ENERGY (NOT MASS) IS THE SOURCE OF GRAVITY
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When we examined the tidal effect, first in Newtonian physics and then
in general relativity we found that the Newtonian tidal deviation equation is
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where @ is the gravitational potential function, and n’ is the deviation vec-
tor. In general relativity, the analogous result is the equation of |geodesic

deviation:

i’ = —Rzﬂmumuj n’ (2)
which involves the Riemann tensor.

In classical physics, there is a strong parallel between gravitational and
electric forces. Both are inverse-square and conservative forces, so the elec-
tric field due to a static collection of charges and the gravitational field due
to a static collection of masses can each be derived as the gradient of a po-
tential. As a result, Gauss’s law applies to both types of field, so we can
write
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where E is the electric field, g is the gravitational field, pg is the charge den-
sity and pg is the mass density. The difference in sign is because the force
between like charges is repulsive, while for gravity all forces are attractive.

If we write the field as the negative gradient of a potential, we get for
gravity:

g=-Vo 5)
V2® = 47Gp, (6)
Comparing [T] and [2] we see that the Riemann tensor plays a similar role

to 0,,0;® in Newtonian theory, so we might expect that the relativistic form

of |6l will involve the Riemann tensor.
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First, we look at translating the role of the mass density p, from New-
tonian to relativistic physics. In relativity, there is an argument that shows
that we need to consider energy density as the source of gravity, rather than
simply mass density. The argument goes like this. Suppose we take mass as
the source of gravity, and we have a collection of matter and anti-matter lo-
calized near some point in space. Since both matter and anti-matter possess
“normal” mass (there is no such thing as anti-mass), an object that starts off
at rest a long distance from this mass will accelerate towards it, gaining ki-
netic energy as it moves faster. Suppose that this object passes through the
matter/anti-matter particles without hitting any of them. If the matter and
anti-matter remained in the same form, it would now exert a gravitational
force on the receding object, causing it to slow down as it moved away,
eventually coming to rest a long way from the mass. However, if the mat-
ter and anti-matter now collide with and annihilate each other, their mass
is converted into photons which have no rest mass. If the source of gravity
were mass (in the form of rest mass), then after annihilation, the photons
would no longer exert any gravitational force, so the receding object would
not slow down. It would reach infinity with the same kinetic energy it had
when it passed through the matter/anti-matter. The idea is that this violates
the law of conservation of energy.

If we consider energy rather than mass to be the source of gravity, then
the photons will exert the same gravitational force on the receding object
as the original matter/anti-matter, so the object will slow down as it recedes
and eventually stop.

This argument seems logical, but there is one point that bothers me. In
classical physics, an object falling towards a mass is said to have a combina-
tion of potential and kinetic energy, and it is this sum that remains constant.
Thus when the object is far from the mass and at rest, all its energy is po-
tential, and as the object falls and gains speed, the potential energy gets
converted to kinetic energy. In the case of an object falling towards the
matter/anti-matter, this is still true. However, if the matter and anti-matter
annihilate each other as the particle is receding, then if we consider mass
as the source of gravity, the gravitational field vanishes, and so too does the
potential energy. Thus the object’s energy remains as kinetic energy as it
recedes, which would seem to satisfy the law of conservation of energy.

Perhaps a better way to look at it is like this. Suppose the matter/anti-
matter annihilates when the object has receded to a point where it has
slowed down a bit. Then the potential energy vanishes and the object re-
tains part of the original kinetic energy. In this case, there is a net loss of
energy since the potential energy just disappears off the scene. There is no
loss of energy in the matter/anti-matter system itself, since the original rest
mass gets converted into an equivalent amount of energy when the particles
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produce photons. This paradox is resolved if we take energy rather than
mass as the source of gravity.



