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The Noether conservative current, corresponding to the invariance of the action of a gravity-matter system under
local Lorentz transformations, can be interpreted as the angular-momentum tensor of the system. The existence
of superpotentials, expressed solely in terms of a tetrad, make the total current identically conserved and the total
angular momentum gauge-covariant. Two examples are given. Quadrupole radiation, which is exactly that derived
from the Landau-Lifshitz energy-momentum pseudotensor, is also obtained.

1. Introduction

The construction of generally covariant conservation
laws has been one of the fundamental problems in
general relativity [1]. One of the present authors
(Duan) has succesfully obtained a generally covariant
energy-momentum tensor of gravity-matter systems
by means of Noether’s theorem and the general dis-
placment transformation [2]. The expression has some
advantages, overcoming the difficulties possessed by
other kinds of expressions [3]. The angular momen-
tum (AM) conservation law in general relativity has
been discussed by some authors. In [4], the AM of
a gravity-matter system is given in terms of a pseu-
dotensor instead of a tensor. The same difficulties exist
in [5-6]. A. Komar [7] first suggested that some inte-
grals defined in terms of Killing fields be interpreted as
the gravitational field energy or AM. These integrals
can be used to analyze only symmetric space-times.
For those which are not symmetric but asymptotically
symmetric at null infinity, there are some integrals
called linkages which can also be interpreted physi-
cally [8]. But the resulting definitions involve some
ambiguities and lack adequate useful inequalities, as
pointed out in [1]. Recently J. Chevalier [9] presented
an expression of the AM conservation law, such that
the total AM depends on the tetrad, i. e., is gauge-
dependent, hence this theory cannot be called satis-
factory.

In this paper, we will show that in a general space-
time there exist Noether conservative currents corre-
sponding to local Lorentz invariance, whose charges
can be interpreted as the components of the system
angular momentum . This AM conservation law has
some advantages over those aforesaid. First, for an iso-
lated system, it does not require the spacetime to be
symmetric in any way. Second, it takes the form of the
usual Noether current and possesses a superpotential
which is directly expressed in terms of a tetrad. This
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definition is local and the quadrupole radiation is ex-
actly that derived from the Landau-Lifshitz pseudoten-
sor. Third, the charges carry tetrad indices and do not
depend on the choice of the Riemann coordinates. The
whole theory is generally covariant. Fourth, the total
AM is gauge- covariant, i.e., it is independent of the
tetrad choice.

In Section 2 we present the derivation of the conser-
vation law. In Section 3 we apply our conservation law
to Kerr spacetime and Fock’s approximate solution. In
Section 4 we derive the radiation formula. Some dis-
cussions are presented in Section 5.

2. Generally covariant angular momentum
conservation law

It is known that in deriving the generally covariant con-
servation law of energy-momentum in general relativity
[2], the general displacement transformation, which is
a generalization of the displacement transfomation in
Minkowski spacetime, was used. In a local Lorentz ref-
erence frame, the general displacement transformation
takes the same form as that in Minkowski spacetime.
This implies that generally covariant conservation laws
correspond to the invariance of the action under local
transformations. We may conjecture that, since the
angular momentum conservation law in special rela-
tivity corresponds to the invariance of the action un-
der the Lorentz transformation, the generally covariant
AM conservation law in general relativity can be ob-
tained using the local Lorentz invariance. In this paper
we will show that this conjecture is reasonable.

In general relativity the total action of the gravity-
matter system is expressed as [10]

I =
∫

M

Ld4x =
∫

M

(Lg + Lm)d4x, (1)

Lg =
c4

16πG
√−ggαβ(Γν

µαΓ
µ
νβ − Γσ

µσΓ
µ
αβ) (2)
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where Γν
µα are the Christoffel symbols, Lm is the mat-

ter Lagrangian and G is the Newton gravitatinal con-
stant. Further on we use the tetrad description and
our notations are as follows: ea

µ are the tetrad compo-
nents and eµ

a are their inverse, gµν = ηabe
a
µe

b
ν , ηab =

(1,−1,−1,−1), ωµab are the spin connections defined
by

Dµe
a
ν ≡ ∂µe

a
ν − ωµabe

b
ν − Γλ

µνe
a
λ = 0; (3)

ωabc = eµ
aωµbc ,ωa = ηbcωbac , It can be proved that

Lg =
c4

16πG
e(Dµe

ν
aDνe

aµ − eaνeb
λDνe

λ
aDσe

σ
b ); (4)

Lg = Lω − c4

16πG
∆; (5)

Lω =
c4

16πG
(ωaω

a − ωabcω
cba); (6)

∆ = ∂µ(eeaµ∂νe
ν
a − eeν

a∂νe
aµ), (7)

where

Dµe
ν
a ≡ ∂µe

ν
a − ωµabe

νb, e =
√−g (8)

and ∆ is a divergence term.
The local Lorentz transformation of tetrads takes

the following form:

ea
µ(x) → e′aµ = Λa

b(x)eµ(x),

ηabΛa
c(x)Λb

d(x) = ηcd. (9)

It is required that Lm be invariant under (9) and Lg

is obviously invariant. Thus L is invariant under the
transformation (9), i.e.,

[L]eν
a
δeν

a + [L]φAδφA

+ ∂µ(
∂L

∂∂µeν
a

δeν
a +

∂L
∂∂µφA

δφA) = 0 (10)

where [L]eν
a
and [L]φA are the Euler expressions de-

fined as

[L]eν
a
=

∂L
∂eν

a

− ∂µ
∂L

∂∂µeν
a

, (11)

[L]φA =
∂L
∂φA

− ∂µ
∂L

∂∂µφA
. (12)

Using the Einstein equation [L]eµ
a
= 0, i.e.,

[Lg]eµ
a
+ [Lm]eµ

a
= 0,

and the matter equation of motion

[L]φA = 0, (13)

by (10) we obtain the following:

∂µ

( ∂Lg

∂∂µeν
a

δeν
a

)
+ ∂µ

( ∂Lm

∂∂µeν
a

δeν
a +

∂Lm

∂∂µφA
δφA

)
= 0,

(14)

where we have used the fact that only Lm contains the
matter field φA(A = 1, ..., N). Consider an infinitesi-
mal local Lorentz transformation

Λa
b(x) = δa

b + αa
b(x), αab = −αba, (15)

and from (9) we have

δeµ
a(x) = αab(x)eµb(x). (16)

Suppose that Lm takes the form

Lm = Lm(eµ
a , φ

A,Dµφ
A), (17)

φA ’s belonging to some representation of the Lorentz
group with the generators Iab (a,=

¯
0, 1, 2, 3), Iab =

−Iba ; Dµ is the covariant derivative

Dµφ
A = ∂µφ

A − 1
2
ωµab(Iab)A BφB. (18)

Then under the transformation (9), φA transforms as

φA(x) → φ′A(x) = [D(α)]A BφB(x). (19)

D(α) can be linearized near the identity when αab are
infinitesimal:

[D(α)]A B = δA
B +

1
2
(Iab)A Bαab(x). (20)

Thus under the transformation (9), φA varies as

δφA(x) =
1
2
(Iab)A BφB(x)αab(x). (21)

Now we introduce Jµ
ab such that

eJµ
abα

ab =
3
c

[
∂Lω

∂∂µeaν
eν
bα

ab +
∂Lm

∂∂µeaν
eν
bα

ab

+
∂Lm

∂∂µφA
1
2 (Iab)A BαabφB

]
(22)

Then (14) can be written in the form

∂µ(eJ
µ
abα

ab)− 3c3

16πG
∂µ(

∂∆
∂∂µeν

a

δeν
a) = 0. (23)

From (7) one can get

∂∆
∂∂λe

µ
l

emµαlm = αlm∂µ(eV
µλ
lm ) (24)

where

V µλ
lm = eµ

l e
λ
m − eµ

meλ
l . (25)

Substituting (24) into (23), we obtain

∂µ(eJ
µ
abα

ab)− 3c3

16πG
∂µ[αab∂ν(eV

νµ
ab )] = 0, (26)

i. e.,

∂µ(eJ
µ
ab)α

ab +
[
eJµ

ab −
3c3

16πG
∂ν(eV

νµ
ab )

]
∂µα

ab = 0.(27)

Since αab and ∂µα
ab are mutually independent, we

must have

∂µ(eJ
µ
ab) = 0 (28)

Jµ
ab =

3c3

16πG
∇λV

λµ
ab , (29)
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or

Jµ
ab =

3c3

16πG
(ωae

µ
b + ωabe

µ
c − ωbe

µ
a − ωba

ceµ
c ). (30)

Since V νµ
ab is an antisymmetric tensor with respect

to the indices µ and ν , this means that Jµ
ab is con-

served identically. As usual , we call V νµ
ab superpoten-

tials. Since the current Jµ
ab is derived from the local

Lorentz invariance of the total Lagrangian, it can be
interpreted as the angular momentum tensor density
of the gravity-matter system. From (25) and (29) we
see that the current Jµ

ab of gravity-matter system is
entirely determined by the tetrad, quite similarly to
the theory of the energy-momentum conservation law
in general relativity [2]. The reason is that all informa-
tions about the state of motion of the whole gravity-
matter system is contained in the tetrad due to the
Einstein equations.

For a globally hyperbolic Riemannian manifold M ,
there exist Cauchy surfaces Σt foliating M . We choose
a submanifold D of M joining any two Cauchy sur-
faces Σt1 and Σt2 , so the boundary ∂D of D consists
of three parts Σt1 , Σt2 and A which is at spatial in-
finity. For an isolated system, the space-time should
be asymptotically flat at spatial infinity, so the tetrad
has the following asymptotic behavior [11]:

lim
r→∞(∂µeaν − ∂νeaµ) = 0. (31)

Since

eV ρσ
cd = 1

2ε
µνρσεabcde

a
µe

b
ν , (32)

we have

lim
r→∞∇σV

ρσ
cd = 0. (33)

Thus by the identity∫
D

∇µJ
µ
abed

4x = 0 (34)

we get the conservative angular momentum Jab

Jab =
∫

Σt

Jµ
abedΣµ (35)

where edΣµ is the covariant surface element of the
Cauchy surface and Σt , dΣµ = (1/3!)εµναβdx

ν ∧dxα∧
dxβ . The expression (35) for Jab can be simplified
using the Gauss theorem

Jab =
3c3

16πG

∫
∂Σt

eV i0
ab dsi (36)

where dsi = (1/2!)ε0ijkdx
j ∧ dxk , i, j, k = 1, 2, 3 and

∂Σt is the boundary of Σt which is at spatial infinity.
We also have the following expression:

Jab =
3c3

32πG

∫
∂Σt

eV µν
ab dsνµ (37)

where dsµν = 1
2εµναβdx

α ∧ dxβ . If we introduce

J̃ab =
3c3

16πG

∫
∂Σt

εµ0αβea
αe

b
βdsµ, (38)

then

Jab =
1
2!
εabcdJ̃

cd (39)

It is seen from (38) that the total angular momentum
is entirely determined by the asymptotic behavior of
the tetrad up to the order 1/r2 at spatial infinity.

Now let us discuss the gravitational radiation of
angular momentum. Consider a subspace σ of Σt ,
choosing σ to be time-independent. The identity∫

σ

∇µJ
µ
abed

3x = 0 (40)

implies∫
σ

∂0(J0
abe)d

3x = −
∫

σ

∂i(J i
abe)d

3x = −
∫

∂σ

J i
abedsi,

(41)

i. e.,

∂

∂t
Jab(σ) = −c

∫
∂σ

J i
abedsi. (42)

This states that the AM decrease of the system con-
tained in σ is equal to the AM flux through ∂σ , de-
scribing the gravitational radiation of AM.

Next we show that Jab is gauge-covariant. Note
that any physical solution of an isolated system must
be asymptotically flat, i.e., must satisfy (31). Consider
another choice of the tetrad e′aµ (x) which also satisfies
(31) and is related to ea

µ by the local Lorentz transfor-
mation

e′aµ = Λa
b(x)eb

µ(x)

Therefore at the spatial infinity ∂Σ there exist inertial
coordinate frames Xa and X ′a such that at ∂Σ the
following relations hold:

ea
µ(x) =

∂Xa(x)
∂xµ

, (43)

e′aµ (x) =
∂X ′a(x)

∂xµ
. (44)

According to special relativity [4], any two inertial co-
ordinate frames are connected by a Lorentz transfor-
mation. Hence we have

X ′
a(x) = Ba +Aa

bXb(x) (45)

where Ba and Aa
b are constants. On the other hand,

from

Λa
b(x)eb

µ(x) =
∂X ′a(x)

∂xµ
and eµ

b (x) =
∂xµ

∂Xb

it follows

Λa
b =

∂X ′a

∂Xb
, (46)

so we have

Λab = Aab = const. (47)

Thus it is easy to show that

J ′
ab = Aa

cAb
dJcd.
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3. Kerr space-time and many-body systems

First we would like to discuss the Kerr space-time
which has the following asymptotic behavior at spatial
infinity [12]:

ds2 = (1− 2m
r
)c2dt2 − (1 +

2m
r
)(dx2+dy2+dz2)

+ 4mac
xdydt− ydxdt

r3

where m = GM/c2 , ma = GJ/c3 , M is the mass
of the spherical source body and J is its spin angular
momentum. We can get the following tetrad satisfying
(31):

e00 = c

√
1− 2m

r
, e33 =

√
1 +

2m
r

,

e01 = − 2may

r3
√
1− 2m/r

, e02 =
2max

r3
√
1− 2m/r

,

e11 =

√
1 +

2m
r

+
4m2a2y2

r6(1− 2m/r)
,

e22 =

√
1 +

2m
r

+
4m2a2x2

r6(1− 2m/r)
.

To calculate Jab , we need to know only the behavior
of eaµ up to 1/r2 when r → ∞ :

e00 = c(1− m

r
− m2

r2
),

e01 = −2may

r3
, e02 =

2max

r3
,

e11 = e22 = e33 = 1 +
m

r
− m2

r2
. (48)

From (48) and (38) we get

J̃03 =
3c3

16πG

∫
r→∞

εµ0αβe0
αe

3
βxµr dΩ

=
3c3

16πG

∫
r→∞

2ma sin3 θdϕ =
mac3

G
= J,

J̃01 = J̃02 = J̃12 = J̃13 = J̃23 = 0,

that is,
J12 = J, J01 = J02 = J03 = J13 = J23 = 0.

This result convinces us that Jab is indeed the angular
momentum of the Kerr gravity-matter system.

The discussion of gravititional radiation of AM is
quite simple. Since the tetrad is time-independent,

∂µ(eJ
µ
ab) = ∂i(eJ i) = 0.

The Gauss theorem with the integral region Σt — σ
gives∫

∂σ

J i
abedsi =

∫
∂Σt

J i
abedsi (49)

where σ contains the spinning body. To study the AM
radiation, it is necessary to know only the asymptotic

behavior of J i
abe at spatial infinity up to 1/r2 . From

(25), (29) and (32) we have

eJµ
ab =

3c3

32πG
ενµαβεabcd∂ν(ec

αe
d
β) (50)

which shows that only the behavior of eaµ up to 1/r
is relevant and Eq. (48) gives

e00 = c(1−m/r),
e01 = e02 = 0,
e11 = e22 = e33 = 1 +m/r. (51)

Subtituting (51) into (50), we get

eJ1
12 = −eJ3

23 =
3m2c4

16πG
y

r4
,

eJ2
12 = eJ3

13 = −3m2c4

16πG
x

r4
,

eJ1
13 = eJ2

23 =
3m2c4

16πG
z

r4
.

Since the surface element is proportional to r2 at spa-
tial infinity, (49) implies
∂

∂t
Jab(σ) = −c

∫
∂σ

J i
abedsi = −c

∫
∂Σt

J i
abedsi = 0. (52)

So there is no gravitational radiation of angular mo-
mentum from the Kerr system, in agreement with the
results of other theories [11].

Next we will discuss a many-body system. The cor-
responding Einstein equations have approximate solu-
tions [4]. Suppose that the mass center is at rest, then
we have the following approximate solution to the or-
der 1/r2 :

ḡ00 =
1
c

(
1 +

4GM

C2r
+

7G2M2

c4r2

)
, ḡ0i =

2GxjMji

c3r3
,

ḡik = −cδik +
G2M2xixk

c3r4

where M is the total mass of the bodies, Mij is their
total mechanical orbital angular momentum tensor and
ḡµν =

√−ggµν . Then gµν are

g00 = c(1− 2GM

c2r
+

2G2M2

c4r2
), g0i =

2GxjMji

c2r3
,

gik = δik(−1− 2GM

c2r
+

G2M2

c4r2
)− G2M2

c4r4
xixk. (53)

From (53) we get the following tetrad up to 1/r2 :

e00 = c(1− GM

c2r
+

G2M2

2c4r2
), e0i =

2GxjM ji

c2r3
,

eij =
G2M2

c4r4
xixj (i�=j),

e11 = e22 = e33 = 1 +
GM

c2r
+

G2M2

2c4r4
. (54)

Substituting (53) into (37), we get the total angular
momentum of the the many-body system:

J12 = M12, J13 = M13,

J23 = M23, J01 = J02 = J03 = 0. (55)

Thus we see that our AM conservation law is rea-
sonable.
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4. Quadrupole radiation of angular momen-
tum

As in the derivation of the gravitational radiation of
energy, we consider the weak field at a large distance
from the source bodies. The familiar expansion of the
metric has the form gµν = ηµν + hµν , |hµν | � 1.
To the first order of hµν , a solution to the Einstein
equations

✷φµν = −16πG
c4

Tµν (56)

with the coordinate condition

∂µφ
µ
ν = 0, (57)

where φµν = hµν − 1
2ηµνh , h = hµ

µ has the well-known
retarded potential form

φµν(r, t) = −4G
c4

∫
Tµν(r′, t− |r − r′|/c)

|r − r′| d3r′. (58)

For large r = |r| , we have approximately

φµν(r, t) = − 4G
c4r

∫
Tµν(r′, t− r

c
)d3r′. (59)

The spatial components φij (i, j, k, . . . = 1, 2, 3) can
be further expressed as

φij(r, t) = − 2G
c4r

∂2

∂t2

∫
ρx′

ix
′
jd

3r′ (60)

For later use, we now derive some useful relations
for the derivatives of φµν . To the first order in 1/r ,
i.e., the first order in hµν , we have

∂iφµν =
1
c
φ̇µνni, ni =

xi

r
(61)

where a dots stand for a time derivative. From the
coordinate condition (57) we have

∂0φ0ν = −∂iφiν = −1
c
φ̇iνn

i. (62)

Eqs. (61) and (62) taken together give

∂0φ00 = −1
c
φ̇i0n

i (63)

Thus we have

∂0φ00 =
1
c
φ̇ijn

inj , φ00 =
1
c
φ̇jkn

jnkni,

∂iφoj = −1
c
φ̇jkn

ink, ∂0φ0j = −1
c
φ̇jkn

k,

∂iφjk =
1
c
φ̇jkn

i. (64)

All these relations hold to the first order.
The expansion for the tetrad is supposed to be

eaµ = ηaµ +
1
2
fµa, eµ

a = δµ
a − 1

2
fa

µ. (65)

A relation between hµν and fµa is easily obtained:

hµν =
1
2
(fµν + fνµ). (66)

The first order of the tetrad gauge condition ∇µω
µ

ab =
0 ensures that

fµν = fνµ. (67)

Using the relations

ωabc − ωbac = eµ
b e

ν
a(∂µeνc − ∂νeµc), (68)

ωa = −ηbceµ
b e

ν
a(∂µeνc − ∂νeµc). (69)

It can be directly calculated that to the second order

ωab
µ − ωba

µ = 1
2

{
∂bha

µ − ∂ahb
µ

− 1
2

[
hβ

a(∂bhβ
µ − ∂βhb

µ) + hα
b(∂αha

µ − ∂ahα
µ)

+ hµc(∂bhac − ∂ahbc)
]}
; (70)

ωae
µ
b = 1

2δ
µ
b

{
∂ah− ∂chac − 1

2

[
hd

a(∂dh− ∂chdc)

+ hdc(∂ahdc − ∂dhac)
]} − 1

4h
µ
b (∂ah− ∂ch

c
a). (71)

Since the radiation should be proportional to G , it
is evident from (30) that only the second-order part of
J i

ab contributes to the radiation since it contains G2 ,
while the first-order part contains G , to be cancelled
by G in the common constant factor. A practical eval-
uation may also prove this point. Hence we need only
the second-order part of J i

ab , which we call Ki
ab :

Ki
ab = − 3G3

64πG

{
φc

a(∂bφ
i
c − ∂cφ

i
b) +

1
2φ

c
aδ

i
b∂cφ

+ 1
2φ∂aφ

i
b − φi

c∂bφ
c
a + δi

bφ
d
c(∂aφ

c
d − ∂dφ

c
a)

− 1
2φ

i
b∂aφ

}
− (a ↔ b). (72)

Using the relations (64), we can obtain the following:

Ki
jkni = − 3c2

64πG

{
φl

j(φ̇
i
lnk − φ̇i

knl)ni

+ φ0
j (−φ̇i

ln
lnk − φ̇i

k)ni + 1
2φ

l
jnk(φ̇pqn

pnqnl + φ̇p
pnl)

+ 1
2φφ̇

i
kninj − φi

lφ̇
l
jnkni + φi

0φ̇jpn
pnkni

+ nk

[
φ0

0(φ̇pqn
pnqnj + φ̇jln

l) + φl
0(−φ̇lpn

pnj

+ φ̇jpn
pnl) + φ0

l (−φ̇l
pn

pnj−φ̇l
j) + φq

p(φ̇
p
qnj−φ̇p

jnq)
]

− 1
2φ

i
kni(φ̇pqn

pnqnj + φ̇nj)
}
− (j ↔ k). (73)

Making use of the integrals

1
4π

∫
ninjdΩ = −1

3
ηij ; (74)

1
4π

∫
njnknlnmdΩ =

1
15

(ηjkηlm+ηjlηkm+ηjmηkl),

(75)

we have
d

dt
Jmn =

2G
45c3

(D̈l
mD̈ln − D̈l

nD̈lm) (76)
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where Dij is the usual quadrupole moment

Dij =
∫

ρ(3xixj − ηijx
pxp)d3x, (77)

or

d

dt
M l =

1
2
εlmn d

dt
Jmn =

2G
45c3

εlmnD̈p
mD̈pn. (78)

This is exactly what is given in [10].

5. Discussion

To conclude this paper, we make some remarks. First.
The conservative currents Jµ

ab apply to both open and
closed systems, while the corresponding conservative
angular momentum Jab applies only to closed systems
satisfying the boundary condition (31), which is similar
to that used in Ashtekar’s self-dual formalism of gen-
eral relativity [13]. Since the current Jµ

ab depends on
the tetrad, it is natural that it is not gauge covariant,
and this seems inevitable for conservation laws in gen-
eral relativity. However, for a closed system, the space-
time at spatial infinity is, according to Eq. (31), flat,
thus the conservative angular-momentum Jab should
be a non-scalar covariant object under Lorentz trans-
formations (47) at spatial infinity, just as in special rel-
ativity where the angular momentum is a tensor rather
than a scalar. To understand this, the key point is that
in order to obtain Jab one has to treat the whole sys-
tem as a point at rest, so that each point of the space-
time at spatial infinity belongs to the same Minkowski
space-time. This means that in general relativity, for a
closed system, the total angular momentum Jab must
be a Lorentz tensor like that in special relativity. On
the other hand, the covariance of Jab is very similar to
that of the conservative energy-momentum in [2]. So
it is quite comprehensible.

Second. One can obtain Eq. (28) immediately,
starting directly from Eqs. (25) and (29). But they are
based on the SO(1, 3) invariance of the system and
the Noether theorem. So the quantity Jab has a direct
physical interpretation of the angular momentum. It
is nothing more than a conservative quantity of the
dynamical system of Einstein’s gravity. If one starts
simply from Eqs. (25) and (29), it is hard to interpret
the corresponding Jab physically. Furthermore, the
conservative energy-momentum has superpotentials
[2]. The existence of superpotentials for conservation
laws in general relativity seems to be a very general
feature (e.g., the Landau-Lifshitz definition [10], the
Einstein-Tolman definition of energy-momentum [14],
etc.). From the energy-momentum and AM conserva-
tion laws we came to know that the currents can also
be obtained from the Noether theorem.

It is true that one can construct an arbitrary anti-
symmetric tensor playing the role of a superpotential,
but the resulting conservative quantities lack physical
interpretation.

Third. In the metric formalism, the Lagrangian
has the conventional form, Eq.(2). In the tetrad for-
malism, the Lagrangian can be reduced to Lω because

∆ is a total divergence which does not affect the equa-
tions of motion. Some other authors also take Lω as
a Lagrangian (e.g., [15]).

Fourth. The above two applications may be called
simple but they are typical, since the second one con-
tains many bodies and this is a very general case. A
theoretical application of our theory is contained in our
paper [16].

Last. In general, Jab are geometric conserved quan-
tities in pseudo-Riemannian geometry. From (12) and
(13) we know that the currents do have physical mean-
ing only when the tetrad satisfies the Einstein equa-
tions.
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