!
I (n+ DI (n+ DnI™ ! (n+ Dn(n—1)I""2 -+ (n+n(n—1)--- 21|

Consider the following elementary row operations (the equations will remain polynomial in nature)

11



e Step 1: Divide row ¢ with ¢, for all i: R;/i.

e Step 2: Multiply row 1 with appropriate powers of I and subtract row 1 from all other rows:
R; — R; — I'"'Ry, Vi. This would turn column 2 into (1,0,0,..,0)%.

e Step 3: Repeat step 1 and 2 so that column 3 turns into (0, 1,0, ...,0).
e Step k: Repeat above steps so that column & turns into (0, ...,0,1,0,...0).

This algorithm ends with a simpler matrix representing the LHS

I 1000
12
~L 0100
o 001---0
(71)771[71 000-.- 1

_7(‘(1731{)‘,“ 0000

while the components of the RHS are polynomials in I. Hence, row (n 4 1) represents the equation

where P, (I) is some polynomial with constant coefficients of order < n. Consequently, I is constant (as
well as all X;’s). Since I is arbitrary, we now have CSl.o,s= CSI and the theorem follows. O

Given a CSI spacetime, g5, we can compute any polynomial invariant J¢ = j¢ (=constant). If this
invariant contains derivatives of the Riemann tensor up to order p, then we note that the corresponding
conserved tensor obtained by varying L; = (J* — ji)™, m; = p + 4, is vanishing for g, (corresponding
to the last row in eq. (54)). Thus if J*, i = 1,..., N are (all of the) invariants, then the CSI spacetime
will be a solution of the class of theories given by

N
L= Z ai(J'— joym, a; arbitrary. (56)
i=1

Here, we use the above theorem for the universal case where T,, = Agq,. However, we should point
out that above result applies to a bigger class of spacetimes; for example, the theorem implies that the
more general class of spacetimes for which all conserved symmetric rank-2 tensors Ty, are covariantly
constant; i.e., Typ,. = 0, also belong to the CSI class.

C The Ricci and Bianchi equations and commutators for type
IIT and N Kundt Einstein spacetimes in a parallelly propa-
gated frame.

Throughout the paper, we repeatedly use commutators and a subset of the Ricci and Bianchi equations

for type III and N Kundt Einstein spacetimes in a parallelly propagated frame. For convenience, we list
these equations here. The original, more general form can be found in [6,8-10].

12



Ricei equations [9,10]:

DLy = —Lymi + R, (57)
DLy; = 0, (58)
J
ALy —6;L1y = Li1(Ly; — 1) — 7;Nj; — Lij(Nji + Ma) + 9, (59)
Dri =0, (60)
Drj = —pimi + 95, (61)
k
—5jTi = —T,'Tj—FTkMZ‘j—R(Sij, (62)
Dp;j = —R(Sij, (63)
i i
DMj = —M kT, (64)
DM, = 0, (65)
(66)
where
Réij = 75 (Rij + Ro1dij) — Gy BOis = gy Ois
for Einstein spaces Rqp = (R/1)gab-
Bianchi equations [8,10]:
DV, = 0, (67)
D\IJ;jk =0, (68)
DO = 6,0+ Wy(Lyj —7j) + W, 7 + UL, (69)
Commutators [6]:
AD — DA = L11D + Titsi, (70)
5D — D8; = Ly;D, (71)
G AN—Nb6; = Ii;D-ﬁ-(Ti —Lli)A—f—(p;i— ]\ij1>6j, (72)
k k
6i05 — 0;0; = (pi; — Pji)D + (Mij — M i)k (73)
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