
Wormholes and time travel The subject of time travel captures the imagination. Theoretical physicists, such as the American
Kip Thorne, have treated the subject seriously, looking into the possibility that falling into a black hole could result in popping up
in another time and place—a trip through a so-called wormhole. Time travel and wormholes appear in innumerable science
fiction dramatizations, but the consensus is that time travel is not possible in theory. While still debated, it appears that
quantum gravity effects inside a black hole prevent time travel due to the creation of particle pairs. Direct evidence is elusive.

The shortest time Theoretical studies indicate that, at extremely high energies and correspondingly early in the universe,
quantum fluctuations may make time intervals meaningful only down to some finite time limit. Early work indicated that this
might be the case for times as long as , the time at which all forces were unified. If so, then it would be meaningless to
consider the universe at times earlier than this. Subsequent studies indicate that the crucial time may be as short as .
But the point remains—quantum gravity seems to imply that there is no such thing as a vanishingly short time. Time may, in
fact, be grainy with no meaning to time intervals shorter than some tiny but finite size.

The future of quantum gravity Not only is quantum gravity in its infancy, no one knows how to get started on a theory of
gravitons and unification of forces. The energies at which TOE should be valid may be so high (at least ) and the
necessary particle separation so small (less than ) that only indirect evidence can provide clues. For some time, the
common lament of theoretical physicists was one so familiar to struggling students—how do you even get started? But Hawking
and others have made a start, and the approach many theorists have taken is called Superstring theory, the topic of the
Superstrings.

34.3 Superstrings
Introduced earlier in GUTS: The Unification of Forces Superstring theory is an attempt to unify gravity with the other three
forces and, thus, must contain quantum gravity. The main tenet of Superstring theory is that fundamental particles, including
the graviton that carries the gravitational force, act like one-dimensional vibrating strings. Since gravity affects the time and
space in which all else exists, Superstring theory is an attempt at a Theory of Everything (TOE). Each independent quantum
number is thought of as a separate dimension in some super space (analogous to the fact that the familiar dimensions of space
are independent of one another) and is represented by a different type of Superstring. As the universe evolved after the Big Bang
and forces became distinct (spontaneous symmetry breaking), some of the dimensions of superspace are imagined to have
curled up and become unnoticed.

Forces are expected to be unified only at extremely high energies and at particle separations on the order of . This could
mean that Superstrings must have dimensions or wavelengths of this size or smaller. Just as quantum gravity may imply that
there are no time intervals shorter than some finite value, it also implies that there may be no sizes smaller than some tiny but
finite value. That may be about . If so, and if Superstring theory can explain all it strives to, then the structures of
Superstrings are at the lower limit of the smallest possible size and can have no further substructure. This would be the ultimate
answer to the question the ancient Greeks considered. There is a finite lower limit to space.

Not only is Superstring theory in its infancy, it deals with dimensions about 17 orders of magnitude smaller than the
details that we have been able to observe directly. It is thus relatively unconstrained by experiment, and there are a host of
theoretical possibilities to choose from. This has led theorists to make choices subjectively (as always) on what is the most
elegant theory, with less hope than usual that experiment will guide them. It has also led to speculation of alternate universes,
with their Big Bangs creating each new universe with a random set of rules. These speculations may not be tested even in
principle, since an alternate universe is by definition unattainable. It is something like exploring a self-consistent field of
mathematics, with its axioms and rules of logic that are not consistent with nature. Such endeavors have often given insight to
mathematicians and scientists alike and occasionally have been directly related to the description of new discoveries.

34.4 Dark Matter and Closure
One of the most exciting problems in physics today is the fact that there is far more matter in the universe than we can see. The
motion of stars in galaxies and the motion of galaxies in clusters imply that there is about 10 times as much mass as in the
luminous objects we can see. The indirectly observed non-luminous matter is called dark matter. Why is dark matter a problem?
For one thing, we do not know what it is. It may well be 90% of all matter in the universe, yet there is a possibility that it is of a
completely unknown form—a stunning discovery if verified. Dark matter has implications for particle physics. It may be
possible that neutrinos actually have small masses or that there are completely unknown types of particles. Dark matter also has
implications for cosmology, since there may be enough dark matter to stop the expansion of the universe. That is another
problem related to dark matter—we do not know how much there is. We keep finding evidence for more matter in the universe,
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