he most fundamental equation in

physics is the relation between

force, mass, and acceleration which

Isaac Newton postulated over three
centuries ago: F=ma. It defines the con-
cept of inertia, the resistance that an
object puts up to a change in motion. To
make something move faster or slower,
you need to apply a force, and the force
you need to apply is greater for larger
masses. This is such a simple, intuitive
fact that it seems more foolish than pro-
found to ask, Why is it true? Why do
objects have inertia?

Bernhard M. Haisch

Lockheed Martin Solar and Astrophysics Laboratory

As fundamental as this question is, a
convincing answer has eluded the likes of
Albert Einstein and Richard Feynman.
Ideas about inertia have fallen into two
schools. Newton himself argued it is an
intrinsic property of matter, capable of
no further explanation. To tell whether an
object possesses inertia, you do not have
to measure its motion with respect to
external reference points; you need only
look for the telltale distortions that occur
whenever a body that has inertia acceler-
ates. Rotation, for example, is one form of
acceleration. As Earth rotates, its equator
bulges out — a dead giveaway that our
planet possesses inertia.

Newton’s idea of absolute accelera-
tion, one that did not need external
objects to define it, bothered many scien-
tists — among them the 19th-century
Austrian physicist and philosopher Ernst
Mach, whose ideas helped to inspire
Einstein’s theories of relativity. Mach
argued that all motion is relative. If Earth
were all alone in a hypothetical universe
devoid of other matter, how would it
know whether it was rotating? And if

12 Mercury march - april 1996

Earth did not know whether it was rotat-
ing, how would its equator know whether
to bulge out? Mach resolved this paradox
by concluding that the solitary Earth
could not have any inertia. Somehow, the
Earth’s inertia is generated by the pres-
ence of other matter in the universe.

But how? Einstein thought that his
general theory of relativity would
embody Mach’s principle, but it turned
out not to. The source of inertia remained
a mystery until, we believe, 1994 — when,
together with Harold Puthoff of the
Institute for Advanced Studies in Austin,

Bang. Astronomers were relieved. Tt was
the first evidence that the early universe
was not perfectly smooth and uniform
[see “New Image of the Universe Soon
After Creation,” May/June 1992, p. 91].
Perfect uniformity would have left no way
for cosmologists to explain how the
lumpy present-day universe could arise
from utterly homogeneous primordial
stuff.

Yet the COBE discovery accounted for
only the highest level of inhomogeneity,
on scales of 1 to 2 billion light-years (see
images on p. 13). The largest structures
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Pity the astronomers and physicists. They toss and turn at night wondering why
the universe is lumpy, and rack their brains trying to unify the four fundamen-
tal forces of nature. Now a new theory, which claims to solve both problems at

once, will probably cost them more sleep.

Texas, we proposed a radical theory: that
inertia is an electromagnetic force that
switches on whenever an object acceler-
ates through space. It turns out that Mach
was almost right. In our theory, inertia
does depend on an external frame of ref-
erence, but this frame of reference is pro-
vided not by the other bodies in the uni-
verse, but by an electromagnetic field that
pervades the cosmos. This field, in turn,
arises because of quantum mechanical
ferment in the vacuum — a subject shap-
ing up as a major theme of 21st-century
physics.

Last year, we realized that the vacuum
also might explain another great mystery
of modern science: how the universe, at
the largest scales, came to look like a whif-
fle ball. The honeycombed arrangement
of galaxy clusters may hold the key to
understanding how inertia, gravity, and
mass came to be.

Sponges and Swiss Cheese

Four vyears ago, the NASA Cosmic
Background Explorer detected blemishes
in the microwave afterglow of the Big

Alfonso Rueda

California State University at Long Beach

known today in the universe are 10 times -
smaller.

Those structures are the great voids
and sheets. Astronomers have known for
some time that galaxies are concentrated
into enormous clusters, but in the past
decade, observers have discovered that
the clusters are themselves concentrated
into vast sheets, or walls. In between the
walls are giant voids almost free of galax-
ies (see diagram above). The size of the
cosmic voids ranges from tens to hun-
dreds of millions of light-years. On these
scales, the universe looks like Swiss cheese
or a sponge: more hole than substance
[see “Mapping the Universe,” May/June
1990, p. 66].

How did this superstructure come
about? Gravitation can explain the
clumping if you assume the universe had
just the right mixture of ordinary matter,
cold dark matter, and hot dark matter.
But this leaves astronomers a bit uneasy.
After all, we do not know what the dark
matter is or whether it could exist in the
necessary The  recent
announcement that white dwarfs may

amounts.



comprise half the dark matter in our
galaxy does not help, because the cosmo-
logical dark matter would have had to
reside outside galaxies and consist of
material entirely unlike ordinary atoms.

Under these circumstances, the pru-
dent thing to do is to examine other pos-
sible explanations, to search for the dark
horse in addition to the dark matter. Can
we account for the structures without
having to populate the universe with
unknown kinds of matter?

Deep intergalactic space, where the
large-scale structures began to form, is a
cosmic desert. Out there, the density of
gas is low, so low that gas particles are
subject only to minute forces exerted by
the vacuum that surrounds them. The
word vacuum innocently implies “empty;”
but nothing in quantum mechanics is
ever so straightforward. The vacuum of
modern physics is far from empty —
quite the opposite. It is a seething soup of
subatomic particles and energy fields
bubbling in and out of existence, a caul-
dron where the very notions of “space”
and “time” may take on their meaning.

The not-so-empty vacuum is a conse-
quence of the fact — recognized by
German physicist Werner Heisenberg in
1927 — that you can never remove all the
energy from anything. Take an electro-
magnetic field. It consists of photons,
individual packets of energy each in a
state defined by its direction, frequency,
and polarization. Try as you might, you
could never remove all the photons from
any given state. According to the princi-
ples of quantum mechanics, every state
must have a minimum population of
either zero or one photon, with equal
probability. The average of zero and one
is one-half. Therefore there must be, on
average, the equivalent of at least half a
photon in every possible state.

Half a Photon Here, Half a
Photon There

Half a photon in each state is not much
— a 100-watt light bulb puts out 100 bil-
lion billion photons every second — but
there are countless possible states. The
result is a vast sea of radiation underlying
the universe. All those virtual photons
constitute the electromagnetic zero-point
field, so named because it is present even
at a temperature of absolute zero. In the
deepest reaches of intergalactic space,
where particles are so widely spaced that
their mutual interactions are weak, this

irreducible radia-
tion field comes
into play.

In 1910, about
halfway between
the publication of
special and gener-
al relativity,
Einstein and his
colleague Ludwig
Hopf investigated
how a thin gas
would react when immersed in an elec-
tromagnetic radiation field. The radia-
tion, they found, would have two coun-
teracting effects on each gas particle. The
particle would jiggle as photons bom-
barded it at random, but its motion
would be opposed by a drag force due to
the Doppler effect. The Doppler effect
would stiffen the resistance of photons in
the direction that the particle was trying
to move. The particle would smack head-
on into blueshifted photons, which, being
more energetic than the photons from
other directions, would push it back the
way it came. This drag force would pre-
vent the random jiggles of the gas particle
from developing into net motion.

The Einstein-Hopf process would be
an interesting, but irrelevant, curiosity
were it not for one peculiarity that sets
the electromagnetic quantum vacuum
apart from other radiation fields: the
shape of its spectrum. The shape is exact-
ly proportional to the frequency cubed —
precisely the right shape to be “Lorentz
invariant” A spectrum with this shape
does not produce a Doppler effect. The
photons that a gas particle meets head-on
in the quantum vacuum are no more
energetic than those that strike the parti-

cle from behind. Consequently, the pho-

tons can offer no concerted resistance to
uniform motion. (The spectrum and
directional distribution of photons, how-
ever, do change for particles that are
accelerating; this is the origin of inertia in
our theory, as discussed in the box on p.
15).

This idiosyncrasy of the vacuum elec-
tromagnetic field throws the Einstein-
Hopf process out of balance (see figure
on p. 14). Once gas particles are set in
motion by the random fluctuations of the
electromagnetic field, nothing can stop
them. Over millions of years they acceler-
ate steadily, reaching velocities near to
that of light and moving across astro-
nomical distances.

Astrophysicists are no strangers to this
mechanism. Twenty years ago, one of us
proposed it as a possible source of the
most energetic cosmic rays. Most cosmic
rays consist of electrons, protons, and
ions, but those of extremely high energy
are missing the electrons. The Einstein-
Hopf process would explain this, because
it operates more efficiently on protons
and ions than on electrons. What no one
had considered was that this process
could also segregate matter on a cosmo-
logical scale.

When we first looked into the matter,
the Einstein-Hopf process sounded too
good to be true. By transferring energy
from virtual photons into real particles,
would the process yield something for
nothing? To check, we teamed up with
IBM physicist Daniel Cole, an expert on
the quantum vacuum. For over five years,
Cole had been assessing whether theories
of the vacuum violate any basic princi-
ples, such as the conservation of mass-
energy or the second law of thermody-
namics. He was able to find nothing
amiss with the quantum Einstein-Hopf
mechanism.

Emptiness Begets Emptiness
The Einstein-Hopf process works best in
places where particles hardly ever collide
with each other, since collisions prevent
the particles from building up speed.
The less matter there is, the more the
matter wants to go someplace else. Thus
the tendency is for regions of low density
to empty out even more, and for regions
of high density to become denser. This is
exactly the sort of snowball effect that
cosmologists have been looking for to
explain how matter congregated to form
sheets and walls.

At some point, the acceleration must
have come to an end, or else all matter
would have clumped into a single mega-
galaxy. We believe that the end drew near
when the agglomerating sheets devel-

An astrophysical
Genesis. More precisely,
this is a map of the cos-
mic microwave back-
ground radiation, which
reflects the distribution
of matter shortly after
the Big Bang. Darker
areas had a higher den-
sity, brighter areas a
lower density. NASA
released a similar map in
1992, but it was based
on preliminary measure-
ments, which were so
prone to noise that sci-
entists could not be cer-
tain what was real. This
latest map, released in
January, contains more
signal than noise. Even
the smallest feature on
the map is far larger
than the largest struc-
ture astronomers see in
the universe today.
Images courtesy of
Charles L. Bennett,
NASA Goddard Space
Flight Center.

Previous page: Holes.
The universe is full of
holes. The regions
shown on this diagram,
which depicts a cube
500 million light-years
on a side, are all but
empty of luminous mat-
ter. These voids inter-
connect like the holes in
your kitchen sponge.
This diagram is based
on an early-1990s red-
shift survey of infrared
galaxies by Queen Mary
College, the University
of Durham, Oxford
University, and the
University of Toronto.
Our Milky Way is at the
center. Diagram courtesy
of Carlos S. Frenk.
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not with equal strength.
Those that hit a moving
particle head-on are
more energetic than
those striking from
behind, because of the
Doppler effect. This
imbalance automatically
keeps the particle veloc-
ities in check (top).
There is one exception:
If the dominant electro-
magnetic field is the
zero-point field, the
spectrum of the field
cancels out the Doppler
effect, so that photons
striking head-on are no
more energetic than any
other photons (bottom).
As a result, the particles
are free to move with-
out restraint. Diagrams
by Bernhard M. Haisch.

oped appreciable magnetic fields. As the
particles scurried into sheets, they
dragged along their primordial magnetic
fields. Those fields piled up, creating a
magnetic pressure that ultimately bal-
anced the Einstein-Hopf evacuation
process. Gravity took over to form small-
er structures, such as galaxies. The end
result, we proposed last spring in The
Astrophysical Journal, was the honey-
combed structure of the universe.

The theory rests on many assump-
tions, and the one that worries us is the
most fundamental: that the quantum
vacuum produces a real electromagnetic
field. Physicists normally treat the virtual
photons as just that: virtual, hence
unable to produce any far-reaching real
effects. But numerous experiments indi-
cate the field may indeed influence mat-
ter. The quantum vacuum creates an
attraction between neutral parallel
plates, as predicted by Dutch physicist
Hendrick Casimir in 1948 and con-
firmed experimentally several years later.
The interaction of the vacuum electro-
magnetic field with electrons causes a
shift of hydrogen spectral lines, as dis-
covered by American physicists Willis
Lamb Jr. and Robert Retherford in 1947
and explained later that year by Hans
Bethe. And the spontaneous emission of
photons can be altered by changing the
electromagnetic environment of atoms;
this suggests that “spontaneous” emis-
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mic voids: less
than one particle
per cubic meter.
But if we could
even approximate
this, the effect
might be measur-
able. One possibil-
ity would be to
Create an extreme-
ly low temperature magnetic trap and
inject anti-protons into it. If the
Einstein-Hopf process ejected the anti-
protons, the experimenter should see
them annihilate with protons in the mat-
ter surrounding the trap.

The idea that the zero-point field
might really exist dates to the early 20th
century, when there was not yet a clear
division between classical and quantum
physics. Quantum mechanics emerged
from a radical, and unsupported,
assumption that German physicist Max
Planck made in 1900: that the energy of a
system can only take on certain discrete,
or quantized, values. From this hypothe-
sis, he was able to explain the blackbody
spectrum of the light that stars and other
glowing bodies give off. Planck searched
for something to explain the quantiza-
tion, and one possibility he considered
was that space is filled with unseen ener-
gy, a proposal also made by Walther
Nernst in 1916.

During the 1920s, quantum mechan-
ics proved so successful that physicists
abandoned the search for an underlying
cause of quantization. Quantization, like
inertia, came to be regarded as just a
given, a new law of nature. But in a series
of papers beginning in 1969, Timothy
Boyer appears to have vindicated Planck
by deriving the blackbody spectrum
directly from classical physics, without
quantization — by positing a back-

Copernican model, rather than worked
to fix its shortcomings, we would still
think Earth is the center of the universe.

As Planck did when he first derived
the blackbody spectrum, we have taken a
pragmatic approach: suppose that the
quantum vacuum does produce real
effects and consider the implications.
Many new theories are ad hoc, conjured
up to explain one thing and unable to
explain anything else. The fact that the
zero-point field might account for iner-
tia, gravity, quantization, and, now, cos-
mic voids indicates that it is worth inves-
tigating. m
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