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HELICITY, SPIN, AND INFRA-ZILCH OF LIGHT:
A LORENTZ COVARIANT FORMULATION

SAJAD AGHAPOUR, LARS ANDERSSON, AND KJELL ROSQUIST

ABSTRACT. The spin part of angular momentum of the electromagnetic field
is known since the 1990’s to be a separately conserved quantity. Cameron et
al. [I] introduced the helicity array, a non-covariant analog of Lipkin’s zilch
tensor, which expresses the hierarchy of conservation laws including helicity,
spin, as well as the spin-flux or infra-zilch. In this paper, a novel conserved
Lorentz covariant tensor, termed the helicity tensor, is introduced. The con-
servation laws arising from the helicity array can be obtained from the helicity
tensor. The Lorentz covariance of the helicity tensor is in contrast to previ-
ous formulations of the helicity hierarchy of conservation laws, which required
the non-Lorentz covariant transverse gauge. The helicity tensor is shown to
arise as a Noether current for a variational symmetry of a duality-symmetric
Lagrangian for Maxwell theory.

1. INTRODUCTION

The physical relevance of the spin and intrinsic orbital parts of angular momen-
tum of the Maxwell field was first demonstrated by Allen et al. [2] and van Enk
and Nijenhuis [3] in the early 1990’s. These and subsequent works have led to the
understanding that these two parts of angular momentum are separately conserved.
The related conservation laws have recently been re-examined by several groups,
including I. and Z. Bialynicki-Birula [4], Bliokh et al. [5] and Barnett et al. [6]. The
two parts of the angular momentum are physically meaningful observable quanti-
ties despite the fact that they do not satisfy the commutation relations of angular
momenta. Among the phenomena related to the just mentioned conservation laws
is the experimentally verified spin Hall effect of light, cf. Bliokh et al. [7] and
references therein.

The notion of electromagnetic (or optical) helicity was introduced by Trueba and
Ranada based on similar notions defined in the context of magnetohydrodynamics
and fluid dynamics [8]. The conservation of helicity is due to the fact that it is
the density of a Noether current associated to the duality symmetry of the free
Maxwell equations, while the spin part of the angular momentum turns out to be
the flux of helicity [I.9]. The electromagnetic helicity has been used in describing
the interaction of light beams with chiral molecules and nano-particles [I0]. These
quantities also generalize to linearized gravitational fields and acoustic waves, cf.
e.g. [11HI4].

The zilch tensor, a third rank tensor constructed from the product of the Maxwell
field and its first derivative was introduced by Lipkin [I5], see also Morgan [16] and
Kibble [I7]. The zilch tensor is conserved for the Maxwell field in the absence of
sources. The hierarchy of conservation laws expressed by the zilch tensor, like the
above mentioned helicity and related conservation laws, constitute new conserved
quantities, that are not equivalent to the classical conservation laws related to
Poincaré and conformal symmetries of Minkowski space, cf. [I8] and references
therein.
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The zilch conservation laws were generalized by Morgan to a hierarchy of qua-
dratic tensors with an arbitrary number of derivatives. Morgan also found another
such hierarchy generalizing the Maxwell stress-energy tensor. It has been proposed
that the purely temporal component of the zilch tensor describes the chirality of the
electromagnetic fields [I9]. Electromagnetic helicity and chirality are proportional
for monochromatic waves but are in general distinct notions. It is still under debate
which one of these quantities is more appropriate for describing relevant properties
of light in its interaction with chiral matter, cf. [20] for discussion.

Motivated by the structure of the zilch tensor, the conserved currents associated
to the helicity density J, spin density S,, and infra-zilch 3., have been arranged
by Cameron et al. [I] in what they named the helicity array, N°*¢. Here, the
indices label the spacetime components of the array, taking the values {0,1,2,3}.
The array is by construction symmetric in the first two indices, N*b¢ = N(able,
The corresponding conservation laws could then be represented in the compact
form 9. Ne¢ = 0, valid provided the field equations hold and the transverse gauge
condition is imposed. However, as stated in [I], the array N%*¢ is not a tensor.
Further, the analysis in [I] as well as earlier papers on the subject including the
papers cited above makes use of the transverse gauge condition, i.e. a combination
of temporal gauge Ay = 0 and Coloumb gauge. Due to this elliptic gauge condition,
the helicity array is neither tensorial nor Lorentz covariant.

As was noted in [I], the structure of the helicity array is closely related to the
zilch tensor but differs in the number of derivatives. As mentioned above, the
zilch tensor is of the third order in derivatives of the Maxwell potential, while the
helicity array is of the first order. The similarities in the structures is illustrated by
the formal transformation (A, C) — (V x A,V x C) of the electric and magnetic
potentials mapping the helicity array to the zilch tensor, Nope — Zabe, cf. [I]. Here
A, C are the 3-vector parts of the electric and magnetic potentials for the Maxwell
field. The fact that this mapping involves both potentials is an indication that
a tensor description of the helicity array is related to a self-dual formulation of
Maxwell theory.

Let A, = A, + iC, be the complex potential formed from the electric and
magnetic potentials A,, Cy, and let

Wb = %.Zla gc.Ab . (1.1)

where A, denotes complex conjugation, and we have used the using the bidirectio-
nal-arrow derivative notation, which is often used in the quantum theory literature.
This is defined in the present case by A, 5:: Ap = Ag0.Ap — Apd.A, and extends to
general fields in the same manner. In section [3] we shall define the helicity tensor
by

g{abc = (p@)abc; (12)

where P is a linear involution, which transforms the components of the auxiliary
tensor %, with even parity to odd parity. By this construction, Hgp. is a real
tensor, which like the helicity array, and the classical angular momenta, has odd
parity. The helicity, spin and infra-zilch conservation laws are consequences of

DeTH e = 0, (1.3)

which is valid provided that the vacuum Maxwell equations hF.b = 0, and the
Lorenz gauge condition 9,A% = 0 hold, where F,; = 0 Ap — Op A, is the complex
field strength.

The helicity tensor H,pe is a quadratic tensor constructed from the electric and
magnetic potentials and their first derivatives and contains the same information
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as that contained in the components of the helicity array. For details, see section [3l
We further show in section M that the helicity tensor arises as the Noether current
of a symmetry of the gauge extended, duality-symmetric Maxwell action.

Overview of this paper. In section 2, we review the construction of helicity
array and the interrelated conservation laws of its components. Then, in section
Bl we introduce the covariant helicity tensor. It is a Lorentz covariant tensor that
is shown to contain the same information as the helicity array. In this analysis
we make use of the 1 + 3 decompositions discussed in appendix [Bl in terms of the
notation introduced in appendix [Al In section [ we demonstrate that the helicity
tensor arises as a Noether current for a symmetry of the duality-symmetric action
for the Maxwell field, and find the generator of the corresponding symmetry. In
particular this is a symmetry of the duality-symmetric Lagrangian with Lorenz
gauge fixing terms.

2. THE HELICITY ARRAY IN MAXWELL THEORY

We shall consider fields on Minkowski spacetime with metric g,;. We use the
index notation with indices a, b, ¢, - - - taking values 0, - - - , 3, using 0 for a temporal
index and overlines indices @,b, ... for spatial indices, cf. appendix [Al We shall
sometimes use the standard 3-dimensional vector notation, with bold-face capital
letters A, ... denoting 3-vectors. In this context, div and x denote the divergence
and cross-product. Note that we also use the notation div for the 4-dimensional
divergence.

In this section we shall review the helicity array and the associated conservation
laws. Let A,, C, be the electric and magnetic potentials and let F,p, = 0, Ap —0pAq,
Gap = 0,Cp — 9pC, be the field strength and its dual. In this section, unless
otherwise stated, we shall use the transverse gauge condition

Ao=0=Cy, divA=0=divC. (2.1)
The helicity current
Je = LGP A, — FPCy) (2:2)
satisfies the conservation lawl]
0aJ" = $A°GY oy — LCF,, 20. (2.3)

The temporal part of the helicity current is referred to as the helicity density and
has the form [I]

H=J"=3(A-B-C-E) (2.4)
where E, B are the electric and magnetic field vectors expressed in traditional
spatial vector notation and A, C are the spatial vectors with components Az, Cj,

and J° = —J%, is the helicity density. The spatial part of the helicity current is
the spin density given by

Sa=Ji=1(ExA+BxC)+1(CE-A4B), (2.5)

usually presented in transverse gauge [1]. Here J; = ha®Jy, where hap = gap + Uausp
is the spatial projection, cf. appendix [Al Written in terms of these quantities, the
conservation law (23) has the form

F 4+ 8,57 =0 (2.6)

1 Here and below = signifies equality modulo the field equations Fba’b =0 and Gba’b =0.
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where here and in the following the overdot denotes time derivative, H = ud, H =
OoH. This relation is the first level of the helicity hierarchy, a three level hierarchy
of conservation laws

F 4+ 8,57 =0 (2.7)
Sa+ %" =0 (2.8)
2&5 + 85N655 = (29)

where the spin flux (or infra-zilch [I]) is the symmetric spatial tensor
Eab - habg{ + C(aEE) - A(aBE) (210)
and the flux of infra-zilch is the spatial tensor
Nape = N(ab)c = hapSe + C(éQa AE) = hapSe + C(éAE),E — A(ECE),E (2.11)

using the bidirectional-arrow notation. Cameron et al. [I] defined a conserved rank-
three object N@¢ = N(@)¢ that they called the helicity array having three spacetime
indices. The array was given the components

N0 = 3¢ (2.12)
NOA0 = o0 — ge (2.13)
NEEO _ NO&E — yab (2.14)
Nobe = Nabe (2.15)

leading to the conservation relation 9. N%° 22 (. They also showed that the array,
while not being a tensor, could be mapped to the zilch tensor [I5HI7] by the mapping

A->VxA, CoVxC. (2.16)

Despite this close relation to the zilch tensor, the helicity array has up to now not
been reformulated in a Lorentz covariant form. In the next section we introduce a
Lorentz covariant tensor that contains the same information as the helicity array.

3. HELICITY TENSOR IN COMPLEX DUALITY-SYMMETRIC FORMULATION

Recall the formulation of Maxwell theory in terms of a complex vector potential
Ay = Aq+iC, with field strength Fp = —2Ajq ), cf. [21H23] and references therein.
We shall now define a Lorentz covariant complex tensor H,p., which we call the
helicity tensor, that contains the same information as the helicity array. Let

Bpe = £ Aq O Ay . (3.1)

This tensor is manifestly duality invariant and is conserved with respect to the third
index as we will show in the following.

Taking the divergence of (B.]) we find
%bc,c = %(‘AaDAb - AbD‘ZLa) = %Aa?ab,a - %Abg'ba,b
+ LAa(divA) p — LA (divA) ., (3.2)

where now div.A is the spacetime divergence 0, A%. This shows that %, is con-
served in Lorenz gauge,

divA =divA =0, (3.3)

provided that the field equations fr"baﬁb =0 and f_r"baﬁb = 0 are satisfied.
Let

Pabed = Ge(ab)d — SEabed (3.4)
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where g,p is the Minkowski metric, and €44 is the volume element, and define the
operator P by its action on 2-tensors, (Pt)ay = Puplteq. Due to Pupeq P =

gacgp”, we have that (P)? is the identity operator, and hence P is an involution.
We now define the helicity tensor by

Have = (PY ) ape (3.5)

where P acts on the first two indices of Yope- Taking into account the definition of
P we have that

D™ =0 (3.6)

provided the vacuum Maxwell equations are satisfied and A, is in Lorenz gauge.
As we shall see, Hype has odd parity. Since Pis invertible, H ;. contains the same
information as %,p.. Therefore, in order to demonstrate that H,,. contains the
same information as Ny, it is sufficient to consider % p..

The real part of %, is symmetric in first two indices, while the imaginary part
of it is antisymmetric in those indices. We call the real part Y, and the imaginary
part Xgpc so that

Yave = Yabe + 1 Xabe (3.7)
We have
Yabe = W{Pave} = Havye = 5 Aa aq Ay, (3.8)
Xave = S{%abe} = =i Ve = 3 Ala ac\ Ay - (3.9)
In terms of real potentials A, and C, we have
Yabe = C(aac\ Apy = CaAvy,c — A@Ch) e (3.10a)
Xabe = 3(4Aa 8 Ay + Co 0. Cy) = AlaAp),e + ClaCh e - (3.10b)
We now note that the helicity tensor has the form
Have = Yave + Xave (3.11)

where *X 1. = %Eabeerfc is the dual of X p.. It can be seen from ([B.I0) that both
Yape and *Xyp have odd parity.

We are now ready to prove that the helicity array and corresponding conservation
laws are incorporated in the helicity tensor ([B.1I).

Remark 3.1. In previous work on the helicity array and related conservation laws,
the transverse gauge [21)) has been assumed. Here we use the Lorenz gauge (3.3))
which is Lorentz invariant. On Minkowski spacetime, transverse gauge is consistent
with Lorenz gauge, but breaks Lorentz invariance.

The helicity current J¢, which has a covariant form (22)), is expected to have a
covariant relationship with the helicity tensor. In fact, it can be written as

J* = (T Ay — T Ay)
= —1gb L LA divA - A% divA) + LAY AT — AP A%, (3.12)
which shows that the helicity current J¢ is equivalent to the trace of the helicity

tensor % = % up to the Lorenz gauge and a trivial current (i.e. having a
vanishing divergence). To be concrete, we introduce the equivalent helicity current

ja = %jlb §a~Ab = _%@bba = _%j{bba . (313)
From (312), we find that
J*—J% =LA divA — A* divA) + 2 K°, (3.14)
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symbol helicity array helicity tensor
helicity density H N0oo —3H 0
spin density Sa N0ab — N00a —H00 = — (3,0 — K9)
infra-zilch density ~ X% NP0 = N0ab L pabgg c0 4 ggabd — _(ge0ab _ frab)
infra-zilch flux Nabe Nabe — 4 h (g% — K°) + Hbe

TABLE 1. Summary of the relations between the helicity tensor
and the helicity array. Transverse gauge is assumed. In the second
and third rows the left hand side is the charge density while the
right hand side is the flux of the previous charge. This fact illus-
trates the link between the conservation laws. The minus signs in
the last column are due to the definition of the helicity tensor with
indices down.

where
K =i(Alt Ay, =2(Cl 49), (3.15)

has a vanishing divergence. Finally, we note that the trace of the helicity tensor
Hape is given by the trace of Yy, because *X g5 is antisymmetric in its first two
indices.

Using ([BI3) and performing the 1+ 3 decomposition of .J, (see appendix [B]) the
helicity density in transverse gauge can be obtained as:

H=Z -1y, 0 = 13, *° (3.16)

The second level of the helicity array turns out to be related to *X .. In particu-
lar the spin density is related to the helicity tensor through the 1+ 3 decomposition

(see appendix [B)) by
Sfl TG *XOFZO — g_cOflO , (317)

while the second conservation law in (2.8)) (i.e. the conservation of spin) is obtained
from

SP 4 yhe  EE xx 0 | g0 ), (3.18)
Finally, from (B.6) the infra-zilch can be constructed as
yab TG pab q¢ + yabo _ _% p,ab IO 4 FabO ’ (3.19)
and its conservation law (i.e. the third level of conservation of the helicity array)
is obtained from
B 4 Nabe T Lpabgged ;yogate g (3.20)
Finally, the flux of infra-zilch can be written as
NaBa TG _% haE (j_(ddé _ KE) + H&Eé , (3.21)
where K® is the null current (BI5). A summary of these relations between the
helicity array and the helicity tensor is given in table [l
4. NOETHER ANALYSIS

Using a complex vector potential A, = A, + iC,, Maxwell’s equations can be
derived from the duality-symmetric Lagrangian (cf. [22])

L = *ég‘abg"ﬂb = *%Kade.Aa’bjlcyd (41)
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where F, = —2 .A[mb] and the bar denotes complex conjugation. Here, Kgpeq =
Jelagp)d is the antisymmetry projectorE

In [22], the real and imaginary parts of A, were taken as the basic field variables.
Here, we will instead use A, and A, as the basic fields. Since they represent
linearly independent combinations of A, and C,, they can be used as alternative
field variables. They carry the same number of degrees of freedom (4 each) and
are treated as formally independent. Defining M* = E% (£), where Ex is the Euler
operator for a variable X, the Euler-Lagrange expressions are given by

0 0L b

Ml=———" =—1F 4.2
Db DA 37 b (4.2)

and E4 (L) = M¢. Expressed in terms of the potentials they become
M, =104, — 2(divA) 4. (4.3)

Here divA = 0, A% is the divergence.

W o = $(ALOA — AOA,) = 2iAMp — 2iA,M,

+ LA (divA) p — LA (diVA) .. (4.4)

The presence of the gauge dependent terms, the equation (&4]) does not as
it stands lead to a conservation law in the characteristic form needed for corre-
spondence with Noether theory (see [23,[24] for details of our use of the Noether
formalism). One way to find such a form is to modify the Lagrangian by adding
terms which take care of the gauge constraints. To this end we define a modified
Lagrangian depending on an auxiliary complex dependent variable w

L=L+wdivA+adivA. (4.5)
Since the additional parts are linear in A, and .Zl%b, no new terms enter in the

Euler-Lagrange expressions (£2]). The modified Lagrangian (£3]) leads to the com-
plex Euler-Lagrange expression

i
2

- oL
and its complex conjugate in addition to those in (£Z)). This shows that the La-
grangian £ gives the duality-symmetric Maxwell equations in Lorenz gauge. The
relation (£4]) can then be written in the form

Do =20 A Mp — 20 Ay My + 5 A, Qp — 2 A, Q. (4.7)
As in the case of the zilch conservation law (see [23]), there are Euler-Lagrange
expressions (2 and ) that are differentiated in ([@7). Therefore to arrive at a

conservation law in characteristic form we need to first perform partial integrations
leading to

Yoo = 20 Ag My — 20 Ay My — 5 Agp Q

+ AL Q4 2 (A — 2 (A Q) (4.8)
Defining a tensor which is equivalentﬁ to Zype by
Db = Pape — & Ghe Aa divA + L goe Ay div A (4.9)
the conservation law can be written in the characteristic form
Yoo =20 Ag My — 20 Ap My — 3 Aap D+ 5 A, Q. (4.10)

2This tensor projects out the antisymmetric part of any index pair, e.g. M[qp] = Kb @ M,q. It has
the same index symmetries as the Riemann tensor, Kapcd = Kedab = K[abjed 20d Kalbed] = 0.
3In the sense of being equal for solutions of the £ field equations.
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From equation ([£I0) we can read off the characteristic functions, which are the
coefficients of the Euler-Lagrange expressions:

(J;;)C = _Qi‘Abgac s Qabc = 2Z‘Aagbc s QQ =1 _ab 5 QQ = %Ab,a (4-11)

The corresponding symmetry generator then becomes

+Q° o 0

Vab = + Q abq . aw ab%

abcaA abcaA

0 - 0 0 0
— 4 20 A Gpe —— — & a, a . 4.12
(’)ACJF i Aa gb FY LA 55 + L Ay, B (4.12)
The first prolongation of the generator [{I2]) is given by

. 0 0 0
M
+ Qabc,d Gfla =+ Qab c a + Qab ca—

= *22.-Abgac

M
Prvap :Uab+Q be,d
abe, aAc,d

+2Z-Aa dbc =

0
= Uq — 21 ac =
Vab iAbag 8AC . DA

- 0 - 0
A, L Apge— -

b B, T2 gy
The action of the prolonged generator on the duality-symmetric Lagrangian (4.1))
is a total divergence as

(4.13)

[SIEH

oL oL
prvab(ﬁ) = (J;;)C,d m + 1]1:/;75 d aA + Qab aw Qab a—
= - 2iAb,dgac (Z:}-Cd) + 2Z‘Aa,d Gbe (Z:}-Cd)
— L Agp(divA) + £ Ap o (div.A)
= Uup® e (4.14)
where
Uabe = %./zla Acp — %Abﬁc,a — %gbc Aq divA + %gac Ap divA. (4.15)
This leads to the conserved tensor
v 0L 5w 0L

abd 8./4—(175 — YWabd 8./[ P + Uabe = Zabe — %gbcAa divA + %gac‘Ab divA

= Yoo | (4.16)

as given in ([£L0). We note that %, and @abc are equal modulo Lorenz gauge as
expected. In the present version of the Noether formalism, this corresponds to the
vanishing of their difference on-shell. Such a quantity is itself considered as a trivial
conservation law of the first kind (see [24]). The conservation laws of %4 and WYope
are then said to be equivalent.

It is instructive to notice the symmetric and antisymmetric parts of the gen-
erator ([{I2]), which are, respectively, responsible for the conservation of real and
imaginary parts of the helicity tensor in (8.8]). The symmetric part is

. 0 e 0
Viab) = — 21./[(,1 Ib)e a—AC — 5./4(,1,1,)% + c.c.

0 0 0
=2C —— —24 — + 2 Clapy=— — L Afary=— - 4.17
(a 9b)c GAC (a 9b)c acc + 2 “(a,b) awR 5 “1(a,b) Ow, ( )
while the antisymmetric part is

'U[ab] =2 ’L'.A[a gb]c — C.C.

0 - 0
Y _ig Y
A, 271Ny

. 0 0 0 0
=1 [2 A[a Gble 8—140 +2 C[a 9ble a—cc — % A[%b] 8—wR — % C[%b] 8—%} . (4.18)
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5. CONCLUDING REMARKS

We have introduced a new Lorentz covariant tensor, H,,., which we call the
helicity tensor, that is conserved in Lorenz gauge, and contains the same information
as the helicity array of Cameron et al. [I]. In particular, the conserved currents
expressing helicity, spin, and infra-zilch can be obtained from the helicity tensor by
performing a 1 + 3 decomposition and specializing to transverse gauge. The fact
that helicity, spin and infra-zilch are observer dependent parts of a Lorentz covariant
object, the helicity tensor, is analogous to the fact that spin and orbital angular
momentum are parts of the Lorentz covariant total angular momentum. With this
in mind, it would be interesting to investigate if there are observer dependence
properties of these quantities which are analogous to the spin-orbit interaction
discussed by Bliokh et al. [25] and Smirnova et al. [26].

The construction of the helicity tensor is carried out in terms of the duality-
symmetric formulation of Maxwell theory and is local with respect to the pair
of electromagnetic potentials A,, C,. However, as in any other treatment of the
conservation laws expressed in the helicity array, the construction is non-local with
respect to the standard formulation in terms of a single electromagnetic potential.
Indeed, the intrinsic non-locality of these conserved quantities is emphasized by the
work of I. and Z. Bialynicki-Birula [4] who showed that the spin and orbital parts of
the angular momentum of the electromagnetic field are given in a gauge invariant
manner in terms of vector potentials constructed from the Maxwell field strength
using a non-local transformation. It appears worthwhile to consider whether a
similar construction can be carried out for the other conserved quantities contained
in the helicity tensor.

We have further demonstrated that the helicity tensor and its associated conser-
vation laws correspond to Noether currents associated to variational symmetries of
the duality-symmetric Lagrangian for Maxwell theory, amended with gauge fixing
terms. Symmetries giving rise to the helicity array components as Noether quan-
tities were discussed in papers by Cameron et al. [IL27] and Bliokh et al. [5]. The
analysis in the just cited papers was restricted to the transverse gauge, and the
variational aspect of the symmetries were not investigated. The symmetry genera-
tor given here is new, and differs from the non-local symmetries discussed in these
papers. It would be interesting to understand the relation between these different
symmetries. In particular, the physical interpretation of the symmetries presented
here should be clarified.

Here we have defined the the helicity tensor H ;. by applying the parity modifier
operator P to the complex conserved tensor %, obtaining a real tensor with the
desired parity properties. It would be interesting to discuss the complex nature
of #,p. and its parity properties in the framework of geometrical algebra of the
4-dimensional spacetime, cf. [28]. We plan to return to this subject in a future
publication.

Finally, we mention that it is of interest to investigate whether some of the results
considered here can be generalized to Maxwell theory in more general spacetimes,
in particular to analyze the generalization of the helicity hierarchy of conservation
laws to certain algebraically special spacetimes. The fact that the helicity tensor
is conserved in Lorenz gauge may allow us to apply the construction to interesting
families of solutions of Maxwell theory, including for example Hopfions and several
types of optical beams, cf. eg. [29H32] and references therein.

APPENDIX A. A COVARIANT NOTATION FOR 1 + 3 DECOMPOSITION

Performing a time-space decomposition in any relativistic theory is crucial when
considering experimental and observational measurements. It is necessary since
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measurements depend on the rest space of a lab or an observer (or equivalently on
the 4-velocity of the rest space of the lab or observer). This is perhaps most often
done by introducing 3-dimensional indices which only take values which number the
coordinate axes in the observer’s rest space. While perfectly valid, this procedure
does not respect the spacetime covariance of the underlying relativistic theory. Also,
it obscures the fact that measurements depend on the world line of a lab or an
observer. In this note we will instead use a slightly different approach which is fully
spacetime covariant but in which the time-space decomposition can nevertheless be
just as clearly displayed. This approach also has the advantage of employing only
a single type of indices.

The covariant decomposition will be done by using projection tensors which can
project any tensor into either the worldline of the observer or into the observer’s
rest space. Starting with projection into the rest space, the projection tensor is
defined by

h%, = gab + uuy (Al)
where u® is the 4-velocity of the observer and g%, is the 4-dimensional Kronecker
delta. The latter is usually written with a “6” but we avoid this notation here since
it can be in conflict with h%; which can serve as a Kronecker delta in the rest space.
The projection into the observer’s worldline has the form

fab = —u“ub. (A2>

The projection property of the tensors defined in (A1) and ([(A2]) is manifested by
the relations

h*ch% =h%,  f%f%=[%. (A.3)
Taking a general vector V' as an example, its decomposition in time and space
parts takes the form

Ve = oV + VP = —u Vou® + V@ (A.4)
where the barred index is used to denote a spatially projected index
Ve =h"%VP. (A.5)

Note that using this notation, intrinsically spatial tensors such as hg;p or the electric
and magnetic fields for example can be written both with and without bars, for
example F; = FE,. It also follows from its definition that a barred index can be
raised and lowered with respect to either gq,p or hgp, for example

Ve = gV = BV (A.6)

Employing an observer adapted reference frame, a projection of a vector V¢ into
the worldline of the observer has the single component V°, which from the relation
(A4) can be identified as the scalar V° = —u,V% In the same way, lowering
the free index in (Ad) gives Vo = —V? = 4,V We finally note that using this
formalism allows spatial objects to be represented in a fully spacetime covariant
way. Although this has been demonstrated here for vectors, it is clear that the
formalism can be straightforwardly extended to any tensorial objects.

APPENDIX B. THE 1 + 3 DECOMPOSITION OF THE HELICITY TENSOR

We start with the 1 + 3 decomposition of the trace of the helicity tensor. Per-
forming the 1 + 3 decomposition of J, gives the following components which are
identical to the helicity vector components in transverse gauge:

Jo= —L(C"A4, —A*C,) ™S L(C-E—A-B)=-%K (B.1)

1
2
Jo= —3(C Apa — A" Cya) BxC+ExA)-L(c?A,;-A"C,;) (B2)

=
Hn N

1
2
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As the next task, we perform the 1 + 3 decomposition of the real part Y. of
the helicity tensor. This gives

Yooo = CoAg — A Cp = 0 (B.3)
Yooe = Co(VAg)e — Ao(VCo)e = 0 (B.4)
Yaoo = 2(CoAs — CoAs — Ao Ca + Ao Cz) = 0 (B.5)
Yao = Cady) — A@Cy = —CaBy) + A@aBp) = hav} — Tap (B.6)
Yoie = 3(CoAg e — A5Coze — Ao Cy o + C5 Aoe) = 0 (B.7)
Yate = ClaAsyc — A@C) e (B.8)

We see that only the parts Yz, and Y5, with 6 and 18 components respectively,
are non-zero in transverse gauge.
Looking at the 143 decomposition of the divergences of Yy, the only nontrivial

part is given by
YFZEC,C = C(EDAB) — A(ZIDCE) = 0’ (Bg)

”

where the weak equality “=2
tions of ZLR.

In the end, performing the 143 decomposition of X, gives the following parts
which are not identically zero

refers to equality modulo the Euler-Lagrange equa-

Xaoo = Ajg Ao + CaCoy = 0 ( )

Xapo = 2(Aady — Aadp + CaCy — CaCy) = E, A + B, Cy (B.11)

Xope = ApAp e + CoChe = 0 (B.12)

XaEa = A[aAE],a + C[aCE],E ( )
For *Xpc, the 143 parts which are not identically zero are

*XE,OO = %GaEEXEEO = iﬁagé(AEAlg — AEAE + CECE — CEOE)

= Le (BpAs + ByCe) = S, (B.14)

Napo = 2€ap" Xedo = €25°Xe00 = €q5 (AjgAo) + C1eCo)) = 0 (B.15)

Koo = 30" Xiee = =36 (A7 Aee + C Cee) (B.16)

Kabe = %faBdSXdec = €aBéXOéa = eaEé(A[OAé],E + C[OCE],E> =0. (B.17)
The anti-symmetric part of *X,; ca be obtained as

Koan = 1 €ar” (AT Az g+ CCs ) — L eapa (A A + C9C°) (B.18)

Based on (BI8) and up to the Lorenz gauge, one can show that (BI6) can be
written in the form

*XO(zB = Xap — Kap » (B.19)
where Y7 is the infra-zilch, Eq. (ZI0) and
K =1 (2 cap? Ae) Ag+ 26,57 Co O — e (Ag Ag + Cg Ca)) , (B.20)

which obviously has vanishing divergence with respect to the index b.
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Taking the divergence of *X 3., there are two parts not identically zero given by

*)(Obc,C _ *XObO,O + *XObc,g

= (8" 2. (B.21)
*X&Ec,c _ *X65070 + *XFZBE,E ’Ig 0. (B22)
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