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Abstract

Geodesics are considered in the Einstein Cartan Evans (ECE) unified field the-
ory. The concept of parallel transport along any curve is extended to the covari-
ant exterior derivative of Cartan geometry. The Lorentz force is thus recognized
as the covariant exterior derivative of the potential form along any path in ECE
space-time. The class of Aharonov Bohm effects are due to parallel transport
of the exterior covariant derivative. The equations of the electromagnetic and
gravitational Aharonov Bohm effects are developed in ECE theory.
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2.1 Introduction

In Einsteinian philosophy every equation of physics must be rigorously objective
to all observers. This is the most fundamental principle of relativity theory, the
latter must be generally covariant, covariant under the general coordinate trans-
formation. This principle must apply both on the classical and quantum levels.
Recently [1]– [15], a generally covariant unified field theory has been developed
which meets these fundamental philosophical requirements, and is known as
Einstein Cartan Evans (ECE) field theory. It has been applied to many aspects
of physics [1] [2] and has been tested extensively against experimental data. It
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2.2. PARALLEL TRANSPORT AND GEODESICS IN ECE THEORY, . . .

also meets the fundamental philosophical requirement known as Ockham’s Ra-
zor, that a theory of physics must be as simple as possible. In this respect the
ECE theory needs only the four dimensions of the original theory of relativity,
and is preferred to string theory. The latter uses many unphysical dimensions as
is well known. ECE theory is preferred to gauge theory because the latter is not
generally covariant in three of its sectors: the electromagnetic, weak and strong
sectors. Gauge theory in these sectors superimposes an abstract set of numbers
on a Minkowski spacetime, while ECE theory is rigorously covariant in all sec-
tors [1]– [15], being based directly on standard Cartan geometry. Gauge theory
runs into trouble in trying to explain the well known Aharonov Bohm (AB)
effects, while ECE theory explains them straightforwardly. The standard model
runs into trouble in quantum mechanics, because of the lack of objectivity in
its quantum mechanical sector, while ECE theory rigorously retains objectivity
on the classical and quantum levels. Therefore ECE theory is preferred to the
standard model, and explains data in a generally covariant manner under all
circumstances.

In Section 2.2 the theory of geodesics in ECE theory is developed by ex-
tending the concept of parallel transport to the covariant exterior derivative of
Cartan geometry. It is shown that the potential form [1]– [15] is parallel trans-
ported along any curve in ECE theory. It follows that the Cartan structure
equations are also parallel transported along any curve, and that the Lorentz
force equation is the covariant exterior derivative of the potential form along
any path in ECE space-time. All AB effects are due to parallel transport of
the exterior covariant derivative. These concepts extend the concept of the
geodesic in relativity theory. The geodesic is the path that parallel transports
it own tangent vector [15] and in gravitational relativity (Einstein Hilbert (EH)
field theory) is the path followed by unaccelerated particles. In Section 2.3 the
equations of the electromagnetic AB effect are given, and in Section 2.4, the
equations are given of the gravitational AB effect.

2.2 Parallel transport and geodesics in ECE The-
ory, applications to the Lorentz Force equa-
tion and Aharonov Bohm effects

In standard general relativity (EH theory [15]) the geodesic is defined as the
path that parallel transports its own tangent vector. If xµ (λ) is any curve, the
tangent vector is defined [15] as:

tµ =
dxµ

dλ
(2.1)

The covariant derivative along the path is defined [15] as:

D

dλ
:=

dxµ

dλ
Dµ (2.2)

where Dµ is the covariant derivative. The parallel transport of any tensor is
then defined [15] as: (

DT

dλ

)µ1µ2·µk

ν1ν2·µl

=
dxσ

dλ
DσT

µ1µ2·µk
ν1ν2·νl

= 0 (2.3)
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CHAPTER 2. GEODESICS AND THE AHARONOV BOHM. . .

In EH theory the connection is always metric compatible [15]:

Dµgρν = 0 (2.4)

where gρν is the symmetric metric of EH field theory. Such a connection is
always parallel transported [15]:

Dgµν

dλ
=
dxσ

dλ
Dσgµν = 0 (2.5)

The equation of the geodesic in EH theory is [15]:

D

dλ

(
dxµ

dλ

)
= 0 (2.6)

and parallel transports the tangent vector. Eq.(2.6) can be rewritten as:

d2xµ

dλ2
+ Γµ

ρσ

dxρ

dλ

dxσ

dλ
= 0 (2.7)

which is the best known form of the geodesic equation of EH field theory. The
geodesic in EH field theory is the path followed by unaccelerated particles. In
flat space-time the connection vanishes, and Eq.(2.7) becomes:

d2xµ

dλ2
= 0 (2.8)

which is the equation of a straight line. Newton’s first law is therefore regained,
unaccelerated particles move in a straight line. The parameter λ can be related
[15] to the proper time τ by:

λ = aτ + b (2.9)

An affine parameter is related to the proper time in this way. If:

λ = τ (2.10)

the geodesic equation becomes:

d2xµ

dτ2
+ Γµ

ρσ

dxρ

dτ

dxσ

dτ
= 0 (2.11)

and in the Newtonian limit this equation means that:

a = 0 (2.12)

where a denotes acceleration. Therefore in the Newtonian limit the geodesic
equation is the Newton force law for:

f = ma = 0 (2.13)

The Newton force law is therefore the limit of a more general geometry than
Euclidean geometry. For EH theory this is well known to be Riemann geometry.
For ECE theory Riemann geometry is generalized to the well known Cartan
geometry [1]– [15].

27



2.2. PARALLEL TRANSPORT AND GEODESICS IN ECE THEORY, . . .

When there is a force present the right hand side of Eq.(2.11) is no longer
zero. The standard model Lorentz force for example [15] is:

fµ = eUλF µ
λ = eFµ

ν

dxν

dτ
(2.14)

where Fµ
ν is the standard model electromagnetic field tensor and Uλ is the four

velocity. In the presence of a Lorentz force, the electron no longer moves along a
geodesic. The standard model Lorentz force, however, is Lorentz covariant, and
is therefore the result of a theory of special relativity, not of general relativity as
required. In this section the required generally covariant Lorentz force equation
is developed with ECE theory. In so doing the effect of gravitation on the
Lorentz force may be estimated. This is not possible in the standard model.

Parallel transport is defined for the arbitrary tensor T (indices suppressed
for clarity) as:

dT

dλ
=
dxµ

dλ

∂T

∂xµ
= 0 (2.15)

This result comes from the rule for differentiation [16] of a function of a function.
If:

T = T (xµ (λ)) (2.16)

then:
dT

dλ
=

dT

dxµ

dxµ

dλ
(2.17)

The rule (2.17) may be extended to the covariant derivative of a tensor of any
rank:

DT

dλ
=
dxµ

dλ
DµT (2.18)

where T is defined by Eq.(2.16). The rule (2.18) is extended in this Section to
the covariant exterior derivative of Cartan [1]– [15], used in the first and second
Cartan structure equations:

T a = D ∧ qa = d ∧ qa + ωa
b ∧ qb (2.19)

and
Ra

b = D ∧ ωa
b + ωa

c ∧ ωc
b (2.20)

Here T a is the torsion form, Ra
b is the Riemann or curvature form, qa is the

tetrad form, ωa
b is the spin connection,D∧ denotes the covariant exterior deriva-

tive and d∧ denotes the exterior derivative. It will be proven that:

dxµ

dλ
(D ∧A)µν =

dxµ

dλ
F a

µν (2.21)

is the origin of the generally covariant Lorentz force and also the origin of the
class of AB effects. Here F a

µν is the generally covariant electromagnetic field
tensor of ECE theory, defined in standard notation [1]– [15] as:

F a = D ∧Aa (2.22)

Consider:
Aa

µ = Aa
µ (xν (λ)) (2.23)
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CHAPTER 2. GEODESICS AND THE AHARONOV BOHM. . .

and
Aa

ν = Aa
ν (xµ (λ)) (2.24)

with:
F a

µν = ∂µA
a
ν − ∂νA

a
µ + ωa

µbA
b
ν − ωa

νbA
b
µ (2.25)

Then:
DAa

µ

dλ
=
dxµ

dλ
DνA

a
µ (2.26)

DAa
ν

dλ
=
dxν

dλ
DµA

a
ν (2.27)

Using the tetrad postulate [1]– [15]:

DνA
a
µ = DµA

a
ν = 0, Aa

µ = A(0)qa
µ (2.28)

it follows that:
DAa

µ

dλ
=
DAa

ν

dλ
= 0 (2.29)

a result which means that
Aa

µ = A(0)qa
µ (2.30)

is parallel transported along any curve xµ (λ). It follows that:

dxµ

dλ

(
DνA

a
µ −DµA

a
ν

)
= 0 (2.31)

The exterior covariant derivative is defined as:

(D ∧A)a
µν = F a

µν (2.32)

with:

DµA
a
ν −DνA

a
µ = ∂µA

a
ν − ∂νA

a
µ + ωa

µbA
b
ν − ωa

νbA
b
µ − F a

µν = 0 (2.33)

It follows from Eqs.(2.33) and (2.35) that the Cartan structure equation is par-
allel transported along any curve xµ (λ):

dxµ

dλ
(F a −D ∧Aa)µν = 0 (2.34)

and so:
dxµ

dλ
(D ∧Aa)µν =

dxµ

dλ
F a

µν (2.35)

Q.E.D. The generally covariant Lorentz force is the right hand side of Eq. (2.35)
multiplied by e, the charge on the electron.

In the absence of the Lorentz force and thus in the absence of acceleration:

dxµ

dλ
F a

µν =
dxµ

dλ
(D ∧Aa)µν = 0 (2.36)

and the exterior covariant derivative of Cartan [1]– [15] is parallel transported
along any curve.

Similarly:
dxµ

dλ
Ra

bµν =
dxµ

dλ
(D ∧ ωa

b)µν (2.37)
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and in the absence of force, the exterior covariant derivative of the spin connec-
tion is parallel transported along any curve:

dxµ

dλ
Ra

bµν =
dxµ

dλ
(D ∧ ωa

b)µν = 0 (2.38)

The class of AB effects may now be defined in terms of these equations. The
electromagnetic AB effects are defined by Eq.(2.36). When there is no field
there may still be a potential present in ECE theory, a potential defined by:

A(0)
(
d ∧ qa + ωa

b ∧ qb
)

= 0 (2.39)

where cA(0) is a primordial voltage. Eq.(2.39) is true for all A(0) and all paths
xµ (λ). The Cartan geometry of the electromagnetic AB effects is therefore
always:

D ∧ qa = 0 (2.40)

Similarly the Cartan geometry of the gravitational AB effects is always:

D ∧ ωa
b = d ∧ ωa

b + ωa
c ∧ ωc

b = 0 (2.41)

All AB effects are therefore due to parallel transport of the exterior covariant
derivative of Cartan geometry. They are effects of a generally covariant unified
field theory [1] [2], of spinning and curving space-time. In the standard model
there are no AB effects because in the standard model [1] [2]:

Fµν = (d ∧A)µν (2.42)

and if F is zero so is A and vice-versa.

2.3 The equations of the electromagnetic AB ef-
fects

The class of electromagnetic AB effects is defined by:

A(0)D ∧ q = 0 (2.43)

where cA(0) is a primordial voltage which is always non-zero. Eq.(2.43) means
that when the electromagnetic field is zero the electromagnetic potential is non-
zero. In the well known Chambers experiment [1] [2] the magnetic field of an
iron whisker does not interact with the electron beams, but there is present a
potential which causes a fringe shift in a Young interferometer. Eq.(2.43) is
written in the standard notation [1]– [15] of differential geometry as:

d ∧Aa + ωa
b ∧Ab = 0 (2.44)

and implies:
F a = 0 (2.45)

The fringe shift of the Chambers experiment is described [1] [2] in the minimal
prescription by the following shift in the momentum tetrad:

pa → pa + eAa (2.46)
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In the standard model:

F = d ∧A (2.47)

so if F is zero so is A and vice-versa. In ECE theory Aa can be non-zero if F a is
zero, as first observed by Chambers and in many experiments since then. The
mathematical task is to solve Eq.(2.44) for the potential components responsible
for the class of electromagnetic AB effects. If we consider electromagnetism free
from gravitational effects [1]– [14], then the spin connection is dual to the tetrad
as follows:

ωa
b = −κ

2
εabcq

c (2.48)

Here:

εabc = ηadεdbc (2.49)

where

ηad = diag (1,−1,−1,−1)

=


1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1

 (2.50)

is the Minkowski metric of the tangent space-time at point P to the base man-
ifold of ECE theory [1]– [14]. In Eq.(2.49) εabc is the three index, totally anti-
symmetric unit tensor in four dimensions. This is defined in general as follows:

ε123 = ε231 = ε312 = 1,

ε132 = ε213 = ε321 = −1,

ε012 = ε120 = ε201 = 1,

ε021 = ε102 = ε210 = −1,

ε012 = ε301 = ε130 = ε023 = ε302 = ε230 = 1,

ε031 = ε310 = ε103 = ε032 = ε320 = ε203 = −1



(2.51)
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Therefore:

ε123 = g1dεd23 = g11ε123 = −ε123,

ε312 = g3dεd12 = g33ε312 = −ε312,

ε231 = g2dεd31 = g22ε231 = −ε231,

ε012 = g00ε012 = ε012,

ε201 = g22ε201 = −ε120,

ε013 = g00ε013 = ε013,

ε023 = g00ε023 = ε023,

ε301 = g33ε301 = ε301,

ε230 = g22ε230 = −ε230.



(2.52)

Eq.(2.44) means that:

d ∧A0 + ω0
b ∧Ab = 0,

d ∧A1 + ω1
b ∧Ab = 0,

d ∧A2 + ω2
b ∧Ab = 0,

d ∧A3 + ω3
b ∧Ab = 0,


(2.53)

with summation implied over repeated contravariant-covariant indices as fol-
lows:

d ∧A0 + ω0
1 ∧A1 + ω0

2 ∧A2 + ω0
3 ∧A3 = 0,

d ∧A1 + ω1
0 ∧A0 + ω1

2 ∧A2 + ω1
3 ∧A3 = 0,

d ∧A2 + ω2
0 ∧A0 + ω2

1 ∧A1 + ω2
3 ∧A3 = 0,

d ∧A3 + ω3
0 ∧A0 + ω3

1 ∧A1 + ω3
2 ∧A2 = 0


(2.54)
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The various spin connections are therefore:

ω0
1 = −κ

2
(
ε012q

2 + ε013q
3
)
,

ω0
2 = −κ

2
(
ε023q

3 + ε021q
1
)
,

ω0
3 = −κ

2
(
ε031q

1 + ε032q
2
)
,

ω1
2 = −κ

2
(
ε120q

0 + ε123q
3
)
,

ω1
3 = −κ

2
(
ε132q

2 + ε130q
0
)
,

ω2
3 = −κ

2
(
ε231q

1 + ε230q
0
)
,



(2.55)

which can be rewritten as:

ω0
1 = −κ

2
(
ε012q

2 + ε013q
3
)
,

ω0
2 = −κ

2
(
ε023q

3 + ε021q
1
)
,

ω0
3 = −κ

2
(
ε031q

1 + ε032q
2
)
,

ω1
2 =

κ

2
(
ε120q

0 + ε123q
3
)
,

ω1
3 =

κ

2
(
ε132q

2 + ε130q
0
)
,

ω2
3 =

κ

2
(
ε231q

1 + ε230q
0
)
,



(2.56)

Therefore we obtain:

ω0
1 = −κ

2
(
q2 + q3

)
,

ω0
2 = −κ

2
(
q3 − q1

)
,

ω0
3 = −κ

2
(
−q1 − q2

)
,

ω1
2 =

κ

2
(
q0 + q3

)
,

ω1
3 =

κ

2
(
−q2 + q0

)
,

ω2
3 =

κ

2
(
q1 + q0

)



(2.57)
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Therefore there are six spin connections, each of which can be expressed as the
sum of two tetrad elements. The cyclic potential equations are then:

d ∧A1 +
κ

2
(
q2 ∧A0 + q3 ∧A0 + q0 ∧A2 + q3 ∧A2 + q0 ∧A3 − q2 ∧A3

)
= 0,

i.e. d ∧A1 = gA2 ∧A3

(2.58)
d ∧A2 +

κ

2
(
q3 ∧A0 − q1 ∧A0 − q0 ∧A1 − q3 ∧A1 + q1 ∧A3 + q0 ∧A3

)
= 0,

i.e. d ∧A2 = gA3 ∧A1

(2.59)
d ∧A3 +

κ

2
(
−q1 ∧A0 − q2 ∧A0 − q0 ∧A1 + q2 ∧A1 − q3 ∧A1 − q0 ∧A2

)
= 0,

i.e. d ∧A3 = gA1 ∧A2

(2.60)
d ∧A0 − κ

2
(
q2 ∧A1 + q3 ∧A1 + q3 ∧A2 − q1 ∧A2 + q1 ∧A3 + q2 ∧A3

)
= 0,

i.e. d ∧A0 = gA2 ∧A3 = −d ∧A3

(2.61)
where we have used the anti-symmetry of the wedge product, for example:

q3 ∧A2 = −q2 ∧A3 (2.62)

and so on. In summary therefore the equations of the class of all electromagnetic
AB effects are:

d ∧A1 = gA2 ∧A3,

d ∧A2 = gA3 ∧A1,

d ∧A3 = gA1 ∧A2,

d ∧A0 = −d ∧A3


(2.63)

in generally covariant unified field theory. These are based on the duality of
Eq.(2.48). When gravitation affects electromagnetism Eq.(2.48) no longer ap-
plies, so gravitation will affect the electromagnetic AB effects, and all electro-
magnetic effects in general.

In regions where there are fields present:

F = D ∧A 6= 0, (2.64)

and the field components are:

F 1 = d ∧A1 − gA2 ∧A3,

F 2 = d ∧A2 − gA3 ∧A1,

F 3 = d ∧A3 − gA1 ∧A2

 (2.65)

These components have O(3) symmetry. An example of the equations (2.65) is
O(3) electrodynamics [1]– [15]. The electromagnetic AB effects are caused by
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the potentials A0, A1, A2 and A3 in regions defined by Eqs. (2.43) to (2.63). In
the Chambers experiment for example, the magnetic field inside the iron whisker
is defined by Eqs.(2.65) and the potential outside the iron whisker by Eqs.(2.43)
to (2.63). Eqs.(2.43) to (2.63) show that in general there is an electric AB effect
and an electromagnetic AB effect [1] [2]. In regions outside a radar beam for
example, there will be a discernible AB effect to second order in the potential
akin to the inverse Faraday effect [1] [2] in regions where the field is non-zero.
This type of electromagnetic AB effect is due to the ECE spin field [1]– [14]
observed in the inverse Faraday effect. The ECE spin field is defined by:

F 3 = −gA1 ∧A2 (2.66)

and is to SECOND order in the potential. It is a new type of magnetic field
whose origins can now be traced via ECE theory to general relativity. The ECE
spin field does not exist in special relativity (Maxwell Heaviside field theory),
so it shows the general covariance of electromagnetism [1]– [14]. This means
that electromagnetism is a spinning frame of reference which must be described
with a non-zero spin connection. The existence of the spin connection is shown
experimentally by the well known inverse Faraday effect (the magnetization of
any type of material by a circularly or elliptically polarized electromagnetic field
at any frequency).

In the standard model [16] an attempt is made to explain the magnetic AB
effect using gauge theory in special relativity. In the notation of differential
geometry [1]– [15] gauge theory means that:

A→ A+ dX (2.67)

but by the Poincaré Lemma:
d ∧ dX := 0 (2.68)

In the standard model [16] the Stokes Theorem [1]– [14] [17] is used to claim
that: ∮

dX =
∫

S

d ∧ dX 6= 0 (2.69)

However, this claim is incorrect [1] [2] because it violates the Stokes Theorem.
It is well known that the latter applies [17] to non simply connected spaces, so:∮

dX =
∫

S

d ∧ dX := 0 (2.70)

using the Poincaré Lemma (2.68) the Stokes Theorem implies that:∮
dX := 0 (2.71)

thus contradicting the claim (2.69) of the standard model.
This error in the standard model can be illustrated for example by the error

in Eq.(3.105) of a standard model textbook such as ref. [16]. The task is to
evaluate:

∆δ =
∮

∇X · dr =
∫

S

∇×∇X := 0 (2.72)
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As we have seen, Eq.(2.72) must be the correct result by the Stokes Theorem.
The function X in the example we are considering here (Eq.3.105 of ref. [16]) is

X =
BR2θ

2
(2.73)

where B is magnetic flux density, R is a radius and θ is a cylindrical polar
coordinate. The cylindrical polar coordinates are related [17] to the Cartesian
coordinates by:

θ = tan−1 y/x, r =
(
x2 + y2

)1/2
,

x = r cos θ, y = r sin θ

}
(2.74)

as is well known. The left hand side of Eq.(2.72) is evaluated between θ = 0
and θ = 2π. Therefore:

x = r cos 2π = r, y = r sin 2π = 0,

x = r cos 0 = r, y = r sin 0 = 0

 (2.75)

and the integral is:

∆δ =
∮ r

r

∂

∂x

(
tan−1 y

x

)
dx+

∮ 0

0

∂

∂y

(
tan−1 y

x

)
dy = 0 (2.76)

This is the correct result as given by the Stokes Theorem (2.72). However, in
ref. [16] it is incorrectly asserted that:∮

∇X · dr =? [X]θ=2π
θ=0 6= 0 (2.77)

The correct way to evaluate Eq.(2.77) is:∮ θ=2π

θ=0

∇X · dr =
∮ x

x

∇X · dr = 0 (2.78)

because
x = r cos θ, r =

(
x2 + y2

)1/2
(2.79)

and:
if θ = 2π, r = x,

if θ = 0, r = x

 (2.80)

The whole of the argument on the AB effect in ref. [16] is therefore incorrect
following the occurrence of this error, both mathematically and physically. The
magnetic AB effect is not due to multiply connected spaces in special relativity.
It is due to general relativity as we have argued. Thus ECE theory is preferred
to the standard model, philosophically, mathematically and experimentally.

The electromagnetic AB effects in ECE theory are summarized as follows:
In the Chambers experiment for example the observable is a phase shift:

∆φ =
e

~
Φ (2.81)
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F=D∧A≠0

F=D∧A=0

∮ A

Figure 2.1: AB Effects in ECE Theory

F=D∧A≠0

F=D∧A=0, A=0

∮ A

Figure 2.2: Standard Theory

where the magnetic flux is defined by:

Φ =
∫

S

F =
∫

S

D ∧A =
∮
A (2.82)

The line integral in Eq.(2.82) is around the outer contour of Fig. 2.1, the contour
defined by the electron beams of the Chambers experiment [1], [2]. The magnetic
flux density is enclosed in the inner area of Fig. 2.1, representing the area of
the iron whisker. The latter area is much smaller than the area enclosed by the
electron beams. In the area outside the whisker but inside the electron beams
there is no magnetic flux density, but there is a potential defined by Eq.(2.63).
The AB effect of the Chambers experiment is caused by this potential as we
have argued.

In the standard model on the other hand there is no explanation for the
Chambers experiment, as summarized in Fig. 2.2 below: As we have seen, the
attempted gauge theoretical explanation of the standard model is mathemati-
cally incorrect.
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2.4 The gravitational AB effect

The gravitational AB effect is defined in ECE theory in regions where:

R = D ∧ ω = 0 (2.83)

ω 6= 0 (2.84)

Eq.(2.83) may be developed as:

d ∧ ωa
b + ωa

c ∧ ωc
b = 0 (2.85)

If there is no interaction between gravitation and electromagnetism the Car-
tan torsion is zero and so the gravitational AB effect in this case is further
constrained by:

T a = d ∧ qa + ωa
b ∧ qb = 0 (2.86)

These are the conditions for the EH field theory of centrally directed gravitation.
The limit of ECE theory where the Cartan torsion is zero. As is well known for
EH theory, the Christoffel connection is symmetric:

Γκ
µν = Γκ

νµ (2.87)

and the metric is symmetric:

gµν = gνµ = qa
µq

b
νηab (2.88)

The symmetry of the spin connection in EH theory is determined by the tetrad
postulate [1]– [15]:

Dµq
a
λ = ∂µq

a
λ + ωa

µbq
b
λ − Γν

µλq
a
ν = 0 (2.89)

Interchange µ and λ:

Dλq
a
µ = ∂λq

a
µ + ωa

λbq
b
µ − Γν

λµq
a
ν = 0 (2.90)

and subtract Eq.(2.90) from Eq.(2.89) to find that:

∂µq
a
λ + ωa

µbq
b
λ −

(
∂λq

a
µ + ωa

λbq
b
µ

)
= 0 (2.91)

This result is consistent with the fact that there is no Cartan torsion in EH
theory:

T a
µλ = ∂µq

a
λ + ωa

µbq
b
λ = 0 (2.92)

T a
λµ = ∂λq

a
µ + ωa

λbq
b
µ = 0 (2.93)

Eqs.(2.92) to (2.93) must be symmetric under interchange of µ and λ, so

ωa
µbq

b
λ = ωa

λbq
b
µ (2.94)

i.e.
ωa

µλ = ωa
λµ (2.95)

Now interchange the indices a and b to find that:

ωb
µλ = ωb

λµ (2.96)
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Eqs.(2.95) and (2.96) are the same, so the spin connection in EH theory must
be symmetric:

ωa
µb = ωb

µa (2.97)

Therefore the gravitational AB equations for the diagonal elements of the spin
connection are:

d ∧ ω0
0 + ω0

c ∧ ωc
0 = 0,

d ∧ ω1
1 + ω1

c ∧ ωc
1 = 0,

d ∧ ω2
2 + ω2

c ∧ ωc
2 = 0,

d ∧ ω3
3 + ω3

c ∧ ωc
3 = 0


(2.98)

and there is a similar set of equations for the off diagonal elements. The gravi-
tational AB effect has been observed experimentally [1] [2].
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