DUALITY, SPACETIME AND
QUANTUM MECHANICS

he purpose of this article
.is to describe some
themes in theoretical physics
that developed indepen-
dently for many years, in
some cases for decades, and
then converged rather sud-
denly beginning around
1994-95. The convergence
produced an upheaval some-
times called “the second su-
perstring revolution.” It is
as significant in its own way
as “the first superstring revo-
lution,” the period around 1984-85 when the potential of
string theory to give a unified description of natural law
was first widely appreciated.

Some of the themes whose convergence we explore

here are depicted in figure 1. Their diversity is part of
the charm of the second superstring revolution, in which
a major new perspective on the quest for superunification
of the forces of nature has developed from the interplay
of esoteric ideas about physics at ultrahigh energies with
down-to-earth investigations of the physical properties of
gauge theories in four dimensions.

Electric-magnetic duality

We begin with a piece of late-19th-century physics. The
vacuum Maxwell equations for the electric and magnetlc
fields E and B,
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have a symmetry under
- E>B,
B->-E

that has been known for nearly as long as the Maxwell
equations themselves. This symmetry is known as duality.

The symmetry still holds in the presence of charges
and currents if one adds both electric and magnetic
charges and currents. In nature, such symmetry seems
to be spoiled by the fact that we observe electric charges
but not magnetic charges (which are usually called mag-
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Widely disparate themes from
several decades of theoretical physics
have recently converged to become
parts of a single story. The result is
a still-mysterious ‘M-theory’ that may
revise our understanding of the role
of quantum mechanics.
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netic monopoles).

More fundamentally, the
symmetry seems to be vio-
lated when we derive the
magnetic field from a vector
potential A, with B=V x A,
while representing the elec-
tric field (in a static situ-
ation) as the gradient of a
scalar.

But the vector potential
is not just a convenience in
solving Maxwell’s equations.
It is needed in 20th-century

_ physics for three very good purposes:

P> To write a Schrédinger equation for an electron in a
magnetic field.

P> To make it possible to derive Maxwell’s equations from
a Lagrangian; this is a necessary step in treating electro-
magnetism quantum mechanically.

D> To write anything at all for non-Abelian gauge theory,
which—in our modern understandmg of elementary par-
ticle physics—is the starting point in describing the strong,
weak and electromagnetic interactions.

Though it thus seems impossible to have symmetry
between electric and magnetic charges in quantum field
theory, there definitely are field theories with both electric
and magnetic charges, as we know from the work of
Gerard t Hooft and Alexander Polyakov in the 1970s. For
weak coupling—the only region where one traditionally
can understand how quantum field theories behave—the
electric and magnetic charges appear in completely differ-
ent ways. We recall that in the case of electromagnetism,
weak coupling means that the fine structure constant

g2

= drrhe

is small. Here, e is the basic unit of electric charge and
it is also the coupling constant of quantum electrodynamics.

For weak coupling, electric charges appear as elemen-
tary quanta, obtained by quantizing fields. The electric
charge g of any particle is of the form g =ne with some
integer n.

By contrast, magnetic monopoles arise for weak cou-
pling as collective excitations of the elementary particles.
Such collective excitations appear, in the weak coupling
limit, as solitons—extended solutions of nonlinear classical
field equations. The magnetic charge m of any particle
that is obtained by quantizing such a soliton is an integer
multiple of a fundamental quantum of magnetic charge,
which (according to a celebrated analysis by Dirac) equals
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