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Abstract. We develop and apply a fully covariant13 electromagnetic analogy for gravity.

The free gravitational field is covariantly characterized by the Weyl gravito-electric and gravito-
magnetic spatial tensor fields, whose dynamical equations are the Bianchi identities. Using a
covariant generalization of spatial vector algebra and calculus to spatial tensor fields, we exhibit
the covariant analogy between the tensor Bianchi equations and the vector Maxwell equations.
We identify gravitational source terms, couplings and potentials with and without electromagnetic
analogues. The nonlinear vacuum Bianchi equations are shown to be invariant under covariant
spatial duality rotation of the gravito-electric and gravito-magnetic tensor fields. We construct
the super-energy density and super-Poynting vector of the gravitational field as ratayal
group invariants, and derive their super-energy conservation equation. A covariant approach to
gravito-electric/magnetic monopoles is also presented.

PACS numbers: 0430, 0420, 1130, 1130F, 1115T

1. Introduction

There is a surprisingly rich and detailed correspondence between electromagnetism and
general relativity, uncovered in a series of fundamental papers by Bel [1], Penrose [2] and
others [3-9] (see [9, 10] for more references), and further developed recently (see, e.g., [11-
19]). This correspondence is reflected in the Maxwell-like form of the gravitational field
tensor (the Weyl tensor), the super-energy—momentum tensor (the Bel-Robinson tensor) and
the dynamical equations (the Bianchi identities). Another form of the correspondence arises
in the search for geons (localized, non-singular, topological solutions of Einstein’s field
equations with mass and angular momentum): in the known (approximate) solutions, the
geometry of the electromagnetic geon is identical to that of the gravitational geon [20, 21].
Here we pursue the ‘electromagnetic’ properties of gravity in areas which have already
proved useful for extensions of electromagnetism to non-Abelian gauge theories and
string theory. Our emphasis is on a+13 covariant, physically transparent, and non-
perturbative approach, with the gravito-electric and gravito-magnetic spatial tensor fields as
the fundamental physical variables. Using an improved covariant formalism, including a
covariant generalization to spatial tensors of spatial vector algebra and calculus, we show
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in detailed and transparent form the correspondence between the electric/magnetic parts of
the gravitational field and of the Maxwell field. We identify gravitational source terms,
couplings and potentials with and without electromagnetic analogues, thus providing further
physical insight into the role of the kinematic quantities shear, vorticity and 4-acceleration.

In the vacuum case, we show that the nonlinear (non-perturbative) Bianchi equations
for the gravito-electric and gravito-magnetic fields are invariant under covariant spatial
duality rotations, in exact analogy with the source-free Maxwell equations for the electric
and magnetic fields. The analogy is, of course, limited by the fact that the Maxwell
field propagates on a given spacetime, whereas the gravitational field itself generates the
spacetime. The electromagnetic vectors fully characterize a Maxwell solution, and duality
maps Maxwell solutions into Maxwell solutions. The gravito-electric/magnetic tensors
are not sufficient to characterize covariantly a solution of Einstein’s equations—one also
needs the kinematic quantities which are subject to the Ricci identities [9]. Duality is
an invariance only of the Bianchi identities, and not the Ricci identities, so that it does
not map Einstein solutions into Einstein solutions. Nevertheless, the covariant gravito-
electric/magnetic duality reveals important properties of the gravitational field.

The covariant 1 3 duality has not, to our knowledge, been given before. Although
duality invariance follows implicitly from Penrose’s spinor formalism [2, 22], this is in
terms of the four-dimensional Weyl spinor, rather than is3lelectric and magnetic tensor
parts. Four-dimensional covariant tensor approaches to the electromagnetic analogy have
been developed (see e.g. [12]), and non-covariant linearized Maxwell-type equations are
well established, both in terms of gravito-electromagnetic vectors (see e.g. [23, 24]) and
tensors (see e.g. [8]). In [25], a covariant and nonlinear vector approach is developed for
stationary spacetimes. Our approach is fully covariant and non-perturbative, and in addition
it is centred on the gravito-electromagnetic spatial tensor fields, allowing for a more direct
and transparent interpretation based on the Maxwell vector analogy. This approach is a
development of the work by Tmper [5], Hawking [7] and Ellis [9], and is related to
recent work on a covariant approach to gravitational waves [16—19] and to local freedom
in the gravitational field [19]. A shadow of our general duality result arises in linearized
gravitational wave theory, where for vacuum or de Sitter spacetime, there is an interchange
symmetry between the gravito-electric and gravito-magnetic tensors [18].

Duality invariance has important implications in field theory in general. It was
essentially this symmetry of the Abelian theory, and attempts to extend it to include matter,
which led to the Montonen—Olive electromagnetic duality conjecture that there exists a group
transformation mapping electric monopoles into magnetic monopoles within the framework
of a non-Abelian (specificallySU (2)) gauge theory [26]. This conjecture has proved
particularly fruitful, stimulating work onS, T and U dualities in string theory (see e.g.
[27-29]), the extension of the electromagnetic duality to magnetically charged black holes
and nonlinear electrodynamics [31, 32] and leading to the Seiberg—Witten proof of quark
confinement in supersymmetric Yang—Mills theory via monopole condensation [30].

We use the covariant spatial duality to find the gravitational super-energy density and
super-Poynting vector as natural group invariants, and derive a new covariant super-energy
conservation equation. Finally, we discuss gravito-electric/magnetic monopoles, providing
a covariant characterization, in contrast to previous non-covariant treatments [24, 33, 34].
In the linearized case, we show that the Taub-NUT gravito-magnetic monopole given in [33]
is related to the Schwarzschild gravito-electric monopole by a spatial duality rotation and an
interchange of 4-acceleration and vorticity. This provides a covariant form of the relation
previously given in non-covariant approaches [35, 36]. Itis well known that the NUT metrics
may be obtained from the Schwarzschild metric via the Ehlers—Geroch transformation [35].
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This transformation is, in fact, the generator Bfduality in string theory, but it is not

a duality transformation in the sense described here, since it maps Einstein solutions to
Einstein solutions and thus necessarily involves kinematic and geometric conditions in
addition to a duality rotation. Furthermore, the Ehlers—Geroch transformation requires the
existence of a Killing vector field, whereas the general duality that we present does not
require any spacetime symmetry.

2. Covariant spatial vector and tensor calculus

To elaborate the electromagnetic properties of the free gravitational field in general relativity,
we first present the required covariant formalism, which is based on [37], a streamlined and
extended version of the Ehlers—Ellist13 formalism [9]. Then we give the covariant form
of the Maxwell spatial duality in a general curved spacetime. In the following section we
extend the treatment to the gravitational field.

Given a congruence of observers with 4-velocity fieldthenh,, = g., +u,u;, projects
into the local rest spaces, whegg, is the spacetime metric The spatially projected part
of a vector is

Viey = ha" Vi,

and the spatially projected, symmetric and trace-free part of a rank-2 tensor is
Ay = hihpy? Aca — Fhea A hap.

The spatial alternating tensor is
Eabe = Nabea” = €labe],

wherena.s = njaveq) 1S the spacetime alternating tensor. Any spatial rank-2 tensor has the
covariant irreducible decomposition

Awp = %hchthab + Awp) + EancAS,
where

Aa = 38apc Al

is the vector that is the spatial dual to the skew part. Thus the skew part of a spatial tensor
is vectorial, and the irreducibly tensor part is symmetric. In the 3 covariant approach
[9, 19], all physical and geometric variables split into scalars, spatial vectors or spatial
tensors that satisfy,, = Ap. From now on, all rank-2 spatial tensors will be assumed
to satisfy this condition.

The covariant spatial vector product is

[Vv W]a = Subcvbwca
and the covariant generalization to spatial tensors is
[A, B]a = 8abcAdeCd»

which is the vector that is spatially dual to the covariant tensor commutator.
The covariant time derivative is

A%y = UV AT,

T We follow the notation and conventions of [9, 37]. (Square) round brackets enclosing indices denote (anti-)
symmetrization, while angled brackets denote the spatially projected, symmetric and trace-free/part; are
spacetime indices.
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and the covariant spatial derivative is
DAY (= hy Py RV, AT,

Then the covariant spatial divergence and curl of vectors and rank-2 tensors are defined by
[19, 37]:

divV = DV, curl V, = g,,.D"V°, (1)
(divA), = DA, curl Agy = €caD Apy?, 2)

where curl4,, is trace free ifA,, = A). The tensor curl and divergence are related by
EahCDbAdC =curlA,; + %SadCDbAbC.

The kinematics of the:“-congruence are described by the expangios= D%u,, the
shearo,, = D,up, the vorticity w, = —% curlu, and the 4-acceleratiof, = ).
The above operators obey the covariant identities

(Dof) =Dof — 30D, f +iiaf —0."Dyf — [0, Df)u + uai”Dyf.  (3)

curlD, f = —2fw,, 4)
DV, W], = WecurlV, — V¢ curl W,, (5)
D%[A, B], = B* curl A,, — A% curl B, (6)

together with far more complicated identities [19, 37]. In the case where spacetime is

almost spatially isotropic and homogeneous, i.e. a linearized perturbation of a Friedmann—
Lemdtre—Robertson—Walker (FLRW) background, some of the main further identities take

the linearized form [38, 39]

(D*V,)" ~ DV, — HD"V,, 7
(DPAup)" ~ DAy — HD? Ay, (8)
(curlV,)" ~ curlV, — H curl V,, 9)
(curl Agp) ~ curl Ay, — H curl Ay, (10)
D curl vV, = 0, (11)
D’ curl A, & 3 curl (D Ag), (12)
curlcurlV, ~ —D?V, + D,(D"V;) + Z(p — 3H?)V,, (13)
curlcurl Az, & —D?Agp + 3D (D Apye + (0 — 3H?) Au, (14)

whereH is the background Hubble rate,is the background energy density anéi& DD,
is the covariant Laplacian.
The electric and magnetic fields measuredubyobservers are defined via the Maxwell

tensorF,;, by
E, = Fabub = E(a)» H, = %EabCFbc = >|Y'—'abl’tb = H(a), (15)

where* denotes the dual. These spatial physically measurable vectors are equivalent to the
spacetime Maxwell tensor, since

F,, = 2u[a Eb] + eapcHE. (16)

Maxwell’s equationsv, Fpq = 0 andV’F,, = J, are given in 43 covariant form for
E, and H, by Ellis [40]. In the streamlined formalism, these equations take the simplified
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form
D‘E, = —20"H, + o, a7
D“H, = 20°E,, (18)
E —curlH, = —20E, + 04,E” — [0, Ela + [it, H]a — ja (19)
Hyy +curlE, = —30H, + 0,4, H" — [w, H], — [it, El., (20)

wherep = —J,u“ is the electric charge density anigl= J, is the electric current. In flat
spacetime, relative to an inertial congruenée £ i, = w, = o,, = 0), these equations
take their familiar non-covariant form.

Introducing the complex electromagnetic spatial vector figle= E, +iH,, we see that
in the source-free casd (= 0) Maxwell's equations become

DT, = 2iw'Z,, (21)
T +iculZ, = 307, + o2’ — [0, Z], — i[it, T ] (22)
It follows that the source-free Maxwell equations in an arbitrary curved spacetime, relative

to an arbitrary congruence of observers, are invariant under the covariant global spatial
duality rotationZ, — €¢Z,, where¢ is constant. The energy density and Poynting vector

U =31, = 3(E.E* + H,H"), (23)
1 -
Py = 2T, 1]a=[E, Hla, (24)

are natural group invariants. Their invariance also follows from the duality invariance of
the energy—momentum tensor [22, 40]

M," = J(Fuc F* +*F,.*F"), (25)

sinceU = My u‘u® and P, = —M,,u®. Using the identity (5), and the propagation
equations (19) and (20), we find a covariant energy conservation equation:
U+D"P,=—30OU — 2u"P, + 0, (E°E" + H*H"). (26)
This reduces in flat spacetime for inertial observers to the well known fpt-div P =0.
A further natural group invariant is

which is just the anisotropic electromagnetic pressure [40]. It occurs in the last term of the
conservation equation (26), i.e.o,, 1.

For later comparison with the gravitational case, we conclude this section by considering
the propagation of source-free electromagnetic waves on an FLRW background, assuming
that E, = 0 = H, in the background. We linearize and take the curl of equation (19),
evaluating curl curH, by the identity (13) and equation (18). We eliminate diylby
linearizing equation (20), taking its time derivative, and using identity (9). The result is the
wave equation

0°H, = —H, + D*°H, ~5HH, + (2H* + 3p — p)H,, (28)

where p is the background pressure, and we used the FLRW field equattbn=3
—3H? — %(p + 3p). A similar wave equation may be derived fay,.
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3. The Bianchi identities and nonlinear duality

The Maxwell analogy in general relativity is based on the correspond€ngg < Fup,
where the Weyl tenso€,,.; is the free gravitational field (see [19]). For a givefy it
splits irreducibly and covariantly into

Eab = Cachducud = E(ah)» Hab = *Cachducud = H(ab)a (29)

which are called its ‘electric’ and ‘magnetic’ parts by analogy with the Maxwell
decomposition (15). These gravito-electric/magnetic spatial tensors are in principle
physically measurable in the frames of comoving observers, and together they are equivalent
to the spacetime Weyl tensor, since [37]

Cab“'d = 4{u[au[“ + h[a[C}Eb]d] + 28abgu[("Hd]e + 2u[aHb]e£‘('de. (30)

This is the gravito-electromagnetic version of the expression (16). The electromagnetic
interpretation ofE,, and H,;, is reinforced by the fact that these fields covariantly (and
gauge-invariantly) describe gravitational waves on an FLRW background (including the
special case of a flat vacuum background) [7, 38].

In the 1+ 3 covariant approach to general relativity [9], the fundamental quantities are
not the metric (which in itself does not provide a covariant description), but the kinematic
quantities of the fluid, its energy densjtyand pressure, and the gravito-electric/magnetic
tensors. The fundamental equations governing these quantities are the Bianchi identities and
the Ricci identities fou?, with Einstein’s equations incorporated via the algebraic definition
of the Ricci tensoiR,;, in terms of the energy—momentum tenggs. We assume that the
source of the gravitational field is a perfect fluid (the generalization to imperfect fluids is
straightforward). The Bianchi identities are

Vdcabcd = V[a(_Rb]c + %Rgb]c)a (31)

whereR = R4 andR,, = T, — %TC“gub. The contraction of (31) implies the conservation
equations. The trace-free part of (31) gives the gravitational equivalents of the Maxwell
equations (17)—(20), via a covariant13 decomposition [5, 9]. In our notation, these take
the simplified form:

D’ Eup = —30"Hap + 3Dap + [0, Hla, (32)
D’Hyy = 30" Eay + (p + p)wa — [0, Ela, (33)
Eapy — cUrl Hyy = —OEap + 30.(a Ep)° — 0 6caEn’ + 20 ecaa Hpy' — 3(0 + P)Tab,

(34)
Hpy 4 cUrl Egyy = —O©Hyp + 300 Hy)© — 0 €caia Hp' — 20 caia En)®. (35)

These are the fully nonlinear equations in covariant form, and the analogy with the Maxwell
equations (17)—(20) is made strikingly apparent in our formalism.

Vorticity couples to the fields to produce source terms in both cases, but gravity has
additional sources from tensor coupling of the sheao the field. The analogue of the
charge density as a source for the electric field, is the energy density spatial gradjgnt D
as a source for the gravito-electric field. Sincgolrovariantly describes inhomogeneity in
the fluid, this is consistent with the fact that the gravito-electric field is the generalization
of the Newtonian tidal tensor [9].

There is no magnetic charge source Hy, but the gravito-magnetic field,, has the
source(p+ p)w,. Sincep+ p is the relativistic inertial mass—energy density [@+ p)w, is
the ‘angular momentum density’, which we identify as a gravito-magnetic ‘charge’ density.
Note, however, that angular momentum density does not always generate a gravito-magnetic
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field. The Gdel solution [9] provides a counter-example, whékg = 0 and the non-zero
angular momentum density is exactly balanced by the vorticity/gravito-electric coupling in
equation (33), withs,, = 0.

For both electromagnetism and gravity, the propagation of the fields is determined by the
spatial curls, together with a coupling of the expansion, shear, vorticity and acceleration to
the fields. The analogue of the electric curr¢nts the gravito-electric ‘currentp + p)og,
which is the ‘density of the rate-of-distortion energy’ of the fluid. There is no magnetic
current in either case.

If the Maxwell field is source-free, i.eo = 0 = j,, and the gravitational field is
source-free, i.ep = 0 = p, then the similarity of the two sets of equations is even
more apparent, and only the tensor shear coupling in the case of gravity lacks a direct
electromagnetic analogue. (Note that these shear coupling terms govern the possibility of
simultaneous diagonalization of the shear ang, H,, in tetrad formulations of general
relativity [41, 42].)

To obtain the gravitational analogue of the complex equations (21) and (22), which
lead to the Maxwell duality invariance, we consider the vacuum gase 0 = p. In
generalu® is no longer uniquely defined in vacuum, although in particular cases (such as
stationary spacetimes), there may be a physically unique choice. However, our results hold
for anarbitrary covariant choice of:“, without any special conditions on the congruence.

By analogy with the complex electromagnetic spatial vedgr we define the complex
gravito-electromagnetic spatial tensor

Tap = Eap +1Hyp. (36)
Then equations (32)—(35) reduce to
D'Z,, = 3iw’Z,, — [0, T 1., (37)
Tiapy +icun T, = =0Ty + 300 L) — 0 ecaaln)’ — 20 ccaaTn)®. (38)

Apart from the increased economy, the system is now clearly seen to be invariant under the
global U (1) transformation:
Ty — €Ty, (39)

which is precisely the tensor (spin-2) version of the vector symmetry of the source-free
Maxwell equations. We have thus established the existence of the covariant spatial duality
at the level of the physically relevant gravito-electric/magnetic fields, in the general (non-
perturbative, arbitrary observer congruence) vacuum case. (As with electromagnetism,
duality invariance breaks down in the presence of sources.)

A covariant super-energy density and super-Poynting vector arise naturally as invariants
under spatial duality rotation, in direct analogy with the Maxwell invariants of equations (23)
and (24):

U =317, = 3(EaE” + Hyp H), (40)

Po= S1T. 7)o = [E, Hl, = eare E' H. (41)
This reflects the duality invariance of the Bel-Robinson tensor [1]

Made = %(Caebfccedf + *Caebf*ccedf)a (42)

which is the natural covariant definition of the super-energy—momentum tensor for the free
gravitational field, since [1, 10]

U = Mpequubuu, (43)
P, = _M<a)bcdubucud- (44)
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The agreement between equations (43) and (40) follows obviously from equation (42)
on using equation (29). However, it is not obvious that equation (44) agrees with our
equation (41) for the super-Poynting vector, and one requires the identity (30) to show the
agreement.

Our expression (40) for the gravitational super-energy density gives a direct and
clear analogy with the electromagnetic energy density (23). Our expression (41) for the
gravitational super-Poynting vector, in terms of the tensor generalization of the vector
product, provides a clearer analogy with the electromagnetic Poynting vector (24). The
analogy is reinforced by the fact thét and P, obey a super-energy conservation equation,
which is the tensor version of the electromagnetic energy conservation equation (26). To
show this, we need the new covariant identity (6). Using this and the Bianchi propagation
equations (34) and (35), we find that

U +D*P, = —20U — 4" P, + 30° [ Epc E®” + HypcH™]. (45)

This is the non-perturbative and covariant generalization of Bel's linearized conservation
equation [1, 10]:0,U = —div P.
The last term in the conservation equation (45) contains another natural group invariant

Tab = ~TeIy) = —EctaEr® — HewHy)® (46)

which we interpret as the anisotropic super-pressure of the gravito-electromagnetic field.
A further covariant quantity that may be naturally constructed from equation (36) is

T = (ExpE*" — Hypy H*Y) + 2IE ., H®
= %(Cabcdcade + icabcd*cade) (47)

which is not invariant under equation (39). However, it proves very useful in categorizing
spacetimes [44] and vanishes in Petrov type-lll and type-N spacetimes [13] (supporting the
existence of gravitational waves in these spacetimes, since the analogous quantities vanish
for purely radiative electromagnetic fields). Further, the electromagnetic analogue of the real
part of equation (47), namel§,E* — H,H* = —%FabF“b, is just the Lagrangian density.
The analogue of the imaginary part 15, H* = %Fab*F“" whose integral in non-Abelian
gauge theories is proportional to the topological instanton number.

As pointed out in the introduction, duality rotations preserve the Bianchi identities in
vacuum, but not the Ricci identities faf. This is clearly apparent from the spatial tensor
parts of the Ricci identities [9], which in our formalism have the simplified form

E., = D(ab'tb> — é'(ab) - §®Uab - O’C(ao‘b)c — WEWpy + b.t(a’/.lb)v (48)
H,, = curlo,, + D<awh> + 2ﬂ<awb>. (49)

In order to preserve the Ricci identities, and map Einstein solutions to Einstein solutions,
one needs to perform kinematic transformations in addition to the duality rotation. An
example is presented in the following section.

The electromagnetic analogy suggests a further interesting interpretation of the kinematic
guantities arising from the Ricci equations (48) and {49 flat spacetime, relative to
inertial observers, the electric and magnetic vectors may be written as

E=VV —da, H = curla,

whereV is the electric scalar potential aiadis the magnetic vector potentialComparing
now with the Ricci equations (48) and (49), we see that the 4-acceleration is a covariant

i Note that these Ricci equations have the same form in the non-vacuum case.
I The covariant form of these potentialsWs= u®A,, oy = A, WhereA, is the 4-potential.
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gravito-electric vector potential and the shear is a covariant gravito-magnetic tensor potential.
The vorticity derivative in (49) has no electromagnetic analogue, and vorticity appears to
be an additional gravito-magnetic vector potential. Furthermore, the gauge freedom in
the electromagnetic potentials does not have a direct gravitational analogue in the Ricci
gravito-potential equations (48) and (49), since the gravito-electric/magnetic potentials are
invariantly defined kinematic quantities. (Note that the Lanczos potential for the Weyl tensor
does have a gauge freedom analogous to that in the Maxwell 4-potential [12].)
The remaining Ricci equations inH 3 covariant form are [19]

O+ 102 = —1(p + 3p) + Dty + ity + 20° w0, — 70, (50)
Cb(a) + %@a)a = —% Curll;ia + Uabwbs (51)
%Da@) = —curlw, + D o + 2[w, il],, (52)
Dua)a = uawav (53)

and do not involve the gravito-electromagnetic field.

Finally in this section, we extend the analogy to wave propagation. The magnetic wave
equation (28) has a simple gravito-magnetic analogue. In order to isolate the purely tensor
perturbations of an FLRW background in a covariant (and gauge-invariant) way, one imposes
w, = 0 [17]. We linearize and take the curl of equation (34), using the linearizations of
equations (35) and (33), and identities (10) and (14). This does not directly produce a wave
equation, since the curl of the shear term in (34) has to be eliminated. (In the Maxwell case
this feature did not arise, since we ggt= 0.) The elimination is achieved via the Ricci
equation (49), and we find that

O%Hup = —Hap + D?Hyp ~ TH Hap, + 2(3H? — p) Ha, (54)

in agreement with [17, 18], and in striking analogy with the magnetic wave equation (28).
Further discussion of covariant gravitational wave theory may be found in [17-19, 43].

4. Gravitational monopoles

The electromagnetic correspondence we have developed suggests a covariant characteri-
zation of gravito-electric (magnetichonopolesas stationary vacuum spacetimes outside
isolated sources, with purely electric (magnetic) free gravitational field, Hg. = O
(E.» = 0). This is reinforced by the fact that monopoles do not radiate, and gravita-
tional radiation necessarily involves bofty, and H,;, nonzero (see [16, 18, 19], consistent
with Bel’s criterion P, # 0 [1, 10]). Our identification in the previous section of density
inhomogeneity and angular momentum density as sources of, respectively, gravito-electric
and gravito-magnetic fields, suggests that the monopole sources will be, respectively, mass
and angular momentum. However, as pointed out previously, it is possible that non-zero
angular momentum is compatible with a purely gravito-electric field, as illustrated by the
Godel solution.

The 4-velocity fieldu“ is not defined by a fluid, but is defined as the normalization of
the stationary Killing vector field* = éu”. As a consequence of Killing’s equations, we
have® = 0 = o, [44], so that

Vbua = aabcaf — uaub.
The covariant equations governing non-perturbative monopoles are complicated. Some
simplification arises from the Killing symmetry, which implies

Liw, = Ewy + uaa)bDbé’; =0,
LeHap = & Hap + 2608 cata Hp)! — 28U Hy)ott” = 0,
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and a similar equation foE,,. Then it follows that

Hiapy = —20 € cqa Hy)?, (56)
E(ab) = —checd(aEb)d. (57)

Now equations (55)—(57), together with the basic monopole conditions, are applied to
the Bianchi equations (32)—(35) and Ricci equations (48)—(53). We obtain:

Gravito-electric and gravito-magnetic monopoles:

D%, = —u,u® — 2w 0%, (58)
W =0, (59)
curli, =0, (60)
curlw, = —2[u, w]a, (61)
D'w, = i w,. (62)

Gravito-electric monopole:

D’E,, =0, (63)
0= Eaba)b, (64)
Ep =0, (65)
0= 0ceawEp’, (66)
curl Egp = =20 ecq En’, (67)
Eap = Dialtyy = ttaltp) — 0ia@p), (68)
D wpy = =2 wp). (69)

Gravito-magnetic monopole:

DhHab =0, (70)
O - Habwba (71)
H(ab) =0, (72)
0 = wecaa Hp), (73)
curl H,, = —2u6-85d(aHb)d, (74)
Diattyy = =t qltpy + wiwp), (75)
Hab — D(awb> = le(uwm. (76)

Equation (60) implies that there exists an acceleration potential:
u, = D,®. (77)

This holds even whew, # 0, despite the identity (4), sincg is invariant undeg“, so that
@ = 0. Equation (61) shows that cus}, is orthogonal to the vorticity and 4-acceleration:

o curlw, = 0=u’ curlw,.

Schwarzschild spacetime, where alsp = 0 (since staticity implies:* is hyper-
surface orthogonal), is clearly a non-perturbative gravito-electric monopole according to
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our covariant definition: it is a static vacuum spacetime satisfyijg = 0, by virtue of
the Ricci equation (49). Equations (77) and (58) imply

D?® + D“®D,® = 0. (78)

The solution® determinesu, and E,,, and equation (78) ensures that the monopole
conditions (58)—(69) are identically satisfied.

It is not clear whether there exist consistent non-perturbative gravito-magnetic
monopoles, i.e. spacetimes satisfying the covariant equations (58)—(62) and (70)—(76)
However, linearized gravito-magnetic monopoles have been found, for example, the
Demianski-Newman solution [33] (see below). It is also not clear whether there exist
gravito-electric monopoles with angular momentum (ig.# 0).

In the case of linearization about a flat Minkowski spacetime, the right-hand sides of
equations (58)—(76) may all be set to zero. In particular, equation (61) implies that there is
a vorticity potential:

w, ~ D,W. (79)

The linearization of equations (68) and (76), together with the scalar potential equations (77)
and (79), then imply that the curls vanish to linear order. Thus the linearized gravito-electric
monopole is covariantly characterized by equations (77), (79) and

qu) ~ 0, E,, ~D,D,®, D(an)\IJ ~ 0, (80)
while for the linearized gravito-magnetic monopole
D*W ~ 0, Hy, ~ D,DyV, DDy ® ~ 0. (81)

It follows, in particular, that a linearized non-rotating gravito-electric monopole is
mapped to a linearized non-accelerating gravito-magnetic monopole via

Tap — 1 ZLyp, w, = Ug, U, = —w,. (82)

Linearized Schwarzschild spacetime is readily seen to satisfy equation (8Gp with-M/r,
where M is the mass and the area coordinate. Using the spatial duality rotation and
kinematic interchange described by equation (82), this monopole is mapped to a linearized
non-accelerating gravito-magnetic monopole with potendtal= —M/r. In comoving
stationary coordinates, the metric of the linearized magnetic monopole followsifrea0

andw, = D,¥, using a theorem in [40] (p 24):

ds? = —dt® + dr? + r%(do? + sin? 0 dp?) + 4M cosd dy dr. (83)

This is a Taub-NUT solution witz = 0, ¢ = —M and linearized ir¢ ([44], p 133; see

also [36]). In fact, this is precisely the linearized solution found in [33], so that we have a
covariant characterization of that solution in the framework of gravitational duality. Clearly
the magnetic ‘chargeM is an angular momentum parameter, not a mass parameter, and the
metric in equation (83) describes an isolated source with angular momentum but no mass.

5. Concluding remarks

A covariant 14 3 approach, based on [9] and its extension [19, 37], is ideally suited to an
analysis of the free gravitational field that is based on observable physical and geometric
guantities, with a clear and transparent analogy in well established electromagnetic theory.

1 In [45] it is shown that non-flat vacuum solutions with purely magnetic Weyl tensor are a very restricted class,
and it is suggested that there may be no such solutions.
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We have used such an approach, including, in particular, the generalization of covariant
spatial vector analysis to spatial tensor analysis, which involves developing a consistent
covariant definition of the tensor curl and its properties. Via this approach, we showed the
remarkably close analogy between the Maxwell equations for the electric/magnetic fields
and the Bianchi identities for the gravito-electric/magnetic fields. Although this analogy
has long been known in general terms, our approach reveals its properties at a physically
transparent level, with a detailed accounting for each physical and geometric quantity. We
found new interpretations of the role of the kinematic quantities—expansion, acceleration,
vorticity and shear—in the source and coupling terms of gravito-electromagnetism. The
trace-free part of the Ricci identities also reveals the role of the kinematic quantities as
gravito-electric/magnetic potentials.

The analogy provides a simple interpretation of the super-energy density and super-
Poynting vector as naturdl (1) invariants, and we derived the exact nonlinear conservation
equation that governs these quantities, and which involves a further natural invariant, i.e.
the anisotropic super-pressure. We also used the analogy to show that a covariant spatial
duality invariance exists in vacuum gravito-electromagnetism, precisely as in source-free
electromagnetism. Duality invariance has been important in some recent developments in
field and string theory, and the gravito-electromagnetic invariance in the form found here
may also facilitate new insights into gravity. A crucial feature in the gravitational case,
arising from its intrinsic nonlinearity, is that the duality invariance does not map Einstein
solutions to Einstein solutions, since the Ricci identities are not invariant. Further work
is needed to investigate whether a simultaneous geometric or kinematic transformation
can be found, so that the Bianchi and Ricci equations are invariant under the combined
transformation.

We showed that in linearized vacuum gravity, there is a simple combined
duality/kinematic transformation that maps the Schwarzschild gravito-electric monopole
to the Demianski-Newman gravito-magnetic monopole. This covariant characterization
of the relation between these linearized solutions was based on our covariant definition of
gravito-monopoles in the general nonlinear theory. Further work is needed on the governing
equations for these monopoles, in particular, to see whether nonlinear gravito-magnetic
monopole solutions may be found. A better understanding of the relation between nonlinear
gravito-electric/magnetic monopoles could, as in field theory, open up new approaches and
insights.
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