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FIG. 1. Wormhole topology. The diagram shows the geometry
of space at a particular moment of time. In other words, it repre-
sents the geometry on a particular slice of space-time. For con-
venience of representation one of the three space coordinates has
been dropped. A 2-dimensional space is used here to epitomize
the properties of this 3-dimensional space. This 2-dimensional
space is curved. This curvature is most conveniently shown by
imbedding the 2-dimensional space in a 3-dimensional Euclidean
space (above diagram). The third dimension in this diagram has
no physical meaning. Only distances within the surface have
signi6cance. This surface is endowed with an unusual topology
but is everywhere free of any geometrical singularity. The topology
shows up in the existence of two inequivalent ways to connect
point A with point 8. One connection passes through the throat
of the wormhole. The other remains entirely in the quasi-Euclidean
space exterior to the mouths of the wormhole. The lengths of the
two connections happen to be comparable in the figure so drawn.
However, it is perfectly possible for the connection through the
wormhole to be shorter by many orders of magnitude than the
"normal" route from A to B. This possibility is most readily
visualized on bending the surface so the two mouths of the worm-
hole come almost back-to-back. Then the throat becomes almost
negligibly short. The possibility of sending signals through such
a shortened route is the problem of concern in this paper.

throat in this diagram. Then it supplies a connection
between the two mouths of the wormhole. Another wire
can be strung out which also goes from one mouth to the
other without ever going through the throat. The two
types of connection are topologically distinct. It is
impossible by a continuous sequence of small deforma-
tions to transform one route into the other. 3loreover,
the lengths of the two routes are metrically distinct.
The wire that stays in the nearly Euclidean space
fringing the throat —and remote from the throat —may,
for example, have to have a length of 1 km to connect
one mouth with the other. Yet in the same illustration
the other wire can run directly through the throat from
one mouth to the other with a length of only 1 m.

There is even a simple example of a connection in
which the length of the throat is zero. Start with a three-
dimensional Euclidean space. At point (x,y, s) = (0,0,b)
construct a sphere of radius a small compared to b.
Construct a similar sphere of the same size at the point.
(0, 0, b) "Remo—ve th. e points" that lie within the two
spheres. Identify the points that lie on the surfaces of
the two spheres, pairwise between one sphere and the
other. A test particle approaching the upper sphere and
crossing the critical boundary finds itself suddenly
emerging from the lower sphere. Thus the test particle-
or a ray of light —appears to have the possibility to
pass from one point in space to a point in space which
may be many miles away in a negligible amount of time.

Such a rapid communication from one place A to
another place 8 would seem to violate elementary
notions of causality. To say that any method of signaling

is impossible which would exceed the speed of light is
only the weakest way to state the conQict. Einstein
long ago stressed that such a signaling process, viewed
from an inertial system moving at a sufficiently great
but still allowable speed (s&c), will show that 8
receives the message before A transmits it.

To examine whether this difficulty will arise for
signals sent through a simple type of wormhole is the
purpose of this paper. We conclude in this special case
that the throat pinches o6 before the signal can get far
enough to violate causality. We leave untouched the
question of a general analysis suitable for the case of a,n
arbitrary multiply connected topology.

It is perfectly possible to write down a mathematical
expression for the metric of a space which has a simple
wormhole geometry just discussed. This geometry can
have a high degree of symmetry. It can be invariant
with respect to rotations about the s axis. Nevertheless,
the problems of the mathematical analysis are sufBcient
so that one would like to have a still higher degree of
symmetry if he could in order to simplify the analysis
further. This extra symmetry can be obtained if one
will give up looking at the uninteresting aspects of the
problem —that is to say the passage of light by the
"long way" from one wormhole mouth to the other-
and concentrate instead on the decisive part of the
problem, the passage of a light ray or material particle
through the throa, t itself.

With this idea of simpli6cation in mind go to the
ideal limit where the two wormhole mouths are in-
de6nitely far apart in comparison to their own proper
dimensions. In this case, a material particle or light
signal coming out of one of the mouths and traveling
even for a very long time will still not be able to arrive
in the vicinity of the other mouth and will not be aware
that it is there. The same will apply for a material
particle or light signal emerging out of the other mouth.
Therefore, for all practical purposes the single Euclidean
space can be regarded as two separate Euclidean spaces.
The only easy way to get from one to the other is by
way of the throa, t itself. Thus, the limiting case of a,

single wormhole with its mouths indefinitely far apart
may be regarded, or may be idealized, as a pair of
Euclidean spaces connected by a "bridge, "Fig. 2.

III. GEOMETRY OF THE SCHWARZSCHILD THROAT

This kind of geometry does not have to be invented;
it was already found long ago by Schwarzschild in his
famous solution of Einstein's equations for a spherically
symmetrical center of attraction, though it was only
recently through the work of FronsdaP and KruskaP
that one has come to understand the unusual nature of
the topology implied by the Schwarzschild solution.

In most physical applications the center of attraction
is portrayed as having "real mass" as, for example,
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