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What could

be a permanent,

decidedly nonzero

IT is all around you, yet you cannot
feel it. Its effects may have lit up the
Universe in the big bang but today
just light up your office. It is the
source of everything, yet is nothing.

Such are the paradoxical features
of one of the hottest topics in con-
temporary physics—the vacuum.
It is proving to be a wonderland
of magical effects: force fields that
emerge from nowhere, particles
popping in and out of existence
and energetic jitterings with no apparent power source.

Many researchers see the vacuum as a central ingredient of
21st-century physics. “We now know that the vacuum can have
all sorts of wonderful effects over an enormous range of scales,
from the microscopic to the cosmic,” says Peter Milonni of the
Los Alamos National Laboratory in New Mexico. Some even
contemplate the prospect of harnessing the vacuum’s bizarre
properties to provide an apparently limitless supply of energy.

The vacuum’s miraculous properties all stem from a combi-
nation of quantum theory and relativity. As Werner Heisenberg
showed almost 70 years ago, the mechanics of the subatomic
world mean that an uncertainty is attached to any measurement
of physical properties such as energy. This uncertainty manifests
itself in random, causeless fluctuations in energy: the larger the
fluctuation, the shorter the time it survives.

Thanks to Einstein’s famous equation E = mc?, Heisenberg’s
uncertainty principle also implies that particles can flit into and
out of existence, their duration dictated only by their mass. This
leads to the astonishing realisation that all around us “virtual”
subatomic particles are perpetually popping up out of nothing,
and then disappearing again within about 10 seconds.
“Empty space” is thus not really empty at all, but a seething sea
of activity that pervades the entire Universe.
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Such an image is worryingly reminiscent of the ether—a dis-
credited idea that bedevilled physics until the beginning of this
century. But Einstein’s special theory of relativity showed that
physics works perfectly well without this peculiar, all-pervasive
fluid, which was supposed to be the medium through which
light and other interactions travelled from place to place. This
does not mean that a universal fluid cannot exist, but it does
mean that such a fluid must conform to the dictates of special-
relativity. The vacuum is not forced to be mere quantum fluc-
tuations around an average state of true nothingness. It can be
a permanent, nonzero source of energy in the Universe.

This has cosmic consequences. Special relativity demands that
the vacuum’s properties must appear the same for all observ-
ers, whatever their speed. For this to be true it turns out that
the pressure of the vacuum “sea” must exactly cancel out its en-
ergy density. It is a condition that sounds harmless enough, but
it has some astounding consequences. It means, for example,
that a given region of vacuum energy retains the same energy
density, no matter how much the region expands. This is odd,
to say the least. Compare it with the behaviour of an ordinary
gas, whose energy density decreases as its volume increases. It
is as if the vacuum can draw on a constant reservoir of energy.

But there is more. One of the key features of Einstein’s gen-
erJaI relativity (GR) theory is that mass is not the only source of
gravitation. In particular, pressure, both positive and negative,
can also give rise to gravitational effects. If the vacuum has a
permanent (positive) energy density, it must be balanced by a
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negative pressure (a tension). According to GR, this must give
rise to a repulsive gravitational effect.

This feature of the vacuum lies at the heart of perhaps the
most important new concept in cosmology of the past decade:
cosmic inflation. Developed principally by Alan Guth at MIT and
Andrei Linde, now at Stanford, the idea of cosmic inflation
arises from the assumption that the very early Universe was

25 February 1995



are interchangeable, the res-
ult was the matter creation
we now call the big bang.

At a stroke, inflation solves
a number of problems that
had troubled cosmologists.
For example, it explains the
apparent coincidence that the
Universe we see today seems
to be teetering between
expanding for ever and col-
lapsing. Cosmic inflation
would have “flattened out”
the initially highly curved
surface of the Universe, and
according to calculations
based on GR this would have
led to the amount of mass-
energy that was formed being
just enough to allow the Uni-
verse to escape from its own
gravity and expand for ever.
The behaviour of the vacuum
15 billion years or so ago
thus holds the key to the
future fate of the Universe.

But convenient as this is,
most cosmologists would like
the vacyum to have packed
up its bag of tricks and disap-
peared once it had inflated
the Universe. One reason is
aesthetic. If the vacuum
amounts to anything more
than random fluctuations
about true emptiness in to-
day’s Universe, an extra term
has to be added to GR, and
nobody is in a rush to make
GR even more complicated.

But some reseachers are
coming up with evidence sug-
gesting that something may
be missing from GR in any
case. Last autumn, teams led
by Michael Pierce of Kitt Peak
Observatory in Arizona, and
Wendy Freedman of the Carnegie Institute of Washington’s
observatories in Pasadena, California, both announced findings
that put the age of the Universe at around 8 billion years. This
was embarrassing, because there is sound evidence that some
stars in our Galaxy are around twice this age.

One way out of this bind would be a vacuum state that did
not vanish after inflating the Universe. Perhaps a tiny remnant
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nant nonzero vacuum may solve. By Einstein’s equation, an en-
ergy density is equivalent to a mass density, so vacuum energy
could account for some —perhaps most—of the missing mass.

Some cosmologists, notably George Efstathiou at Oxford
University, estimate that for vacuum energy to solve these
problems it would have to amount to 80 per cent of the mass-
energy of the Universe. But does it? Chris Kochanek of the
Harvard-Smithsonian Center for Astrophysics in Cambridge,
Massachusetts, says that observations of gravitational lensing
show that it can’t. Lensing is the phenomenon that occurs when
light on its way to us from a very distant source such as a qua-
sar passes by a galaxy, and is bent by the galaxy’s gravity. This
creates multiple images of the quasar. Astronomers have been
surveying the sky for these effects, and counting how many

lensed objects they see out to a spe-
cific distance. If some cosmic vacuum
energy still exists, its antigravita-
tional effect should expand the
volume of space encompassed by

a given distance and thus boost

the number of gravitational lenses

caught by the surveys.
Kochanek calculates that for
~ vacuum energy to account for the
required 80 per cent of the cosmic
mass-energy, about 15 gravitational
lenses should have been seen by cur-
rent surveys. In fact, only 6 have
been found. This, he says, translates
to odds of around 10 to 1 against
vacuum energy being more than
about half of what is needed by cosmologists. Those cosmolo-
gists who support the idea of vacuum energy say that the len-
sing observations could have been affected by dust obscuring
distant galaxies. But Kochanek says that this won't do, as all
such fixes lead to inconsistencies elsewhere. With so much rid-
ing on the outcome, however, the debate looks set to continue.

While cosmologists and astronomers wrangle about lensing,
physicists have been looking at the possibility that the vacuum
could answer more down-to-earth questions. The most intrigu-
ing centres on inertia—the property of matter that makes heavy
things hard to get moving, but once moving, hard to stop. Iner-
tia is so familiar that its attributes seems beyond question, but
they have perplexed scientists of the calibre of Einstein and
Richard Feynman. If an object is at rest, or moving at constant
velocity, its inertia stays hidden. But try to accelerate it and
inertia suddenly rears its head, fighting against the change in
velocity. This is summed up in Newton’s second law of motion:
F = Ma, force equals inertia times acceleration.

But where does the inertia come from? Einstein believed that
it was somehow induced in objects whenever they accelerate
relative to the rest of the Universe, though quite how this inter-
action worked he never made clear. Now a group of American
researchers has put a new gloss on Einstein’s idea: instead of 2
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