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Abstract

We study universal electromagnetic (test) fields, i.e., p-forms fields F' that solve simultaneously
(virtually) any generalized electrodynamics (containing arbitrary powers and derivatives of F in the
field equations) in n spacetime dimensions. One of the main results is a sufficient condition: any
null F' that solves Maxwell’s equations in a Kundt spacetime of aligned Weyl and traceless-Ricci
type III is universal (in particular thus providing examples of p-form Galileons on curved Kundt
backgrounds). In addition, a few examples in Kundt spacetimes of Weyl type II are presented.
Some necessary conditions are also obtained, which are particularly strong in the case n = 4 = 2p:
all the scalar invariants of a universal 2-form in four dimensions must be constant, and vanish in the
special case of a null F'.

PACS 04.50.+h, 04.20.Jb, 04.40.Nr

Contents
1 Introduction 2
1.1 Background . . . . . . . . 2
1.2  Preliminaries and definitions . . . . . . . . . ... ..o L 3
2 Sufficient conditions 4
2.1 Covariantly constant p-forms . . . . . . .. .. Lo o 4
2.2 Null p-forms . . . . . . . . 5
2.3 VSIpforms . . . . . . . e 5
2.3.1 Sufficient condition . . . . . . . ..o Lo 5
2.3.2  Solutions in adapted coordinates . . . . .. .. ... L. 8
2.4  Universal p-forms in direct product spacetimes . . . . . . ... ... ... ... ... 9
2.5 Universal 2-forms in 4-dimensional Kundt type II spacetimes . . . . .. ... .. .. 9

*sigbjorn.hervik@uis.no
Tortaggio(at)math(dot)cas(dot)cz
fpravda@math.cas.cz



3 Necessary conditions 10

3.1 General dimension . . . . . . . ... e e 10
3.2 Casen=4=2p: auniversal F must be CSI . . . . .. .. .. ... ......... 11
3.2.1 Robinson-Trautman . . . . . . .. .. ... 11
3.2.2 Kundt . . . .. e 11
33 Casen=4=2p:null F . ... ... ... e 12
A Kundt spacetimes and balanced tensors 14
A1 Notation . . . . . . . o 14
A2 Kundt spacetimes. . . . . . . . . . L. e 14
A.2.1 General Kundt spacetimes . . . . . . . . ... L Lo 15
A.2.2 Kundt spacetimes of aligned Riemann type II and degenerate Kundt space-
TImes . . . . e 15
A.3 Balanced tensors in degenerate Kundt spacetimes . . . . . .. .. .. ... ... ... 16

1 Introduction

1.1 Background

Modifications of Maxwell’s equations have been proposed in the context of classical theories in order
to cure the divergent electron’s self-energy [1-5]. They have also appeared in effective theories
derived from quantum electrodynamics (QED) [6-9]) or from string theory (cf., e.g., the review [10]
and references therein). A particularly well-known example of a generalized theory is given by non-
linear electrodynamics (NLE), which is defined by a Lagrangian depending (in principle arbitrarily)
on the two algebraic invariants F,;, F2 and Fy;,  Fe° [11,12].

In early works by Schrodinger [13,14] it was observed that all null fields (defined by F,, F*° =
0 = Fyp, * %) which solve Maxwell’s equations also automatically solve the field equations of any
NLE (in vacuum). In this sense, null fields display theory-independent properties. Subsequently,
it was noticed that plane waves (a special case of null fields) solve not only NLE but also higher-
derivative theories in a flat spacetime [15]. It is clearly desirable to understand to what extent
these results can be generalized, e.g., to field configurations other than plane-waves, as well as to
curved backgrounds. Recently, a larger class of wuniversal solutions has been constructed [16] — it
consists of null electromagnetic fields in four-dimensional Kundt spacetimes of (aligned) Petrov and
traceless-Ricci type III. In the present paper we will further extend the results [16], particularly in
two directions. First, we shall consider p-form fields in arbitrary dimensions n, which are of more
direct interest for supergravity and string theory applications (recovering the sufficient conditions
for universality of [16] in the special case n = 4 = 2p). Additionally, we will also discuss the non-null
case and also obtain certain necessary conditions for a p-form to be universal. In this case, more
progress will be possible when n =4 = 2p.

In the rest of this section we provide some preliminary definitions. Section 2 presents a few
sufficient conditions for a p-form field to be universal (or 0-universal, as defined below) — along with
other results, it contains Theorem 2.5, one of the main conclusions of this paper. In section 3 we focus
instead on necessary conditions. In particular, more progress is possible in the case of 2-forms in
four dimensions, for which we obtain Theorem 3.2 and Proposition 3.3. Appendix A summarizes the
notation used throughout the paper and contains some auxiliary technical results (some of which
already known, cf. the references given there), needed in the proofs of the main theorems and
propositions. Appendix A.3 also contains some additional related results (Lemmas A.6 and A.7) of
some interest for future studies.



1.2 Preliminaries and definitions

Throughout the paper we will restrict ourselves to the case in which there are no charges and currents,
therefore we will omit the word “sourcefree” when referring to the (generalized) Maxwell equations.
We will consider only Maxwell test p-form fields in an n-dimensional spacetime (i.e., we will not
consider the back-reaction). We will denote by d, § and *, respectively, the exterior derivative, the
codifferential and the Hodge dual of differential forms.

Let us start with a definition which will be used throughout this work.

Definition 1.1 (Universal electromagnetic field). A p-form F is called universal if it satisfies the
pair of generalized Mazwell’s equations

dF =0, *d+F = 0, (1)

where the second equation holds simultaneously for all p-forms F constructed polynomially from F
and its covariant derivatives (hereafter, it is understood that the dual (n — p)-form xFy, ., =

n—p
al...a . . . . .
Lot F,,. .a, and its derivatives can also be used in the construction,).

p! b1..bn_p P

In Definition 1.1, F' may thus include terms with arbitrary higher-order derivative “corrections”.
Furthermore, the scalar coefficients appearing in such a polynomial need not be polynomials of the
scalar invariants of F' (and their covariant derivatives). Of course, a universal F' in particular satisfies
the standard Maxwell equations (for the special choice F= F).! Definition 1.1 extends to arbitrary
n and p a definition proposed in [16] for n = 4 = 2p.

Remark 1.2 (Non-linear electrodynamics (NLE)). NLE is usually defined in the case n = 2p = 4
(cf., e.g., [12]) by a Lagrangian which depends only on the two 0-order (i.e., algebraic) invariants
FpF and Fp*Fe. Hence, in NLE the 2 -form F is a linear combination F = oF + *F, where «
and B are (virtually arbitrary) functions of Fu, F® and Fo,*F. It follows that a universal F also
obeys, in particular, the field equations of any NLE (e.g., Born-Infeld’s theory).

One could also define extensions of NLE to arbitrary n and p by considering theories where Fis
constructed algebraically from F (i.e., without taking covariant derivatives).? Since these represent
a very special subclass of theories of electrodynamics, it appears useful to define also the following
more restricted notion of universality.

Definition 1.3 (0-universal electromagnetic field). A p-form F is called O-universal if it satisfies
the pair of generalized Mazwell’s equations (1), where F' can be any p-form constructed algebraically
and polynomially from F'.

In particular, O-universal p-forms solve theories for which F is of the form “F+higher powers of
F7.

Similarly, it is also useful to define
Definition 1.4 (K-universal electromagnetic field). A p-form F is called K-universal if it satisfies
the pair of generalized Mazwell’s equations (1), where F' can be any p-form constructed polynomially
from F and its first K covariant derivatives.

In particular, 1-universal p-forms in flat space provide examples of p-form Galileons [17].
The notion of null fields is well known for 2-forms in four dimensions (cf., e.g., [18]); this has
been extended to arbitrary dimension n [19] and rank p [20]. Let us thus recall

!Note that there is an “asymmetry” in the above definition in the sense that F' must be closed and co-closed, whereas
all the F' one can construct are only required to be co-closed. In the special case n = 2p, however, any possible F must
also be closed (since one can replace F by F = «F in Definition 1.1 and use the fact that F must be co- closed).

’In general, there can be more than two independent 0-order invariants that can be used to construct a Lagrangian.
For example, a 2-form in n dimensions possesses [n/2] algebraic invariants (cf. section 4 of [11]).



Definition 1.5 (Type N (or null) p-forms [20]). At a spacetime point, a p-form F is of type N if it
satisfies
éaFabl.A.bp,l = Oa g[anl‘..bp] = 07 (2)

where ((2) implies that) € is a null vector. Equivalently, the second condition can be replaced by

04 Fapy b =0.

bn—p_1

A further useful definition is the following.

Definition 1.6 (CSI and VSI electromagnetic field). A p-form F in a spacetime with metric gap
is called CSI (“constant scalar invariants”) if the scalar polynomial invariants constructed from F
and its covariant derivatives of arbitrary order are constant. If all such invariant vanish, F is VSI
(“vanishing scalar invariants”) [20]. If only derivatives up to order K are considered, we will use
the notation CSIg and VSIk.

Notation Throughout the paper we will employ a null frame in an n-dimensional spacetime and
the corresponding Ricci rotation coefficients and directional derivatives, as defined in Appendix A.1.
We will use the abstract tensor notation “Riem” to denote the Riemann tensor. A tensor defined
by the part of boost weight (b.w.) b of the Riemann tensor or of its covariant derivative will be
denoted, respectively, as Riem; or [V(Riem)p; by contrast, a frame component of b.w. b of the
Riemann tensor will be denoted as Rj. For general information about the b.w. classification of
tensors we refer to [21] and, e.g., to the review [22].

2 Sufficient conditions

2.1 Covariantly constant p-forms
An observation made in [16] in the case n = 4 = 2p can be extended to arbitrary n and p as follows:

Proposition 2.1. A covariantly constant p-form F' is universal and CSI.

Proof. Since any covariant derivative of F' is zero, it is obvious that also dF = 0 = §F . Similarly,
any scalar invariant constructed from F' must be constant (in particular, those constructed from
the derivatives of F' are zero). Any F is clearly also covariantly constant and thus has the same

properties.
O

For example, in a flat spacetime in Cartesian coordinates any wedge-product of the coordinate
differentials gives a covariantly constant form. More generally, it is well-known that in direct product
spacetimes, the volume form of each of the factor spaces is covariantly constant (as follows easily
from the results of [23]).

Remark 2.2 (Covariantly constant 2-forms in four dimensions). A four-dimensional spacetime
admitting a covariantly constant 2-form F is either (cf. section 35.1.2 of [18] and references therein):
(i) a direct product of two two-dimensional spacetimes, if F' is non-null; (ii) an aligned pp -wave of
Riemann type N, if F is null. In both cases the spacetime is Kundt and null-recurrent.

Remark 2.3 (Covariantly constant null p-forms). A covariantly constant null F is obviously VSI
(cf. also [20]). Moreover, the background spacetime must be an aligned pp -wave (which follows from
Focy.cp i Fp™ 771 o< Loly being covariantly constant, similarly as in [18]). This partly extends
Remark 2.2 to arbitrary n and p.



2.2 Null p-forms

As mentioned in section 1, it was already known to Schrédinger [13,14] that all null Maxwell fields
solve the equations for the electromagnetic field in any NLE. Generalizing [16], this observation can
be straightforwardly extended to all null (i.e., VSIy [20]) p-forms, so that (recalling Definition 1.3)

Proposition 2.4 (Sufficient conditions for a O-universal F'). A null p-form F that solves Mazwell’s
equations is 0-universal.

Proof. Since F is null, any p-form F constructed algebraically and polynomially out of F' can only
be linear in F' (by boost-weight counting), and therefore obeys Maxwell’s equations if F' does. [

We observe that no direct restrictions on the background spacetimes are placed by Proposition 2.4,
as opposed to Proposition 2.5 given below in the case of certain fully universal solutions.

Recall that, in four dimensions, null 2-forms solutions to the Maxwell equations can be associated
with shearfree cogruences of null geodesics via the Mariot-Robinson theorem (cf., e.g., [18]). A partial
extension to p-forms in arbitrary dimensions has been discussed in [24] (see also [19,25] for related
earlier results). It is worth mentioning that, from a physical viewpoint, null fields are interesting
since they characterize electromagnetic plane waves [9,26], the asymptotic behaviour of radiative
systems [27], and the field produced by high-energy sources [26,28,29]. They are also relevant to
Penrose’s limits in supergravity [30].

2.3 VSI p-forms
2.3.1 Sufficient condition

The result of Proposition 2.4 for null forms can be considerably strengthened (i.e., to full universality)
if one restricts oneself to null forms in suitable background spacetimes, namely

Theorem 2.5 (Sufficient conditions for a universal F'). In a Kundt spacetime of aligned Weyl and
traceless-Ricci type 111, any aligned null p-form F' that solves Mazwell’s equations is universal (and
VSI).

Proof. Before starting, let us note that the considered background spacetime is necessarily degenerate
Kundt and DR = 0 = §; R (cf. Propositions A.2 and A.8). This implies that F is VSI (Theorem 1.5
of [20]).

By Proposition A.8, V)(Riem) is balanced (and thus of type ITI or more special) for any I > 1.
This will be useful in the following. By the assumptions, the Riemann tensor can instead possess
also b.w. 0 components, but is restricted to the special form

2R
Raped = —————Gale b.w. < 0), 3
bed n(n_l)g[gd]b+( w. < 0) (3)

where we have indicated the arbitrary components of negative b.w. implicitly in brackets, since their
explicit form is not needed here.

Bearing in mind the above observations and under the assumed conditions, the strategy is thus
to prove that any possible Fis divergencefree.?

Now, since F' is VSI, any tensor constructed out of it and its covariant derivatives is also VSI and
aligned (cf. Lemma B.4 of [20]) and thus contains only components of negative b.w. — for totally

antisymmetric tensors, such as F, the only possible b.w. is —1. It is thus clear that F' can only be

3Recall that for a p-form w the identity divwa,..ap_y = Wbal...ap,l;b = sign(g)(fl)"(pﬂ) *d*Way.ap_y = —0Way..ap_;

holds (sign(g) = —1 in this paper; our conventions for the dual of a p-form are given in Definition 1.1)



linear in F and its derivatives (higher order terms would have b.w. —2 or less). In general F will
thus be of the form .
F=cF +c[V'F] +d; [V/*F] (4)

where there is summation over the positive integers I and J, the coefficients ¢y, ¢; and d; are
constants (recall that F' does not possess any non-zero invariant), and the notation [. ..}, means that
the quantity within square brackets needs to be contracted and/or antisymmetrized in such a way
as to produce a p-form (the particular way how this is done is not important for our discussion).
Let us now discuss separately the three possible types of terms in (4) and show that they are all
necessarily divergencefree.

The first term in (4) is harmless since F' is itself divergencefree (and similarly for a term do*F
that should be added to (4) in the special case n = 2p).

The terms [V’ F]p in (4) need I/2 contractions with the metric tensor (so that I must in fact

be even) in order to produce an object of rank p, thus resulting in terms of one of the two forms
gOVEVVITETE, o g?tVE YV VEY, VITE RS2 (5)

where the ellipsis indicate implicitly all the remaining indices (contracted or not, and properly
antisymmetrized — this is not important four our analysis, as will be clear below). Now, if we
considered theories in flat space, the terms (5) could be rewritten as (note the respective indices
contracted with g?%)

gVITIVE,.,  gUVITAVVLE (6)

since covariant derivatives commute when the curvature is zero. (The advantage of the form (6)
is that it can be easily handled with, as we shall discuss below after (10) also in the presence of
curvature). However, this is generically not true in a curved spacetime, and if we want to shift
indices of covariant derivatives we need to consider the generalized Ricci identity. For any tensor T,
this can be expressed schematically as

[V,V]T =T - Riem. (7)

The idea is now to use this in order to show how in a curved background one can still arrive at
terms of the form (6), plus some “corrections” that turn out not to be an obstacle for our purpose
(as we shall explain).

Recalling that F' is VSI and all the covariant derivatives of the Riemann tensor are balanced,
from (7) we obtain

VIV, VIVITE2F = VI72F - Riemg + (b.w. < —1). (8)

However, using (3) and recalling that a p-form cannot have components of b.w. smaller than —1, it
is not difficult to see that (again schematically)

[VIZ2F - Riemg + (b.w. < —1)] = R[V/7*F] . (9)

From §;R = 0 and DR = 0 it follows that R, x f,. Since all terms in (4) are of b.w. —1,
terms containing R,, do not contribute to the divergence of F' and will be omitted from the next
discussions.

Equation (9) means that by repeated use of (8), in terms [V/F ]p we can shift a covariant
derivative to any desired position, up to producing “correction terms” of the type [VI _QF]p, ie., of
the form of the original terms but with order of differentiation reduced by 2. In turn, these can be
reduced to the form (6) (with I replaced by I —2), plus “corrections” of the type [VI_4F]p, and so

6



on. Eventually, the terms [VI F ]p in (4) are reduced to a sum of various terms of the form (recall
that I is even and therefore in the last step we obtain terms proportional to F)

F,  ¢*VMV,F, ., ¢*VMIIV,WVW.F. (M=I-11-3,..1). (10)

We already observed that the first of these is divergencefree. The second one is (a derivative
of) the divergence of F' and therefore vanishes. To study the third term it is useful to recall the
Weitzenbock identity for a p-form w [31]

a a pp—1 a
g bvbvawcl...cp = _chl...cp +pRa[c1W caocpl %Rab[clqw bcs,,,cp]v (11)

where A = dé + dd is the Laplace-de Rham operator acting on forms (not to be confused with the
symbol A defined in (A3)). Thanks to the fact that F' has only components of b.w. —1 and AF =0
(since F' is harmonic), using (3) from (11) we obtain

gabvbvaFcl...cp = MRFcl...CP' (12)

Thus the third term in (10) is proportional to VM~'F (and thus of the form (5), with I re-
placed by M — 1 < I —2) and again can be manipulated iteratively until one obtains either F
or ¢?VM'7F, =0 (for some M'). Therefore, also this term can produce only divergencefree
quantities, as we wanted to prove.

Finally, let us discuss the terms [V‘]*F]p in (4). There one needs (n — 2p + J)/2 contractions
in order to produce an object of rank p, with J having the same parity of n (and with the further
condition J > 2p — n in the case 2p > n; note that the case J = 2p — n requires no contractions,
however it leads just to vanishing terms due to the total antisymmetrization and d*F = 0, and
therefore needs no discussion). Similarly as above, we conclude that these will result in quantities
of the form

gUVIENYITET R, L gtV VEV VTR (13)

which can be treated as done for (5) (xF' is also divergencefree), thus completing the proof.
O

Remark 2.6. We observe that the above proof would be greatly simplified if we required R = 0
as an additional assumption. Indeed, (8) would become simply VE[V,V|VI"L2F = (b.w. < —1).
Therefore covariant derivatives of F would essentially commute (i.e., the commutators would only
produce terms of b.w. less than —1, which are set to zero by the “operation” [...],) and the proof
would thus be complete after (5) (apart from taking into account the terms with xF).

Remark 2.7 (Examples). Note that, in particular, Ricci flat and Einstein Kundt spacetimes of Weyl
typee III/N/O are permitted backgrounds for a universal VSI F.* The result of Proposition 2.5 was
announced (without a proof) in section 2.4 of [20] and generalizes results obtained in [16] in the
special case n = 4 = 2p (the above proof is also considerably more detailed than the one briefly

“Such spacetimes belong to the class of VSI/CSI metrics [32,33], respectively (and include Minkowski and (A)dS).
These have found various applications beyond general relativity. For example, in the context of type IIB supergravity,
some VSI spacetimes coupled to null p-forms have been discussed in [34]. In particular, the role of VSI pp-waves in the
context of supergravity and string theory has been known for some time, see, e.g., [30,35-40], also in the presence of
supersymmetry, c.f. [30,35,36,40-42] and references therein.



sketched in [16]). An exzample in a Petrov type III spacetime in four dimensions (cf. eq. (31.40)
in [18]) is given by [20]

1
ds? = 2du [dr + 5 (zr — ze®) du} + e®(dz? + e*dy?),
F = e ?c(u)du A ( cos dez + e¥sin y; dy) .

Remark 2.8 (Chern-Simons term). One can also consider generalized electrodynamics in the pres-
ence of a Chern-Simons term — i.e., when (the dual of) the second of (1) is replaced by d*F +
aF N...NF = 0, where a # 0 is an arbztmry constant, the second term of the equation contains k
factors F, and the corresponding number of spacetime dimensions is given byn = p(k+1)—1 (such
modifications of Mazwell’s equations take place, e.g, in the bosonic sector of minimal supergravity
in five and eleven dimensions — cf., e.g., [43] and references therein). The universal solutions of
Proposition 2.5 thus clearly also solve such theories provided k > 2, since F N F = 0 for a F of
type N. On the contrary, the special case k = 1 results in a linear theory with d*F + oF = 0, which
cannot be solved by a solution of (1). See also, e.g., [44] for related results in a special case.

2.3.2 Solutions in adapted coordinates
The result of Theorem 2.5 means that the spacetime metric can be written as
ds® = 2du [dr + H (u, 7, 2)du + Wy (u, 7, 2)dz®] + gas(u, z)dz®dz?, (14)

where £ = 0, is the Kundt vector, o, 3 = 2...n — 1, = denotes collectively the set of coordinates z¢,
gap is an (n — 2)-dimensional Riemannian metric of constant curvature and

Wa(u,r,z) = rW (u,z) + W (u, z), (15)
H(u,r,z) = r2H® (u,z) + rHY (u, z) + HO (u, z). (16)

Further constraints following from the type III curvature conditions are (cf. the Riemann tensor
components given in section 4.1 of [33])

1 n—3
(2) _ (Do Doy 1)
2= Sy (W o Ty W ) 17
_n-3 (Da Lo (Darrr(1)
R="— (W Ja = g W) (18)
w® _lpopo - 1 oy Lo (19)
alls ~gWa Wp T o v~ 9 v ") Gab
W =w,, (20)

where R = R(u) is the Ricci scalar of gos and W = W(u,z). Differentiating (18) w.r.t. 2 gives
W(l)allaﬁ - W(l)O‘W(Elll)ﬂ = 0. In the special case when £ is recurrent (i.e., Wil = 0), egs. (17)—(20)
reduce to H?) =0 and g,5 must be flat.
Then any p-form of the form
1

F = g (0 0)du A da® A Adat, (21)



solves identically the equations (1) provided

f[ag...ap_l,al] = 07 (\/Efﬁal.“ap72),6 = 07 (22)

where § = det gop = — det g = —g (effectively, egs. (22) are the Maxwell equations for the (p — 1)-
form f in the (n — 2)-dimensional Riemannian geometry associated with g.g).

2.4 Universal p-forms in direct product spacetimes

One can take direct products of a spacetime permitted by Theorem 2.5, say ds?, with any Riemannian
space ds3 and obtain universal p-forms in a more general background ds? = ds? + ds3, provided F
still lives in ds? (explicitly, this means that ds? is given by (14), while ds2 = hap(y)dy?*dy®, with
hap(y) arbitrary, and the rest is unchanged). The spacetime ds? is still degenerate Kundt but, in
this case, its Weyl and traceless-Ricci types can also be II. A simple example with p =2 and n =6
is given by

ds? = 2du[dr + H (u, ¢, {)du] 4 2d¢d¢ + a?(d6? 4 sin? Odp?),
F = du A [f(u, ()¢ + f(u, ¢)dC],

where H and f are arbitrary functions of their arguments and a a constant.

2.5 Universal 2-forms in 4-dimensional Kundt type II spacetimes

Another class of examples can be found for four-dimensional Kundt spacetimes of Weyl/Ricci type II.
Consider the type IT Kundt spacetime (gravitational wave in a type D electrovac background [45-48]):

ds® = 2du [dr + (Ar® 4+ H (u,z,y)) du] + P7*(d2® + dy?), P=1-k(x*+y?%), (23)
with the 2-form field
F =aduAdr+bVs + du A do, o= d(u,x,y), (24)

and V, = P~2dz A dy is the volume form on the transverse space. Furthermore, a, b, k and A
are constants. Let us split the exterior derivative, d, into derivatives over the two parts so that
d = d; + ds. Then we note du A d¢ = du A da¢p. Clearly, dF' = 0, and requiring d x F' = 0, implies
Oa¢ = 0, where [y = — %5 dg #9 do (2 is the Hodge dual on the transverse space) is the Laplacian
on the transverse space (cf. also [49,50]).

Proposition 2.9. The 2-form field F (24) in the Kundt metric (23), where Oa¢ = 0, is universal.

Proof. Let us start with some preliminary comments, to be used in the following. We introduce the
null Kundt co-frame £,dz® = du, n,dz® = (M? + H)du +dr, mg)dx“ = Pz, m,(f)dx“ = P~ ldy,
so that ds? = 2n + mPm® + mBmB) and F = al An+bm®@ AmB) + £ A dp. We observe
that (23) is a degenerate Kundt spacetime and therefore the function H does not enter the b.w. 0
components of any curvature tensors [51], which thus coincide with those of the symmetric space
obtained by setting H = 0 in (23) (which are constant). Moreover, in the above frame, in addition
to (A4), one has Lip = ]\Z/[jo = Ny =Ly = Li; = Ly = ]\Z/Ijl = Nij =0, Rio1; = Ru‘jk = 0,

D]\lfjk = DNzl = D2L11 =0 (Cf (All) and (A15)), DRlilj =0 (Cf (Alg)) and DFM =0 (and H
enters only the Ricci rotation coefficient N;1). This implies that all the covariant derivatives of F are
balanced tensors (Definition A.3 and Lemma A.5) and all the covariant derivatives of the Riemann
tensor are I-balanced tensors (Definition A.4 and Lemma A.7).



Let us consider an arbitrary 2-form F constructed from F. Then it can be expressed as:
F=A4An+Bm®P Am® 4 A (Cdagp+ D %y dyo),

where A, B, C, D are constants. Recalling [Jo¢ = 0, it is clear that F obeys dF = d* F = 0; hence,
F' is O-universal.

As for F from derivatives, we note that the boost-weight zero components of F and of any
curvature tensor are O(1,1) x O(2)-symmetric. Moreover, the b.w. 0 component of V! F vanish.
This implies that any tensor F' must have O(1,1) x O(2)-symmetric b.w. 0 components as well.
Hence,

(F)o = A An+ Bm® Am®),

where A and B are constants, and thus d(F); = d % (F)y = 0. Next, since curvature tensors
(including the derivatives) are of the form R = (R)g + (R)_2 + ..., the b.w. —1 component of F
needs to be of the form (recall the notation of (4)):

(F)_1=[(R)o® (F)o®...0 (F)o® (F+VF+...+V'F)_4],.

Now, as observed above, all the b.w. zero components need to be O(1,1) x O(2)-symmetric, and
using the arguments in the proof of Theorem 2.5, after the contraction, (F')_; is of the form:

(F)_1 =Y €A (C’dg(Dz)I¢ + D g d2(52)1¢) ,
I

where ' and D are constants, which is zero if I > 0, and if I = 0, then d~(1:")_1 =dx(F)_, =0.
Hence, any F' constructed from F' obeys the Maxwell equations dF =d« F =0 O

This shows that there are examples of universal Maxwell fields in four-dimensional type II Kundt
spacetimes and similar examples of universal p—forms are believed to exist in n = 2p dimensions (cf.
section 2.4 for slightly different type II examples in higher dimensions).

3 Necessary conditions

3.1 General dimension

Here we show that some necessary conditions can be obtained for a universal F' which is not CSI.

Let us thus assume there exists a non-constant invariant I, i.e., I, # 0. Since F' is assumed to be
universal, any F' constructed according to Definition 1.1 must be divergenceless. Take, for instance,

F = IF. Then one immediately obtains
I*Fap, b, , =0. (25)

Op—1

Since F' is closed, this immediately implies that the Lie derivative of F' w.r.t. the gradient of I is
zero, i.e., £y F = 0. This defines a symmetry of F.
In the special even dimensional case n = 2p, one can also take F = I*F, thus additionally
obtaining
I Fapy. b,y =0 (n = 2p). (26)
(And now also £y;*F = 0.)
Egs. (25) and (26) mean that, for n = 2p, a universal F which possesses a non-constant invariant
I must be null and aligned to the gradient of I, which in turn defines a null vector field (see
Definition 1.5)
ba=1, (n = 2p). (27)
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It is also clear that all non-constant invariants must define the same null direction (since a null p-
form admits a unique aligned null direction). Since all possible F must be closed and co-closed when
n = 2p, one can similarly argue that they must also be null and aligned with £ — this observation will
be useful in the following. Note also that, since £ is null and a gradient, it is automatically geodesic
and twistfree. One also has DI = 0 for any invariant I (and I=1 (u) if coordinates are chosen such
that £,dz® = du). We have thus arrived at

Proposition 3.1 (Necessary conditions for a universal F' in the case n = 2p). In a spacetime of
dimension n = 2p, if a p-form F is universal, then either (i) F is CSI or (ii) F (as well as any
F constructed according to Definition 1.1) is null and aligned with a geodesic and twistfree null
direction, along which all the invariants of F are constant.

From the above proof, it is clear that a similar statement holds replacing “universal” by “K-
universal” and “CSI” by “CSIg”.

3.2 Case n =4 =2p: a universal F' must be CSI

In the physically most important case n = 4 = 2p, the non-CSI case cannot actually occurr, as
we now show. By reductio ad absurdum, let us assume that we have a non-CSI universal F'. By
Proposition 3.1, F' is null and satisfies the Maxwell equations, thanks to which the Mariot-Robinson
theorem [18] ensures that £ is also shearfree. This means that the permitted backgrounds can only
be the Robinson-Trautman (if £ is expanding) or the Kundt (if £ is non-expanding) spacetimes.

3.2.1 Robinson-Trautman

Let us first show that the Robinson-Trautman metrics are in fact forbidden if F' is universal and non-
CSI. The idea is to construct from F' a 2-form F which cannot be null (which would be required by
universality) unless § = 0, thus ending up in the Kundt family. Let us employ a frame (i, 7,... = 2,3)

parallelly transported along £. Let us denote f; = Fy;, so that Fp, = 2( fgf[am,()?) + fgﬁ[amg’)). In
the following, it will be understood that the following Maxwell equation (of b.w. 0)

Df,=-0f, (28)
is employed. Thanks to (28), without loss of generality one can use an r-independent spin to set
f3=0. (29)

Using this simplification, let us consider the 2-form

la

n se pped; ; 3% ~ 2),,@
Fop = (ch F dfFe[al;f) (th PRt Fplb];tz) ~ 4(9f2)6m( )mg]), (30)

where (from now on) the symbol =~ indicates equality “up to terms of lower b.w.”. As observed in
Proposition 3.1, Fy; has to be null, so § = 0, as we wanted to prove. Therefore, in four dimensions
there exist no universal non-CSI 2-forms with an aligned expanding null direction.

3.2.2 Kundt

Since F' is null and £pF = 0 (as pointed out above), we conclude that F' is VSI; (Proposition C.1
of [20]), i.e., the only possible non-zero invariants must be constructed from second (or higher)
covariant derivatives of F'.
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First, let us observe that in a Kundt spacetime one has (cf. (A6), (A7))
Caspe = (DLyilam? + DLam)n,.. (31)
We can thus consider the 2-form
Fup = Cape) 1 = (DLy: DLy ) any), (32)

which must be null and aligned with £, from which we conclude DLy; = 0 (recall that ¢, = I, and
thus F,; is indeed constructed from Fup). Similarly, taking instead Fop = Ec;[ab]EC;dd, we conclude
that also DL;; = 0. Thanks to this, we have that ¢,.;. has components at most of b.w. —1, while

m'?) (thanks to (A11)) at most of b.w. 0, so that

asbe
Casbed = D*L11€olyneng. (33)
It is now clear that by considering the 2-form
Fab = g ooy = D* Ly ligmy, (34)

one concludes that D?L,; = 0. With DL;; = 0 = DLy;, this implies that the spacetime is degenerate
Kundt (see again appendix A of [20]) and therefore F' is VSI (Theorem 1.3 of [20]), i.e., all its invariant
vanish and are thus constant, leading to a contradiction.

To summarize, we have shown that in four dimensions Proposition 3.1 takes the following stronger
form

Theorem 3.2 (Necessary conditions for a universal F in the case n = 4 = 2p). In a four-dimensional
spacetime, if a 2-form is universal, then it is CSI.

We will now use this result to further constraint universal Maxwell fields in four dimensions,
discussing separately the case of null and non-null fields. It will be convenient to employ the complex
Newman-Penrose formalism, with the convention of [18].> In a complex frame (£,n,m,m), such
that gqp = 2mamy) — 2(qny), the Maxwell equations read [18]

D®; — 6Py = (1 —20) P + 2pP; — kDo,
D®y — 0B = —APg + 27D + (p — 26) Py,
0P — APy = (u—27)Po + 2791 — 0Dy,
0Dy — APy = —v®Pg + 2ud; + (7 — 28)Ds.

~ o~~~
W W W w
0 g O ot
e D

3.3 Casen=4=2p: null F

In an adapted frame, the self-dual 2-form Fu, = Fyp + i Fyp takes the form [18]
Fap = 4(p2£[amb]v (39)

where £ is geodesic and shearfree by the Mariot-Robinson theorem, and ®, # 0. With no loss of
generality we can choose an affine parametrization and a frame parallelly transported along £, so

that
k=0c=¢c=m=0. (40)
°In the remaining part of this section, and only here, we will thus have £,n® = —1, instead of our usual convention
lon® = +1.
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We can thus write the covariant derivatives of the frame vectors £ and m (up to terms of lower

b.w.) as
Lasp R —pmgmy — pmgmy, (41)
Masb = —PNaMyp, (42)
while (36) gives
D(I)Q = p(I)Q. (43)

From these expressions and (39), it follows
(‘ch;ede[;a\) (ffg;lb]]?fg;e) ~ 256‘P‘1>2|4m[amb]- (44)
By adding to this 2-form its dual (times i), we end up with the following self-dual non-null 2-form

Fap = 41 (mpgmy) — Lany)), D1 = 64)pPs|*, (45)
for which £ is a PND. By universality, Fap must also solve Maxwell’s equations, while Proposition 3.2
implies that ®; is a constant. Eq. (35) thus reduces to 0 = 2p®;, which gives

p=0. (46)

This means that £ is a Kundt vector field. The Ricci identities (cf. eqs. (7.21k), (7.21d), (7.21e)
of [18]) thus give
D(B—a)=0. (47)

Using the above results, 4,., contains only terms of b.w. —1 (or less) and mq, of b.w. 0 (or less),
while for the second covariant derivatives we get

losbe = —D(B + a)lymyn, — DTmylyn. + c.c., (48)
Masbe & —DTnlyne. (49)

Eq. (36) now implies D®5 = 0, which with the commutator (7.6b, [18]) also gives Dé®y = 0. We
thus obtain

]:ab;cc ~ —4@2DT(m[amb] — E[anb]). (50)

Similarly as for (45), this 2-form must obey Maxwell’s equation with ®5 D7 being a constant, which
requires (cf. (37))
D7 =0. (51)

This implies that the spacetime is of aligned Riemann type II, while from the Bianchi and Ricci
identities it further follows®

D(B+ &) =0, D1 =0, DX =0, D*(y—#)=0. (52)

Therefore, we arrive at
Ea;bcd ~ —D? (7 + ’_)/)eaébncnd- (53)

For our purposes, it suffices to further observe that £,.;, and £, possess only terms of negative b.w.,
while M5, Mabes Maped and (using (7.6a, [18])) Pa.qpe only terms of b.w. 0 (or less). It is then easy
to obtain

(‘Fab;dd)§c ~ 4(I)2D2<’7 + ﬁ/)g[amb]nc- (54)

SFor brevity, we refer to Appendix A of [20] for more details (using footnote 4 of [52] for a dictionary between the
complex and real Ricci rotation coefficients).
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By universality, the 2-form Fab: dd must satisfy Maxwell’s equations, which implies
D*(y+7) = 0. (55)

This means that the spacetime is degenerate Kundt, aligned with £. Thanks to [20], we conclude
that

Proposition 3.3 (Necessary conditions for a universal null F' in the case n = 4 = 2p). In a
four-dimensional spacetime, if a 2-form is null and universal, then it is VSL.

This is clearly a specialization of Theorem 3.2 to the case of null fields, also constraining the
background spacetime to be degenerate Kundt (aligned) [20].
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A Kundt spacetimes and balanced tensors

In this appendix we review certain known properties of Kundt spacetimes and of balanced tensors
useful in this paper. Some new facts are also proven (when a proposition is a summary of known
results, this is indicated by including the corresponding reference in the text of the proposition).

A.1 Notation

In an n-dimensional spacetime, we employ a frame which consists of two null vectors £ = mq),
n = myy) and n — 2 orthonormal spacelike vectors m;), with a,b...=0,...,n —1 while 4,j... =
2,...,n—1. For indices i, j, . . ., it is not necessary to distinguish between subscripts and superscripts.
The Ricci rotation coeflicients are defined by [53]

Loy, = Ea;b; Nap = Nasb, Mab = m((li;)b’ (Al)
and satisfy the identities
i i i J
LOa = Nla = NOa +L1a = Moa + Lia = Mia +Nia = Mja + Mia = 0. (A2)

Covariant derivatives along the frame vectors are

D=(°V,, A=n%V,, §=mPV,. (A3)

A.2 Kundt spacetimes

Here we summarize some properties of Kundt spacetimes (see, e.g., Appendix A of [20] for more
details and references).
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A.2.1 General Kundt spacetimes
Kundt spacetimes are defined by the existence of a null vector field £ such that
Ly =0, L;; =0. (A4)

Without loss of generality, one can use an affine parametrization and a frame parallelly transported
along £, such that, additionally, [32,52,53]

Liy=0, Mjo=0, Ny=0. (A5)
The covariant derivatives of the frame vectors then read
Loy = L11laly + Lufamg,i) + Liym P4, (A6)
mS}b = — ilgafb — Lﬂnaéb — Nijﬂamz()j) + ]\Zjlmgj)éb + ]\Z'klm((lk)m[(,l)v (A7)
Nab = —Lllnaéb — Lunaml(j) + Nilmgi)ﬁb + szm((j)m,(]j) (A8)
From (A4), (Ab), it follows
Roioj = 0, Roijr = 0. (A9)
The Ricci identities (11b), (11e), (11n), (11a), (11j), (11m) and (11f) of [52] reduce to
DLy; = —Ro10i, DL;1 = —Rooi, (A10)
DMy, =0, (A11)
DLy = —Ly;Li1 — Roio1, (A12)
DN;j = —Roj, (A13)
DMj1 = —MjrLr1 — Roujs (A14)
DNy = —N;;Lj1 + Rioui- (A15)

A.2.2 Kundt spacetimes of aligned Riemann type II and degenerate Kundt
spacetimes

A generic Kundt spacetime is of Riemann type I (cf. (A9)). For the subclass of Riemann type I,
(i.e., assuming that Roi0; = 0), the Bianchi identities (B3), (B5), (B12), (B1), (B6) and (B4) of [53]
take the simpler form

DRy =0, DRoynj =0, DRijr = 0, (A16)
DRio1; — 6 Ro101 = —Roro1Li1 — RovisLs1 — RosisLst, (A17)
DRigij + 0k Ro1ij = RovigLin — 2Rog1i Ly + ResijLs1 — 2Roai)s M5k (A18)

DRy — ARyj1i — 0jR101s = Ro101Nij — Ro1isNsj + Ros1:Nsj + Rojis M1 + Ros1iM j1
+ 2R101:Lp1j) + RuijsList + Riois My (A19)

The degenerate Kundt metrics [54,55], which are a subset of the Kundt metrics of Riemann type
II, are defined by

Definition A.1 (Degenerate Kundt metrics [54,55]). A Kundt spacetime is “degenerate” if the
Kundt null direction £ is also a multiple null direction of the Riemann tensor and of its covariant
derivatives of arbitrary order (which are thus all of aligned type II, or more special).
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It is useful to recall the following

Proposition A.2 (Conditions for degenerate Kundt metrics [20]). A Kundt spacetime is degenerate
iff it is of aligned Riemann type II and (*R , = 0. A Kundt spacetime for which the tracefree part
of the Ricci tensor is of aligned type III must be degenerate.

A.3 Balanced tensors in degenerate Kundt spacetimes
Let us start by recalling the following

Definition A.3 (Balanced scalars and tensors [32,56]). In a frame parallely transported along an
affinely parameterized geodesic null vector field €, a scalar n of b.w. b under a constant boost is a
“balanced scalar” if D~ =0 for b <0 andn =0 forb>0. A “balanced tensor” is a tensor whose
components are all balanced scalars.

Definition A.4 (1-balanced scalars and tensors [57]). In a frame parallely transported along an
affinely parameterized geodesic null vector field €, a scalar n of b.w. b under a constant boost is a
“1-balanced scalar” if D™~ =0 for b < —1 and n =0 for b > —1. A tensor whose components
are all 1-balanced scalars is a “1-balanced tensor”.

Clearly, a 1-balanced tensor is also balanced and possesses non-zero components only of b.w. —2
or lower.
Below we will need the following result of [20]

Lemma A.5 (Derivatives of balanced tensors in degenerate Kundt spacetimes [20]). In a degenerate
Kundt spacetime, the covariant derivative of a balanced tensor is again a balanced tensor.

In a degenerate Kundt spacetime, employing an affine parameter and a parallelly transported
frame, one has [20]

AD — DA = L11D + L 6;, (A20)
6;D — D§; = Ly; D, (A21)
DL;; =0, DLy =0, DM;=0, (A22)
D2N;; =0,  D2Mj =0, D?L;; =0, D3Ny =0. (A23)

The above equations suffice to readily extend Lemma 4.2 of [57] to the following

Lemma A.6 (1-balanced scalars in degenerate Kundt spacetimes). In a degenerate Kundt spacetime,
employing an affine parameter and a parallelly transported frame, if n is a 1-balanced scalar of b.w.

b, then all the following scalars (ordered by b.w.) are also 1-balanced: Dn; Lym, Lin, ]\Z4jk77, oin;
L1177, Nijnf Mjln; Aﬂ, Nzln

When taking the covariant derivative of a 1-balanced tensor in a degenerate Kundt spacetime,
only the 1-balanced scalars encompassed by Lemma A.6 will appear (cf. (A6)—(A8)), which imme-
diately leads to an extension of Lemma 4.3 of [57]

Lemma A.7 (Derivatives of 1-balanced tensors in degenerate Kundt spacetimes). In a degenerate
Kundt spacetime, the covariant derivative of a 1-balanced tensor is again a balanced 1-tensor.

In a degenerate Kundt spacetime, the tensors V) (Riem) are generically of aligned type IT [54,55].
However, with a restriction on the Weyl and Ricci tensors one can prove the following stronger
condition (which extends Proposition 5.1 of [57]).
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Proposition A.8. In a Kundt spacetime in which the Weyl tensor and the tracefree part of the
Ricci tensor are both of aligned type IIT or more special (implying Kundt degenerate), the tensors
v (Riem) are balanced for any positive integer I, and therefore they are all of aligned type IIT (or
more special).

Proof. The assumptions mean that the Riemann tensor has the form (3) and that (A6)—(A8) hold
(which will be understood from now on). The Bianchi equations (B.5) and (B.7) of [53] (with
(A4), (A9)) thus give DR = 0 = ;R (i.e., DRy = 0 = 0;Ro). By Proposition A.2 it trivially
follows that the considered spacetimes are degenerate, so that V(Riem) is of aligned type II or more
special. Moreover, the only possible non-zero b.w. 0 components of V(Riem) must be proportional
to DR_;. However, the Bianchi equations (A17) and (A18) with (A22) give DR1g1; = 0 = DRy,
(i.e., DR_1 = 0), so that V(Riem) is necessarily of aligned type III (or more special).

Next, we want to show it is also balanced. First, a simple counting of the b.w.s of the available Rie-
mann components and Ricci rotation coefficients reveals that the frame components of [V (Riem)]_q
must be linear combinations (with constant coefficients) of terms of the form ARy, 6;R_1, DR_a,

or R_1 multiplied by Ly; (or by L;; or ]\2]»;6).7 Using (A13), (A20)—(A23) and (A19) (which gives
D?Ry;1; = 0), it is thus easy to show that the D-derivative of the frame components of b.w. —1 of
V(Riem) vanish. Similarly, employing (A23), one can show that the D~’-derivative of the frame
components of b.w. b of V(Riem) vanish also for b = —2, -3, —4 (while [V(Riem)], = 0 identically
for b < —4), so that V(Riem) is a balanced tensor, as we wanted to prove. By Lemma A.5 the proof
is complete.

O

Remark A.9. From Proposition A.8, it follows that only the components Ry can enter the scalar
curvature invariants, and therefore such spacetimes are contained in the CSI class iff AR = 0.
We also observe that R # 0 requires Liy # 0 (as follows immediately from the Ricci identity (11i)
of [52]), while for R = 0 the considered spacetimes coincide with the VSI class (in which case
Ly #0 and Lj; = 0 are both possible [32,58]). If one restricts the Ricci tensor to the type D, then
necessarily R =const (by the contracted Bianchi identities), so that the spacetimes become Einstein
and Proposition A.8 reduces to Proposition 5.1 of [57].
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