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ARTICLE INFO ABSTRACT

Keywords: When a light ray passes through a slowly rotating thin shell of matter as well as moving in the
Gravitomagnetism exterior field of slowly rotating distant body, then the time of passage of the ray through the shell

) suffers a time delay which is called the gravitomagnetic time delay. In this article, we devise a
Time delay simplified configuration of the problem where the light ray moves along a line that is parallel to
Light ray the spin direction of the distant body and at the same time parallel to the axis of the thin shell
Rotating body but the ray does not go through the center of the thin shell. We calculate both the prograde and
Thin rotating shell retrograde time delay of the light ray and find that gravitomagnetic time delay is positive for

the prograde motion and negative for the retrograde motion of the light ray. That means the
prograde motion takes longer time than the retrograde motion to cover the same distance. The
result is analogous to that which happens in gravitomagnetic clock effect (GCE); the difference
being that the motion in time delay considered here is straight line motion whence in GCE the
point mass move along circular path around a rotating source. Although gravitomagnetic time
delay is an old problem but the present work shed new light on this problem.

Prograde and retrograde motion

Gravitomagnetic clock effect.

1. Introduction 2. Gravitomagnetic time delay: The problem

We consider a slowly rotating astronomical body whose
equatorial plane is the x-y Cartesian plane. If @, is the

Gravitoelectromagnetism (GEM) is a set of formal analo-
gies between the equations of electromagnetism and rela-
tivistic gravitation. Gravitomagnetism is part of GEM and
is the kinetic effects of gravity, in analogy to the magnetic
effects of moving electric charge [1].

There are many consequences of gravitomagnetism such
as gravitomagnetic clock effect (GCE) [1, 7, 8, 11], the
Lense-Thirring effect [9], gravitomagnetic time delay [2,
3, 4, 5, 6], Sagnac effect [10]. The gravitomagnetic time
delay appears when a light ray crosses a slowly rotating
thin shell of matter as well as propagating in the exterior
field of a distant rotating astronomical body [2, 3, 4, 5, 6].
In the present work, we consider a special configuration of
the problem and derive the gravitomagnetic time delay that

gravitational potential and gg is the gravitomagnetic vector
potential created by the source, then far from the source
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where M and J are the total mass and angular momentum
of the source. Let A denote the time delay of a light ray
compared to the time it takes to pass the shell according to
the flat metric.

For the case of a light ray crossing the thin shell as well
as moving in the fields stated above, we shall calculate the

follows. The problem is devised in Section 2, the derivation
of the result is done in Section 3, and in Section 4, we con-
clude.

time delay between the point through which the ray enters
the shell, namely B : (ct;, X;), and the point the ray leaves
the shell, B : (ct,, X;).
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3. Calculation of time delay

Let the origin of the Cartesian co-ordinate system we
use be the center of the rotating distant source body. We
choose, B = (ct;, —x1, ¥1, z1) and B = (cty, X3, V2, —23)
for retrograde motion of the light ray when the angular
momentum of the distant source is J = Jk. For pro-

grade motion of the ray B = (ct;, X3, V3, —2;) and B, =
(ctyy —X1, Y1, 21). And ¥ = Xi + yJ + zk. Furthermore, the
light ray propagates in the retrograde sense (i.e. along —k)
in the first case and in the second case (prograde sense) it

is along k. Now,

T x 7 =J(=yi + xj), (1)
and,
S GJ (=yi+x))
Ag=7r—3’ (2)
Ag-dX=—rTc(ydx—xdy). (3)

It is shown in Ref. [2] that gravitomagnetic time delay is
given by,

P
2 - -
Py

Using Eq. (3), we find in our case
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Using the definition of B and B in Eq. (5), we find
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for light ray propagating in the retrograde sense. Now,
without loss of generality, we can set x; = y; and x, = y,.
Then, gravitomagnetic time delay for the retrograde motion
of a light ray in this special case becomes

A 2GJ X1 +y1 2
oM =—|— -—
M= s r ny1

(7)

where r? = x3 + y3 + z% and r? = X3 + y% + z3. Inspection
of Eq. (7) clearly shows that Agy, for retrograde motion of
a light ray is negative.

For prograde motion of a light ray in the present config-
uration is

2GJ[x1+y1+ 2 ] ®)

Aoy = — —
ct r nyi

The delay (8) is definitely positive. Thus, for prograde mo-
tion the sign of gravitomagnetic time delay is positive and
that for retrograde motion it is negative.

4. Conclusion

We have considered a light ray that propagates in the
exterior field of a slowly rotating distant massive body and
passes through a slowly rotating thin shell of matter. The
angular momentum of the distant body is along the +z-axis
and the light ray moves in a straight line entering the shell
at the point B : (ct;, )?1) and leaves the shell from the point
B : (ct,, )?2). The light ray moves within the shell along
a straight line that is parallel to the axis of the shell, i.e. it
does not pass through the center of the shell. If it did so
then time delay would have been zero.

The light ray’s path is prograde when it moves along +z-
axis and the path is retrograde when it moves in the oppo-
site direction. We chose simple geometry of the passage of
the ray, i.e. we have used Cartesian co-ordinates to specify
spatial entry and exit points for both the senses of motion
of the light ray. The gravitomagnetic time delay which we
have found is positive for prograde and negative for retro-
grade motion of the light ray. That means the ray takes
longer time for passage through the shell when it moves
along the spin direction of the distant source body (pro-
grade motion) and less time for retrograde path.

This result is analogous to what we find in gravitomag-
netic clock effect (GCE). So, we have found another clock
effect that occurs for straight line motion instead of circular
motion of GCE. The result is interesting and warrants fur-
ther investigation. Gravitomagnetic time delay is a topic
of gravitomagnetism. Once observed, this will confirm the
existence of magnetism in the realm of gravitation. So, this
effect is crucial to complete the theory of gravitation. Po-
tential applications of gravitomagnetic time delay include
space missions, especially in the navigation of spacecraft.
Future work on this problem can be on the construction and
installation of rotating thin shells on spacecraft that move
near spinning stars, Kerr black holes, etc. In conclusion,
we have added a piece of new information to the existing
literature.
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Figure 1. Light rays (prograde and retrograde) passing through
the rotating thin shell.
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