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F ORWARD'S discussion of negative matter propulsion1 is
interesting and worth some additional comments. A dis-

cussion of negative mass would be incomplete without a
reference to the work of Paul Dirac,2 who developed a theory
of elementary particles which included negative energy solu-
tions in 1928. Dirac's theory has been remarkably successful in
explaining physical phenomena and is now considered a part
of the "standard model" of physics. Dirac's discussion of
negative energy states predates the work of Bondi3 by several
decades. Although "bare" Dirac negative mass particles are
not actually seen, if they could be seen their properties would
presumably be much like those of the negative matter Forward
discusses.

There is no physical distinction between Dirac's negative en-
ergy solutions and the negative mass objects described by
Bondi and Forward. Given m=E/c2, a negative energy state is
identical to a negative mass state. For example, the standard
text on quantum mechanics by Messiah notes about Dirac
negative energy states: "it would be more correct to call them
negative mass solutions; however, when the field is null, the
distinction between mass and energy is illusory."4 The Dirac
theory does predict antiparticles, but the antiparticles them-
selves are not the negative energy states (at least not in the con-
ventional way of interpreting the Dirac theory); the antiparti-
cles are holes where negative energy particles are not.

Dirac's negative energy states, if they could be observed
alone, have exactly the properties Forward supposes for
negative mass particles 5:

1) The momentum is opposite in direction to the motion of
the center of mass [< v> = < (p/E)>, where E is negative,
in units where c= 1].

2) The acceleration is opposite in direction to the applied
(electrostatic) force.

3) The gravitational mass is negative.
The last point assumes that the gravitational mass of an an-

tiparticle is positive—a fact that will soon be experimentally
verified but which is not usually doubted. Since the antiparti-
cle is the absence of the negative energy particle, if the antipar-
ticle has positive gravitational mass the particle itself must
have negative gravitational mass. By Newton's law of reac-
tion, then, both active and passive gravitational mass must be
negative.
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One may argue that Forward has also defined rest mass ra0
as negative, but in Dirac's usage rest mass is a scalar, and the
sign is a matter of convention.

It is interesting to note that, in the spaceship consisting of
positive and negative mass elements discussed by Forward, as
the total mass of the spaceship approaches zero (M_ ^M+ )
the Brownian motion of the ship due to impact of various par-
ticles will buffet it around at increasingly large velocities. Even
in a perfect vacuum, photons of cosmic background radiation
will become important if the mass is low enough. At
M_ = M+ the mass of the ship equals zero and any impact will
apparently send it moving off at the speed of light. (Actually
Mwill never precisely equal zero, as the ship will be constantly
absorbing and emitting thermal photons.)

A particle hitting a zero mass spaceship would, of course,
actually hit either the positive or negative mass portion. In a
ship consisting of nearly equal amounts of positive and
negative mass, the center of mass can move faster than either
of the constituent masses and will do so whenever the distance
between the two masses changes. Unless the ship is allowed to
come apart, the true motion of the ship must eventually recon-
cile with the motion of the center of mass. This occurs due to
the force on the link connecting the masses. The force on the
link will cause the masses to move as described by Forward, so
that even a small initial impulse will cause very large change in
velocity if the positive and negative masses are nearly equal.
This fact is of use in propulsion: a very nearly zero mass space-
ship could be propelled by a flashlight.

Finally, Forward notes that bulk negative matter repels
itself. This is true only if gravity is the only force considered.
Gravity has the unusual property that like-charged particles
attract, leading to the fact that gravity is not self-neutralizing.
Thus, even though it is an extraordinarily weak force, gravity
is still significant for large amounts of matter, while the much
stronger coulomb force between electrically charged particles
tends to neutralize itself. For negative matter, though, gravity
repels like-charged particles. In essence, for negative mass,
gravity and charge exchange roles. Because electrostatic forces
are enormously stronger than gravitational forces, the effect is
that charged bulk negative matter attracts itself and does so
much more strongly than ordinary matter.

Thus, the large voids between galaxies noted by Forward, if
they are to be accounted for as regions of negative mass, must
be places where the negative mass has collected into huge,
electrically-bound antiblack holes.

This tends to justify the initial assumption made by For-
ward, that negative matter can exist in bulk if it is charged,
even though negative matter would not hold together by gravi-
tational or molecular binding forces. While negative matter
would indeed not form neutral atoms, it would form highly
charged, tightly bound masses very much like the point par-
ticles assumed.
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