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It has been established that the famous three-dimensional Thurston geometries have four intrinsically
Lorentzian analogs. We explore these spacetimes in three-dimensional general relativity nonminimally
coupled to a scalar field together with electromagnetic matter. We find that three of these spacetimes
support electromagnetic radiation, while, the other is partially sourced by a nonnull field and supports

gravitational radiation. By addressing this problem we have also found a novel type of gravitational

Cheshire effect.
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I. INTRODUCTION

The eight Thurston geometries are homogeneous spaces
with positive-definite metrics that uniquely characterize
every three-dimensional manifold. In cosmology, they have
been used to build spatially homogeneous anisotropic
models, see Refs. [1-3]. However, they also admit the
interpretation of three-dimensional gravitational instantons.
Along this line, in Ref. [4] they were all shown to be
vacuum solutions of three-dimensional massive gravity,
see Ref. [5].

Three-dimensional Lorentzian spacetimes do not play
the same fundamental role as the Thurston models.'
However, it is also true that some feats of Lorentzian
geometries are impossible for metrics with Euclidean
signature. Such a complementation is found in the work
of Dumitrescu and Zeghib (DZ), Ref. [7], where they
establish that there are only four spacetimes with uniquely
Lorentzian properties that analog the Thurston geometr‘ies.2
These three-dimensional geometries are given by the
Minkowski spacetime, the anti—de Sitter (AdS) space, a
plane-wave spacetime and a homogeneous anisotropic
universe; see Eq. (1) below. Incidentally, the maximally
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ISee, for instance, Theorem 5.8 of Ref. [6].

Part of the proof in that work is corrected in Ref. [8].
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symmetric spaces may be obtained by applying a Wick
rotation to a Thurston geometry. However, that is certainly
not the case for the other two geometries which are time-
dependent Kundt spacetimes.

Let us remark that unlike other homogeneous plane
waves (see Ref. [9]) the DZ gravitational waves are not an
electrovacuum spacetime. This is can be established with
the methods of Ref. [10]. Moreover, in order to prove this
for all the DZ spacetimes we have extended that method in
Appendix B. Nonetheless, the DZ geometries have all been
found to represent vacuum solutions of three-dimensional
massive gravity, Ref. [4]. That is, with the caveat that the
plane waves solve the equations only in the massless limit.
In such a case, the equations of motion are not an extension
of Einstein’s. Thus, this elusive gravitational wave has
escaped full description within general relativity. We fill
this gap by finding appropriate matter sources.

The maximally symmetric DZ metrics are, of course, of
physical relevance and need no further discussion here. The
other two are analogs of the Nil and Sol Thurston
geometries; so-called because their Killing algebras are
nilpotent and solvable, respectively. Those two Thurston
spaces are actually three-dimensional Lie groups, the first
of which is the Heisenberg group whose Lie algebra
appears in the cannonical commutation relations of quan-
tum mechanics. Both nilpotent and solvable isometries
arise in Bianchi cosmologies of type /I and type VI,
respectively. Moreover, in higher-dimensional settings,
black holes have been constructed which also possess

© 2024 American Physical Society
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such isometries, see Refs. [11-15]. The DZ spacetimes
with Nil and Sol isometries and higher-dimensional ver-
sions of them have been studied in a number of different
scenarios from string theory to thermodynamic fluctuation
theory [16-21].

In this work, we find that the DZ spacetimes are all
solutions of three-dimensional general relativity non-
minimally coupled to a scalar field and supplemented by
electromagnetic matter. It is well known that when one
departs from minimal couplings then fields may no longer
curve spacetime [22]. This gravitational effect has also been
reported for composite matter sources such as our own [23].
However, to the best of our knowledge, in this paper we
present the first instance of this situation that incorporates
null electromagnetic fields. In particular, this provides a
new type of gravitational Cheshire effect.

We have organized our manuscript as follows: In Sec. II,
we write down the action principle we consider and its
corresponding equations of motion. Subsequently, in Sec. III
we present two sets of solutions: first considering matter fields
which are invariant under the isometries of the spacetime
metric and then abandoning this restriction. Thus finding
solutions in three-dimensional gravity with nontrivial scalar
and electromagnetic fields for each DZ spacetime. In the
Appendix, we have included supplementary material. Since
the DZ geometries are left-invariant Lorentzian metrics on Lie
groups we summarize their structure and relevant properties
in Appendix A. In order to show the DZ spaces are, in fact, not
three-dimensional electrovacuum spacetimes, we provide a
generalization of the three-dimensional Rainich conditions
for the inclusion of a Chern-Simons term in Appendix B.
Lastly, we find it relevant to discuss the higher-dimensional
versions of the DZ spacetimes as they have already been
previously studied in the literature. Thus, in Appendix C we
show how they solve the equations of motions and in which
cases the theory must be modified in order to accommodate
the higher dimension.

II. THEORY AND SETUP

Our problem is set up as follows: We have four specified
spacetime geometries, namely

A5y = —2dudv + dx?, (1a)
ds2 . — L (=2dudo + d? Ib
Sads = ; (— udv + )7 ( )

5 2X2 2 2
ds§y = —5 du® = 2dudv + dv’. (Ic)
dsgy = —2dudv + (dx + vdu)?, (1d)

and search for matter fields that source them in accordance
with Einstein’s equations. Almost a century ago, in
Ref. [24], Rainich showed what were the necessary and

sufficient geometric conditions which a spacetime metric
must satisfy in order for it to solve the four-dimensional
Einstein-Maxwell equations together with some nonnull
electromagnetic field. Much more recently, the three-
dimensional Rainich conditions for null and nonnull fields
were established in Ref. [10]. These approaches are ideal
for the problem at hand.

As it turns out, none of the DZ geometries satisfy these
conditions completely. The subtleties present are as fol-
lows. Since the conditions separate according to whether
the supported field is null or not, so do the DZ geometries.
The Minkowski, AdS, and Sol geometries could, in
principle, support null fields, whereas the Nil spacetime
could potentially be sourced by a nonnull field. Since the
Minkowski and AdS spacetimes are Einstein manifolds, the
electromagnetic field which is constructed from the con-
ditions is vanishing. The Sol metric satisfies all but one of
the conditions. As a result, the reconstructed field is
imaginary. The Nil geometry does not satisfy the conditions
presented in Ref. [10]. However, when they are generalized
to account for a Chern-Simons term then all but one of the
conditions are satisfied. As above, the corresponding
electromagnetic field fails to be real.

In three spacetime dimensions, electromagnetic fields
are dual to scalar fields. This allowed for the (2 + 1)-
dimensional Rainich conditions to be written down origi-
nally. However, the same fact discards the possibility of
adding scalar fields to answer the problem we set out to
solve. Nonetheless, this duality is obstructed when one
considers nonminimal coupling.

It has long been known that in flat spacetime confor-
mally coupling a scalar field improves a theory’s renorma-
lizability properties, see Refs. [25,26]. Such a strategy also
led to the first hairy black hole, Ref. [27], one not
necessarily determined in full by its mass, charge, and
angular momentum. Much more recently, in cosmology,
inflation was famously shown to arise from nonminimally
coupling a Higgs field to gravity, see Ref. [28]. Presently,
nonminimally coupled scalar fields are also considered in
quantum field theory on curved spacetimes to generalize
early work on cosmological particle creation, see
Refs. [29,30] and references therein. Moreover, they have
been continuously used as alternatives or complements to
higher-curvature theories, see for example Refs. [31-33].
Hence, we find that opting for nonminimally coupled scalar
fields is a physically reasonable approach.

Thus, we consider the following action functional

1
Slg. ®,A] = §/d3x\/—g(R —2A - Vo?
— (R®? — m2®? — F?) +’;/A AF, (2

where the field strength F' and the gauge potential A are
related through the definition F = dA. Here, A is the
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cosmological constant and ¢ is the coupling constant
measuring nonminimal coupling of the scalar field to the
background. The mass of the scalar and gauge fields are m
and p. We parametrize the scalar field mass as usual, using
m?. However, recall that this quantity need not be positive,
see for instance Refs. [34,35]. Lastly, notice that, for the
gauge field, the mass term is topological.
The equations of motion for the matter sector are

O® — (R® — m*® = 0, (3a)
d% F+ uF =0, (3b)

whereas the gravitational field complies with

1 1
G+ Agy =V, 0V, — 3 Vadig,, —-m*d%g,,

2
+ C(.g;u/l:‘ - vﬂvl/ + G;w)q)z

1
+2F, F," — EFng. (3¢)

III. SOLUTIONS

In this section, we find matter fields which source each of
the DZ spacetimes beginning with fields that respect the
spacetime symmetries of the background supporting them.
The Killing vectors of the maximally symmetric spaces are
well known, while, for the other DZ geometries, they are
found in Appendix A.

In general, the simplest fields to consider are those that
inherit the symmetries of the spacetime supporting them.
Thus, we impose

Exq) =0 and ExF = 0, (4)

for any of the background’s Killing vector fields X. As a
consequence, the scalar field must be constant in all cases.
Under such circumstances, the equations of motion are
modified to

m* = —(R (5)

and
1
(1 - Z:q)%)Gm/ + Aeffg/w = ZFﬂaFva - §F2g;wa (6)

for some constant scalar field ® = @,. In Eq. (6) we have
defined Ay = A + 3 m?®j.

First, let us point out that there is a singular point
whenever, 1 — {®3 = 0. Second, Eq. (5) now represents a
stringent geometrical constraint. For instance, cyclic-
symmetric configurations, such as rotating black holes,
satisfy the constraint only if they have neutral charge

(cf. Ref. [36]). In other words, nonvanishing electromagnetic
fields are not always a possibility in such cases. Nonetheless,
this does not represent a problem for the DZ geometries as
they all have constant scalar invariants, see Ref. [37]. Lastly,
Eq. (6) shows under these conditions that the theory
effectively becomes that of Einstein Maxwell. Thus, the
standard Rainich conditions are altered in order to recon-
struct the electromagnetic field. Ultimately, the addition of a
constant scalar field now allows for real-valued electromag-
netic fields on the Sol and Nil geometries.

For the maximally symmetric DZ geometries, symmetry
inheritance implies the electromagnetic field is vanishing.
For the sake of completeness, we summarize how they
solve Eq. (3). The Minkowski solution simply requires
A = m? =0, while, for the AdS solution we must have
m* = 6¢ and A + 2{®] = —1.

The Sol solution is

) 2% 2
ds® = —-du” — 2dudv + dx?, (7a)
u
D =D, (7b)
D -1
A L PN dx, (7¢c)
u

for which we require A = m? = 0, the Minkowski con-
ditions, together with 4 =0 and {®}—1> 0. In this
system, electromagnetic waves travel aligned with the
gravitational waves. Since the background is a conformally
flat plane wave spacetime then all of its curvature is given
by the Ricci tensor. Moreover, since the wave profile in the
metric is positive this causes the Ricci curvature to have the
form of a pure-radiation tensor with opposite sign. In
particular, this shows that the waves cannot be sourced
purely by electromagnetic radiation. Furthermore, since the
Ricci tensor couples to the square of the constant scalar
field this causes the contribution of the scalar field to also
have pure-radiation form with opposite sign.
The Nil solution is

ds? = =2dudv + (dx + vdu)?, (8a)
D =D, (8b)
D2 -1
F:\/C 02 du A dv, (8¢c)
and it requires A =3, m* = —1¢, and p = 1, as well as

¢{®3—1>0. This configuration has a homogeneous
electromagnetic field making it quite similar to the
Bertotti-Robinson and Plebanski-Hacyan electrovacuum
universes, see Refs. [38—40]. The background belongs
to the Kundt family of geometries, a large class
which generalizes the pp-wave spacetimes. It admits
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two independent null geodesic nonexpanding congruences
which define a cannonical Newman-Penrose triad, see
Ref. [21]. The comoving observer defined by the triad
experiences a constant nonvanishing shear yet no expan-
sion or rotation. The electromagnetic field is aligned with
the triad; however, the field itself is not null. As with the
plane waves above, the total contribution of the matter
sector behaves effectively as an electromagnetic field with
the opposite sign in the energy-momentum tensor. Once
more, this is due to the nonminimal coupling of the
scalar field.

In both cases, the electromagnetic field is dual to the
central element of their Killing-Heisenberg subalgebra &;
see Egs. (A5c) and (A7c). Recall that this vector field is null
for the Sol metric as it is tangent to its null geodesic
congruence. For the Nil spacetime it is decisively spacelike,
which in this context represents a nonnull electromagnetic
field. This duality implies the electromagnetic fields are
covariantly constant along arbitrary vector fields parallel to
. For the Sol solution the field is also covariantly preserved
along arbitrary vector fields parallel to %, as it would be for
any other pp wave. Lastly, let us note that the Sol and Nil
solutions require both a scalar field and a gauge field, for
example, in the limit where the gauge field vanishes Eq. (6)
becomes singular.

To close this section, we investigate traveling waves on
the Nil metric. By which is meant that we construct a Kerr-
Schild spacetime with geometry described by

ds? = 2H (u, x)du? — 2dudv + (dx + vdu)?, (9a)

together with the matter content in Eq. (8), for further
reading on such metrics consult Refs. [41,42]. This
configuration solves Eq. (3) whenever

H(u,x) = F(u) + Fy(u)e™. (9b)

Of course, the Nil conditions must be satisfied as well, i.e.,
A :%, m? = —% , =1, and {®} — 1 > 0. These gravi-
tational waves are similar to the electrovacuum waves
studied in Refs. [40,43-47].

A. Less restrictive solutions

In the previous section, we discussed one way in which
the Minkowski and AdS spacetimes are solutions of
Eq. (3). The matter content in those solutions inherit the
symmetries of the background supporting them; they
satisfy Eq. (4). As a consequence, the gauge field vanishes.
We now dispose of such a restriction in order to find
solutions with a nonvanishing electromagnetic field.
Stealth, as defined in Ref. [48], is a noteworthy manner
in which we rely on to construct such fields. A supreme
example of stealth is provided by the gravitational Cheshire
effect, in which nontrivial fields go undetected by flat
spacetime (see Ref. [22]).

By their very nature, stealth fields may forgo any sort of
spacetime symmetry inheritance. On the other hand, fields
representing pure radiation very closely resemble stealth
fields in that they solve very nearly the same set of
equations of motion. Such similarity was kept in mind
in Ref. [49] where pp-wave spacetimes sourced by non-
minimally coupled matter were analyzed. In this work, we
follow suit as the Rainich conditions show that the
Minkowski, AdS, and Sol spacetimes have adequate
geometries for supporting electromagnetic radiation.

Let us start by writing down our ansatz as

ds? = —2dudv + dx?, (10a)
® = d(u), (10b)
F = f(u)du A dx, (10c)

for which Eq. (3) are satisfied when A = m? = y = 0 and
2O — (1 -20) (@2 = 2f()?.  (11)

Once the profile of the radiation field is specified this
equation may be solved for the scalar field. Indeed, by
making the redefinition f(u) = h(u)®" then Eq. (11)
becomes

(P0) _
(@)

2 1 =2h(u)?, (12)

whose solution is

du
©=cexp {_zé/c,+(1—45)u+2fh(u)2du - (13)

These solutions constitute a type of gravitational
Cheshire effect. In this version, radiation propagates
through Minkowski spacetime without curving it due to
the presence of a scalar field that couples to the background
in such a way that it exactly cancels the electromagnetic
energy-momentum tensor. Let us recall that the standard
Cheshire effect allows for a self-interaction potential. In the
present case, the Maxwell field is null and does not play an
effective substitution of the self-interacting potential. It is
genuinely a novel kind of gravitational effect.

Notice that when one considers flat spacetime with trivial
fields the value of the on-shell action vanishes, cf. Eq. (2).
This is unsurprising as this is a very basic configuration of
the theory. However, for fields given by Eq. (10) the action
also vanishes

Son shell — 0. (14)

This happens because the Maxwell field is null and the
scalar field is perceived by the action as pure radiation.
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Thus, the solutions we have found that constitute a new
type of Cheshire effect are energetically on par with the
most basic flat space solution.

We also remark on the fact that half of the spacetime
symmetries are not themselves symmetries of the fields.
Curiously enough, the fields do inherit the symmetries of
the Killing Heisenberg subalgebra conformed by

0

P=—, 15
P (15a)
0 0

= x— , 15b

Q=x—+tus (15b)
0

- 15

E=— (15¢)

As it turns out, given a scalar field exhibiting stealth on
some spacetime then it is possible to use it as a seed
solution to generate new configurations via conformal
transformations, see Refs. [50,51] and references therein.
This is relevant to us since the Minkowski, AdS, and Sol
geometries are in the same conformal class.

Our next step is to establish AdS spacetime as a solution
of Eq. (3) with a nonvanishing gauge field. For this we use
the conformal factor relating AdS spacetime to flat space,
ie., Q= i Indeed, by using Eq. (10) as a seed solution we
find that the configuration

ds? = Q*(=2dudv + dx?), (16a)
O = Q7 Dy, (16b)
F = Q" Fying, (16¢)
also solves Eq. (3) and reduces to Eq. (11), where s = %.
The configuration requires A = —1 and
6L(-1/8)(C—-1/6
(C—-1/4)
/2
= 16
s y7 (16e)

meaning both the scalar and gauge field are massive. This is
the same mass that was found for scalar fields in Ref. [49].
Whereas, the gauge field has a mass simply given by the
opposite of the parameter s. The scalar field may be
massless in some cases, e.g., when it couples conformally
to the background and so § = % However, the gauge field
is always massive signaling that it is crucially non-
Maxwellian.

This solution represents electromagnetic waves
travelling undetected over AdS spacetime. Nonminimal
coupling of the free scalar field counterbalances the

energy-momentum tensor carried by the waves. Regarding
symmetry inheritance, the configuration is quite remark-
able. Since the background is maximally symmetric its
isometry group is six dimensional. Yet the only symmetry
inherited by the fields is translation along the null geodesic
congruence.

To close this section, we explore noninheriting fields not
exhibiting stealth focusing on the special value { = %. To
begin, let us take a second look at the Killing subalgebra in
Eq. (15). If one thinks of the Minkowski spacetime as a flat
plane wave, then the subalgebra under consideration
represents the Heisenberg symmetry characteristic of all
plane-wave spacetimes, see Refs. [8,17]. Since, the Sol
geometry is also such a gravitational wave we consider the
following ansatz

2x?
ds? = =5 du? — 2dudv + dx?, (17a)
u
® = D(u), (17b)
F = f(u)du A dx, (17¢)

whose fields do not inherit the scaling symmetry associated
with Eq. (A5d).
Inserting our chosen ansatz into Eq. (3) yields

@2 D\ 1
together with A = m?> = u = 0. A particular solution is
given by

® = uexp (ku + oy) + Dy, (19)

where k, o(, and @, are constants satisfying k > 0 and
@, > 2, of which the latter is equivalent to 1 — {®3 > 0.
The limit 6y — —oo recovers the solution of the previous
section evaluated at { = }—1. A stealthy field is found outside
of the allowed range, as it should, where @, = 0.

IV. CLOSING REMARKS

In this work, we have considered three-dimensional
general relativity with an electromagnetic field together
with a scalar field nonminimally coupled to gravity.
Moreover, each of the fields is allowed to be massive.
Our objective has been to find a matter model that is able to
source each of the four spacetime geometries found by
Dumitrescu and Zeghib in Ref. [7]. Due to their properties
these spacetimes are of mathematical interest; however,
they have also been recently shown to be vacuum solutions
of three-dimensional massive gravity, see Ref. [4].
The geometries are all of Kundt type and include max-
imally symmetric spaces, as well as, a gravitational-wave
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spacetime. Moreover, metrics quite similar to them have
previously arisen in the physics literature. Thus, we
consider them to be of physical relevance.

In summary, we have found self-gravitating systems
whose background metric is given by one of the following:
(1) Minkowski spacetime, (ii) anti—de Sitter space,
(iii) time-dependent homogeneous plane waves, or (iv) a
homogeneous universe with Bianchi II anisotropy.
Searching for fields that themselves respect the spacetime
symmetries of the background led us to the unique
solutions within the theory, since the backgrounds are
highly symmetric. For the maximally symmetric space-
times this implies that the fields are trivial. Which is also
expected given that they are Einstein spaces.

In order to fully probe the theory, we have also
considered less constrained systems finding nontrivial
fields over the maximally symmetric spacetimes. These
fields are able to solve the equations of motion since their
total energy-momentum tensor cancels itself out. Stealthy
behavior of matter such as this is possible when scalar fields
are nonminimally coupled to gravity, see Ref. [48]. In
particular, our results provide a novel kind of gravitational
Cheshire effect (Ref. [22]) in which electromagnetic
radiation overflies flat space undetected due to a counter-
acting scalar field; an effect present in all spacetime
dimensions. Although we focus primarily on the three-
dimensional case we have also outlined how our results
carry over to higher dimensions. Thus, although one can
raise an argument on the physics of stealth fields, their
mathematical properties provides us with a tool for gen-
erating new solutions via conformal transformations.

To close, let us mention that none of our targeted
spacetimes are electrovacuum solutions. This is due to
the nature of their curvature. This is to say, when one
employs rigorous methods in order to reconstruct an
electromagnetic field source from the geometry the result
is either that the field vanishes or that it is imaginary. In our
solutions, electromagnetic fields cannot act alone for this
very reason. Moreover, in three dimensions, standard scalar
fields are dual to electromagnetic fields and so cannot
resolve this issue. However, by nonminimally coupling
scalar fields to gravity we have found a resolution.

In most of our solutions, the gauge field is null thus
representing electromagnetic waves. Hence, in order for the
equations to be solved the scalar sector must cancel out this
contribution and account for the spacetime curvature at the
same time. However, if the electromagnetic field is turned
off the scalar sector becomes singular. In other words, the
scalar field cannot act alone either.

For the Einstein spaces, this cancelation occurs com-
pletely within the matter sector. This is to say, the standard
contributions to the energy-momentum tensor are exactly
canceled by the effects of nonminimal coupling to gravity.
Consequently, the fields conform a composite stealth

system. One in which neither of the fields exhibit stealth
by themselves. Three-dimensional black holes with this
behavior were found in Ref. [23]. However, our solutions
are the first instance of this occurring with electromagnetic
radiation.
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APPENDIX A: GROUP AND GEOMETRIC
STRUCTURE

The DZ homogeneous spacetimes are the unique intrinsi-
cally Lorentzian maximal geometries that can be modeled
on compact three manifolds. The four of them are Lie
groups with left-invariant metrics. Geometrically, they are
all of Kundt type, meaning they possess a geodesic null
congruence whose orthogonal distribution is integrable and
represents a totally geodesic foliation of spacetime, see
Refs. [52,53]. This structure is parametrized by a vector
field V that is tangent to the congruence and a 1-form «
such that

VyV =a(X)V, (A1)
for all vector fields X orthogonal to V. What is more, for
three-dimensional Lie groups these structures are neces-
sarily generated by left-invariant vector fields. Throughout,
we use coordinates {u, v,x} adapted to the geodesic null
congruence so that it corresponds to translations along v.
For all but one of the DZ geometries, these translations
conform a Killing congruence as well, see the table
just below.

Spacetime Group a Killing congruence
Mink EQ(3) du Yes
AdS §]i(27 R) —1/xdx Yes
Sol Sol du Yes
Nil HQ3) 1/2dx No

Two of DZ geometries are irreducible symmetric spaces:
the Minkowski and AdS spacetimes. The other two are left-
invariant metrics on solvable Lie groups. On the Sol group
the metric happens to be conformally flat. Lastly, on the
Heisenberg group the metric is such that the center of its
Killing algebra is a spacelike vector field.
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The Minkowski metric

ds? = —2dudv + dx?, (A2)
describes the unique intrinsically Lorentzian geometry,
which can placed on the Euclidean group. It is also
supported by the Sol and Heisenberg groups; however,
in the Sol case the geometry is not maximal (the details are
described in Ref. [7]). In the Heisenberg case, the center of
its nilpotent algebra is a null vector field. However, the fact
that such a metric is flat is a dimensional accident, as
explained in Ref. [54].

In contrast, the universal cover of SL(2, R) admits three
distinct intrinsically Lorentzian geometries. However,
among them only the one with constant sectional curvature
is maximal, i.e.,

1
ds? = = (—2dudv + dx?). (A3)
X
Notice that when it comes to curvature, the AdS spacetime
is a much more closely related to the hyperbolic Thurston
geometry than to SL(2,R).
The Sol geometry, described by

27

ds? = =5-du® — 2dudv + dx?, (A4)
u

has one of seven left-invariant Lorentzian metrics on the
Sol group, two of which are pp waves. This list of metrics
was reported in Ref. [55]. The Sol metric describes plane
waves travelling over a Minkowskian background and is
the only such (nonflat) spacetime to admit compact models.
Among the DZ geometries, only the Sol geometry is
geodesically incomplete; a property that it shares with
all nonunimodular homogeneous plane waves (cf. Ref. [8]).

The Killing algebra of the Sol spacetime is generated by

Pz%uxa—i—f—%uz%, (A5a)
gza%’ (A5c)
T = u% - Uaav (A5d)

of which T, Q, and ¢ are left-invariant fields satisfying the
Sol algebra: [£,0] =0, [T,&] =&, and [T, Q] = —-Q. Its
derived algebra locally represents the action of the
Heisenberg group on all plane wave spacetimes, more in
depth discussions are found in Refs. [8,17]. For the Sol
plane wave the Heisenberg algebra is extended by a scaling

symmetry, cf. Eq. (A5d). Gravitational waves with exactly
these symmetries have been found to be exactly solvable
string models (see Ref. [16]) and to arise as the Penrose
limit of a large class of spacetimes with singularities, for
further details consult Refs. [17,18,56,57].

Along the same lines as above, the Heisenberg group
admits a metric whose entire list of curvature scalars are
constant. This is not obvious, as in the cases above, yet all
constant scalar invariant spacetimes are known in three
dimensions from Ref. [37]. Moreover, of the DZ spaces,
only the Nil geometry

ds? = —2dudv + (dx + vdu)?, (A6)
is not conformally flat. It is also the only instance in which
the left-invariant vector field V does not define a Killing
congruence. Indeed, the Killing vector fields of the Nil
spacetime are

p= % (ATa)
Q=%+u%, (A7b)
=2, (AT0)
T= ua—au - va—av (A7d)

In this case, T is not a left-invariant vector field and the
underlying Heisenberg algebra is [P, Q] =&, [P,¢&] =0,
and [Q, ] = 0. Notice that the central element ¢ is space-
like, as mentioned above. This is relevant as it was shown in
Ref. [58] that there are only three left-invariant metrics on
the Heisenberg group and that distinguished by their central
element, depending on whether that vector field is space-
like, timelike, or null.

In three dimensions, the Ricci and Cotton tensors
together play a role similar to the Ricci and Weyl tensors
in higher dimensions. In this case, the Riemann tensor is
completely determined by the Ricci curvature and the
Cotton tensor is traceless and conformally invariant.
Thus, topologically massive gravity (TMG) is a remarkable
theory of gravity as its equations of motion relate these two
tensors; details are described in Refs. [59,60]. For TMG
vacua a nonambiguous algebraic type is determined and a
Goldberg-Sachs theorem applies [61]. Except for the Sol
geometry, the DZ spacetimes are TMG vacua and so the
theorem implies they are algebraically special. What is
more, their algebraic type is D or more special and so they
possess two distinct divergence-free geodesic null
congruences.

None of the DZ geometries represents an eletrovacuum
spacetime of general relativity. However, the degree to
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which they fail to do so is a geometric measure, as
determined by the Rainich conditions of Ref. [10]. A
combination of curvature scalars separates spaces into
those which could support null or nonnull electromagnetic
fields. The Nil metric satisfies the nonnull condition and is,
in fact, an electrovacuum of TMG. As exemplified in
Ref. [21], the Nil metric supports a nonnull Maxwell-
Chern-Simons field. In order to fully exploit the three-
dimensional version of the Rainich conditions we slightly
generalize the results of Ref. [10] in Appendix B by
considering the possibility of a Chern-Simons term. The
remaining DZ spacetimes satisfy the null field condition,
however, since they are conformally flat there is no hope of
them describing TMG electrovacua. In Sec. II, we show
that they all satisfy the Einstein equations when the
background is nonminimally coupled to a scalar field
and supports an electromagnetic field as well. A relevant
property of these solutions is that the scalar curvature is
constant. In the table below we display the Ricci scalar R of
each DZ metric future reference.

Spacetime Curvature R Conformally flat
Mink Flat 0 Yes
AdS csc? —6 Yes
Sol vSsr’ 0 Yes
Nil CSrI 1/2 No

zCOnstant sectional curvature.
Vanishing scalar invariants.
“Constant scalar invariants.

APPENDIX B: RAINICH CONDITIONS FOR
EINSTEIN-MAXWELL-CHERN-SIMONS THEORY

The necessary and sufficient conditions for a (2 + 1)-
dimensional spacetime to satisfy the Einstein-Maxwell
equations,

1
G/u/ + Ag/w = 2F/mFua - EFaﬁFaﬁguw (Bl)

for some field F that also complies with the Maxwell-
Chern-Simons equations
dF =0, and d*xF+uF =0, (B2)

are called the Rainich conditions. The conditions separate
according to whether the field is null or not,
ie., FsF% = 0.

For a nonnull field it is instructive to define the following
Einstein scalars

G =Gy,

.G = GLG§

o 3G =GLGiGE.  (B3)

and the tensor whose components are

H/w = G/u/ - (G + 23)9}4w (B4)
where
11G,G - ,G
B=_3 : B5
2 ,6-1G? (BS)
The Rainich conditions are then
1
,G — 3 G- #0, (B6)
HaﬂX"‘Xﬂ > 0, (B7)
B = A, (B3)
Hy,H,p = 0, (B9)
for some vector field X and
HyHpjoa) + HypHyjoir) + Hypp oy = —pegeaH y H.
(B10)

When these requirements are met, the field is deter-
mined by

F,, = €,,v* and wv,v, = %HW (B11)
Now, for a null field the conditions are instead
Sa/jX“Xﬂ > 0, (B12)
G = -3A, (B13)
SuwSpe =0, (B14)
for some vector field X and
SuwSplo] T SupSulo] + SupioSeu = —HEsaSw Sy (B15)

Here, §,, are the components of the traceless Einstein
tensor. Moreover, the field is constructed from

1

-5
2

J— o
F, =¢€,,0" and v -

WUy (B16)

These conditions constitute a generalization of the ones
provided in Ref. [10], which are recovered upon setting y,
the topological mass of the gauge field, to zero. The proof is
straightforward and is along the same lines of that work.
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APPENDIX C: DIMENSIONS
HIGHER THAN THREE

The composite version of the gravitational Cheshire
effect which we have found in this paper occurs in every
dimension; it is not a three-dimensional phenomena.
Indeed, the solution provided by Eq. (13) is unaltered if
one adds flat dimensions to the metric in Eq. (10). In
contrast, the stealth fields overflying the AdS spacetime
possesses gauge fields that are always massive. As a
consequence, those Maxwell-Chern-Simons fields do not
carry over to higher-dimensional versions. Nonetheless,
Proca fields may be employed in all dimensions if so
desired. The calculations are straightforward and follow
from our approach in the previous section. It would be
interesting to study configurations such as these with a
Stiickelberg field, thus complementing investigations such
as those of Refs. [62,63].

As mentioned above, higher-dimensional versions of the
Sol plane waves have been studied in different gravitational
contexts. A noninheriting solution to Eq. (3), in arbitrary
spacetime dimension D, is found over the conformally flat
plane wave spacetime

D-2 2)62
ds? = —2dudv + ) dx? +—-du?, (C1)
i=1 u
with Eq. (19), as is, and Maxwell field given by
®? o\ D-2
2= (o) =252 (@

Homogeneous plane waves with this precise time
dependence arise as Penrose limits, Refs. [64,65], of
spacetimes near their singularity. This occurs near cosmo-
logical and black hole singularities alike, in dimensions
greater than or equal to four, see Ref. [18].

On a similar note, recall that higher-dimensional ver-
sions of the Nil universe have also been studied in
gravitational settings. For example, Minkowski and AdS
spacetimes emerge as fluctuations on such Heisenberg
spaces, as explained in Ref. [66]. Here, we show that these
odd-dimensional manifolds are sourced by constant

nonminimally coupled scalar fields and nonnull Maxwell-
Chern-Simons fields. To illustrate this point consider the
five-dimensional case, where Eq. (3) is modified only in
that the gauge field must instead comply with
d*xF+uF ANF=0. (C3)

To closely follow the three-dimensional case, we con-
sider a Lorentzian spacetime with Kundt geometry on the
five-dimensional Heisenberg group. Such geometries are

natural generalizations of five-dimensional pp waves, as
discussed in Ref. [67]. The system is composed by

ds? = —2dudv + dy* + dz* + (dx + vdu + ydz)?, (C4a)

D = P, (C4b)
F = gdu A dv + pdy A dz. (C4c)
It requires
Ptq
A=m?=0, u=—-— C5a
Ty (C5a)
together with
2(p? H+1
d, = M and p2 — q2' (C5b)

¢

This five-dimensional solution shows that the appearance
of the Chern-Simons term in the three-dimensional case is
not a dimensional accident and one should expect their
appearance in the higher-dimensional cases. Moreover, it
illustrates that, in some dimensions, the gauge field allows
for a massless solution: a Maxwell field.

In this section, we have presented higher-dimensional
pp waves and generalizations of them whose underlying
structure is that of a nilmanifold or a solvmanifold. Such
solutions complement the use of these spaces in gravita-
tional physics such as the black hole spacetimes con-
structed in Refs. [12,13].

[1] A.H. Taub, Empty space-times admitting a three parameter
group of motions, Ann. Math. 53, 472 (1951).

[2] R. Kantowski and R.K. Sachs, Some spatially homo-
geneous anisotropic relativistic cosmological models,
J. Math. Phys. (N.Y.) 7, 443 (1966).

[3] Helio V. Fagundes, Relativistic cosmologies with closed, locally
homogeneous spatial sections, Phys. Rev. Lett. 54, 1200 (1985).
[4] Daniel Flores-Alfonso, Cesar S. Lopez-Monsalvo, and
Marco Maceda, Thurston geometries in three-dimensional
new massive gravity, Phys. Rev. Lett. 127, 061102 (2021).

024063-9


https://doi.org/10.2307/1969567
https://doi.org/10.1063/1.1704952
https://doi.org/10.1103/PhysRevLett.54.1200
https://doi.org/10.1103/PhysRevLett.127.061102

FLORES-ALFONSO, LOPEZ-MONSALVO, and MACEDA

PHYS. REV. D 110, 024063 (2024)

[5] Eric A. Bergshoeff, Olaf Hohm, and Paul K. Townsend,
Massive gravity in three dimensions, Phys. Rev. Lett. 102,
201301 (2009).

[6] C.J. Isham, Modern Differential Geometry for Physicists
(World Scientific, 1999).

[7] Sorin Dumitrescu and Abdelghani Zeghib, Géométries
Lorentziennes de dimension 3: Classification et complétude,
Geometriae Dedicata 149, 243 (2010).

[8] Souheib Allout, Abderrahmane Belkacem, and Abdelghani
Zeghib, On homogeneous 3-dimensional spacetimes: Focus
on plane waves, arXiv:2210.11439.

[9] C.G. Torre, All homogeneous pure radiation spacetimes
satisfy the Einstein-Maxwell equations, Classical Quantum
Gravity 29, 077001 (2012).

[10] D.S. Krongos and C.G. Torre, Rainich conditions in
(2 + 1)-dimensional gravity, J. Math. Phys. (N.Y.) 58,
012501 (2017).

[11] C. Cadeau and E. Woolgar, New five-dimensional black
holes classified by horizon geometry, and a Bianchi VI
brane world, Classical Quantum Gravity 18, 527 (2001).

[12] Sigbjgrn Hervik, Einstein metrics: Homogeneous solvmani-
folds, generalized Heisenberg groups and black holes,
J. Geom. Phys. 52, 298 (2004).

[13] Sigbjgrn Hervik, Ricci Nilsoliton black holes, J. Geom.
Phys. 58, 1253 (2008).

[14] Mokhtar Hassaine, New black holes of vacuum Einstein
equations with hyperscaling violation and Nil geometry
horizons, Phys. Rev. D 91, 084054 (2015).

[15] Moisés Bravo-Gaete and Mokhtar Hassaine, Thermo-
dynamics of dyonic black holes with Thurston horizon
geometries, Phys. Rev. D 97, 024020 (2018).

[16] G. Papadopoulos, J. G. Russo, and Arkady A. Tseytlin,
Solvable model of strings in a time dependent plane wave
background, Classical Quantum Gravity 20, 969 (2003).

[17] Matthias Blau and Martin O’Loughlin, Homogeneous plane
waves, Nucl. Phys. B654, 135 (2003).

[18] Matthias Blau, Monica Borunda, Martin O’Loughlin, and
George Papadopoulos, The universality of Penrose limits
near space-time singularities, J. High Energy Phys. 07
(2004) 068.

[19] A. Bravetti and C.S. Lopez-Monsalvo, Para-Sasakian
geometry in thermodynamic fluctuation theory, J. Phys.
A 48, 125206 (2015).

[20] C. S. Lopez-Monsalvo, F. Nettel, V. Pineda-Reyes, and L. F.
Escamilla-Herrera, Contact polarizations and associated
metrics in geometric thermodynamics, J. Phys. A 54,
105202 (2021).

[21] Daniel Flores-Alfonso, Cesar S. Lopez-Monsalvo, and
Marco Maceda, Contact geometry in superconductors and
new massive gravity, Phys. Lett. B 815, 136143 (2021).

[22] Eloy Ayo6n-Beato, Cristian Martinez, Ricardo Troncoso, and
Jorge Zanelli, Gravitational Cheshire effect: Nonminimally
coupled scalar fields may not curve spacetime, Phys. Rev. D
71, 104037 (2005).

[23] Marcela Cardenas, Oscar Fuentealba, and Cristian
Martinez, Three-dimensional black holes with conformally
coupled scalar and gauge fields, Phys. Rev. D 90, 124072
(2014).

[24] G.Y. Rainich, Electrodynamics in the general relativity
theory, Trans. Am. Math. Soc. 27, 106 (1925).

[25] Curtis G. Callan, Jr., Sidney R. Coleman, and Roman
Jackiw, A new improved energy—momentum tensor,
Ann. Phys. (N.Y.) 59, 42 (1970).

[26] Stanley Deser, Scale invariance and gravitational coupling,
Ann. Phys. (N.Y.) 59, 248 (1970).

[27] J. D. Bekenstein, Exact solutions of Einstein conformal
scalar equations, Ann. Phys. (N.Y.) 82, 535 (1974).

[28] Fedor L. Bezrukov and Mikhail Shaposhnikov, The stan-
dard model Higgs boson as the inflaton, Phys. Lett. B 659,
703 (2008).

[29] Luis C. Barbado, Ana Lucia Bédez-Camargo, and Ivette
Fuentes, Evolution of confined quantum scalar fields in
curved spacetime. Part I: Spacetimes without boundaries or
with static boundaries in a synchronous gauge, Eur. Phys. J.
C 80, 796 (2020).

[30] Luis C. Barbado, Ana L. Baez-Camargo, and Ivette Fuentes,
Evolution of confined quantum scalar fields in curved
spacetime. Part II: Spacetimes with moving boundaries in
any synchronous gauge, Eur. Phys. J. C 81, 953 (2021).

[31] Eloy Ayoén-Beato, Alan Garbarz, Gaston Giribet, and
Mokhtar Hassaine, Analytic Lifshitz black holes in higher
dimensions, J. High Energy Phys. 04 (2010) 030.

[32] Eloy Ayon-Beato, Moisés Bravo-Gaete, Francisco Correa,
Mokhtar Hassaine, and Maria Montserrat Judrez-Aubry,
Microscopic entropy of higher-dimensional nonminimally
dressed Lifshitz black holes, Phys. Rev. D 100, 044024
(2019).

[33] Moisés Bravo-Gaete, Maria Montserrat Juarez-Aubry, and
Gerardo Veldzquez-Rodriguez, Lifshitz black holes in four-
dimensional critical gravity, Phys. Rev. D 105, 084009
(2022).

[34] Peter Breitenlohner and Daniel Z. Freedman, Positive
energy in anti-de Sitter backgrounds and gauged extended
supergravity, Phys. Lett. 115B, 197 (1982).

[35] Peter Breitenlohner and Daniel Z. Freedman, Stability in
gauged extended supergravity, Ann. Phys. (N.Y.) 144, 249
(1982).

[36] Cristidan Martinez, Claudio Teitelboim, and Jorge Zanelli,
Charged rotating black hole in three space-time dimensions,
Phys. Rev. D 61, 104013 (2000).

[37] Alan Coley, Sigbjgrn Hervik, and Nicos Pelavas, Lorentzian
spacetimes with constant curvature invariants in three
dimensions, Classical Quantum Gravity 25, 025008 (2008).

[38] B. Bertotti, Uniform electromagnetic field in the theory of
general relativity, Phys. Rev. 116, 1331 (1959).

[39] 1. Robinson, A solution of the Maxwell-Einstein equations,
Bull. Acad. Pol. Sci., Ser. Sci., Math., Astron. Phys. 7, 351
(1959).

[40] Jerzy F. Plebanski and Shahen Hacyan, Some exceptional
electrovac type D metrics with cosmological constant, J.
Math. Phys. (N.Y.) 20, 1004 (1979).

[41] R. P. Kerr and A. Schild, A new class of vacuum solutions of
the Einstein field equations, in Atti del Convegno sulla
Relativita Generale: Problemi dell’Energia e Onde Grav-
itazionali (G. Barbera, Firenze, 1965), pp. 1-12.

[42] A.H. Taub, Generalised Kerr-Schild space-times,
Ann. Phys. (N.Y.) 134, 326 (1981).

[43] A. Garcia D. and M. Alvarez C., Shear-free special electro-
vac type-II solutions with cosmological constant, Nuovo
Cimento B 79, 266 (1984).

024063-10


https://doi.org/10.1103/PhysRevLett.102.201301
https://doi.org/10.1103/PhysRevLett.102.201301
https://doi.org/10.1007/s10711-010-9480-0
https://arXiv.org/abs/2210.11439
https://doi.org/10.1088/0264-9381/29/7/077001
https://doi.org/10.1088/0264-9381/29/7/077001
https://doi.org/10.1063/1.4974091
https://doi.org/10.1063/1.4974091
https://doi.org/10.1088/0264-9381/18/3/312
https://doi.org/10.1016/j.geomphys.2004.03.005
https://doi.org/10.1016/j.geomphys.2008.05.001
https://doi.org/10.1016/j.geomphys.2008.05.001
https://doi.org/10.1103/PhysRevD.91.084054
https://doi.org/10.1103/PhysRevD.97.024020
https://doi.org/10.1088/0264-9381/20/5/313
https://doi.org/10.1016/S0550-3213(03)00055-5
https://doi.org/10.1088/1126-6708/2004/07/068
https://doi.org/10.1088/1126-6708/2004/07/068
https://doi.org/10.1088/1751-8113/48/12/125206
https://doi.org/10.1088/1751-8113/48/12/125206
https://doi.org/10.1088/1751-8121/abddeb
https://doi.org/10.1088/1751-8121/abddeb
https://doi.org/10.1016/j.physletb.2021.136143
https://doi.org/10.1103/PhysRevD.71.104037
https://doi.org/10.1103/PhysRevD.71.104037
https://doi.org/10.1103/PhysRevD.90.124072
https://doi.org/10.1103/PhysRevD.90.124072
https://doi.org/10.1090/S0002-9947-1925-1501302-6
https://doi.org/10.1016/0003-4916(70)90394-5
https://doi.org/10.1016/0003-4916(70)90402-1
https://doi.org/10.1016/0003-4916(74)90124-9
https://doi.org/10.1016/j.physletb.2007.11.072
https://doi.org/10.1016/j.physletb.2007.11.072
https://doi.org/10.1140/epjc/s10052-020-8369-9
https://doi.org/10.1140/epjc/s10052-020-8369-9
https://doi.org/10.1140/epjc/s10052-021-09737-x
https://doi.org/10.1007/JHEP04(2010)030
https://doi.org/10.1103/PhysRevD.100.044024
https://doi.org/10.1103/PhysRevD.100.044024
https://doi.org/10.1103/PhysRevD.105.084009
https://doi.org/10.1103/PhysRevD.105.084009
https://doi.org/10.1016/0370-2693(82)90643-8
https://doi.org/10.1016/0003-4916(82)90116-6
https://doi.org/10.1016/0003-4916(82)90116-6
https://doi.org/10.1103/PhysRevD.61.104013
https://doi.org/10.1088/0264-9381/25/2/025008
https://doi.org/10.1103/PhysRev.116.1331
https://doi.org/10.1063/1.524174
https://doi.org/10.1063/1.524174
https://doi.org/10.1016/0003-4916(81)90213-X
https://doi.org/10.1007/BF02748975
https://doi.org/10.1007/BF02748975

GRAVITATIONAL WAVES FROM THURSTON GEOMETRIES

PHYS. REV. D 110, 024063 (2024)

[44] V. 1. Khlebnikov, Gravitational radiation in electromagnetic
universes, Classical Quantum Gravity 3, 169 (1986).

[45] D. Garfinkle and M. A. Melvin, Traveling waves on a
magnetic universe, Phys. Rev. D 45, 1188 (1992).

[46] Marcello Ortaggio and Jifi Podolsky, Impulsive waves in
electrovac direct product space-times with Lambda,
Classical Quantum Gravity 19, 5221 (2002).

[47] Jiti Podolsky and Marcello Ortaggio, Explicit Kundt type II
and N solutions as gravitational waves in various type D and
0 universes, Classical Quantum Gravity 20, 1685 (2003).

[48] Eloy Ayoén-Beato, Cristidn Martinez, and Jorge Zanelli,
Stealth scalar field overflying a (2 + 1) black hole, Gen.
Relativ. Gravit. 38, 145 (2006).

[49] Eloy Ayén-Beato and Mokhtar Hassaine, Exploring AdS waves
via nonminimal coupling, Phys. Rev. D 73, 104001 (2006).

[50] Eloy Ayo6n-Beato, Alberto A. Garcia, P. Isaac Ramirez-
Baca, and César A. Terrero-Escalante, Conformal stealth for
any standard cosmology, Phys. Rev. D 88, 063523 (2013).

[51] Eloy Ayodn-Beato, P. Isaac Ramirez-Baca, and César A.
Terrero-Escalante, Cosmological stealths with nonconfor-
mal couplings, Phys. Rev. D 97, 043505 (2018).

[52] A. Coley, S. Hervik, G. O. Papadopoulos, and N. Pelavas,
Kundt spacetimes, Classical Quantum Gravity 26, 105016
(2009).

[53] Mohamed Boucetta, Aissa Meliani, and Abdelghani Zeghib,
Kundt three-dimensional left invariant spacetimes, J. Math.
Phys. (N.Y.) 63, 112501 (2022).

[54] Srdjan Vukmirovi¢, Classification of left-invariant metrics
on the Heisenberg group, J. Geom. Phys. 94, 72 (2015).

[55] Mohamed Boucettaand Abdelmounaim Chakkar, The
moduli space of Lorentzian left-invariant metrics on
three-dimensional unimodular simply connected Lie
groups, J. Korean Math. Soc. 59, 651 (2022).

[56] Matthias Blau, Jose M. Figueroa-O’Farrill, Christopher
Hull, and George Papadopoulos, A new maximally

supersymmetric background of IIB superstring theory,
J. High Energy Phys. 01 (2002) 047.

[57] Matthias Blau, Monica Borunda, Martin O’Loughlin, and
George Papadopoulos, Penrose limits and space-time sin-
gularities, Classical Quantum Gravity 21, L43 (2004).

[58] Salima Rahmani, Métriques de Lorentz sur les groupes de
lie unimodulaires, de dimension trois, J. Geom. Phys. 9, 295
(1992).

[59] Stanley Deser, R. Jackiw, and S. Templeton, Topologically
massive gauge theories, Ann. Phys. (N.Y.) 140, 372 (1982);
185, 406(E) (1988).

[60] Stanley Deser, R. Jackiw, and S. Templeton, Three-dimen-
sional massive gauge theories, Phys. Rev. Lett. 48, 975
(1982).

[61] Pawel Nurowski and Arman Taghavi-Chabert, A Goldberg—
Sachs theorem in dimension three, Classical Quantum
Gravity 32, 115009 (2015).

[62] Alessio Marrani, Olivera Miskovi¢, and Paula Quezada
Leon, Extremal black holes, Stueckelberg scalars and phase
transitions, J. High Energy Phys. 02 (2018) 080.

[63] Alessio Marrani, Olivera Miskovi¢, and Paula Quezada
Leon, Spontaneous scalarization in (A)dS gravity at zero
temperature, J. High Energy Phys. 07 (2022) 100.

[64] Roger Penrose, A remarkable property of plane waves in
general relativity, Rev. Mod. Phys. 37, 215 (1965).

[65] Roger Penrose, Any space-time has a plane wave as a
limit, In Differential Geometry and Relativity (Springer,
Dordrecht, 1976), pp. 271-275.

[66] A. Bravetti, C.S. Lopez-Monsalvo, and H. Quevedo,
Maximally symmetric spacetimes emerging from thermo-
dynamic fluctuations, arXiv:1503.08358.

[67] A. Coley, R. Milson, N. Pelavas, Vojtech Pravda, A.
Pravdovd, and R. Zalaletdinov, Generalized pp wave
space-times in higher dimensions, Phys. Rev. D 67,
104020 (2003).

024063-11


https://doi.org/10.1088/0264-9381/3/2/010
https://doi.org/10.1103/PhysRevD.45.1188
https://doi.org/10.1088/0264-9381/19/20/313
https://doi.org/10.1088/0264-9381/20/9/307
https://doi.org/10.1007/s10714-005-0213-x
https://doi.org/10.1007/s10714-005-0213-x
https://doi.org/10.1103/PhysRevD.73.104001
https://doi.org/10.1103/PhysRevD.88.063523
https://doi.org/10.1103/PhysRevD.97.043505
https://doi.org/10.1088/0264-9381/26/10/105016
https://doi.org/10.1088/0264-9381/26/10/105016
https://doi.org/10.1063/5.0091202
https://doi.org/10.1063/5.0091202
https://doi.org/10.1016/j.geomphys.2015.01.005
https://doi.org/10.4134/JKMS.j210460
https://doi.org/10.1088/1126-6708/2002/01/047
https://doi.org/10.1088/0264-9381/21/7/L02
https://doi.org/10.1016/0393-0440(92)90033-W
https://doi.org/10.1016/0393-0440(92)90033-W
https://doi.org/10.1016/0003-4916(82)90164-6
https://doi.org/10.1016/0003-4916(88)90053-X
https://doi.org/10.1103/PhysRevLett.48.975
https://doi.org/10.1103/PhysRevLett.48.975
https://doi.org/10.1088/0264-9381/32/11/115009
https://doi.org/10.1088/0264-9381/32/11/115009
https://doi.org/10.1007/JHEP02(2018)080
https://doi.org/10.1007/JHEP07(2022)100
https://doi.org/10.1103/RevModPhys.37.215
https://arXiv.org/abs/1503.08358
https://doi.org/10.1103/PhysRevD.67.104020
https://doi.org/10.1103/PhysRevD.67.104020

