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HELICITY AND SPIN CONSERVATION IN MAXWELL THEORY
AND LINEARIZED GRAVITY

SAJAD AGHAPOUR, LARS ANDERSSON, AND REEBHU BHATTACHARYYA

ABSTRACT. A duality symmetric formulation of linearized gravity has been
introduced by Barnett [6] and used to show the conservation of helicity. How-
ever, the relation between helicity and spin as well as the separate conservation
of the spin and orbital parts of angular momentum, which is known to hold
in Maxwell theory, was not considered. These conservation laws are known to
follow from the conservation of the so-called helicity array, an analog of the
zilch tensor, which includes helicity, spin, and spin-flux or infra-zilch. In the
present paper we prove the conservation of spin and orbital angular momen-
tum for linearized gravity on Minkowski space, and construct the analog of
the helicity array for linearized gravity.

1. INTRODUCTION

The Maxwell theory of electromagnetism introduced in the mid-19th century has
had a remarkably rich history, and although its modern field-theoretic formulation is
simple and transparent, it is also deep and subtle. Important discoveries concerning
the structure and content of Maxwell theory, including symmetries and conservation
laws, as well as phenomena related to the interaction of light and matter, continue
to be made. The Einstein 1915 theory of gravity, which was discovered to a large
extent motivated by the tension between Maxwell theory and Newtonian gravity,
exhibits far-reaching analogies with Maxwell theory. The recent observation of
gravitational waves provides a good motivation to further analyse the wave nature
of Einstein theory and to explore its symmetries and conservation laws, as well as
its analogies to Maxwell theory.

Symmetries and conservation laws are fundamental features of any field theory.
In the case of Maxwell equations, in addition to the Lorentz, conformal, and duality
symmetries which were found by Lorentz, Heaviside, Larmor and Bateman roughly
in the period 1890-1910, further non-trivial symmetries were found by Fushchich
and Nikitin during the 1970’s and 80’s, cf. [I8] and references therein. See Anco and
Pohjanpelto [3] for a classification of the local conservation laws for the Maxwell
equations. Anco and The [4] carried out a classification of local conservation laws
for a duality symmetric formulation for Maxwell theory. The non-classical con-
servation laws discussed there include the zilches found by Lipkin [20] and the
helicity, originally found by Candlin [I6]. The variational symmetry underlying the
conservation of the zilch tensor is considered in [IJ.

Remarkably, a new set of conservation laws including intrinsic spin and orbital
angular momentum for Maxwell theory were found in the early 1990’s by Allen et al
[2] and van Enk and Nijenhuis [22]. The decomposition of total angular momentum
into spin and orbital angular momentum parts is well known but these have been
viewed as not representing physical observables. The new conservation laws found
in the just cited papers, which were excluded, due to locality assumptions, by the
analysis of Anco et al., turn out to play an important role in experiments and
their discovery has led to a burst of activity in the optical literature. These new
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conservation laws, which include intrinsic orbital angular momentum, spin, and
spin flux or infra-zilch, were analysed in the work of Barnett et al. [5L[7,[14] and
Bliokh et al. [I3]. See also references in these papers for background. A systematic
use of a duality-symmetric formulation of Maxwell theory plays a central role in
this work. In particular, in the work of Barnett et al. the symmetries of the
Maxwell equations giving rise to the new conservation laws via Noether’s theorem
were discussed. Further, Cameron et al. have introduced an analog of Lipkin’s zilch
tensor, called the helicity array, cf. [I5]. The helicity array is conserved, and this
property implies the conservation laws for helicity, spin and infra-zilch which were
just mentioned.

The analogy between Maxwell theory and gravity is particularly close if we con-
sider the weak field theory. A Maxwell-like and duality symmetric formulation for
linearized gravity on Minkowski space was introduced by Barnett [6], where the
analog of helicity for linearized gravity was derived as the Noether current for the
action of duality symmetry. It is worth mentioning at this point that helicity and
duality symmetry for Maxwell theory and linearized gravity have previously been
studied in terms of the standard formulation, and from a Hamiltonian point of view
by Deser and Teitelboim [I7], and Henneaux and Teitelboim [19].

In this paper we shall use the duality symmetric formulation of linearized gravity
introduced by Barnett in the just cited paper to derive generalizations of the helicity,
spin, and infra-zilch conservation laws, and a generalization of the helicity array
for linearized gravity on Minkowski space. In view of the role of spin and orbital
angular momentum in the interaction of light with matter it is interesting to explore
the analogous effects in gravity.

Overview of this paper. In section 2] we review the duality symmetric formula-
tion of Maxwell theory including the conservation of helicity, cf. section 23] decom-
position of angular momentum into its spin and orbital parts and their conservation,
cf. section The construction of the helicity array for Maxwell theory, which
contains the conservation laws for spin, and spin flux, or infra-zilch, is presented
in section 277l Section [3 presents the duality symmetric formulation of linearized
gravity on Minkowski space, and constructs the helicity array. The conservation
of helicity for linearized gravity is presented in section B3] and the decomposition
of angular momentum into its spin and orbital parts is given in section The
helicity array for linearized gravity is presented in section Section Ml contains
some concluding remarks. Appendix [Algives some remarks on Belinfante-Rosenfeld
symmetrization procedure and the relation between the symmetric and canonical
energy-momentum tensors.

2. DUALITY SYMMETRIC FORMULATION OF MAXWELL THEORY

2.1. Notation and conventions. We shall consider fields on Minkowski space
with signature (—, 4, +, +), using index notation with Greek indices «, 3, - - - taking
values 0,---,3, and lowercase Latin indices 4, j,- - - taking values 1,2,3. Let (z%)
be Cartesian coordinates on Minkowski space with temporal coordinate z° = t and
spatial coordinates (z%), so that the Minkowski metric takes the form

Napdr®dz’ = —dt? + 6;jdx’da? | (2.1)

where d;; is the Kronecker delta. For a 2-form Fi,5 = F|,5 on Minkowski space, the
Hodge dual is (xF)ap5 = %GQBV‘S F.s with €*#7% the Levi-Civita symbol. We shall
sometimes make use of vector calculus notation for 3-dimensional objects, with
E, B denoting vectors with components E?, B?, respectively. We shall use natural
units in which ¢y = pg =c = 1.
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2.2. Duality symmetric action. Let
Fop =20, Ap (2.2)

be the Faraday tensor with potential A,. The electric and magnetic fields E, B for
F.p are

E; = Fyo, Bi=(xF)io (2.3)

The standard Lagrangian for Maxwell theory is, in the absence of sources,
1 1
Low=—7 FoP Fop = 5 (E* — B%) (2.4)

where E? = E;E', B2 = B;B". The Euler-Lagrange equation resulting from the
action

Sen = /d47ﬂ Lem (25)

is
g F*P =0 (2.6)
which together with (Z.2]) which implies ds (* ) = 0 yields a form of the Maxwell
equations which is manifestly invariant under the duality reflection Fi,3 — (¥F')q3.
However, the Lagrangian (Z4)) fails to be duality invariant. This motivates introduc-

ing a manifestly duality symmetric variational principle for the Maxwell equations.
Let

Gop = 20C). 2.7)

be an auxiliary 2-form field, which will play the role of the dual (*F).g, with
potential C,,. Following [T2[T4], we consider the duality symmetric Lagrangian

Lovia: = — & (FapF® + GopG*P). (2.8)

with the corresponding action

Semeds = /d4T‘CEM—ds (29)

where we treat C, and hence also Gnp as fields independent of A, and F,g.
The Lagrangian Ly, 4, is manifestly invariant under the transformation

Fop = Gog, Gap = —Fup (2.10)

This discrete transformation (ZI0) is the infinitesimal generator for the U(1) action

Fog — Fuop cost + Gap sind (2.11a)
Gap — Gap cost — Fopg sing. (2.11Db)
The Euler-Lagrange equation for Ly 4. is
B FP =0, 095G =0 (2.12)
Imposing the constraint
Gao = (#F)a0, Fao = —(xG)ao (2.13)

on initial data at {¢ = 0}, the solution of equations (ZI2]) has the property that
the duality constraint

Gap = (xF)ap (2.14)

is satisfied globally.
In the following, unless otherwise stated, we shall assume the gauge condition

A=C"=0, V-A=V.-C=0. (2.15)
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This gauge condition, which we shall refer to as transverse gauge, is a combination
of the temporal gauge A° = C° = 0, and the Coulomb gauge V-A = V-C = 0. This
is consistent on Minkowski space but not on a general background. In transverse
gauge, the electric and magnetic fields take the form

E=_-VxC=-A, (2.16a)
B=VxA=-C. (2.16b)

2.3. Helicity. The Noether current for the duality symmetry 211 is known as
the helicity current []
J,;O_z — a£El\/{—ds Cﬂ _ aEEI\/[—ds
9(0aAp) 9(0aCp)
whose components, the helicity density A and helicity flux density J are, in
transverse gauge

Jy=H=1(A-B-C-E), Jy=i(ExA+BxC). (2.18)

Ag =3 (G Az~ F9Cy),  (217)

In section 2.5 we will show that what is found here as the helicity flux is nothing
but the spin density: J¢ = S. Provided the equation of motion holds, the helicity
current is conserved,

0o JS = 0, (2.19a)
or

H+V-5=0. (2.19D)

2.4. Energy-momentum tensor. The canonical energy-momentum tensor for
Lgnae 18
0L as OLgr-as
6aﬁ£ _ EM-ds aaA _ EM-ds aac
BT G0pAy) T 8@,0,)
= 2 (FP7 0,A, + G 0,C,) (2.20)

If the equation of motion (212 is satisfied, the canonical energy-momentum tensor
is conserved:

T.,”

0T =0 (2.21)

which corresponds, via the Neother theorem, to the fact that spacetime translations
are symmetries of the Lagrangian.

The components of the canonical energy-momentum tensor include the energy-
momentum four-vector

P =-Ty)* = (&, P), (2.22)
as well as the orbital momentum density vector B,; = T;° and the canonical stress

tensor o;7 = T;7. In transverse gauge, these components of the canonical energy-
momentum tensor take the form

~T’=6=-1(E-A+B-C)=1(E*+B? (2.23a)
~Ty'=P' =1 (BxA-ExC)" = (Ex B) (2.23b)
T'=PR,;=1[E; (0, A)+B;(0;C?)] =3 [E.(V)A+B.(V)C], (2:23¢)
T =0 = 3 ¥ (=B, 0, A1 + By, 0:Cy), (2.23d)

1W01tjer [23] introduced the magnetic helicity which is conserved in perfectly conducting fluids.
Candlin [I6] introduced a conserved current, which he called ’screw action’, that is the same as
expression (ZI7) up to a trivial current, i.e. with identically vanishing divergence. Moffatt [21]
introduced the helicity of a flow in hydrodynamics and coined the term ’helicity’ in classical field
theory. Electromagnetic helicity was introduced first in papers by Ranada [?,7].
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where we have used the notation
(X -(V)Y);, =X,V Y7, (2.24)

cf. [§]. The conservation of the energy-momentum tensor ([221)) implies the conser-
vation of energy and orbital momentum through

0aP*=E+V-P=0 (2.25a)
0TS =DE; + 007 =0 (2.25b)
We note that the canonical energy-momentum tensor is asymmetric,
Tog # 13a, (2.26)
The symmetric energy-momentum tensor
(Ts)aﬁ = %(FOWF,GV + GCWGBW) (2.27)

is related to the canonical energy-momentum tensor 7' g by the Belinfante-Rosenfeld
procedure, see appendix [A] for details. If the equation of motion ([212)) is satisfied,
then the symmetric energy-momentum tensor is conserved, d,(7s)%s = 0, and if
in addition the duality condition ([ZI4]) holds, we have that (T5)%, = 0. It follows
that for a conformal Killing vector v?, satisfying

avs) — 3 0y Nap =0 (2.28)
where 7,4 is the Minkowski metric, and hence the current
(La)5 = (To) 0" (2.29)

is a conserved current, which differs by a total divergence from the Noether current
corresponding to the symmetry of the action provided by the action of v¢, cf.
appendix [A]

The fact that the canonical energy-momentum tensor is non-symmetric is closely
related to the fact that the Maxwell field has spin. A Lorentz generator v is of
the form

v =wos 1P, with wap = Wap] @ constant tensor. (2.30)
The action on the electromagnetic field is via the Lie derivative
(L, A)" =P 9 A~ — AP 9p1® (2.31)

provides a symmetry operator, i.e. it takes solutions of the Maxwell equations to
solutions. As we shall discuss in appendix [Al the two terms in the right hand side
of (23T correspond to the orbital and spin parts of angular momentum.

2.5. Angular momentum. The Noether current corresponding to a Lorentz gen-
erator (2.30) is of the form

(U nootner )] = 2 Wap M*P7 (2.32)

where the rank-3 canonical angular momentum tensor is anti-symmetric in the
first two indices. The anti-symmetric rank-2 tensor M*%% contains the angular
momentum 3-vector M; = %eijijkO, related to the symmetry with respect to
the spatial rotations, and boost momentum 3-vector N* = M%C related to the
symmetry with respect to the Lorentz boosts. It is constructive to recall that these
3-vectors are of the form M =r x P and N = Pt — Er for point particles.

The canonical angular momentum tensor M®57 for the duality symmetric La-

grangian (Z.8) is given by
MoBY = [*P7 4 §oby (2.33)
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where its two parts come from two terms in (231]) and are

LaPY — paBy _ pBpay

=7l (@AY F7y 4ol (0710 Gy (2.34a)
~ oL oL
Saﬁfy — EM-ds af ;LV AY EM-ds af #V cv
3@, any M)A 55 Gy M)

The total angular momentum M7 is conserved,
9, M7 =0 (2.35)

provided the equation of motion holds. We have used tilde on the two parts of the
angular momentum, i.e. L7 and S“%7, to indicate that they are not separately
conserved currents, in contrast to their sum. In fact,

8, 5P = —9, [P = 7F TP £, (2.36)

The total angular momentum density M given by M* = 1 €', M7*0 splits into the
orbital and spin angular momentum densities L, S given by

L= 3eu %, 88 =1 5, (2.37)

respectively. We have
M=L+S (2.38a)
L=1E-(rxV)A+B:-(rxV)C]=rxP,, (2.38b)
S=1(ExA+BxC). (2.38¢)

Here P, is the orbital momentum density introduced in section 2241 One may note
that the spin density (238d) is exactly the same as helicity flux in (ZI8]).

The two parts L*?7, S*%7 of the canonical angular momentum tensor, which con-
tain the orbital angular momentum and spin densities respectively as their temporal
components, are in fact related to the orbital and spin parts of angular momentum
current, and it turns out that in spite of ([Z3d]), they can be modified to yield sep-
arate conservation laws which in particular encode the conservation of the orbital
and spin parts of angular momentum. Moreover, as will be discussed in section
2.7 the helicity and spin conservation laws can be encoded in the so-called helicity
array N@A7.

2.6. Conservation of spin and orbital parts of angular momentum. Sepa-
rate conservation of orbital and spin angular momenta of free electromagnetic fields
are considered by several authors, see e.g. [9] and [B]. Bliokh et al. [I3] have shown
that there is a quantity A®?7, skew-symmetric in the first pair of indices, such that
defining

LoBY = L*B7 4 APV, (2.39a)
SoBY = §aBY _ NPT (2.39b)
we have
9, LP7 = 9,87 =0 (2.40)
Further, as we shall see, A®?7 can be chosed such that A*%° = 0, and hence
L= %eijk”ko = %eijkijkov 5= %eiiksjko - %eijks’jko (2.41)

so that the modified orbital angular momentum, and spin densities agree with those

given in (2.37]).
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From (234Rh), S¥* is anti-symmetric in two first indices. Its dual satisfies
1 cijk .,V — §i S i ik
5€970,857 =8+ 0; XY =€, T (2.42)

in which, the false spin flux iij obtained from nonconserved spin current S°7, is

iij = %fz‘kl gklj
=300 (A-B~C-E)+E;C; - B; Aj]
=0 H+ 3 (E; Cj — Bi 4;), (2.43)

where H is the helicity of electromagnetic field (ZI8).

In order to have a proper continuity equation for the spin density S, the right
hand side of equation ([2:43]) should be absorbed in the flux term. This can be done
by finding a modifying term A;; satisfying

8]- Aij = eijk Tjk
= % eijk €klm (Bm 8]- Al — Em 8]- Cl)
=109;(B' 4 —E'Cy). (2.44)

This suggests that A;; = % (Bj A; — E; C;) and the modified true spin flusfd is
Bij =%y — Aij =0 H+E;Cj — By Ay - (2.45)

One may note that the above modification leads to the symmetrization of spin flux.
The conservation law for spin takes the form

Si4+0;87=0. (2.46)
In order to verify this, we calculate the first term in (244,
S=L(ExA+BxC)
(VxB)xA—(VxE)xC]| (2.47)

1
2
1
2

where for the second equality we have use the Maxwell equations. Next, we calculate
the divergence of spin flux (second term in (246)) and show that it is indeed

negative of (247,
0,50 = 0H + L(C V) +(B-V)C ~ (A-V)B - (B-V)A,

3

=1[Ax(VxB)+Bx(VxA)—-Cx (VxE)—Ex(VxO)],

3

(2.48)
Here we have used the identity
VA-B)=Ax(VxB)+Bx(VxA)+(A-V) B+ (B-V)A. (2.49)

The second and forth terms in ([2Z.48) are zero and the remaining terms cancel that
in (247). This proves that the conservation law for spin (Z40]) holds.

The modifying term A;; = % e Ay of spin flux is a component of the 3-index
modification term A“?7 in (Z39). All components of the 3-index modification ten-
sor can be obtained by comparing equations (Z36) and [239), which suggests the
relation 9,A%?Y = T*# — 7B and noting that we wish to carry out this modifi-
cation in such a manner that the orbital and spin angular momentum densities L

2Cameron et al. in [15] use the term infra-zilch for the spin flux and denote it by n;;.
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and S in (2.38D) and ([238d) are not affected. Based on these considerations, the
components of A®?7 in transverse gauge can be defined as

AXB0 — A00Y _ (2.50a)
AR = _ AV _ L(4i gk 4 1 BR), (2.50b)
AWk = L i (Al BF — O EF) (2.50¢)

With this choice of A®%7 ([23J) yields the conserved orbital and spin angular
momentum currents L*? and S*#7. The spin conservation law,

9,57 =0, (2.51)

leads to the continuity relation ([240]) for the spin density vector S;. Similarly, the
orbital angular momentum conservation law, 8,YL°‘§'V = 0, leads to the continuity
relation

Li +0;A7 =0, (2.52)
for the orbital angular momentum density vector, which in view of (241)) is as in

(2380), and its flux density A;; = % et Ly; given by
Aij = % {eikl €imn Tk [Bn (8[ Am) — FE, (8l Cm>] + A; Bj - C; Ej} (253)

2.7. Helicity array. We found in subsection that the continuity equation for
helicity H contains the spin part of angular momentum S as the flux of helicity,
cf. equation (ZI8)). Further, the spin part of angular momentum itself is in fact
conserved and obeys a continuity equation with flux ¥;;, cf. ([24H). In fact, the spin
flux is also conserved. We can find the continuity equation directly by calculating
the time derivative of spin flux in transverse gauge,

Sij = 0 H — B Ajy — B Aj) + B Cj) + E Cj
=0;; (0K S*) + (V x E); Aj) + (V x B); C;)
=0i; (0, S*) + V?C( Aj) — V2 A(; Cy)
=0 (—6i; S* + A; 0°Cyy — C; 0 Ay)) . (2.54)
In second line, we have used the Maxwell equations as well as (ZI0]). In third line,
we have used the identity V x (V x A) = V(V-A) — V2 A and the same for C and

in the last line, an integration by parts and the transverse conditions for potentials.
Thus the flux of spin flux (or flux of infra-zilch in the terminology of [15]) is

N) =695, — AU g.cP) + U 5, AT (2.55)
and the continuity equation for >;; is
Sij + 0 Ny =0. (2.56)

Motivated by the similarity of the conservation laws (2.I90), (Z406) and (Z356),
Cameron et al. in [I5] arranged these quantities in the 3-index helicity array N7,
with symmetry A% = N(@)7 The helicity array has 27 independent components
given by

NP=H=4(A-B-C E), (2.57a)
NOO = N =8l = L(Ex A+ B xC)", (2.57b)
N0 = NV =3 = 513 gOCD — BU AT (2.57c)
Ny =Ny =648, — AU 9,9 + CU gAY | (2.57d)
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Despite its suggestive structure, N7 it is not a tensor. The significance of this
helicity array is in the fact that all conservation laws (2.19D), [2.46) and ([2.56) for
helicity, spin and spin flux, or infra-zilch, are contained in the continuity relation

Dy NPT =0, (2.58)
For ease of reference, we restate these here,
H+9;5 =0 (2.59a)
Si+9;%7 =0 (2.59b)
Nij + 0 Ny* =0 (2.59¢)

As pointed out in [I5] the transformation
A—-VxA, C—->VxC, (2.60)
takes the helicity array to Lipkin’s Zilch tensor [20]

7% =1 (B-(VxB)+E-(VxE), (2.61a)
700 = 7% 1 [(Vx E)x B—(Vx B)x E|' (2.61b)
790 = 7% — 57 7000 _ (v x E)¢ EY) —(V x B) BY (2.61c)
29y, =0 2% + BU OB — BC 9, B7 (2.61d)

This transformation may be iterated to yield the higher order zilches. The zilch
tensor can be written in a covariant form

zbe = ped ypg(ab) — g ped pylab) (2.62)

which is equivalent (up to a trivial current) to the set components in (2.61]). This
covariant form is manifestly symmetric between two first indices but for solutions of
Maxwell equations, it is totally symmetric. The variational symmetry underlying
the conservation of the zilch tensor is considered in [I] via the inverse Noether
procedure.

3. DUALITY SYMMETRIC FORMULATION OF LINEARIZED GRAVITY

3.1. Background and notation. Barnett [6] exploited the analogy of gravity with
Maxwell theory to introduce a duality-symmetric formulation of linearized gravity
on Minkowski space, and used this to derive the helicity of the gravitational field.
Truncating the Einstein-Hilbert Lagrangian

V=9
Len = R. 3.1
167G (3.1)
yields a Lagrangian for linearized gravity which, after adding a total derivative and
setting 327G = 1, takes the form

Lic =3 (0sh 0°h7y — 20500 OVhP — 0y hap VR +20,hap 0°07)  (3.2)
where hog = h(ap) is the linearized metric. In the gauge
hOa =0 y hij’j =0 s hzz =0. (33)

which may be consistently imposed on Minkowski space, the Lagrangian £, takes
the form

Lig = & (hij h — hij h9% 4 2 by W) (3.4)
Adding a total derivative term gives the dynamically equivalent Lagrangian
Lio="Lic— 3 (hph™),
= L (Ryy B — hij e BP* 4 by BT (3.5)
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We shall make use of analogues of vector calculus operations for symmetric 2-
tensors here, and now introduce the notation which will be used. Let ¢;;, d;; be
symmetric 2-tensors. We use bold faced letters ¢ for a symmetric, traceless 2-tensor
like ¢;;. Further, we shall use several binary operations. These are

the scalar dot product c-d=c;d7, (3.6a)

the cross product (cx d); = e cjidit, (3.6b)
2-tensor dot product (c @ d)ij = cpudyt, (3.6¢)

and the wedge product (end);; = ;" €;"" Chom din, - (3.6d)

We also define the divergence and curl of a symmetric 2-tensor e;; as
(V-e)i=eij?, (Vxe)= e(ikl €k (3.7)
The symmetric, traceless 2-tensor fields

eij = —hij by =¢"™ hjm, (3.8)

will play the role of analogues of the electric and magnetic fields in Maxwell theory.
Using the notation we have just introduced, we have
Lio=4[hh=(Vxh)-(Vxh)

=1(e-e—b-b), (3.9)

which is closely analogous to the standard Lagrangian (2.4]) for Maxwell theory.
The Euler-Lagrange equations which follow from this Lagrangian, when written in
our current notation, take the form

V-e=0, V-b=0, Vxe=-b, Vxb=eé. (3.10)

which is close to the free Maxwell equations.

In order to construct a duality symmetric Lagrangian for linearized gravity, we
introduce a second (auxiliary) gravitational potential k;;, which is analogue of
4-potential C'* in duality symmetric Maxwell theory and impose the transverse-
traceless gauge conditions on it.

3.2. Duality symmetric Lagrangian. Let h;;, k;; be a pair of symmetric, trace-
less 2-tensors. Following the procedure that was used in the Maxwell case, we
introduce a duality symmetric Lagrangian for linearized gravity

Lica =1} h~h*(v><h)~(Vxh)+k~kf(VXk)~(VXk)}. (3.11)
This is manifestly invariant the duality reflection
hij = kij,  kij = —hgj (3.12)
which generates the continuous U(1) duality rotation
hij = hij cosO + kij sin€ ,  kij — ki; cos€ — h;; sin6. (3.13)

Note that, similar to the duality symmetric Lagrangian of Maxwell theory, this
Lagrangian is zero under the duality constraint,

h=Vxk (3.14a)
k= —Vxh (3.14b)

It follows from the Euler-Lagrange equations for £ 4. that the duality constraint
holds globally if it holds at ¢ = 0. In the following, unless otherwise stated, we shall
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impose the duality constraint and the transverse traceless gauge condition,
hij? =0, h'; =0 (3.15a)
kij? =0, k'i=0. (3.15b)
The Maxwellian gravitational fields e;; and b;; in terms of these potentials are

e= —h=-Vxk (3.16a)
b= —-k=Vxh. (3.16b)

3.3. Helicity. Invariance of the Lagrangian density (3.11)) under the duality trans-
formation ([B.I3) leads to the conservation of the current

Jo — 0L a o 0L as
d(hija) 7 Okija)

hij, OaJ*=0, (3.17)

whose components in transverse-traceless gauge are

JO =
J =

(hijk" = kijh) = 5 (h-b—k-e) (3.18a)
€k (erj bl + b k) = 3 (e x h+ b x k). (3.18b)

N= M=

This current is analogous to the electromagnetic helicity current (ZI8]), but it will
be shown later that the flux J* is one half of the spin density vector S*, which is
the consequence of describing the gravitational field by a symmetric 2-tensor. Thus
we define the helicity H and spin S of the gravitational field to bed

H=2J"=h-b-k-e (3.19)
S=2J=exh+bxk (3.20)

The helicity conservation law is

H+V-S=0. (3.21)

3.4. Energy-momentum tensor. The canonical energy-momentum tensor for
the duality symmetric Lagrangian [B.11]) is

a‘CLG—ds . a‘CLG—ds

TP =60 Loca — Ahiys) 7 Bk ) kijo . 05T" =0, (3.22)
whose components in transverse-traceless gauge are

~To" =& =L (hijhV + kijk) = L(e-e+b-b) (3.23a)

~Tp' = P = —3 (€% by b, — €% e, k7)) = (e x b); (3.23b)

7,0 = B = =5 (W hjri + B kji) = 3 [e- (V)R +b- (VK] (3.23¢)

T/ =0 = 3 (= 0" hoyi + €M € ki) (3.23d)

where we have used the notation [e - (V)h], = €’* h;x; similar to the notation in

K3
previous section.

3This definition of gravitational helicity differs from which is defined in [6] by a factor of 2.
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3.5. Angular momentum. Similar to Maxwell theory (section 2], the canonical
angular momentum current in linearized gravity can be derived as

MBY = [oBr 4 B g MY =0 (3.24)
where nonconserved orbital and spin angular momenta, LAY and S*P7, are
£o87 — paqBy _ e (3.25a)
L0 — gy RUU pil gy kLU il (3.25Dh)
Lk — ¢, b prralipdl g e fprsli ] (3.25¢)
and
Si" = 4@?@%;:,:;_) [(Mig)mt un + (M )nt Bt] + % [(Mij)mt kin + (Mij )t K]
gijo = % (en[i hj]n + bn[i kﬂn)
Gt = 1 (€xtm Pagi bjin = €xifi Tejin bt — €xn Kafi €590 + €xafi kjjn €nt) (3.26)

and the spin density 3-vector is obtained as
S; = Leijn ST = ein (€™ b + 0™ k) = (e x R+ b x k); (3.27)

Similarly to the Maxwell case, the conservation of spin and orbital angular momenta
of the gravitational field cannot be found directly from S*#7, L®#7 which are not
separately conserved. We have

0, 5997 =, [o%1 = _ P 4, (3.25)

To find the proper conservation laws, we need to modify the spin and orbital angular
momentum fluxes in a way that total angular momentum conservation remains
unchanged.

The false spin flux obtained from nonconserved spin current S*%7 in ([B26) is

Eij = % €ikl S«klj = (Sij H — by hkj - % bkj hki + e k’kj + % ekj k’ki (3.29)
Whit similar analysis to the one we made for Maxwell case, the modifying term
A7 can be find to have the components, in transverse-traceless gauge, as

AaﬂO _ AOO’Y =0 (3303,)
A0F — _AOij % (hii ekj + kpi bkj) , (3.30b)
AR = Lt (B 5™ — K €™) (3.30¢)

The first of these three equations is the condition for not altering the spin and
orbital angular momentum densities. The second one modifies the boost angular
momentum flux and the third one modifies the spin and orbital angular momentum
fluxes. The latter modification results in (symmetric) spin flux

Sij = % e (S5 — AM ) = 65 H + 2 epi k) — 20y 1y, (3.31)
which together with the spin density [B:27) satisfies the continuity relation
Si+0;87=0. (3.32)
3.6. Helicity array for linearized gravity. Similar to the Maxwell case, the
spin flux of linearized gravitational field is conserved:
Yij + 0k Nig" =0 (3.33)

where the flux N;;;, can be obtained easily by computing the time derivative of ¥;;
and observe that it is in fact a total derivative. This results in

Nijk = 5”' SL — 2 hn(z kj)n,k +2 kn(z hj)n,k (334)
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The helicity array, then, can be constructed as

NO=y—h.b—k-e, (3.35a)
N =N =38 = (exh+bxk), (3.35b)
NI = NI =51 = 599 + 2, k* — 20,0 P (3.35¢)
Niik = Ntk = §ii gk 9 p (i gLk 4 9 k) (@ gLk (3.35d)
with the symmetry N#7 = N (@57 The continuity relation
Dy NPT =0 (3.36)
contains the linked conservation laws
H+ 0,58 =0, (3.37a)
S+ ;%7 =0, (3.37h)
Sij + 0N,;F =0 (3.37¢)
Remark 3.1. In the case of Mazwell theory, the transformation
A—->VxA (3.38)
C—->VxC(C (3.39)

takes the Helicity array to the Zilch tensor. It is reasonable to conjecture that this
holds also in the case of linearized gravity.

4. CONCLUSION

We have presented the duality symmetric formulation of linearized gravity on
Minkowski space, and derived the generalization from Maxwell theory of the con-
servation laws for helicity, spin, and infra-zilch to the gravitational case.

The fact that the spin and orbital parts of angular momentum are separately
conserved and therefore physical observables has had a tremendous impact in optics
and in our understanding of the interaction of light and matter. Here we have shown
that the spin and orbital parts of angular momentum are separately conserved
also in linearized gravity on Minkowski space. It is now interesting to analyze
the consequences of this fact for the interaction of gravity with matter as well
as with other fields. We remark that Bialynicki-Birula and Bialynicki-Birula [10]
have constructed beams of gravitational waves carrying orbital angular momentum.
Recently [I1], the interaction of such beams with matter has been investigated.

The analysis presented here relies on the transverse-traceless gauge. It has been
shown by Bialynicki-Birula and Bialynicki-Birula [9] that a gauge-invariant, but
non-local, expression for spin and orbital angular momentum can be given by using
the Biot-Savart law. In effect, this means that from the gauge-invariant fields E, B,
the potentials A, C are determined by inverting the curl operator V. In future
work, we plan to make use of the analogue of the Biot-Savart law for the case of
linearized gravity to find a gauge invariant formulation of the Helicity array also in
this case.

Acknowledgements. We thank Steffen Aksteiner, Marius Oancea and Kjell Ros-
quist for helpful remarks.

APPENDIX A. SYMMETRIZED ENERGY-MOMENTUM TENSOR AND ANGULAR
MOMENTUM IN MAXWELL THEORY

The fact that the canonical energy-momentum tensor (220) is not symmetric,
is intimately related to the (nonconserved) spin tensor as it is obvious from (2.36]).
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This is the case for all theories with vector (or tensor or spinor) fields with nonva-
nishing spin part in angular momentum tensor. It is possible to construct a sym-
metric energy-momentum tensor, 7% = TS(aB ), through the Belinfante-Rosenfeld
symmetrization procedure (i.e. the addition of a suitable total divergence to the
canonical energymomentum tensor) as

1
TP =T + 9, K =

5 (PP + GGy, 93T7 =0. (A.1)

where K77 is constructed from (nonconserved) spin current tensoif] 47
1 /= = = 1
KP = —3 (SO‘M — §eB Sﬂw) =3 (A“FPY 4 coGP) . (A.2)

The symmetric energy-momentum tensor [A.]]) is manifestly gauge invariant and
contains the momentum density coincident with the energy flux (Poynting vector)
P. Explicitly, its components are:
1
2
These are the same as components of symmetric energy-momentum tensor derived
from the standard (i.e. duality asymmetric) Lagrangian ([2.4)).

As a result of this symmetrization procedure, an additional term P! = 9., K7
contributes to the momentum, modifying it to coincide with the energy flux (i.e the
Poynting vector) [8]:

P=P,+P,, P,=—L[(E-V)A+(B-V)C]. (A4)

T = (E*+B)=EFE, TP=T"=(ExB)=P', TV=-07 (A3)

This is a total derivative in free space and gives a boundary term

/VPS ddr = —% év [(A)E +(C)B].do (A.5)

in total momentum of the field, thus on whole space for rapidly falling-off fields

/P d3r = /Po d3r, (A.6)

There is a relation between P, and spin angular momentum similar to the relation
([2.38h) between P, and orbital angular momentum,

1
3. 3T_ —[(r r .do .
/erPsdr—/VSd éﬂ[( x A)E + (r x C)B].d (A7)

and in this sense, it can be interpreted as the spin part of the energy flux density.
The angular momentum current constructed from the symmetric energy-momentum
tensor TP is

MOPY =By By 9, MOPY =0 (A.8)

which, despite its form, contains both orbital and spin angular momentum and can
be separated as

Msaﬂv — o Tsﬂv P T = T8y _ pB oy ro‘apKBW — r'ﬁapKO‘W
_ (raTcﬂ’y _ rﬁT’”) + (Ka'yﬁ _ Kﬁ’m) + 3/3(741}([37/3 _ TﬁKa’rp)
= LY 4 5907 4 9, (r* KPP — P P) (A.9)
where in the last term, the expression under derivative can be derived as

PP _ pBEcee — _pla pgBl pe _ plaoBl qoe (A.10)

45ee the previous section for the expression of and discussion about spin current tensor.
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The total angular momentum 3-vector then can be obtained as

Ms:L—l—S—%V.[(rxA)E—l—(er)B]:'r><(PO—l—PS):rXP. (A.11)
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